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CHAPTER 1

CARBON NANOTUBE FLEXIBLE
ELECTRONICS

Chuan Wang

Department of Electrical and Computer Engineering,
Michigan State University
428 S. Shaw Lane, Engineering Building #2120,
East Lansing, Michigan, USA
cwang @msu.edu

Single-wall carbon nanotubes (SWNTs) possess fascinating electrical properties
and offer new entries into a wide range of novel electronic applications that are
unattainable with conventional Si-based devices. The field initially focused on the
use of individual or parallel arrays of nanotubes as the channel material for ultra-
scaled nanoelectronic devices. However, the challenge in the deterministic assembly
of SWNTs has proven to be a major technological barrier. In recent years, solution
deposition of semiconductor-enriched SWNT networks has been actively explored
for high performance and uniform thin-film transistors (TFTs) on both mechani-
cally rigid and flexible substrates. This presents a unique niche for nanotube elec-
tronics by overcoming their limitations and taking full advantage of their superb
electronic properties. This chapter focuses on the large-area processing and elec-
tronic properties of SWNT TFTs. A wide range of applications in flexible electron-
ics including integrated circuits, radio-frequency (RF) transistors, displays, and
electronic skins will be discussed. With emphasis on large-area systems where
nm-scale accuracy in the assembly of nanotubes is not required, the demonstrations
show SWNTs’ immense promise as a low-cost and scalable TFT technology for
flexible electronic systems with excellent device performances.
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1. Introduction

Single-wall carbon nanotubes (SWNTs) can be considered as monolayer
graphene sheets with a honeycomb structure that are rolled into seamless,
hollow cylinders. Owing to their small size (diameter around 1-2 nm), as
well as their superior electronic properties without surface dangling
bonds, SWNTs hold great potential for a wide range of applications in
solid-state devices and are envisioned as one of the promising candidates
for beyond-silicon electronics. SWNTs can be categorized by their chiral
vectors defined on the hexagonal crystal lattice using two integers (m and
n). The chiral vectors correspond to the direction along which a graphene
sheet is wrapped to result in a SWNT. The electronic properties of SWNTs
heavily depend on their chiral vectors and the SWINTs can be either metal-
lic (m = n or m — n is a multiple of 3) or semiconducting (all other
cases).'™ Using this rule of thumb, one can infer from the possible (1,11)
values that one third of SWNTs are metallic and the other two thirds are
semiconducting. For practical use as the active channel component of
electronic devices, semiconducting SWNTs are commonly used. The
advantages of semiconducting SWNTSs over other conventional semicon-
ductors are multifold. First of all, the charge carriers in carbon nanotubes
have long, mean free paths, on the order of a few hundred nanometers for
acoustic phonon scattering mechanism. As a result, scattering-free ballis-
tic transport of carriers at low electric fields can be achieved in carbon
nanotubes at moderate channel lengths (e.g., sub-100 nm).> Second, the
carrier mobility of semiconducting nanotubes is experimentally measured
to be > 10,000 cm?V~'s™! %7 at room temperature which is higher than the
state-of-the-art silicon transistors. Finally, their small diameters enable
excellent electrostatics with efficient gate control of the channel for highly
miniaturized devices. Thereby, SWNTs have stimulated enormous interest
in both fundamental research and practical applications in nano- and
macro-electronics.

Researchers have previously demonstrated excellent field-effect tran-
sistors (FETs)>"'? and integrated circuits'*~!7 using individual SWNTs.
Figures 1(a) and 1(b) depict the transfer (Ips—Vgs) and output (Ips—Vps)
characteristics of the state-of-the-art individual SWNT-FET with self-
aligned source/drain contacts and near ballistic transport.'! Impressive
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Figure 1. State-of-the-art individual SWNT transistors and circuits. (a) Ipg—Vgg charac-
teristics of a self-aligned ballistic SWNT-FET with a channel length of 50 nm. Inset:
Scanning Electron Microscope (SEM) image of the device. (b) Experimental (solid line)
and simulated (open circle) Ips—Vpg characteristics of the same device shown in panel (a).
Inset: schematic of the device. Reproduced with permission from Ref. 11. (Copyright 2004
American Chemical Society.) (c) SEM image of a 5-stage ring oscillator constructed on an
individual SWNT. Reproduced with permission from Ref. 16. (Copyright 2006 The
American Association for the Advancement of Science (AAAS).)

performance with subthreshold slope (SS) of 110 mV/dec, on-state con-
ductance of 0.5 x 4e/h and saturation current upto 25 pA/tube (diameter
~1.7 nm) has been achieved in devices with channel lengths down to 50
nm.! Better SS of ~70 mV/dec, which is close to the theoretical limit of
60 mV/dec, has also been achieved in transistors with slightly longer
channel lengths (500 nm).!? More recently, SWNT-FETs with sub —10 nm
channel lengths have been demonstrated.!” Such devices exhibit an
impressive SS of 94 mV/dec, current on/off ratio of 10%, and on-current
density of 2.41 mA/um, which outperform silicon FETs with comparable
channel length. Using SWNT-FETs, integrated circuits with various func-
tionalities have been demonstrated. Notable examples include a five-stage
ring oscillator (Fig. 1(c)) and pass-transistor-logic-based integrated cir-
cuits (full adder, multiplexer, decoder, D-latch, etc.).'o17

Despite the tremendous progress made with individual nanotube tran-
sistors and circuits, major technological challenges remain, including the
need for deterministic assembly of nanotubes on a handling substrate
with nm-scale accuracy, minimal device-to-device performance varia-
tion, and development of a fabrication process scalable and compatible
with industry standards. Hence, the use of carbon nanotubes for nanoe-
lectronic applications is still long from being realized. On the other hand,
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the use of SWNT networks, especially based on semiconductor-enriched
samples, present a highly promising path for the realization of high per-
formance thin-film transistors (TFTs) for macro- and flexible electronic
applications. The most significant advantages of using SWNT random
networks for TFTs lie in the fact that the SWNT thin-films are mechani-
cally flexible, optically transparent, and can be prepared using solution-
based room temperature processing, all of which cannot be provided by
amorphous and poly silicon technologies.'®?° Compared with organic
semiconductors,?!~% the other competing platform for flexible TFTs, the
SWNT thin-films offer significantly better carrier mobility (~2 orders of
magnitude improvement). Thereby, large-area TFT applications seem to
offer an ideal niche for carbon nanotube based electronics, taking advan-
tage of their superb physical, chemical and electrical properties without
being hindered from their precise assembly limitations down to
nm-scale.

Numerous research efforts have been devoted to the successful realiza-
tion of large-scale chemical vapor deposition (CVD) growth of high-
density horizontally aligned SWNTs on single crystal quartz or sapphire
substrates.?0~3* Transfer techniques have been further developed, enabling
the demonstration of high-performance transistors and integrated circuits
using the aligned nanotubes on various types of rigid and flexible sub-
strates.>>™*> However, considering the fact that roughly one third of the
as-grown nanotubes are metallic, techniques such as electrical break-
down® is necessary to remove the leakage-causing metallic paths, which
adds complexity, is not scalable, and significantly degrades the device
performance due to the high applied fields during the process. Preferential
growth of aligned semiconducting SWNTs has been reported recently,>>#443
which is an important step forward, however, the purity is not yet high
enough to achieve transistors with high on/off current ratio (Z,,/I.) for
digital applications. Therefore, for the purpose of obtaining devices with
better 1, /1, it is more attractive to have networks of SWNTs with higher
percentage of semiconducting tubes and/or with random orientation
where individual nanotubes do not directly bridge the source/drain elec-
trodes, thereby minimizing the metallic pathways.*¢->°

Figure 2 illustrates the most common assembly methods for random
nanotube networks including direct CVD growth,>!”? dry filtration,>?
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Figure 2. Different methods used for assembling SWNT networks. (a) CVD growth.
Reproduced with permission from Ref. 51. (Copyright 2008 Nature Publishing Group.)
(b) Dry filtration. Reproduced with permission from Ref. 53. (Copyright 2011 Nature
Publishing Group.) (c¢) Evaporation assembly. Reproduced with permission from Ref. 54.
(Copyright 2008 American Chemical Society.) (d) Spin coating. Reproduced with permis-
sion from Ref. 55. (Copyright 2004 American Chemical Society.) (e) Drop casting.
Reproduced with permission from Ref. 59. (Copyright 2009 American Chemical Society.)
(f) Printing. Reproduced with permission from Ref. 64. (Copyright 2010 American
Chemical Society.)
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evaporation assembly,>* spin coating® >’ drop coating®®®} and print-
ing.4% CVD-grown nanotube networks have been widely explored for
TFTs (Fig. 2(a)) and medium scale flexible integrated circuits have been
demonstrated by Rogers et al.>' For this method, metal catalysts are typi-
cally deposited on the entire substrate using either evaporation or spin
coating methods followed by CVD growth using hydrocarbon precursors
such as methane, ethylene, ethanol, methanol etc. Despite the tremendous
success in making flexible nanotube TFTs and circuits with promising
electrical performance, the drawback is the existence of metallic nano-
tubes, which degrades the current on/off ratio of the devices. Although
stripe-patterning (Fig. 2(a) right panel) has been proposed to improve the
device on/off ratio by cutting the percolative transport through metallic
paths in the transistors,’! the channel length needs to be made relatively
large in this case, limiting the degree of integration in the future. Dry fil-
tration method (Fig. 2(b)) has been used by Ohno and co-workers to
achieve high-performance flexible nanotube TFTs and D-flip-flop cir-
cuits.® In this method, SWNTs grown by plasma enhanced CVD are
captured using a filter membrane and the density of the nanotubes can be
easily controlled by the collection time. The collected nanotube networks
can be subsequently transferred to fabrication substrates by dissolving the
filter using acetone. The group at the IBM T.J Watson Research Center
used a novel evaporation assembly method to obtain aligned nanotube
strips with high purity semiconducting nanotubes (Fig. 2(c)).* Although
submicron devices with good performance have been achieved, the scal-
ability of this assembly method can be a potential problem. SWNT net-
works can also be obtained by dropping the nanotube solution onto a
spinning substrate (Fig. 2(d)).>> The drawback for this method is also
scalability because the deposited SWNTs often align along different ori-
entations depending on the location on the substrate, preventing wafer-
scale fabrication with high uniformity. The other two solution-based
SWNT assembly methods — drop coating (Fig. 2(e)) and printing
(Fig. 2(f)) — are found to be more promising for large scale applications
of nanotube TFTs. For the drop coating method, the substrates are first
functionalized with amine-containing molecules, which are effective
adhesives for SWNTs. By simply immersing the substrate into the nano-
tube solution, highly uniform nanotube networks can be obtained
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throughout the wafer, enabling the fabrication of nanotube TFTs with high
yield and small device-to-device variation.’*606%63 Printing (Fig. 2(f))
represents another low-cost approach for fabricating large-scale nanotube
TFTs and circuits where SWNT channel, electrodes, and gate dielectric
can all be printed using ink-jet®*® or gravure printing®-® processes. This
approach is useful for making cost-effective large-area nanotube circuits
requiring only moderate performance as the resolution that can be
achieved using printing process is generally lower than the conventional
photolithography. Each of these methods discussed above presents unique
opportunities and challenges. In this chapter, we will primarily focus on
the use of semiconductor-enriched SWNT random networks. We will first
discuss the assembly techniques for high density and uniform SWNT
networks, and fabrication schemes for large-area, high-performance TFTs
on mechanically flexible substrates. Electrical properties study and per-
formance benchmarking will also discussed in detail. Lastly, we review a
wide range of potential applications for SWNT TFTs in flexible integrated
circuits, RF transistors, displays, and electronic skin.

2. Solution-Processed TFTs
using Semiconductor-enriched SWNTSs

2.1. Nanotube Separation and TFT Fabrication

As discussed in the previous section, one of the major challenges limiting
the electronic applications of SWNTs is the coexistence of metallic and
semiconducting nanotubes with roughly one third of the as-grown being
metallic. The metallic SWNTSs cause significant leakage current when the
transistors are in the off state, and thus need to be selectively removed. As
a result, high-purity semiconducting SWNTs have long been desired in
order to achieve devices with high 1 /I To address this problem, many
groups have been actively working on nanotube separation based on elec-
tronic types. Hersam et al. proposed and demonstrated the use of density
gradient ultracentrifugation (DGU) to achieve diameter,%’ electronic
type,’”® or even chirality-based’! separation. By mixing the pristine
unsorted SWNTs with surfactants, a density gradient between metallic and
semiconducting SWNTs is created and upon ultracentrifugation, the
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Figure 3. (a) A density gradient between metallic and semiconducting SWNTs is created
by mixing the pristine SWNTs with surfactants. Upon ultracentrifugation, the metallic and
semiconducting nanotubes can be separated from each other as shown in the UV-Vis—NIR
absorption spectra. Reproduced with permission from Ref. 70. (Copyright 2006 Nature
Publishing Group.) (b) SWNTs with different chiralities can be separated by chromato-
graphic purification by using DNA with different sequence motifs. Reproduced with per-
mission from Ref. 72. (Copyright 2009 Nature Publishing Group.)

metallic and semiconducting nanotubes are separated from each other as
shown in Fig. 3(a). In the photograph of the test tube, the brown band
contains primarily semiconducting nanotubes and the green band contains
mainly metallic ones. The high purity semiconducting and metallic nano-
tubes are further evidenced by the UV-Vis—NIR absorption spectra.
Noteworthy, the semiconductor-enriched nanotubes are now commercially
available, which makes it easy for research groups worldwide to explore
device applications based on this purified material system. Even with high
purity semiconducting nanotubes, there are still many different possible
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chiralities, and thus different bandgaps. This factor can negatively affect
the device performance and uniformity. In order to achieve chirality-
specific purification of SWNTSs, DNA modification with different sequence
motifs have been used and purified SWNTs with different chiralities have
been obtained using chromatographic purification (Fig. 3(b)).”?

As described in the earlier section, solution-based deposition of the
high purity semiconducting nanotubes at macroscales has been
reported.’®-6062.63 Most commonly, the substrates are first functionalized
with amine-containing molecules or polymers such as aminopropyltrieth-
oxysilane (APTES)*% or poly-L-lysine®>®} whose molecular structures
are shown in Fig. 4(a). By dipping the substrate into APTES or poly-L-
lysine, amine-terminated layers are formed on the SiO, surface which
works as an effective adhesive layer for SWNTs (Fig. 4(b)). The amine-
functionalized substrate is subsequently immersed into high-purity (up to
99%) semiconducting nanotube solution followed by deionized (DI)
water and isopropanol rinse, and blow dry in nitrogen. Using the method
described above, highly uniform SWNT random networks can be achieved
at full wafer-scale. As shown in Fig. 4(c), the scanning electron micros-
copy (SEM) images taken at different locations on a 3-inch Si/Si0, wafer
indicate that uniform nanotube deposition is achieved. The importance of
substrate functionalization is clearly illustrated in Figs. 4(d) and 4(e).
From the images, one can find that the samples with (Fig. 4(d)) and with-
out (Fig. 4(e)) an adhesion layer exhibit rather drastic difference in terms
of nanotube density and surface coverage.

Using the solution-deposited semiconductor-enriched nanotube thin-
films, high performance TFTs can be fabricated on mechanically flexible
substrates. A schematic illustration of a representative fabrication process
is shown in Fig. 5(a). For the device fabrication on flexible substrates,
polyimide is commonly explored, which can be spun coated and cured on
a silicon handling wafer.®>%%73 Polyimide is a high temperature plastic,
allowing the dielectric layer and other passive components to be deposited
at temperatures as high as 300°C. The fabrication process typically
involves gate formation, dielectric deposition, nanotube deposition,
source/drain formation, and unwanted nanotube etching (Steps 1-6 in
Fig. 5(a).%*7* Atomic layer deposition (ALD) is used to deposit high-k
oxide layers such as Al,Os3, HfO,, or ZrO, as the gate dielectric. For the
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Figure 4. (a) Molecular structure of adhesive layers commonly used for large-scale
semiconducting nanotube network deposition. (b) Schematic diagram of APTES-assisted
nanotube deposition on Si/SiO, substrate. (c) SEM images showing that highly uniform
nanotubes are deposited at different locations on a 3-inch Si/SiO, wafer. (d, e) SEM
images of semiconducting nanotube networks deposited on Si/SiO, substrates with (d) and
without (e) APTES functionalization. Reproduced with permission from Ref. 59.
(Copyright 2009 American Chemical Society.)
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Figure 5. (a) Schematic illustration showing the fabrication of semiconducting nanotube
TFTs and integrated circuits on mechanically flexible substrates. Reproduced with permis-
sion from Ref. 73. (Copyright 2013 Nature Publishing Group.) (b) Schematic diagram and
AFM image of a TFT fabricated on a polyimide substrate. Reproduced with permission
from Ref. 63. (Copyright 2012 American Chemical Society) (c) SEM image of a repre-
sented carbon nanotube TFT with solution-processed semiconducting carbon nanotube
random networks in the channel. Reproduced with permission from Ref. 60. (Copyright
2010 American Chemical Society.)

local back-gated device geometry, a thin layer (thickness, ~2 nm) of SiO,
is often evaporated on top of the high-x gate dielectric to facilitate a more
efficient deposition of SWNTSs on the substrate using the amine chemistry
described above. In order to precisely define the active channel region,
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photolithography and oxygen plasma is used to etch away the unwanted
nanotubes. For flexible TFTs, the polyimide layer is peeled off from the
silicon handling wafer once the fabrication is completed, leaving behind
the high performance devices on an extremely bendable plastic substrate
(Step 9 in Fig. 5(a). A representative schematic diagram and the corre-
sponding atomic force microscopy (AFM) image of a fully-fabricated
nanotube TFTs on flexible polyimide substrates are shown in Fig. 5(b).%?
The SEM image of the channel of a representative device is also shown
(Fig. 5(c)).® From both SEM and AFM images, one can find that the
channel consists of high density, uniform SWNT networks, which is criti-
cal for achieving uniform device and circuit performance.

2.2. Electrical Characteristics

The electrical properties of the SWNT networks have been systematically
studied to evaluate the feasibility of using such material system for high-
performance TFTs. First of all, the device characteristics of SWNT TFTs
are found to heavily depend on the nanotube density.®"> By controlling
the duration of nanotube deposition, the density of the network can be
controlled as shown in Fig. 6.9 Figure 6(a) shows AFM images of the
semiconducting nanotube networks formed after different durations of
deposition, showing the monotonic increase of nanotube density from
~30-65 tubes/ym? as the deposition time is increased from 5-90
minutes.®

The Ips—Vgs characteristics for the devices made with different nano-
tube densities are shown in Fig. 6(b). Based on the results, histograms of
the extracted device on/off current ratio (/,,/Is) and unit-width (W) nor-
malized transconductance (g, /W) are presented in Figs. 6(c) and 6(d).
According to these figures, one can find that as the nanotube density
increases (i.e., longer deposition time), the g,,/W improves while the I,/
I decreases. This trade-off needs to be taken into consideration when
optimizing the device performance for different types of applications. For
example, high 1 ./l is generally desired for digital logic applications in
order to minimize the static power consumption, so it is preferred to use
TFTs with lower nanotube density. On the other hand, for high-speed
analog or RF applications where g, is most important, the use of higher
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Figure 6. (a) AFM images showing semiconducting nanotube networks formed after

different durations of solution deposition. (b) Ips—Vgg characteristics of semiconducting
nanotube TFTs with different nanotube densities obtained by different deposition times.
(c, d) Histogram showing the distribution of on/off current ratio (c) and unit-width normal-
ized g, (d) for TFTs with different nanotube densities. Reproduced with permission from
Ref. 62. (Copyright 2011 American Chemical Society.)

density nanotube networks is more beneficial. The lower I, /I, for
high nanotube density networks arises from the higher probability of a
direct metallic path between source/drain electrodes given that ~1% of the
commercially available semiconductor-enriched nanotubes are still
metallic. Furthermore, clear bundling of nanotubes is observed for longer
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deposition times (Fig. 6(a)) which may also contribute to the OFF state
current. In the future, the use of higher semiconductor-enriched solutions
can further improve the [ for the same /,,. Importantly, the gate control
of the random network is clearly strong, arising from the small overall
thickness of the network (on the order of a few nm). This is an important
feature of the devices, owing to the small diameter of SWNTs.

The scaling properties of the semiconducting nanotube TFTs have also
been systematically investigated in Ref. 63. Figure 7(a) shows the Ips—Vgs
characteristics of representative devices with channel lengths from
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Figure 7. (a) Ips—Vgs characteristics of flexible nanotube TFTs with various channel
lengths (4, 10, 20, 50, and 100 pm) measured at Vpg = —5 V. (b) Plot of 1,/ as a function
of channel length for Vpg = -5 V. (¢c) I,,/W at Vgg = =5 V and peak g,,/W as a function of
1/L for Vg = =5 V. (d) Normalized on-state resistance at Vgg = =5 V as a function of the
channel length. Reproduced with permission from Ref. 63. (Copyright 2012 American
Chemical Society.)
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4-100 pm measured at Vpg = =5 V, from which the device figures of merit
such as on-current density (/,,/W), g/W, and [, /I are extracted and
plotted as a function of channel length (L). Figure 7(b) indicates that as
the channel length increases from 4—100 pm, the average on/off current
ratio undergoes significant improvement from ~400-10,000, which can be
attributed to the decrease in the probability of percolative transport
through the metallic nanotubes. For devices with shorter L that is compa-
rable to the length of the SWINTs used for the study (~1-2 pm), the prob-
ability of metallic impurities directly bridging the source/drain gets
significantly higher, resulting in lower [ ./l . Figure 7(c) shows that the
1,/W and g /W (at Vpg = —5 V) of the devices are roughly proportional to
1/L, consistent with the conventional Metal Oxide Semiconductor FETs
(MOSFETs) device models and indicating good uniformity of the transis-
tors. For such solution-processed nanotube TFTs, /W and g,/W as high
as 15 pA/pm and 4 pS/pm have been achieved with L =4 ym and Vpg =
-5 V. Interestingly, Figs. 7(b) and 7(c) reveal a similar trade-off between
on-current, transconductance, and on/off ratio. The results indicate that for
a given nanotube density, longer channel length (e.g., 10 um) is preferred
for digital logic circuits, while smaller channel length (< 4 pm) should be
chosen for analog and RF applications. Furthermore, in order to extract
the contact resistance, the normalized on-state resistance (R,,-W) is plot-
ted as a function of L as shown in Fig. 7(d). From the y-axis intercept
divided by two, a contact resistance (R.) of ~59 kQ.um is extracted. It is
worth noting that this R, value is relatively high because for the nanotube
network transistors, only a fraction of the contact area is active for a given
unit width. In the future, improving the nanotube density could help to
further reduce the overall contact resistance. Nevertheless, the R, value
reported here is low enough for the long channel devices often explored
in TFT applications, where the channel resistance is the dominant resistance
component.

2.3. Field-Effect Mobility

In order to fairly benchmark the performance of SWNT TFTs with other
technologies, it is important to examine the field-effect carrier mobility.
Carrier mobility is a measure of how fast the charge carriers can travel
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within the semiconductor material under an electric field. It directly
relates to the I,,, g, and maximum operating speed of the transistors,
especially at relatively longer channel lengths where the devices operate
in the diffusive regime, and is widely used as a figure of merit for bench-
marking semiconductor materials. By knowing the gate capacitance (C,,)
and the extracted g, /W, the field-effect device mobility of the nanotube
TFTs can be derived using the following relation

L di, L Em
fevice = CoW AV, VCo W

In order to accurately assess the mobility, it is important to directly
measure the C,, of the devices. Most published works have relied on
either parallel plate model® or a more rigorous analytical cylindrical
model by considering the electrostatic coupling between the nanotubes.”
Using the parallel plate model, the C,, would be overestimated, leading to
lower extracted device mobility. The analytical model offers better accu-
racy. However, due to the uncertainty in quantifying the density and diam-
eter for a random network containing hundreds of thousands of SWNTs,
the extracted device mobility can still have large uncertainty, depending
on the density and diameter values used in the calculations.

Recently, capacitance—voltage (C-V) measurements have been used to
directly measure the gate capacitance of the nanotube network TFTs.>!-63
The C-V measurement setup is illustrated in Fig. 8(a),®® where the gate of
the transistor is connected to the HIGH terminal and the source and drain
are both connected to the LOW terminal of the C-V analyzer (Agilent
B1500A). This measurement setup is similar to the commonly explored
technique for the C-V analysis of ultrathin body Si devices. TFTs with
slightly underlapped gate are chosen in order to minimize the effect of the
parasitic capacitances (Fig. 8(b)). The C-V characteristics of devices with
different L are measured under a moderate frequency of ~100 kHz and the
C,x values in the accumulation region (Vgg = -5 V) are extracted
(Fig. 8(c)). By using devices with different size, the C,, per unit area can
be accurately evaluated from the slope of the linear fit and the field-effect
mobilities can be derived using the relation described above. According to
Fig. 8(d), one can find that the parallel plate model (blue trace) indeed
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Figure 8. (a) C—V measurement setup used to extract the gate capacitance of nanotube
TFTs. (b) Optical microscope images of the underlap-gated devices used for the C-V
measurements and C,, extraction. (¢) C-V characteristics of the nanotube TFTs measured
at 100 kHz. Inset: C,, as a function of the channel area. (d) Field-effect mobility of the
semiconducting nanotube TFT as a function of the channel length. Reproduced with per-
mission from Ref. 63. (Copyright 2012 American Chemical Society.)

underestimates the mobility while the analytical model (red trace) overes-
timates it. The actual device mobility (green trace) for the solution-
processed SWNT network is extracted to be ~50 cm?V~'s™' for 98%
semiconducting nanotubes with a density of ~40 tubes/um?. This is close
to the device mobility of low-temperature polysilicon (LTPS)" and sig-
nificantly better than amorphous silicon'® and organic semiconduc-
tors.>>”>> The fact that such an impressive mobility can be achieved in
devices made using a facile solution-based process makes the nanotube
TFTs ideal for a wide range of applications.



18 C. Wang

2.4. N-type Nanotube TFTs

For digital logic applications, it is desirable to have complementary metal-
oxide semiconductor (CMOS) operation since it gives rail-to-rail swing,
large noise margin, and small static power consumption. The CMOS
operation requires a pull-up network consisting of p-type transistors and a
pull-down network consisting of n-type transistors. Such circuit configu-
ration ensures that the pull-up and pull-down networks cannot be turned
on simultaneously, thereby preventing direct current flow from power
supply to ground and reducing the static power consumption. Although
CMOS design is widely adopted in silicon-based technologies, it is not
straightforward to realize in the SWNT-based platform. Arsenic (As)-
fabricated nanotube transistors typically exhibit p-type behavior in ambi-
ent environments due to the lower Schottky barrier heights at the nanotube/
metal interfaces for most air-stable metal contacts. In order to convert the
nanotube FET into n-type, many approaches have been reported in the
literature including thermal or electrical annealing in vacuum to desorb O,

14,15 surface

from the metal contacts and thereby lower their work function,
chemical doping,”””"7 electrostatic gating,’® and metal contact engineer-
ing.”#! In order to down-select the most practical n-doping method for
SWNT TFT integrated circuits, major factors to be considered include
air-stability, process reliability, and uniformity. Although promising meth-
ods such as using low work function metal contacts (Sc or Y) have been
reported for obtaining air-stable n-type SWNT FETs, such methods have
not yet been proven to be effective for TFTs with random networks of
SWNTs, especially when high device uniformity over large area is
required.

Figure 9 illustrates two air-stable methods used to obtain high-perfor-
mance n-type carbon nanotube TFTs. In Ref. 82, passivation of the nano-
tube TFTs with high-x dielectric layer such as HfO, deposited by ALD
was proposed (Fig. 9(a)) to convert the devices into n-type. The n-type
devices obtained using this approach exhibit symmetric electrical perfor-
mance compared with their p-type counterparts in terms of on-current,
on/off ratio, and device mobility (Fig. 9(b)). The mechanism of the car-
rier type conversion has been attributed to the desorption of moisture and
oxygen from the metal contacts during the vacuum baking process in the
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Figure 9. (a) Air-stable n-type semiconducting nanotube TFTs obtained using ALD
HfO, passivation. (b) Symmetric I,V characteristics have been achieved for the n- and
p-type TFTs using the ALD passivation technique. Reproduced with permission from
Ref. 82. (Copyright 2011 American Chemical Society.) (c) Air-stable n-type semiconducting
nanotube TFTs obtained using surface chemical doping (viologen). (d) Ips—Vgs
characteristics before and after the viologen doping. Reproduced with permission from
Ref. 83. (Copyright 2011 American Chemical Society.)

ALD chamber as well as the deficiency of oxygen atoms in the HfO,
layer deposited at elevated temperatures. This introduces positive fixed
charges into the high-x oxide layer and efficiently shifts the Ips—Vgg
characteristics of the device from p- to n-type. Chemical doping was also
used to demonstrate air-stable nanotube TFTs.%3 In this method, viologen
was deposited onto the nanotubes in the channel using inkjet printing
(Fig. 9(c)) and TFTs with n-type transfer characteristics were achieved.
Using both methods, CMOS inverters with high gain have been demon-
strated. It should be noted that despite the success, the reproducibility
and uniformity of the n-FETs are still not as good as their p-type
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counterparts. Therefore, further study is needed to develop n-type TFT
platforms with industry standard reproducibility for complex CMOS
applications.

2.5. Frequency Response

Due to the extremely high carrier mobility®’ and ballistic transport,’ car-
bon nanotubes hold great potential for applications in RF electronics.3438
The frequency response of transistors using networks of high-purity semi-
conducting nanotubes have been characterized®®®® for potential use in
wireless communication applications. The common figures of merit used
to determine the maximum operating speed of a transistor technology
include current gain cutoff frequency (f;) and maximum oscillation fre-
quency (fimax), Which correspond to the highest frequencies that the transis-
tors can operate with current gain or power gain greater than 1,
respectively. In order to extract f; and f;,,, of the transistors, microwave
measurements have been performed using devices configured into the
ground-signal-ground (GSG) coplanar waveguide structures (Figs. 10(a)
and 10(e)).**** According to the relation f; = g,/(21(Cys+Cyq)), higher g,
and smaller parasitic capacitances lead to better frequency response. For
this reason, RF devices are typically designed to have slightly under-
lapped or self-aligned gate structures in order to minimize the parasitic
capacitances.

Ins—Vgs and Ipg—Vpg characteristics of representative RF nanotube
transistors with a channel length of ~4 ym on a flexible substrate® are
presented in Figs. 10(a) and 10(b). The S-parameters, measured using a
vector network analyzer (VNA) from 10 MHz to 1 GHz, are plotted in
Fig. 10(c). Using the measured S-parameters, the current gain (%,;) and
maximum available gain (G,,,,) can be deduced as shown in Fig. 10(d).
The results are de-embedded using on-chip open and short structures in
order to remove the parasitic effects from the probing pads. The f; and f;,,.
which are defined as the frequency where the /,; and G,,,,, become 0 dB,
are found to be ~170 and 118 MHz for transistors with 4 ym channel
length (Fig. 10(d)). This performance is impressive considering the rela-
tively long channel length used and the fact that such devices are fabri-
cated on a mechanically flexible substrate. Such performance is also
significantly better than organic semiconductor TFTs whose operating
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Figure 10. (a) Transfer characteristics of a pair of nanotube RF transistors with L =4 um,
L, =3 ym, and W = 100 ym, measured at Vg = =5 V. Inset: Optical microscopy image of
the corresponding device. (b) Output characteristics of the same device shown in panel (a).
(c) Measured S-parameters for the flexible nanotube RF transistor from 10 MHz to 1 GHz.
(d) De-embedded £, and G, of device showing a f; of 170 MHz and a f;,, of 118 MHz.
Reproduced with permission from Ref. 63. (Copyright 2012 American Chemical Society.)
(e) Optical micrograph and SEM image (Inset) of a submicron nanotube RF transistor with
L =500 nm. (f) De-embedded /,; and G,,,, obtained from the measured S-parameters of
the submicron nanotube RF transistor. The f; is extracted to be 5 GHz at Vpg = -1 V.
Reproduced with permission from Ref. 88. (Copyright 2011 American Chemical Society.)
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speed typically lie in the range of kHz or lower. By scaling down the chan-
nel length, even faster transistors can be obtained due to the improvement
of g.,. RF transistors using solution-processed semiconducting nanotube
networks with channel lengths down to 500 nm (Fig. 10(e)) have been
obtained on Si/SiO, substrates.®® Impressive f, of ~5 GHz was achieved at
a low operating voltage (Vpp) of 1 V. This result highlights the practical
use of SWNT TFTs for wireless applications.

3. Applications of Solution-Processed Carbon
Nanotube TFTs in Flexible Electronics

3.1. Integrated Circuits

The solution-processed nanotube TFTs offer a wide range of potential
applications such as bendable integrated circuits,”'33%93 active-matrix
backplanes for tactile sensors®>’? and display electronics,”>*° and confor-
mal electronics.®® First, we review the progress made on bendable inte-
grated circuits made using nanotube TFTs. Because the p-FET platform is
currently more mature with higher reliability and uniformity, PMOS
design with resistive load or diode-load is commonly adopted.
Mechanically flexible logic gates such as inverter, 2-input NAND, and
NOR have been demonstrated using SWNT TFTs as shown in Fig. 11.%°
The voltage transfer characteristics (VTC) of a diode-loaded inverter are
shown in Fig. 11(b). Respectable voltage gain of ~30 at Vpp =5V, sym-
metric input/output behavior (i.e., single Vpp operation), and rail-to-rail
swing has been successfully achieved. The above characteristics enable
cascading multiple stages of logic blocks for larger scale integration,
where the output of the preceding logic block needs to be able to drive the
ensuing logic block directly. Moreover, owing to the excellent mechanical
flexibility of the carbon nanotube networks, the fabricated inverter circuit
is extremely bendable. The measured inverter VT'C shows minimal perfor-
mance change under various curvature radii (down to 1.27 mm) (Fig. 11(c))
and repeated bending tests (2,000 cycles) (Fig. 11(d)). Similarly, 2-input
NAND (Fig. 11(e)) and NOR (Fig. 11(f)) logic gates have also been dem-
onstrated with diode load. Both circuits are operated with a Vpp of 5V
and input voltages of 5V and 0V are treated as logic “1” and “0”, respec-
tively. For the NAND gate, the output is “1”” when either one of the two
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Figure 11. (a) Photograph of a flexible integrated circuit made with semiconducting
nanotube TFTs being wrapped on a test tube with a curvature radius of 5 mm. (b) VTC of
a flexible nanotube inverter measured with Vpp of 3 or 5 V. (¢) Inverter VTC measured at
various curvature radii. Inset: Inverter threshold voltage and gain as a function of curvature
radius, showing minimal performance change even when bent down to 1.27 mm radius.
(d) The inverter VTC is measured after various numbers of bending cycles, indicating good
reliability after 2,000 cycles. (e, f) Output characteristics of the diode-loaded 2-input
NAND (e) and NOR (f) logic gates. Reproduced with permission from Ref. 63. (Copyright
2012 American Chemical Society.)
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inputs is “0”, while for the NOR, the output is “0” when either one of the
two inputs is “1”. The measured output characteristics confirm the correct
functioning of the circuits.

With the combination of the above-described basic logic blocks, more
sophisticated integrated circuits, requiring cascading multiple stages of
logic gates, can be readily constructed.’’®> As an example, a 4-to-16
decoder consisting of 88 carbon nanotube TFTs has been demonstrated by
Rogers et al.>! This represents the first medium-scale integrated nanotube
circuits. The photograph and optical micrograph of the nanotube decoder
are shown in Fig. 12(a). The 4-bit decoder works in a way that only one
of the 16 outputs are enabled at a time based on the 16 possible input
combinations, as shown in the transient response of the decoder (Fig.
12(b)). Besides combinational logic, sequential logic such as synchronous
D-flip-flop has also been made whose optical micrograph is shown in Fig.
12(c).>® As shown in the transient response of the D-flip-flop (Fig. 12(d)),
the input (DATA) can be transmitted and stored at the output (Q) at each
rising edge of the clock signal (CLK). In a word, significant progress has
been made with the carbon nanotube integrated circuits. With the success-
ful demonstration of both combinational and sequential logic blocks,
complete system-level integration for functional blocks such as arithmetic
and logic unit (ALU) is possible in the future.

3.2. Conformal/Stretchable Electronics

In recent years, flexible and stretchable electronics have been intensively
explored for enabling new applications that are otherwise unachievable
with the conventional rigid substrates. As discussed above, carbon nano-
tube TFTs have already been widely used in electronics made on flexible
substrates. Nevertheless, such flexible substrates can only be bent along
one orientation and cannot be conformally wrapped over spherical sur-
faces. This limits the applications in wearable electronics where confor-
mal coverage is required.

By cleverly engineering the substrate, a mechanically deformable and
stretchable active-matrix backplane containing arrays of SWNT TFTs
have been demonstrated.®> The use of polyimide substrate and the basic
fabrication process is the same as the previously-described flexible
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Figure 12. (a) Photograph and optical micrograph of a 4-to-16 decoder made with nano-
tube TFTs. (b) Transient response of the decoder. Reproduced with permission from
Ref. 51. (Copyright 2008 Nature Publishing Group.) (c¢) Photograph and optical micro-
graph of a D-flip-flop made with nanotube TFTs. (d) Transient response of the D-flip-flop.
Reproduced with permission from Ref. 53. (Copyright 2011 Nature Publishing Group.)

nanotube TFTs. However, by laser cutting a honeycomb mesh structure
into the substrate, the otherwise non-stretchable polyimide substrate is
made stretchable. As shown in Fig. 13(a), the enabled TFT backplane is
used to conformally wrap around the surface of a baseball. Nanotube
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Figure 13. (a) Photograph of a stretchable nanotube TFT array, which is conformally
wrapped around a baseball. Inset: Optical micrograph showing a nanotube TFT placed at
the corner of a hexagonal opening. (b) Ips—Vgs characteristics of the device measured
under various stretching conditions. Inset: Normalized on-state conductance as a function
of stretchability. Reproduced with permission from Ref. 62. (Copyright 2011 American
Chemical Society).

TFTs are strategically placed at each corner of the hexagons where the
strain is minimal according to the mechanical simulations.®> The stretch-
ing results of the TFTs are shown in Fig. 13(b). The experiments show that
the Ip¢—Vg characteristics of the devices show minimal performance
change even when stretched up to 10%. This is the first demonstration of
a novel type of carbon-nanotube-based backplane for stretchable/confor-
mal electronics. Given the minimal thickness of the active channel (i.e.,
nanotube network thickness), the high mechanical flexibility and stretch-
ability of nanotube TFTs is expected. In future, the use of other stretchable
support substrates (e.g., polydimethylsiloxane PDMS) along with stretch-
able passive components (e.g., electrodes and dielectrics) needs to be
explored.

3.3. Display Electronics

The pixels in an active-matrix display are controlled by transistors, which

act as switches and are typically made from amorphous silicon'® or
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polysilicon.!” While amorphous Si suffers from performance limitations,
poly-silicon deposition requires high temperature processing which is
often incompatible with plastic substrates. As an alternative channel semi-
conducting material for TFT applications, solution processed carbon
nanotubes offer high mobility, are optically transparent and mechanically
flexible.

With the capability of large-area fabrication of high-quality nanotube
TFTs with high uniformity, high on/off ratio and excellent mobility, 6263
a monolithically integrated active-matrix organic light-emitting diode
(AMOLED) display has been successfully demonstrated on glass sub-
strates (Fig. 14).%% As one of the most promising candidates for the next
generation display technologies, OLEDs hold great advantages compared
to liquid crystal displays (LCD) due to their high efficiency, superior color
purity, low power consumption, large view angle, low temperature pro-
cessing, and excellent flexibility.”*** The schematic diagram and optical
micrograph of one pixel of the nanotube-based AMOLED display are
shown in Figs. 14(a) and 14(b), respectively. Each pixel consists of two
semiconducting nanotube TFTs, one capacitor, and one OLED. The two-
transistors, one-capacitor (2T1C) design (Fig. 14(c) inset) is necessary for
output retention in line-by-line scan for displaying dynamic videos. The
OLED fabrication involves the sputtering of transparent indium tin oxide
(ITO) as the anode, evaporation of hole transporting layer 4-4’-bis[N-
(1-naphthyl)-N-phenyl-amino]biphenyl (NPD), emission layer tris(8-
hydroxyquinoline) aluminum (Alq3), and LiF and aluminum cathode. As
shown in Figs. 14(c) and 14(d), the current flow through the OLED
(IoLep) (red line) and light output intensity (green line) can be modulated
by more than 10° times by changing the voltages applied on the data line
(Vpata)- The modulation of light output is visually seen in the photo-
graphs shown in Fig. 14(d). Figure 14(e) shows a glass substrate contain-
ing 7 AMOLED chips. Each chip contains 20x25 pixels driven by a total
of 1,000 nanotube TFTs. When all the pixels are turned on (Vppa =—=5V,
Vscan=-3V, and Vpp =8 V), ayield of ~70 % was achieved (Fig. 14(f)),
which is respectable for a proof-of-concept demonstration in the present
laboratory-scale experiments. The use of 1,000 nanotube TFTs also repre-
sent one of the highest degree of integration to date for carbon-nanotube-
based electronics.
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Figure 14. (a) Schematic diagram showing a pixel of a monolithically integrated AMOLED.
Each pixel consists of two semiconducting nanotube TFTs, one capacitor, and one OLED.
(b) Optical micrograph of an AMOLED pixel. (c) OLED current (/o gp) (red line) and light
intensity (green line) as a function of the voltage on the data line (Vpara). (d) Photographs
showing OLED light output under various Vpara voltages. (e) Photograph of seven AMOLED
chips fabricated on the glass substrate. Each chip contains 20 x 25 pixels with a total of 1,000
nanotube TFTs. (f) Photograph of the AMOLED display with all pixels turned on. Reproduced
with permission from Ref. 89. (Copyright 2011 American Chemical Society.)
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Similarly, the AMOLED display can also be fabricated on a flexible
substrate using the same process flow depicted in Fig. 5(a).”®> The photo-
graph of a fully-fabricated flexible AMOLED display driven by carbon
nanotube TFTs is shown in Fig. 15(a). Note that the light is emitted
through the semi-transparent polyimide substrate, as the opposite side is
covered by the aluminum cathodes of the OLEDs. Figure 15(b) shows a

Data Line

(b) (©) (@

Figure 15. (a) Left: Optical photograph of a fully fabricated flexible AMOLED display
containing 16 x 16 pixels driven by carbon nanotube TFTs with a size of ~3 x 3.5 cm?.
Right: Optical micrograph of one pixel before the OLED deposition step. The drain of the
TFT is connected to an ITO electrode, which serves as the anode for the OLED. Inset:
SEM image showing the channel of the carbon nanotube TFT. (b) Photo of a single-color
(green) AMOLED display being fully turned on and bent. Voltages of =5 V and 10V are
applied to all of the scan and data lines, respectively. The pixel yield, as defined by the
percentage of OLEDs in the matrix that emit light, is higher than 97%. (c¢) Photograph of
a full-color (red, green, blue) AMOLED display with all pixels being turned on. (d) Photo
of the same full-color display shown in (c) being bent. Reproduced with permission from
Ref. 73. (Copyright 2013 Nature Publishing Group.)
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single-green-color flexible AMOLED display with all of the 16 x 16 pixels
being turned on, with a pixel yield of more than 97%. A full-color flexible
AMOLED display (that is red, green, blue OLED pixels monolithically
integrated on the same substrate) is also demonstrated through a multi-
step evaporation of the various emissive layers. Figures 15(c) and 15(d)
show the full-color display being fully turned on in the relaxed and bent
states, respectively, with a pixel yield of ~85%. Figure 15(d) also confirms
that the evaporated organic and metallic thin-films in the display are dura-
ble on bending and the display remains able to function properly under
various bending conditions. The work shows the utility of carbon nano-
tube TFTs for high-performance and bendable displays, indicating carbon
nanotubes’ great potential as a competing technology alongside organic
semiconductor and metal-oxide semiconductor as a low-cost and scalable
backplane option for flexible display electronics.

3.4. Electronic Skin

Electronic skin® has been demonstrated previously, consisting of an array
of pressure sensors capable of spatial and temporal mapping of pressure
applied on the surface. This is done by laminating a pressure-sensitive
rubber (PSR) onto a flexible backplane containing arrays of carbon nano-
tube TFTs.5? The electronic skin is useful for sensing the pressure stimuli
and could find wide range of applications in robotics, wearable electron-
ics, and medical prostheses.

The PSR used has conducting carbon nanoparticles embedded inside.
Upon pressing, the distance between the nanoparticles becomes smaller and
the tunneling current increases. This is reflected in the change of resistance
under various applied pressure.”> By connecting the PSR in series with a
carbon nanotube TFT, one pixel of the active-matrix is formed (Fig. 16(a)).®
By changing the applied pressure on the PSR, the output conductance of the
pixel undergoes significant change as shown in Fig. 16(b). The detection
limit of such a configuration is around 1 kPa. As a practical example, the
e-skin sensor is used to perform spatial and temporal mapping of the
pressure applied on the surface as shown in Fig. 16(c). In the experiment,
an L-shaped object is placed on the sensor, and upon electrically scanning
through the pixels in the array, a two-dimensional (2D) pressure profile
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Figure 16. (a) Pressure response of one pixel in the electronic-skin, consisting of a
nanotube TFTs active-matrix backplane and a pressure sensitive rubber. The Ips—Vgs
characteristics of the pixel are measured under various applied pressure. (b) Output con-
ductance at Vpp = Vgg = Vpg = =5 V as a function of the applied normal pressure.
(c) Photograph showing an electrical skin sensor with an L-shaped object placed on top.
(d) The 2D pressure mapping obtained from the L-shaped object in (c). Reproduced with
permission from Ref. 62. (Copyright 2011 American Chemical Society.)

is obtained (Fig. 16(d)), which matches well with the shape of the object
used.

The Holy Grail for future flexible electronics is to integrate different elec-
tronic, optoelectronic components and sensors on the same substrate into a
light-weight flexible system with sophisticated sensing and user-interactive
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Figure 17. (a) Schematics and photograph of the fully fabricated user-interactive elec-
tronic skin system. In the system, the OLEDs are turned on locally where the surface is
touched and the emitted light intensity corresponds to the magnitude of the pressure
applied (right panel). (b) Operation of the interactive electronic skin. The pressure profile
can be spatially and temporally mapped and translated into either optical (center) or elec-
trical (right) outputs. Reproduced with permission from Ref. 73. (Copyright 2013 Nature
Publishing Group.)

functionalities. This was previously very difficult recognizing the great chal-
lenges of integrating a large number of different material systems and device
structures in a scalable manner. With the solution-processed carbon nano-
tube TFT platform, by integrating the concepts of the flexible AMOLED
display and the electronic skin, a flexible user-interactive electronic skin that
can detect, spatially map the pressure stimuli, and provide instantaneous
response through the monolithically integrated OLED display has been
demonstrated.”® As shown in Fig. 17(a), an array of 16x16 pixels were inte-
grated on a polyimide substrate, each pixel consists of a pressure sensor and
a TFT that controls the current driving a colored OLED. In the resulting
system, the OLEDs are turned on locally where the surface is touched and
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the emitted light intensity quantifies the magnitude of the applied pressure,
allowing the sensed pressure profile to be instantaneously visible without the
need of sophisticated data acquisition circuits (Fig. 17(a) right panel and Fig.
17(b)). Immediate applications may be foreseen in interactive control
devices, for example in autonomous, reusable touch panels that can be
adapted to any curved surface and allow the user to directly see the intensity
of their touch on it. The above progress on pressure sensing and visualization
is only one example of the possible integrated systems that can be enabled
by the fabrication strategy. To take this one step further, it is easy to envision
analogous systems for sensing and direct visualization of other environmen-
tal stimuli, such as temperature, light, humidity, etc. This can be achieved
using a similar platform by simply modifying the sensing element of each
pixel and such a system would enable more sophisticated human-surface
interfacing, leading to systems with practical functions that are useful for our
daily life in the near future.

3.5. Flexible Visible Light and X-ray Imager

The electronic skin concept and the use of carbon nanotube TFT back-
plane can be extended to other applications by simply adding or replacing
the sensing components. As an example, by replacing the pressure sensors
with light sensors (i.e., photodetectors), a large area flexible imager has
been demonstrated for both visible light and X-ray imaging applica-
tions.”® In this system, organic photodetectors (OPDs) are solution pro-
cessed and monolithically integrated on top of an active-matrix backplane
consisting of 18x18 pixels of carbon nanotube TFTs (Fig. 18(a)). The
OPDs are fabricated by first thermally evaporating ~9 nm thick MoO;
hole transportation layer onto the ITO electrode, followed by spin-casting
of regioregular poly(3-hexylthiophene) (P3HT) and [6, 6]-phenyl C61-
butyric acid methyl ester (PCBM) (80 mg/ml in chlorobenzene,
P3HT:PCBM=50:50 weight percent) at 1,000 rpm for 30 second. Al is
then evaporated to form the cathode electrode, followed by a thermal
anneal at 150°C for 10 minutes in order to form bicontinuous heterojunc-
tion network in the organic semiconductor film (Fig. 18(b)). As shown in
Fig. 18(d), the fabricated P3HT/PCBM bulk-heterojunction photodetector
could detect visible light intensity variation effectively.
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Figure 18. (a) Optical photograph of a flexible imager driven by carbon nanotube TFTs.
(b) Cross-sectional schematic showing one pixel of the imager for visible light detection.
(c) Cross-sectional schematic showing the imager used for X-ray detection. An X-ray
scintillator (GOS film) is used to convert the X-ray irradiation to green light, which is then
detected by the imager. (d) Light response of one pixel under various light intensities (A =
535 nm). (e) Measured electrical current (at a reverse bias of 2 V) as a function of X-ray
dose rate. Inset: Optical photograph of the flexible imager with laminated X-ray scintilla-
tor. (f) Visible light or X-ray image profile can be obtained by measuring the photocurrent
of the 18 x 18 pixels.

Because the absorption spectrum of P3HT:PCBM photodetector cov-
ers only the green band of the visible light spectrum, a Gd,O,S:Tb
(GOS) X-ray scintillator film can be used to enable X-ray detection and
imaging (Fig. 18(e)). In this system, the scintillator film converts inci-
dent X-ray into visible photons with an energy matching the peak
absorption wavelength of the OPDs (Fig. 18(c)). The enabled devices
exhibit high performance in terms of imaging sensitivity, response time,
and uniformity. By measuring the photocurrent in all the pixels, both
visible light and X-ray are successfully imaged (Fig. 18(f)). The work
presents a platform for flexible sensor networks for large-area imaging
applications.
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4. Low-Cost Process Scheme for Flexible Carbon
Nanotube Electronics: Printing

Another important feature of solution-processed nanotube TFTs is that
they could potentially be fully printed. Printed electronics offer a cost-
effective route to achieve mass production of large-area flexible electronic
circuits at extremely low cost and high throughput without the need for
special photolithography or vacuum-based processes. Numerous research
efforts have been devoted in the past to develop a low-cost printed inte-
grated circuit platform using nanotube TFTs. Conventionally, the lack of
pure metallic or semiconducting carbon nanotube inks has hindered the
fabrication of high performance printed nanotube devices. With the use of
commercially available high purity semiconducting nanotube inks, high
mobility and high on/off ratio carbon nanotube TFTs have been demon-
strated using aerosol-jet printing process.®* In this process, the gate,
source and drain electrodes are first defined using conventional photoli-
thography and lift-off processes. The channel semiconducting nanotube
network, ion-gel dielectric, and PEDOT:PSS gate are subsequently
defined using aerosol-jet printing process (Fig. 19(a)). Using this method,
high-performance transistors, inverters, NAND gates, and ring oscillators
have been demonstrated (Fig. 19(b)). Fully-printed transistors and inte-
grated single-pixel OLED control circuits have also been demonstrated by
using inks containing silver nanoparticles for the printed electrodes and
interconnections and carbon nanotubes as the channel (Fig. 19(b)).% The
printed OLED driving circuit composes of two top-gated fully printed
transistors, which can be used to control the OLED brightness as shown
in the right panel of Fig. 19(b). It should be noted that ionic gel has been
used in both publications as the gate dielectric for simplified fabrication
process. However, due to the unique operating principle of the ionic gel,
the devices exhibit ambipolar behavior and the operating speed of the
transistors are expected to be slow, limited by the movement of the ions.
These problems require further improvements in the future.

For larger scale applications and mass production, gravure (roll-to-roll)
printing can be used.®*%%%7 This represents a more cost-effective approach.
In this method, the gate, dielectric, source/drain, and carbon nanotube layers
are sequentially printed onto a roll of polyethylene terephthalate (PET) film
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Figure 19. (a) Nanotube TFTs fabricated using aerosol jet printing where the channel
nanotube network, ion-gel dielectric, and PEDOT:PSS gate are defined using a printing
process. Left: schematic of the printing process. Center: AFM image and optical micro-
graph of the printed TFT. Right: photograph of an array of printed NAND logic gates.
Reproduced with permission from Ref. 64. (Copyright 2010 American Chemical Society.)
(b) Fully printed carbon nanotube TFT (left) and single pixel OLED driving circuitry
(right). Reproduced with permission from Ref. 65. (Copyright 2011 American Chemical
Society.)

(Fig. 20(a)). Ink formulation and viscosity control are critical in this case in
order to achieve uniform printing at large scales. Fully-printed carbon nano-
tube TFT active matrix backplane (Fig. 20(b)),”® logic gates, half adder,®
D-flip-flop,®” and one-bit RF identification (RFID) tags®® have been success-
fully produced. As shown in Fig. 20(d), the devices exhibit excellent perfor-
mance for a fully printed process, with mobility and on/off current ratio of
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Figure 20. (a) Schematic diagram showing the fabrication process of the fully printed
nanotube TFTs on mechanically flexible PET substrates using gravure printing process.
(b) Optical photograph of a fully printed carbon nanotube TFT active-matrix backplane
with 20 x 20 pixels on a PET substrate. Inset: Optical micrograph of a single TFT showing
the printed gate/source/drain electrodes and gate dielectric. (c) Image of the inverse gra-
vure printer used for this work. (d) Ips—Vgg characteristics of a representative printed
nanotube TFT with a field-effect mobility of ~9 cm*V~!s~!. Reproduced with permission
from Ref. 96. (Copyright 2013 American Chemical Society.)

up to ~9 cm?V~'s7! and 10°, respectively. Extreme bendability is also
observed, without measurable change in the electrical performance down to
a small radius of curvature of 1 mm.”

Despite the tremendous success in carbon nanotube printed electronics,
it should be pointed out that the printing approach is useful for making
cost-effective large scale nanotube circuits requiring only moderate per-
formance because the resolution that is currently achieved using printing
processes is limited (typically tens of ym or more). For applications where
high performance is required and cost is not a major concern, conven-
tional photolithography and metalization is still preferred, primarily
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adopting the conventional processes utilized for LCD manufacturing, but
with a thin layer of polymer cured on the glass handling substrate.

5. Conclusions and Outlook

As a conclusion, this chapter reviews the recent progress made on the use
of carbon nanotubes TFTs for scalable, practical, and high performance
flexible electronic systems. To overcome the challenges of nanotube
assembly, minimizing the device-to-device performance variation, and
making the fabrication process scalable and compatible with industry
standards, methods have been developed to deposit thin-films of high-
purity semiconducting carbon nanotubes at large-scales. This excellent
material platform has enabled fabrication of high-performance TFTs on
mechanically flexible substrates with superb carrier mobilities of
~50 cm?V~!s! and high I.,/I,; >10* On the basis of the above achieve-
ments, various kinds of electronic applications including conformal inte-
grated circuits, AMOLED displays, and interactive electronic skin have
been explored. The successful demonstrations show carbon nanotubes’
immense promise for high performance thin-film electronics.

For the future research in this field, predictable and highly uniform
device performance is indispensable for more sophisticated nanotube inte-
grated circuits. For instance, precise control of the transistor threshold
voltage and subthreshold characteristics is required. As a result, it is
important to control not only the electronic type (metal versus semicon-
ducting) but also ultimately the chirality of the carbon nanotubes. Since
chirality-specific nanotube separation has already been achieved,’!’? a
higher degree of control in the electrical characteristics is expected from
TFTs made using such carbon nanotubes. In addition, further lowering of
the 1.5, without sacrificing 1, is desirable by increasing the semiconduc-
tor purity of the nanotube solutions as well as optimizing the deposition
process to minimize the bundling of the assembled nanotubes. From
application point of view, the next step is moving toward more sophisti-
cated system-level integrated circuits. For the CMOS operation, platforms
that are capable of providing n-type nanotube TFTs with reproducibility
and uniformity comparable to their p-type counterparts need to be
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developed. With the superior electrical performance and the promising
progress on system-level integration and development of fully printed
fabrication process, one can envision that the solution-processed carbon
nanotube TFTs could find tremendous applications in future low-cost,
high-performance flexible user-interactive electronics and wearable
electronics.
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1. Introduction

To improve the convenience, comfort, and security of daily life, flexible
sensor components will play an important role. For example, they can be
attached onto infrastructure and vehicles to monitor stress and crack infor-
mation. Another crucial application is wearable flexible devices; a truly
flexible device that attaches onto the human body without pain will pro-
vide comfort and convenience by monitoring real-time health conditions.
Although conventional solid devices can be used for these applications,
considering the target’s size (e.g., bridge, water or gas pipes, airplanes,
etc.), the sensor must cover macroscale surfaces conformally with an
ultra-lightweight device, especially for vehicle applications. Furthermore,
the sensor must be economical, including the fabrication, transportation,
and installation.

Flexible devices have potential to develop the aforementioned sensor
systems. (1) Flexible (plastic) substrates are inexpensive compared to
crystal wafers like silicon, which are used in conventional electronics.
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(2) Transportation and installation costs should be drastically reduced
since flexible sensor systems should be very lightweight and compact. In
particular, flexible devices should be more eco-friendly as transportation
costs, which consume a lot of fuel and energy, should be greatly reduced
because flexible devices can be folded like paper. (3) Flexible wearable
devices can be attached onto human skin without awareness of the user,
enabling monitoring of real-time health conditions and saving lives.

As described above, flexible sensors have diverse applications, and by
creating a large-scale flexible sensor tape or intelligent wall paper, these
devices can be attached to any surface. To realize flexible devices, many
electrical components have been developed (e.g., electrodes,' ¢ thin-film
transistors (TFTs),”'* sensors, > and displays?’~>%) using various mate-
rial systems on flexible substrates. In this chapter, as an important compo-
nent of flexible electronics, flexible sensors, especially those using
nanomaterials, are introduced.

2. Flexible Sensor Applications

For a variety of applications and reasons, flexible sensors composed of
inorganic and/or organic materials have been widely studied. As stated in
the introduction, a key application is a wearable health monitoring system.
Due to the globally aging population, health monitoring without seeing a
doctor should be a large market in the near future and should help save
costs for patients, doctors, insurance providers, etc. Flexible/wearable
devices must incorporate TFTs, sensors, batteries, actuators, etc. In addi-
tion, if printable sensor components are developed, an economically fab-
ricated sensor network that can meet user-demand may be realized.
Although printable TFTs have been reported,?*?* sensor components
fabricated via printing techniques are not well studied. Figure 1 shows
examples reported in 2014, which include strain and temperature sensors
using printable nanomaterial composite films.!>®

3. Nanomaterial Patterning on Flexible Substrates

Challenges in realizing flexible sensors are how to achieve low-cost, mac-
roscale, and high performance/low power sensor devices on flexible
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Figure 1. Large-scale and fully printed strain and temperature flexible sensors.
Schematic of the fabrication process for (a) strain sensor using a screen printer and
(b) temperature sensor using a laser cutter. (c) Printed sensors can be patterned on various
plastic substrates (e.g., polyethylene (PE), polyethylene terephthalate (PET), and silicone
rubber). Reproduced with permission from Ref. 16. (Copyright 2014, American Chemical
Society.)

substrates. One solution toward integrated flexible sensors is macroscale-
printing methods. To pattern flexible sensor materials, nanomaterial print-
ing has potential to fabricate device components on flexible substrates.
When organic materials are used as active components, much effort has
focused on improving the stability and mobility of transistor applications
via solution-based processes. Someya and Sakurai er al. developed an
ultra-lightweight flexible organic device,® and demonstrated a wireless
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system and a wet sensor on a flexible substrate as a proof-of-concept.?’
Bao et al. fabricated a health monitoring system using a transistor-based
high sensitive pressure sensor.”® These improvements of the transistor and
flexible integrated circuits should lead to low-power and economic elec-
tronics using fully printed fabrication methods.

In addition to innovations in organic materials, inorganic material sys-
tems have been developed for a flexible system’™'# although standard
inorganic materials used in the conventional electronics are rigid sub-
strates. To apply to inorganic materials to flexible devices, two methods
have been proposed: epitaxial layer transfer techniques and utilization of
bottom-up inorganic nanomaterials. In the former, an ultrathin epitaxial
layer from the solid wafer is transferred onto a flexible substrate.®!*?
Although inorganic materials are transferred onto a flexible substrate, the
nanothick film can withstand bending.® This method can realize high-
performance and low-power electrical systems on flexible substrates by
transferring Si integrated circuits®'-3?
devices.® The latter method utilizes bottom-up inorganic nanomaterials
(e.g., nanoparticles,'>'6 7917 nanotubes,'%'* graphene,* and
two-dimensional layered transition metal dichalcogenides®*3%). The
advantage of using inorganic nanomaterials is higher performance and
sometimes improved properties compared to the bulk.? In addition, nano-
materials can be mechanically flexible and by dispersing them into solu-
tion, they can be applied to solution-based printing processes, which
should eventually lead to low-cost high-performance devices. However,
the challenge of using inorganic nanomaterials is how to uniformly pat-
tern them over large flexible substrates. This section mostly focuses on
inorganic nanomaterial flexible devices, including their printing
techniques.

To fabricate highly uniform patterning of electrical materials on flexi-
ble substrates, a chemical surface treatment on either a flexible substrate
or patterning onto nanomaterials is an important technique. Because nano
inorganic materials usually have a negative charge, there is a strong inter-
action when the surface of a flexible substrate has a positive charge. In
fact, there are reports about the surface chemistry with different self-
assembled monolayers (SAMs)*738 (Fig. 2). The results’”*? show that a
surface with a poly-L-lysine treatment has a high density of nanomaterial

or [II-V semiconductor high speed

nanowires,
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Figure 2. Surface modification for nanowire printing. (a) Printed nanowire density with
different surface functionalizations. (b) Picture of a parallel nanowire arrays on a Si sub-
strate with a poly-L-lysine surface treatment. Reproduced with permission from Ref. 37.
(Copyright 2008, American Chemical Society.)

transfer for Ge/Si core/shell nanowires because the van der Waals interac-
tion between nanowires and poly-L-lysine, which as a positive charge, is
the strongest in the SAMs in the list of Fig. 2.

As demonstrated above, the surface chemistry is critical to realize an
optimal surface without sacrificing the electrical properties and uniform-
ity in high-performance electrical materials for active components such as
a sensor on a flexible substrate.

4. Flexible Interconnection Layers

A common component in all electronics is the interconnection between
active components. Although this chapter describes flexible sensors, flex-
ible interconnection layers are introduced first because they are key com-
ponents in flexible sensors. Because the resistivity of the interconnection
layer must be low to reduce electrical power loss, a metal layer (e.g., Au
or Al) is often used in conventional rigid electronics. This requirement is
applicable to flexible devices and sensors. In research on flexible devices,
a thin metal layer is deposited via an evaporation, sputtering, or other
vacuum deposition tools. However, because these metal layers usually
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have high Young moduli (>10 GPa), the probability of cracks or delamina-
tion from the substrate is high when the substrate is bent or folded.
Additionally, when economical macroscale flexible devices are consid-
ered, the vacuum-based deposition method is unsuited to form an inter-
connection layer. The costs of the infrastructure and manufacturing
throughput for metal deposition are directly related to the device cost.
Because flexible devices must be macroscale, the cost per area must be
drastically reduced compared to conventional electronics fabricated via
semiconductor wafer processes.

Several approaches have been proposed to replace the conventional
metal layer with an economically formed flexible electrode. The first
approach is to use nano or microsized silver (Ag) particles that can be
applied to macroscale printing methods (e.g., gravure printers,?>*
printers,*! and ink-jet printers,*? etc.). After printing Ag particles, curing
the ink forms a Ag film on a flexible substrate by melting the Ag particles.
Because Ag materials have a low resistivity, films can economically pat-
tern a relatively good interconnection layer on macroscale flexible sub-
strates. Although controlling the composition of the Ag particles from
micro to nanosize creates a flexible metal layer, for foldable devices
designed to be worn or extremely flexible, the mechanical—electrical reli-
ability must be improved.

Nanocarbon materials have been proposed for foldable interconnection
layers.'** A foldable electrode using graphene can be patterned by a trans-
fer method from solution to a filter and user-defined flexible substrate.
Although graphene foldable electrodes have a high sheet resistance
(~200-800 Q/square)! compared to an evaporated metal layer as a folda-
ble electrode (~0.7 Q/square for Ni, ~0.01 Q/square for Ag),? the mechan-
ical reliability in terms of the electrical resistance change against folding
is improved. Developing and optimizing material systems should further
improve the sheet resistance and foldability. However, to realize reliable,
flexible, and foldable electronics, the balance between sheet resistance,
foldability, and scalability is important. In addition, additional printed
metal layers need to be developed to improve device performance in terms
of the work function to control band offset between metal and semicon-
ductor materials.

screen
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5. Flexible Sensors

An economically fabricated sensor network on a flexible substrate will
be a challenge for future electronics. Applications of flexible sensors
should differ from those of solid-based sensors. Additionally, flexible
sensors must be able to discriminate between stimuli and strain because
flexible sensors are often bent to conform to different types of surfaces.
If the output signal of the sensor changes as a function of substrate
bending (i.e., strain), reliable sensing information cannot be achieved.
This section introduces different types of sensors on flexible
substrates.

5.1. Optical Sensors

As demonstrated by the prevalence of digital cameras and cell phones,
image sensors or optical sensors are currently one of the most impor-
tant components in electronics. Optical sensors can operate via differ-
ent mechanisms (e.g., electron—hole generation at a pn junction in a
semiconductor or photoconductor of materials). For an image sensor,
charge-coupled device (CCD)** or complementary metal-oxide-
semiconductor (CMOS) technologies*’ are mainly used as high-speed
and high-resolution imagers. However, to apply these technologies to
flexible image sensors, it is more important to investigate the material
system first due to complicacy of these technologies on a flexible
substrate.
First, an optical sensor material needs to be considered. The detection
wavelength, which can vary from ultraviolet to infrared light, depends on
the bandgap of the sensor materials. The relation between bandgap energy
E and wavelength ) can be expressed as
E()="C. (1)

A
where £ is Planck’s constant (6.626 x 10~* m?kg/s (or Js)) and c is the
speed of light (3.0x10® m/s). It should be noted that energy E in Eq. (1) is
calculated in Joules (1 eV = 1.602 x 107'° J). By converting the unit, the
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bandgap energy required to detect certain wavelength of light can be
expressed as

1241
N(nm)’

E (eV)= 2)
Based on Eq. (2), a material can be appropriately selected for the target
wavelength. For example, a wearable digital camera or a wearable skin-
care sunlight device may require visible light ranging from 390 nm to
700 nm or ultraviolet light around 300 nm, respectively.
Several parameters characterize optical sensors. The first one is the
signal-to-noise ratio (SNR), which is expressed as*0

Iy —1
SNR = Light Dark ’ (3)

1 Dark

where Iy, and Ip, are the photo current and dark current, respectively.
Another is the linear dynamic range (LDR) or photo sensitivity linearity,
which is described as*’

LDR(dB) =20 Log(ﬁ), €))
Dark

where J 4, is the photocurrent density under a light intensity of 1 mW/

cm? and Jp,,; is the dark current density. For example, LDR for a Si pho-

todetector is around 120 dB (Ref. 47). To evaluate the sensor, responsivity

is another factor, and can be calculated by

_ JLight

responsivity (%) ) (%)

LLight
where Ly, is the light intensity. By comparing these parameters in an
optical sensor, the appropriate applications can be determined.

An X-ray imager on a flexible substrate has been demonstrated as an
example of a flexible optical sensor for medical applications.*®* The imager
consists of organic photodetectors with carbon nanotube active matrix cir-
cuitry (Fig. 3). The visible light imager is comprised of regioregular
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Figure 3. Flexible optical imager. (a) Optical microscope image of one pixel in an 18 X
18 array. Pixel consists of a Carbon-nanowire transistors (CNT) for the active matrix cir-
cuitry and organic photodiode (OPD). (b) Picture of a flexible optical imager.
(c) Photocurrent response as a function of the X-ray dose rate. (d) X-ray image mapping
of a circular object. Reproduced with permission from Ref. 48. (Copyright 2013, American
Chemical Society.)

poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl C61-butyric acid methyl
ester (PCBM).% To acquire X-ray images, a Gd,0,S/Tb (GOS) scintillator
film>! can convert X-rays into visible light with ~2.27 eV energy (~547 nm
wavelength), and then visible light is detected by the organic photodetector
integrated on a flexible substrate. Based on reports for the optical sensors,
LDR is around 64 dB at a light wavelength of 535 nm. A flexible optical
image sensor that absorbs both visible light (535 nm, intensity 100 uW/cm?)
and X-rays has been demonstrated using a photodetector array (18 x 18
array) (Fig. 3(d)).
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5.2. Strain Sensors

Strain sensors can detect strain in diverse conditions and surfaces. For
example, if strain information for infrastructure (e.g., gas or water pipe-
lines) or vehicles (e.g., airplanes) can be monitored in real-time, severe
accidents due to breaks or cracks might be prevented. Flexible and/or
stretchable strain sensors have been widely demonstrated, especially
using nanomaterials,!>!%52-%  piezomaterials,”>® and transistor
structures.’’

To characterize the sensor properties, strain can be calculated as a func-
tion of bending (curvature radius) as>®

Sz(dt+ds)(1+2n+xn2), (6)
2R ) +n)d+xn)

where d, and d; are the thicknesses of the strain sensor material and the
substrate, respectively. n is the thickness ratio (d,/d,). R and y are the bend-
ing radius and the Young modulus ratio of the sensor and substrate materi-
als, respectively. Sometimes, the thickness of sensor materials, especially
in nanomaterials, is much thinner than that of the substrate (i.e., d,<<d,)
with a similar Young modulus. In this case, Eq. (6) can be simplified to

S d,+ds' 7
2R

Strain sensors often characterize the sensitivity of the resistance change
as a function of applied pressure (i.e., %/Pa) and the gauge factor based
on the applied strain calculated by Eqgs. (6) or (7). The gauge factor g is
defined by the ratio of the relative resistance change and strain,'®> which is

given as
al s
o, (8)

Cds
where p, and p, are the resistivity of the film in the relaxed state and under

a given strain, respectively. However, the Young modulus of a new mate-
rial system is often unknown, and in this case, the sensitivity (%/Pa) can
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be a suitable parameter to understand the sensor performance. It should be
noted that the sensitivity and gauge factor parameters indicate completely
different information. Although both the parameters are often used, the
gauge factor is a property of only the sensor material, while sensitivity
(%/Pa) indicates the properties of the final device structure (i.e., sensor
material and substrate with a defined structure). Thus, changing the struc-
ture can change the sensitivity but not the gauge factor.

As an example of a printable strain sensor, Ag nanoparticles and CNTs
in a binder polymer have been proposed to form a strain sensor on a flex-
ible substrate using a screen printing or painting method.'>'® Many strain
sensors using nanomaterials, including the one mentioned in the earlier
system, involve a mechanism where the distance between nanomaterials
increases (decreases), resulting in an increase (decrease) in electrical
resistance due to tunneling current between nanoparticles upon applying
a tensile (compressive) strain (Fig. 4)° This tunneling resistance
R between nanoparticles, which corresponds to R, and R; in Fig. 4, is
expressed® as

Rye< e, €))

CNT-AgNP film

(CNT:AgNP=10:8) Thickness

1 _‘ 0
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Figure 4. Strain sensor mechanism. Bending the substrate applies tensile stress into the
AgNP-CNT film, increasing the resistance due to the increased AgNP distance.
Reproduced with permission from Ref. 16. (Copyright 2014, American Chemical Society.)



56 K. Takei

Pressure (Pa)
-500 0 500

C‘NT paste : AghNP |rn'k ratic
B

108 -m-10: . .
100 [-4-103 o1 180t ¥ Ui""'"
10F = ' ”

& . a I*Co ressive g o
¢ | ees —mg | g P g ................
1 TeE:ﬁ;_'r_-L“_‘ —t 320 YN N
--._; L g 0\ ompressive
0.1} ' E 1= ¢ ! M
ity : -50 26 28 30 32
Uy ] Time (sec) ~0.5mm
0.01 . > i L . 0 2 4 6 8 10
3 02 41 0 1 2 3 Time (sec)

Displacement (mm)

(a) (b)

Figure 5. Characteristics of a printed flexible strain sensor. (a) Resistance change as
functions of displacement (bottom x-axis) and applied pressure (top x-axis). (b) Real-time
measurements of the tensile and compressive stress. Response time is about 90 ms.
Reproduced with permission from Ref. 16. (Copyright 2014, American Chemical Society.)

where 3 is a parameter of electron tunneling through organic linker mol-
ecules connecting the nanoparticles in the film and [/ is the distance
between nanoparticles. The CNTs in Fig. 4 should achieve a wide
dynamic range of strain sensing because the CNTs that entangle sur-
rounding Ag nanoparticles help electrically connect Ag nanoparticles
when a large tensile strain is applied to the strain sensor. The keys of this
strain sensor are that (1) the sensitivity of the strain sensor is easily tuned
by changing ratio of Ag nanoparticle ink to CNT ink (Fig. 5(a)) and (2)
the sensor can be readily printed on any surface. Because the sensor is
fabricated using nanomaterial-composite solutions, it can be applied to a
printing method, which is advantageous to realize low-cost, macroscale
flexible electronics.

5.3. Tactile Pressure Sensors

Many types of tactile pressure sensors, especially for artificial electronic
skin (e-skin) applications, have recently been developed on flexible sub-
strates using nanomaterial composite polymer films,% transistor struc-
tures,®! and piezo-materials.5> The mechanism for a tactile pressure
sensor using a nanomaterial composite polymer film is similar to that for
a strain sensor. By applying the pressure onto the sensor, the nanomaterial
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Figure 6. Microdome-structured high-sensitivity tactile pressure sensor. (a) Microscope
image of the microdome structures. (b) Schematic and microscope images of the interface
between the microdomes to create the electrical contacts. (¢) Schematic of the tactile pres-
sure sensing mechanism. (d) Electrical property as a function of pressure. Minimum
detectable pressure is ~0.2 Pa. Reproduced with permission from Ref. 60. (Copyright
2014, American Chemical Society.)

distance typically decreases, resulting in a decrease in the electrical resist-
ance or an increase in the capacitance between nanomaterials. Since nano-
materials are dispersed in the polymer film, tactile pressure sensors are
mechanically flexible. To improve the sensitivity toward tactile pressure,
microstructures (e.g., a semi-sphere structure with a nanomaterial com-
posite film® or a transistor structure®') have been proposed.

Figure 6 shows an example using CNTs and polymers with microdome
arrays®® where a small tactile pressure causes the arrays to interlock,
increasing the current in between the CNTs in the polymer (Eq. (9) and
Fig. (6¢)). By reading the current, the tactile pressure can be determined.
The report states that the pressure sensitivity is —15.1 kPa™' and the mini-
mum and maximum pressure detections are ~0.2 Pa and ~59 kPa,
respectively.

Another approach to realize a highly sensitive tactile pressure sensor is
to utilize a transistor structure (Fig. 7(a)).°%* The sensor has a polymer
film with a microstructure as a gate dielectric layer of a transistor fabri-
cated on a flexible substrate. Applying pressure by squeezing the gate
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Figure 7. Transistor-type tactile pressure sensor. (a) Schematic of a tactile pressure sen-
sor with a micro-pyramid structure and an organic transistor. (b) Electrical property as a
function of pressure. Reproduced with permission from Ref. 64. (Copyright 2013, Nature
Publishing Group.)

polymer film decreases the distance between the transistor material and
gate electrode, which increases the gate capacitance. Changing the gate
capacitance alters the charge density in the semiconductor material
(Charge density Q = CxV,, where C is the gate capacitance and V, is gate
voltage.). Modifying the microstructure on the polymer and using the
subthreshold region of transistor operation results in a small
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applied pressure creating a large change in the drain-source current of the
transistor. For example, one report indicated a high sensitivity of ~8.4
kPa~! and <20 Pa minimum pressure (Fig. 7(b)).

Although these tactile pressure sensors can be realized on the flexible
substrates, they also detect strain by bending the flexible substrate. Thus,
to precisely measure the tactile pressure, the substrate must be fixed on the
surface of an object. Studying strain engineering and material/structural
engineering should improve the selectivity between tactile pressure and
strain and realize truly flexible electronic systems.

5.4. Temperature Sensors

Another possibility is a temperature sensor to monitor human health or
environmental information for wearable devices or application of smart
walls, respectively. Flexible temperature sensors have been demonstrated
using a pn junction diode® composed of either organic or inorganic mate-
rials!® and the temperature coefficient of resistance (TCR) of a metal
layer® such as platinum (Pt).

For example, an organic pn junction diode temperature sensor has been
formed by a p-type copper phthalocyanine (CuPc) and n-type 3,4,9,10-
perylenetetracarboxylic-diimide (PTCDI) deposited by a vacuum sublima-
tion system.®> The report commented that the sensor is slightly unstable
when used in ambient air due to oxygen and moisture. On the other hand, an
inorganic pn junction diode for the temperature sensor has also been demon-
strated using conventional silicon technology by transferring the Si diode
temperature sensor from a wafer onto a flexible/stretchable substrate.5’”
Because this sensor is fabricated with silicon, it is stable and reliable.

The current / of the ideal pn junction diode as a function of temperature
is calculated as

I=1y(edV T — 1), (10)

where [ is the reverse bias saturation current, V is the applied voltage at
the pn junction, k is the Boltzmann constant, and 7" is the temperature. It
should be noted that /; also has temperature dependence due to the excita-
tion of electrons and holes moving to the valence band and conduction
band, respectively.
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For a TCR temperature sensor, the electrode is often made of Pt due to
the relatively high TCR value and high stability of Pt over a wide tempera-
ture range. The thermal sensitivity on a plastic substrate patterned by a
conventional lithography method is ~0.53%/°C (Ref. 66).

Both the diode and TCR sensors have been fabricated using a vacuum
system to deposit each material. For practical wearable electronics, a pro-
cess that realizes macroscale and economic sensors of flexible substrates
using a printing method must be developed.

One example of a temperature sensor fabricated via a printing method
has been reported using a mixture of conductive poly(3,4-ethylenedioxy-
thiophene)polystyrene sulfonate (PEDOT:PSS, 1.3 wt% in water) and
carbon nanotube ink for the temperature sensor material (Fig. 8).*' The
experimentally determined temperature sensitivity based on TCR for
PEDOT:PSS and CNT films are ~0.4%/°C and ~0.18%/°C, respectively.
However, mixing solutions with a 10:1 weight% ratio (PEDOT:PSS solu-
tion: CNT ink) and using the resistor as the temperature sensor increase
the sensitivity up to ~0.61%/°C, which is higher than the values for films
of PEDOT:PSS or CNT without a mixture. Thus, the mechanism to detect
temperature using a mixture of PEDOT:PSS and CNT is most likely elec-
tron hopping at the interface between PEDOT:PSS and CNTs. This elec-
tron hopping conductance G as a function of temperature 7' is often
described based on Mott’s variable range hopping model as®

G oc e VT , (11
where o = 1/4 and 1/3 for three dimensions and two dimensions, respec-
tively. A hopping electron moves to the next particle or grain in the mate-
rial with the shortest distance and lowest energy.

By applying this mixture ink to a shadow mask printing method*' or
etching a film using a laser cutter tool,'® a highly sensitive temperature
sensor can be fabricated on a large-scale flexible substrate without
employing expensive infrastructure (e.g., evaporator, sputter, and lithogra-
phy tools). The hysteresis of the temperature change and resistance
change against mechanical bending are relatively small (Figs. 8(b) and
8(c)). In particular, the mechanical reliability is important for the flexible
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Figure 8. Printable flexible temperature sensor. (a) Pictures of a temperature sensor on
a Kapton substrate. (b) Electrical property as a function of temperature from room tem-
perature (R.T.) to 48°C and vice versa. (c) Mechanical reliability of the temperature sensor
upon bending the flexible substrate. Reproduced with permission from Ref. 41. (Copyright
2014, John Wiley and Sons.)

and wearable electronics (Fig. 8(c)), suggesting that the sensor material
introduced here is promising for a flexible temperature sensor because it
meets the low-cost fabrication and selectivity again strain requirements.

5.5. Gas Sensors

Gas detection on a flexible substrate is a beneficial application that can be
used in a limited space or dangerous environment. Highly sensitive
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nanomaterial-based gas sensors have been widely studied.®®~’> The high
sensitivity in nanomaterials is most likely due to two reasons. First, the
surface area of a high-density patterned nanomaterial is greatly increased
compared to bulk. Second, when a gas attaches onto the surface of a nano-
material, the resistance is drastically changed by moving the sub-band
around the Fermi level due to the quantum effect. The quantum effect
phenomena have been well studied using two-dimensional InAs materials
onto Si/SiO, substrates.”> These phenomena are applicable to flexible
substrates without sacrificing performance.

To detect gas using materials such as semiconductors, a catalyst is nec-
essary to absorb or attach the gas ion and modify the surface potential. For
example, a palladium (Pd) catalyst is often used for hydrogen sensing
because hydrogen absorbs onto Pd to form palladium hydride (PdH,)’*; a
Schottky contact-type high-sensitivity hydrogen gas sensor with a Pd
catalyst’* can detect hydrogen concentrations below 5 ppm using aligned
Si nanowire arrays. Due to the surface potential change upon Pd absorbing
hydrogen, the Schottky barrier is changed, causing the conductance of the
Si nanowires to change drastically. Especially, if the channel bias can be
controlled near the subthreshold region, a small surface potential change
by attaching a gas ion shows a large conductance change, realizing an
ultrahigh sensitive gas sensor. By reading this conductance difference, the
gas concentration can be determined.

Some gases (e.g., N,O and NH,S) do not require a catalyst because
they are very sticky on a semiconductor surface and easily modify the
surface potential of a semiconductor. In fact, a high sensitivity (~20 ppb)
for N,O detection has been achieved by a Si-based flexible sensor without
a catalyst (Fig. 9).7°

One challenge for future gas sensors on both rigid and flexible sub-
strates is to realize high selectivity for different gases. Currently, gas
sensors cannot recognize the gas difference when a mixed gas is applied to
the sensor because the catalysts or materials usually react with different
chemicals, limiting the selectivity of gas detection. However, selectivity
should be addressed as a wearable electronics for secure human life.
Another challenge is how to imitate animal (e.g., dog) noses, which
requires both an ultrahigh sensitivity (ppb level) for every gas and ultrahigh
selectivity. Contributions from different research fields (e.g., chemistry,
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Figure 9. Si nanowire-based gas sensor. (a) Microscope image and picture of a flexible
gas sensor array. (b) Electrical response for different concentrations of NO, gas up to 20
ppb. Reproduced with permission from Ref. 70. (Copyright 2007, Nature Publishing
Group.)

material science, electrical engineering, etc.) will be necessary to realize an
electrical nose.

5.6. pH Chemical Sensors

It is difficult to determine even if an unknown liquid is dangerous. Usually
the first step to identifying a potential threat is to determine the pH. Due
to dramatic progress in robotics, robots will play a key role in assessing
environments, including identifying unknown liquids in the near future. If
a pH chemical sensor can be fabricated on a flexible substrate and has
other functionalities, it will help robots to protect from coming into contact
with dangerous chemicals.

The pH is determined by measuring the potential difference. An ion
sensitive field-effect transistor (ISFET) has been widely developed on
rigid and flexible substrates to sense this difference.”>~’® An ion is attached
on the gate region of transistor, and the potential is read by the difference
between the ion and the reference electrode. Due to the potential on the
FET gate, the source—drain current is modulated based on the ion potential
to determine the pH of the solution placed onto the FET gate. The concept
is very similar to the gas sensor described above except that the tar-
get phase is a vapor for a gas sensor and a liquid for a pH sensor.
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The mechanism and physics of ISFETs are well studied and understood.
The actual reaction potential E for ISFETSs can be expressed theoretically
by the Nernst equation’® at 25°C as

o go_ 00592

log 0, (12)

where E is the standard potential of the ion and Q is the reaction quotient.
Because E” has a constant value, the actual potential change is based on
the 0.0592 factor corresponding to the maximum sensitivity of 59.2 mV/
pH. It should be noted that Eq. (12) cannot be applied to gas sensors.

Another factor is that the protection layer for devices from liquid must
not sacrifice ion sensitivity. Usually liquids contain ions (e.g., sodium and
potassium), which often work as mobile ions that break transistors under
the operating bias or cause malfunctions. To prevent this problem, SiN,
Al,O3, etc. have been proposed as the protecting layers for ISFETs.
Because ions cannot diffuse inside these materials and these materials are
sensitive to pH, they are suitable protecting layers without sacrificing pH
sensitivity even if they are layered over the transistor.

For a flexible pH sensor, different types of materials for the ISFET
channel have been reported (e.g., nanotubes,”” oxide semiconductor mate-
rials,’® and organic materials’’). As an example, a carbon nanotube ISFET
has been prepared using single-walled CNTs (SWCNT) and
poly(diallydimethyammonium chloride) (PDDA) as polyelectrolytes for
the channel material (Fig. 10). Unfortunately, the paper did not report the
sensitivity (mV/pH), but based on the source—drain current as a function
of pH level, it is clear that a flexible ISFET using CNT can be turned in a
pH sensor. In addition to the pH ISFET sensor, this paper demonstrated a
glucose sensor utilizing an ISFET by adding a glucose oxidase layer on
top of channel layer.”> Figure 11 and Eq. (13) depict the mechanism to
convert the glucose level into pH level.

B =D —glucose+ 0, — 9% ,p- glucono-6 -lactone + H,0,
D — glucono-6 -lactone + H,O — D-gluconate” + H* (13)

+0.7V
HZOZ

————0,+2H" +2¢",
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Figure 10. Flexible pH and glucose sensors. (a) Measurement setup and detailed sche-

matic structure of the sensing materials. (b) Picture of flexible pH and glucose sensors.
Reproduced with permission from Ref. 75. (Copyright 2010, Elsevier.)
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Figure 11. Mechanism for glucose sensing using the sensor structure in Fig. 10.
Reproduced with permission from Ref. 75. (Copyright 2010, Elsevier.)
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Due to the oxidation of H,O, by the gate bias of the ISFET, glucose
generates three hydrogen ions. Thus, the sensitivity of glucose level is
relatively high around 28.4 uA/mM.

To identify unknown liquids in a robotic application and to develop a
glucose monitoring system (e.g., diabetes health monitoring), the ISFET
technique for pH sensing has great potential in future flexible sensors.
However, to realize a truly flexible pH sensor using the ISFET method, a
monolithically integrated reference electrode with a good stability must be
developed on a flexible substrate. The ISFET and glucose sensor described
above both used a separately prepared reference electrode.

6. Flexible Sensor Integration

Sensor integration for a sensor network on a flexible substrate has been
demonstrated. However, a hurdle for practical flexible devices is advanc-
ing integration techniques. In this section, methods and devices with
regard to flexible integrated sensors are introduced as examples. It should
be noted that the selectivity of each sensor is an important factor to detect
the targets correctly and to integrate different types of sensors.

6.1. Artificial Electronic Skin (e-skin)

For the robotic and prosthesis applications, e-skin that imitates human
skin is of great interest. However, there are several requirements to imitate
human skin: (1) mechanically flexible and lightweight, (2) pressure and
temperature detection, and (3) low power and low voltage operations. In
addition, the interface between e-skin and human/robots is important.
E-skin applications in terms of hardware devices are often demonstrated
as tactile pressure sensor arrays to detect touch similar to human
skin,!7-28:61.63.6580 Begides these tactile sensors, transistors for future sig-
nal processing and high resolution of touch sensing are also integrated on
the flexible substrates.!”%3 Both organic and inorganic materials have
been proposed for tactile sensors and transistors for e-skin applications. In
2004, Someya et al. reported the first e-skin integrated with a tactile sen-
sor array with active matrix circuitry,®® which was a breakthrough in both
e-skin research and organic transistor integration. In 2005, the same group
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developed temperature sensor arrays integrated with tactile sensors and
active matrix circuitry on a flexible substrate.®> However, the organic
transistor had a low field effect mobility (~1.4 cm?/Vs), and consequently,
a high voltage was required to operate e-skin.

New material systems composed of organic and/or inorganic materials
have been proposed to improve the transistor mobility. In 2010, two works
on e-skins with flexible substrates were reported at the same time. One
improved the transistor mobility via an inorganic nanowire array,!” while
the other developed a highly sensitive tactile pressure sensor.®*

Compared to research on organic materials, fewer works have employed
inorganic materials for flexible devices because inorganic materials are
usually rigid, making mechanical flexibility difficult. However, the 2010
report used well-aligned high-density inorganic nanowire arrays patterned
by a printing method as described above.!” Using a nanowire film as the
transistor channel material realized a low voltage operation for an e-skin
with a relatively high field effect mobility of ~20 cm?/Vs (Fig. 12). When
the material size decreases from micro- to nanometers, the material
becomes mechanically flexible.** Hence, the reported inorganic nanowire
array transistors can realize both high performance and mechanical flexi-
bility and may eventually realize low voltage operations on flexible
substrates.

-------- 15kPa

OkPa

1cm Dofective
# .

(a) (b)

Figure 12. Artificial electronic skin. (a) Picture of an e-skin with an integrated nanowire
array transistor for active matrix circuitry and a pressure sensitive rubber. (b) Two-
dimensional pressure distribution by placing an object “C” onto the e-skin measured at an
operating voltage <5 V. Reproduced with permission from Ref. 17. (Copyright 2007,
Nature Publishing Group.)
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Figure 13. Stretchable e-skin. (a) Photo of the stretchable e-skin covering a baseball.
(b) Atomic force microscopy image of the printed CNT network film. (c) Two-dimensional
pressure distribution measured by the stretchable e-skin. Reproduced with permission
from Ref. 10. (Copyright 2011, American Chemical Society.)

After these developments, different kinds of e-skins, stretchable
(Fig. 13)' or the so-called epidermal electronics (Fig. 14),8182 have been
widely proposed. Rogers et al. proposed two key developments: an elec-
trical tattoo®! and a dissolvable device.®* An electrical tattoo is a wireless
device with several sensors (e.g., strain and temperature sensors) using
inorganic micro/nanothick films on an ultrathin substrate (total thickness
is ~7 um).8! Because it is ultrathin, it can be placed on human skin without
awareness of the user. In addition, the group also demonstrated flexible
devices using silk, Mg, and MgO materials, which dissolve in water
(Fig. 15).8384 Because these devices are water soluble, they can be applied
as an implantable device that automatically disappears after measuring the
intended condition. Although hurdles remain for practical applications,
these types of developments open a new class of electronics.

6.2. Artificial Electronic Whisker (e-whisker)

One interesting natural phenomenon is the function of an animal whisker
or hair on human skin that can sense weak wind flow or spatial
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Figure 14. Epidermal electronic device. Surface electromyography to monitor the move-
ment of (a) (b) forearm. (c) (d) face, and (e) (f) forehead. Reproduced with permission
from Ref. 82. (Copyright 2013, John Wiley and Sons.)
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Figure 15. Physical transient of a flexible device. Silk substrate and Mg electrodes dis-
solve in water within five minutes. Reproduced with permission from Ref. 84. (Copyright
2013, John Wiley and Sons.)

distribution by touching an object. E-whisker devices have a long history
in robotic applications, but conventional e-whiskers are built by a bulk
strain sensor and a metal wire to imitate the animal whisker, making them
bulky.®># For microrobots or lightweight robotic applications, this bulky
e-whisker creates a bottleneck. Flexible strain sensors can replace this
bulky e-whisker by patterning a strain sensor film on a flexible substrate
with a whisker structure.

By patterning a composite film as described in the section of strain sen-
sors on a whisker-like flexible substrate and mounting on a semispherical
object, e-whiskers can detect gas flow mapping with a flow rate of 1 m/s
of nitrogen. Similar to an object touching an animal whisker, scanning
with an e-whisker array can map the three-dimensional spatial distribution
(Fig. 16).!¢ Combining e-whiskers with e-skin on a flexible substrate
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Figure 16. (a) Photo of the measurement setup for the e-whisker scanner. (b) Photo of
the e-whisker array. (c) Photo of a scanned target with letters of “OPU” and (d) output
result of the height change, which corresponds to the electrical resistance change.
(e) Photo of the stair-like object and (f) output result, depicting that the e-whisker can
measure at least a 400 ym height difference. Reproduced with permission from Ref. 16.
(Copyright 2014, American Chemical Society.)

should realize various applications over a large dynamic range of
pressure.

As a proof-of-concept for a multifunctional integrated system, a strain
and temperature sensing e-whisker array has been fabricated using the
nanomaterial composite films described above.'® Figure 17 shows the
selectivity of the strain and temperature sensors against temperature and
strain, respectively. Because each sensor has high selectivity of strain and
temperature, the sensor network of strain and temperature sensors can col-
lect both results without artifacts. In addition, laminating the temperature-
sensing e-whisker and strain-sensing e-whisker fabricates a multi-functional
(temperature and strain) e-whisker (Fig. 18). The printable e-whisker
array can map the temperature and shape distribution successfully. Hence,
the multi-functionalities of these devices can be beyond natural whiskers,
allowing these electronics to collect more information.

6.3. Clinical Applications

Flexible devices have also been employed in clinical applications to
reduce the burden on patients and doctors and to monitor medical
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Figure 17. Resistance changes as a function of (a) temperature and (b) strain for both
temperature and strain sensors. Reproduced with permission from Ref. 16. (Copyright
2014, American Chemical Society.)

conditions safely. There are several approaches to replace conventional
medical tools to flexible devices (e.g., catheter with several sensors,% an
implantable brain activity monitoring sensor,*!*” and cardiac electro-
physiology sensors®:3%),

By arranging the metal layer and studying stretchable devices in the
field of strain engineering, a balloon catheter with several sensors has
been developed (Fig. 19).% In addition to containing a light emitting diode
array, this catheter is integrated with temperature, flow, tactile, and elec-
trogram sensors. Moreover, epicardial ablation lesions can be created
wirelessly using the integrated radio-frequency (RF) ablation electrodes,
confirming that flexible sensors and systems with integrated user-defined
multifunctional devices can be used in various clinical applications.
Specifically, flexible sensors and systems may be able to assist doctors
during surgery and reduce the burden on patients.

Another application for clinical and implantable devices is to record
brain activity using a flexible actively multiplexed electrode array that
conformally covers the brain surface. Demonstrations of in vivo brain
activity mappings (e.g., sleep spindles, visual evoked responses, and elec-
trographic seizures®!'*7) have allowed neuroscientific and practical appli-
cation studies (e.g., epilepsy) to move forward.
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Figure 18. Multifunctional e-whisker array. Photos of (a) each temperature and strain

sensor array. (b) laminated multifunctional e-whisker, and (c,d) experimental setup.

(e) Scanning results of the three-dimensional mapping and temperature distributions.
Reproduced with permission from Ref. 16. (Copyright 2014, American Chemical Society.)

Although flexible devices for clinical applications are in the research
and development phase with animal tests by an academic group, more
intense studies by medical groups and institutes should make these tech-
nologies available as clinical tools for humans as soon as possible. This
pioneering work will certainly open the door for new electronics that
achieve comfortable, convenient, and safe human lives.
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Figure 19. Balloon catheter with several sensors and stretchable electrodes. Photos of
(a) a stretchable balloon catheter. (b,c) an inflated balloon catheter. (d) magnified image of
a pixel with electrogram mapping (EKG) sensor and temperature sensor. (e) a balloon
catheter with a light-emitting diode (LED). (f) X-ray angiography image of a balloon
catheter in the heart of a pig. (g) Signal recording of the epicardial activation map of the
anterior right ventricle (RV). (h) Optical image of an inflated balloon catheter in direct
contact with a rabbit heart. (i) Simultaneous recording of the EKG signal and mechanical
beats of a heart. Reproduced with permission from Ref. 66. (Copyright 2011, Nature
Publishing Group.)

6.4. Health Monitoring Devices

Wearable health monitoring systems that attach onto human skin have
attracted much attention to monitor health conditions in real-time.
Although conventional wearable health monitoring systems contain bulk
sensor components, ultra-lightweight and truly flexible health monitoring
systems are required to increase the number of users. If an economic
device can be placed on a person without his or her awareness, many
people, even those who do not seriously care about their health, will try
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such a device. As demand increases, the device will become more
affordable.

Recently highly sensitive tactile pressure sensors have been widely
studied for pulse wave of the radial artery monitoring using a flexible
device.®*?%%! This highly sensitive tactile pressure sensor can detect pulse
waves by placing it on the wrist due to heartbeats. The record of long-term
pulse waves probably allows us to predict the health condition.

7. Human-Interactive Flexible Sensors

Future electronics should interact with humans more. Conventional elec-
tronics can only detect or display some information. However, if electron-
ics and humans interact more, electronics will become more convenient,
comfortable, and useful in everyday life. In fact, there are already several
reports on human-interactive flexible sensors.

7.1. Pressure-light Responsive e-skin

Light-responsive, flexible, interactive devices upon applying pressure
onto an e-skin are the first step to demonstrate human-interactive electron-
ics. The concept is that the e-skin responds to a human eye by emitting
light that depends on a human touch. The 2013 report provided a proof-
of-concept where the device performed like a touch panel display,”>°* and
this light-responsive e-skin can also detect pressure strength by observing
the light intensity. In the future, human mind monitoring by observing the
touch pressure on a display will likely be demonstrated because the pres-
sure of a human touch often depends on the state of mind (e.g., angry, sad,
happy, etc.). This kind of light-responsive flexible device should be appli-
cable to future smart wall displays or can be expanded to other
electronics.

There are two types of light-responsive flexible e-skins. The first one
integrates active matrix circuitry with organic light emitting diode (OLED)
array and pressure sensitive rubber (PSR) (Fig. 20).”> OLED is connected
in series to PSR. Applying pressure onto the PSR drastically decreases its
resistance, allowing the OLED to drive current through the circuit, which
changes the OLED intensity. In conventional displays, the active matrix
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Figure 20. Light-responsive interactive e-skin. (a) Schematic of the circuit diagram for
an interactive e-skin. (b) Photo of the light-response when pressure is applied onto the
e-skin. (c) Photos demonstrating the light-response applied pressure with “C”, “A”, and
“L” shapes, and (d) light response results with three color light emitting diode (green, blue,
and red from left to right). Reproduced with permission from Ref. 90. (Copyright 2013,
Nature Publishing Group.)

circuitry selects which pixels to display in high resolution. The second one
utilizes the piezo-phototronic effect using p-GaN/n-ZnO nanowires.”?
Using a p-GaN/n-ZnO nanowire, piezoelectric polarization occurs at the
end of nanowire under pressure. This polarization charge works as a gate
voltage to modulate the charge separation in a ZnO nanowire. This device
can light up under pressure due to charge separation or band bending.

7.2. Smart Bandages

Smart bandages are integrated components of wearable health monitoring
systems. However, the concept of a smart bandage is worth mentioning in
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Figure 21. Conceptual image of a human-interactive smart bandage and its wireless
communication system. Reproduced with permission from Ref. 41. (Copyright 2014, John
Wiley and Sons.)

detail as future human-interactive devices should monitor and record real-
time human health conditions by just attaching on the skin (Fig. 21).
Patients and doctors can check trends of a health condition through flex-
ible sensors and display. These trends can also help doctors to predict and
possibly prevent disease. By integrating a smart bandage and a wireless
system, the diagnostic results can be sent to a doctor via a cell phone.
Using a cell phone is essential because a flexible wireless system cannot
directly send signals due to technology limitation on a flexible substrate.
By realizing this wireless real-time diagnostic monitoring system, the
number of patients that doctors must physically see can be reduced, allow-
ing doctors to focus on more urgent needs of patients. In addition to doc-
tors, the patient can also view a diagnostic result based on the trend of
sensing results on the smart bandage. Moreover, by integrating a drug
delivery system or some other curing function, the patient or doctor can
also cure or suppress symptoms by delivering a drug.

This is a simple concept of a human-interactive electronic, but depend-
ing on the demands, different sensors, actuators, and systems could be
integrated easily without drastically increasing the cost. To economically
fabricate such devices, the conventional fabrication process for semicon-
ductors cannot be used. One alternative is a printing method. Although the
demonstration described below is yet to be integrated with a sensor net-
work system, the first proof-of-concept of a smart bandage has been dem-
onstrated using a printing method.*!
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Figure 22. Prototype of a fully printed smart bandage. (a,b) Schematics of the smart
bandage. (c,d) Optical images of a fabricated smart bandage consisting of a temperature
sensor, a touch sensor integrated with a wireless coil, and a drug delivery pump for a cur-
ing function. Reproduced with permission from Ref. 41. (Copyright 2014, John Wiley and
Sons.)

In addition to the sensors, different types of devices using microelec-
tromechanical system (MEMS) techniques are necessary for practical
flexible electronics to realize fully functional human interactive devices.
As a proof-of-concept, a flexible drug delivery pump and a wireless coil
have been integrated. To achieve economical large-scale flexible device
systems, these devices have also been fabricated mainly using printing
and mold techniques. Figure 22 describes the schematics of an integrated
flexible drug delivery pump, temperature sensor, and a capacitive touch
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Figure 23. Photos of (a) a smart bandage on a human arm and (b) before and after water
ejection via a smart bandage by applying a pressure onto the drug delivery pump. Real-
time measurement of a human touch onto a smart bandage of (c) temperature change and
(d) touch detection wirelessly at 42 MHz and 3 V input. (e) Real-time temperature meas-
urement of the skin surface while eating spicy soup and short-time exercise. Reproduced
with permission from Ref. 41. (Copyright 2014, John Wiley and Sons.)

sensor connected in series to the sender coil for wireless detection. To
realize a human-interactive health monitoring system, the sensing systems
may also need to incorporate a curing system such as drug delivery. By
attaching a polydimethylsiloxane (PDMS)-based flexible drug delivery
pump onto a Kapton substrate, it can be mechanically flexible without
delamination or cracks when the device is bent (Fig. 22(c)) or placed on a
human arm (Fig. 23(a)). The pump is readily activated with a low applied
pressure of ~3.3 kPa, which is equal to a gentle human touch (Fig. 23(b)).
Furthermore, temperature and wireless touch detections have been dem-
onstrated as real-time measurements by placing onto a human skin

(Figs. 23(c)-23(e)).
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8. Summary and Outlook

In summary, this chapter introduces flexible sensors and select examples
of high performance printable components using mainly inorganic nano-
materials. By dispersing inorganic nanomaterials into solutions, solutions
can be used as ink for printing methods, which may realize economical,
large-scale, and high-performance devices on user-defined substrates,
including flexible substrates. Organic materials for flexible devices have
been dramatically developed and improved for practical applications.
However, using only organic materials may not realize flexible and wear-
able sensor systems. Because each material has its own benefits, both
organic and inorganic material systems need to be studied in parallel and
heterogeneously incorporated to realize flexible and wearable electronic
systems. The sensors on flexible substrates described in this chapter are
only examples of the efforts in different research fields (e.g., mechanical
engineering, electrical engineering, material science, chemistry, etc.).
These efforts should realize practical flexible electrical systems in the
near future.
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Graphene has proven to have exceptional electrical and mechanical properties when
used in flexible memories, flexible sensors, and field-effect transistors (FET).
Despite the outstanding results observed, several issues have to be further improved
from synthesis in order to improve the device fabrication yield. In this chapter, the
electrical and mechanical properties of graphene will be discussed. Issues related to
synthesis will be addressed and recent developments in applications related to flex-
ible electronics will be shown. Finally, summary and conclusions will be given.

1. Introduction

For the last five years, the amount of publications related to flexible
electronics has almost doubled moving from 473 papers published in 2008
to 908 papers in 2013, showing a particular interest in its development. On
the other hand, graphene has shown astonishing properties that have been
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described in reviews extensively. In particular, due to its electrical and
mechanical properties,' graphene is taking a privileged position among
other materials in the development of a new series of flexible electronics.
After a sustained progress on the mass production of graphene, such as the
graphite exfoliation and large area synthesis by chemical vapor deposition
(CVD),?? the increasing amount of publications related to graphene flex-
ible electronics has gone from four in 2008 to 110 last year, which is
around 10% of the manuscript related to flexible electronics (Fig. 1).
Graphene has shown exceptional optical transparency, suggesting a
large amount of applications as transparent electrode in a series of highly
flexible electronics.*® High sensitive strain sensors have been developed
using graphene with gauge factors (GFs) several times larger than those
made of metals.” Furthermore, due to its particular ultra-high hole and
electron mobility, a new era of radio-frequency (RF) flexible transistor is
under development.® Despite all the great advances in application devel-
opment, there are still several challenges to address for graphene to be
used in commercial application, starting from reliable synthesis and trans-
fer methods. The most common way to synthesize graphene is by chemi-
cal vapor deposition on transition metals owing to the high quality of the
films obtained by this method.* Nevertheless, the required transfer pro-
cess became a major bottleneck with several issues to address such as
wrinkles, scratches and residues.’ For this reason, the searches for new

Il Flexible electronics
I Graphene + Flexible electronics

0
2009 2010 2011 2012 2013
Year

Figure 1. Statistical data of paper published during the last five years about flexible
electronics and graphene flexible electronics. The black bars correspond to the papers
published containing the word, “flexible electronics” and the red bars to papers published
containing the word, “graphene and flexible electronics”. Data obtained from ISI Web
of Science.
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transfer methods and/or methods for direct graphene synthesis on insula-
tor to avoid the transfer process bottlenecks remain as major research
topics. In this chapter, we would like to address the electrical and
mechanical properties that make graphene, such a promising material for
flexible electronics. Then revise the state-of-art graphene synthesis by
CVD, with a special emphasis on those methods for direct synthesis on
insulators, limitations and perspectives for its use in flexible applications.
Finally, we concentrate on the recent advances of graphene electronics for
flexible applications.

2. Mechanical and Electrical Properties of Graphene
2.1. Mechanical Properties

The intrinsic strength of the carbon hexagonal lattice was predicted to
exceed that of any other material, by utilizing large-scale quantum calcu-
lations reported by Zhao et al.!’ Experimentally, different methods have
been previously applied to determine mechanical properties of various
graphitic materials. Some of the first approaches made use of atomic force
microscopy (AFM) tips.!'~!3 This AFM method can be assumed to be
rather accurate on nanotubes due to the uniaxial strain applied by the AFM
tip.!4!8 Many researchers have reported assessment of mechanical prop-
erties of two-dimensional (2D) materials, such as graphene, using the
AFM method. However biaxial strain instead of uniaxial strain has to be
taken into account.

Lee et al.'” used an atomic force microscope (AFM) nano-indentation
to measure the mechanical properties of monolayer graphene mem-
branes suspended over an open hole with diameters 1.5/1 mm and depth
of 500 nm on 300 nm-thick SiO,. The graphene membranes were
scanned by non-contact mode and the AFM tip with the radius of
27.5 nm and 16.5 nm were subsequently positioned to within 50 nm
from the center and the mechanical testing was then performed. The force-
displacement measurements are shown in Fig. 2. The response of sus-
pended graphene under uniaxial extension can be expressed as a Taylor
series in powers of strain, for which the lowest order term leads to a lin-
ear elastic response and the third-order term leads to a nonlinear elastic
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Figure 2. (a) Stress loading curve of suspended graphene by AFM tips. (b) Maximum
stress and deflection of graphene membrane versus normalized radial distance at maxi-
mum loading. Adapted from Ref. 19.

behavior. Considering the elastic response of the graphene, the equation
can be written as

o = Ee+ De?, (D)

where E is the Young’s modulus and D is the third-order elastic modulus.
Due to the real 2D nature of graphene, the force-displacement behavior is
given by

Feol (m)(%) +E (q3a)(%)3, @

where F is the applied force by the tip and 0 is the deflection at the center
point of graphene membrane.

Figure 3 shows the distribution of the E?P of suspended graphene
derived from the above equation. Clearly, the average value of E?P is near
to 342 Nm™! and the deviation is only below 10%. These quantities corre-
spond to a high Young’s modulus between 0.9 to 1.1 terapascals (TPa). The
relation between a maximum stress for a clamped, linear elastic, and circular
graphene membrane with an applied load by spherical indenter is given by

1

20 \5
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Figure 3. The left panel (a) shows the statistic results of effective Young’s modulus of
suspended graphene and the right panel (b) displays the stress loading curve of suspend
graphene for different tip’s diameters and pole sizes. Adapted from Ref. 19.

where o ,an is the maximum stress at the central point of the suspended
graphene and R is the tip radii pressed on the graphene. Taking the diam-
eter of 16.5 nm for AFM tip and the 1 ym diameter for graphene as an
example, the intrinsic strength ¢? is 42 + 4 Nm™!, which corresponds to
E=1.0%0.1 TPa and D = -2.0 = 0.4 TPa, respectively. Therefore, the
corresponding intrinsic stress of the suspended graphene with the effective
thickness assumed to 0.335 nm ,,4,pen 18 €qual to 130 + 10 GPa at the
Strain €g,q,hene Of 0.25.

2.2. Electrical Properties of Graphene

Despite the simplicity of the hexagonal graphene structure formed by
carbon atoms, the electronic behavior shows fascinating and complex
properties, giving high expectation for the possible applications of gra-
phene in electronics. Remarkably, the theoretical calculations predicted
several years ago by Wallace?® show excellent agreement with the experi-
mental results observed after the first experimental isolation of graphene
on insulator, allowing the analysis of its electrical properties.

Graphene is formed by a layer of carbon atoms in sp?> bonding. The
orbitals comprise four valence electrons in each carbon atom when bonded
on this sp? configuration. Two types of orbitals shapes can be differentiated
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Figure 4. Schematic of sp? orbital hybridization of the carbon atoms in graphene.

to be o and 7, respectively. The o bond is formed by head-to-head bonding
of the in-plane sp? orbitals, yielding a strong covalent bond with the near-
est carbon atoms while 7 represents the 2p, electron orbital, which is per-
pendicular to the graphene sheet that remains unbounded, and overlaps
with the 7 orbital of its nearest neighbor, giving rise to a particular 7-conju-
gated 2D gases (Fig. 4). It is interesting to notice that there is no overlap
between o and 7 orbitals, which give an advantage for theoretical analysis
once each band can be treated from the others, independently. By using
tight-binding method as presented by Wallace,?” the electron band struc-
ture for graphene can be estimated.

In the electronic band structure of graphene, except for the 7 orbital, all
orbitals show a very large separation between valence and conduction
bands. For the o orbital, the shortest gap is more than 10 eV around the
I point, which reveals the strong sp? covalent bonding.

On the other hand, the 7 bands show the largest separation at the
T" point, but at the K point, the valence and conduction band touch at a
point with no overlap between © and ©*. Because of that, graphene is
described as a semiconductor with zero band gap, or as a semi-metal. Due
to this behavior compared with the large gap of the o bands, the = band is
responsible for the particular electronics behavior of graphene. As men-
tioned before, there is no overlap between o and = orbitals, simplifying
the theoretic analysis and allowing the independent study of the 7 band
from others.

Assuming that the electrical behavior of graphene mainly relays on the
7 band by using two adjacent carbon atoms as a unit cell, tight-binding
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Figure 5. (a) Graphene schematic and the definition of al, a2, and ac—c used for tight-
binding calculations and (b) displays high symmetry points. In (c), the electronic band
structure of graphene. The dashed line corresponds to the band for the 7 orbital while the
solid line belongs to the closest o bands.

method within the first nearest neighbor approximation can be used to
deduce the energy dispersion relation close to the k point. For convenience,
a= ac_cx/g is used (Fig. 5). Then, in the tight binding approximation, the
energy dispersion of the 7 electrons in graphene is given by

E =, [1+4cos’ (%akyJ+4cos(§akx}cos(%aky), &)

where ~ is the energy overlap integral between nearest neighbors. The (-)
root of the equation represents the valence band, which is fully occupied
whereas the (+) root is the conduction band, which is entirely empty. Both
bands meet exactly at the k and &’ points.

By expanding Eq. (5) around this k(k0) point, a linear relation between
E and k can be found given by:

NG

Defining v, = (\/g )703/2/‘1 then E around the k point can be rewritten
as

E=hv k. 9
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Interestingly, the experimental results obtained by Novoselov et al.?!"*
showed good agreement, unveiling astonishing electrical properties of
graphene, such as ultrahigh mobility and low sheet resistance for one
atomic layer.

3. Synthesis Methods

Graphene synthesis is usually divided into exfoliate graphene (graphene
powder) and graphene films (CVD graphene). In this chapter, we will
focus on the synthesis of graphene by CVD methods.

3.1. CVD synthesis of Graphene on Transition Metals
and Transfer Process

Since 2009, graphene synthesized on copper foils via CVD has been the
most reliable way for graphene film production due to its ability to syn-
thesize graphene in large area. Despite the high quality of the film
obtained after the CVD process, large growth temperatures (~1000°C) are
required for the synthesis process. Several attempts have been done to
reduce the synthesis temperature. Sun e al.?® proposed a new strategy,
using solid carbon source instead of gas-type carbon source, and the
growth temperature could be effectively decreased to 800°C by using
poly(methyl methacrylate) (PMMA) as a carbon source. The use of binary
metal alloys with gold had also been proposed to synthesize graphene at
relatively low temperatures, but the quality remained as a concern.?*?
Further improvement was achieved by Li et al.?° using benzene as carbon
feedstock to successfully grow graphene at 300°C. However, the film was
not continuous and several safety issues should be taken into account
due to the toxic nature of benzene. Zhang et al.?’ followed a similar
concept utilizing toluene to achieve low temperature synthesis, however
continuous film were possible only at 600°C.

Despite the progress to reduce the temperature synthesis by this transi-
tion metal catalyst assisted CVD process, graphene needs an extra transfer
process to an insulating substrate such as SiO, or Al,O; for device.
Polymer assisted transfer is the most well-known transfer process and has
been reported extensevely.?®32 Although, several variations of the methods
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have been proposed, the basic steps were reviewed. First, a protective
polymer such as PMMA is deposited on the pre-grown graphene/catalyst
metal sample by a spin coating method. Second, the metal catalyst is
removed by chemical etching process and the etching solution is chosen
accordingly to the metal. Note that FeCl; or HCI solutions are normally
used as etchants to remove Cu or Ni foil. In this step, graphene is protected
by the polymer film to avoid the tensile stress to destroy graphene resulting
from the surface tension of the etching solution. Due to the low density
feature of the polymer/graphene sample, it flows on the surface of the solu-
tion. Third, DI water was used to clean polymer/graphene for many times
until all the chemical residues were removed. Fourth, the target substrate
was then used to support the polymer/graphene. Lastly, the polymer is
taken away by chemical etching or high temperature tempering. For exam-
ple, PMMA can be removed by acetone or annealed in 400°C in H, envi-
ronment. Figure 6 summarizes all the steps required in the procedure.

3.2. Direct Synthesis of Graphene on Insulators

Different methods have been proposed in order to synthesize graphene on
insulators. Between them, using of remote catalyst, using of an intermedi-
ate metal layer as a catalyst, and plasma assisted CVD are three important
methods. However, the main drawback of the CVD process is that a fur-
ther chemical etching process is required to remove the metal thin-film

Step: 1 P Step: 2 P Step: 3 P Step: 4
CVD Graphene Protective Polymer Back Graphene Metal Catalyst
Growth Coating Removed Removed
[ Metal Catalyst 4] oo
h
TP Q, plasma
Step: 8 # Step: 7 < StEP: 6 e Step: 5
Protective Polymer Water Removed Fished by Target Wash in DI Water
Removed Substrate

Water

Figure 6. Schematic process of graphene transfer process.
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layer in order to allow the use of graphene inducing residual contaminants
and affecting the electrical performance of graphene.

By using a remote catalyst, such as nickel® or copper,** graphene can
be synthesized directly on insulators due to the vapor produced by the
metal at temperatures closed to their melting point. In the case of Ni, the
temperature and pressure play a critical role on the formation of graphene
on oxides.* For temperature over 1000°C, the layer growth process
becomes more pressure sensitive while for pressures over 100 torr, the
formation of graphene spheres become dominant over the formation of
graphene films. By further reducing the deposition rate, a conformal
coating even on high aspect ratio structures such as silicon nanorods can
be precisely controlled.®> Figure 7 displays Raman and SEM images of
the Si nanorods before and after the deposition of graphene. Despite that
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Figure 7. (a) Statistical data at different temperatures and pressure conditions on growth

of graphene and GNBs. (b1-b4) Schematic of proposed growth mechanisms of graphene
and GNBs. (c) Raman spectra of Si nanorods before and after graphene deposition by Ni
vapor method. (d) and (e) are the SEM images of the Si nanorods array before and after
graphene deposition. Adapted from Refs. 33 and 35.
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this approach allows a precise control of the number of deposited layers
even on non-planar surfaces, the temperature required to achieve good
quality films is still too high, restricting the amount of substrates suitable
for the process.

An alternative method was proposed by Su ez al.¢ for direct formation
of graphene on insulators by carbon atoms diffusion through grain bound-
aries. In this approach, a metal layer is first deposited on the target sub-
strate. Then, carbon atoms diffuse through the metal layer to reach the
substrate during the diffusion process of the carbon atoms, forming sp*
bonding due to the catalytic properties of the metal layer. Similar
approaches have also been reported using Ni as a metal layer.>”-*® In order
to reduce the temperature process Yen et al.’’ proposes the use of a SiC
substrate as a microwave susceptor for rapid annealing. By controlling
input power of the microwave, the annealing temperature can be tuned,
enabling the controlled segregation of carbon into the target substrate
(Fig. 8).

Several variations of CVD systems such as plasma enhanced
(PECVD) with RF (13.56 MHz) as reported by Wang et al.** or CVD
(MPCVD) systems with microwave-frequency (2.45 GHz) as reported

~ Sample: 300 nm Ni
. e } \J 3
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Microwave
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B i i Temperature

sio” " ®
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Input Power (Watt)

“Back layer”
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Figure 8. (a) TEM image of the segregated graphene through Ni onto SiO, after micro-
wave annealing. In (b) schematic of the rapid heating using SiC substrate as a susceptor
for microwave and the corresponding temperature estimated for the microwave input
power. Figure adapted from Ref. 37.
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by Malesevic et al.* are used to provide extra energy to the system in

order to decrease the process temperature. This significant effect is due
to the polarization and ionization of hydrocarbon molecules due to the
strong electromagnetic field, increasing the possibility to break the
atomic bonds between hydrogen and/or neighboring carbon atoms.
Besides, the excited bombardment between the gaseous molecules also
help to decompose the hydrocarbon gas. Since the hydrocarbon mole-
cules are decomposed by the plasma, graphene can be deposited on
arbitrary substrates. Figure 9 provides a schematic of a typical MPCVD
system.

Although this technique provide a possibility to deposit graphene on to
the oxide substrate with mono- or bi-layers. Unfortunately, the graphene
deposited by PECVD or MPCVD usually exist on a very rough surface.
Perhaps due to high nucleation, the graphene deposited by PECVD or
MPCVD can grow without following the surface of substrate. Therefore,
the formation of nano-flower or nano-wall shapes are often observed.*'=#

To further improve the roughness, electron cyclotron resonance CVD
(ECR-CVD) has been used to deposit graphene onto silica substrate and
the process temperature was further decreased to 400°C by using C,H, gas

reflect power  microwave generator
adjustment o

ECR plasma generator

magnetic coil

Mass flow controller

gas inlet "
CHy, CoHy, Hy, Ar, Ny Ultra-high vacuum
chamber
to turbo pump
Tunable substrate position adjustable
substrate level

Figure 9. The schematic diagram for MPCV.
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as carbon source.*® By carefully adjusting the distance between the plasma
and the substrate as well as plasma power and the gas flow, large area uni-
form graphene can be achieved. Besides, a SiC peak is observed in both
Raman spectrum and X-ray photoelectron spectrum of graphene deposited
by ECR-CVD, indicating that a SiC buffer layer was formed between gra-
phene and silica through the reaction: 3C + SiO, — SiC + 2CO within four
minutes. Once the Sic layer is formed, graphene will grow to over all
the surface of the sample within one minute. But, in spite of the uniformity
and smoothness of the synthesized graphene deposited by ECRCVD,
the domain size is relatively small, only 2-3 nm in length Figure 10
shows the graphene deposited on different thickness and its optical and
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Figure 10. Direct deposition of ECR-CVD nanographene on quartz. (a) Nanographene
films with different thicknesses obtained by varying the growth time. (b) Optical transmit-
tance of ECR-CVD nanographene grown on quartz, with different film thickness. The inset
compares the transmittance at 550 nm for different growth durations. (c) The sheet resist-
ance decreases as the film thickness increases; it also decreases with increasing doping by
chemical functionalization in HCI and SOCI, aqueous solutions. Adapted from Ref. 46.
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electrical performance. In fact, most graphene flakes with few nanometers
domain are embedded in the amorphous carbon film. The quality of gra-
phene is limited by the instrument since the energy of the plasma should
be high enough to decompose the hydrocarbon molecules and allow them
to recrystallize after leaving the plasma region. For that reason, there is a
trend between the plasma power and the temperature. In order to further
reduce the temperature, the higher plasma power is required.

4. Applications of Graphene in Flexible Electronics

Graphene has shown exceptional performance in several applications in
electronics. In particular, for flexible electronics in this chapter, we will
focus on three applications: flexible memories, graphene strain sensors,
and graphene flexible transistors.

4.1. Flexible Memories

Electronic memories can be classified into two parts: volatile and non-
volatile. Volatile memories include static random access memory
(SRAM) and dynamic random access memory (DRAM), which loses the
stored data when the electronic device is powered off.*’ On the other
hand, there are mainly five types of non-volatile memories, including
resistive (RRAM),*¥# ferroelectric (FeRAM),”® magnetic (MRAM),>"
phase change random access memory,’” and flash memory.>* The opera-
tion principle of the first four memories is based on the variation of the
conductance, polarization, magnetism and phase in response to the
applied electrical field***>¢ while the flash memory is based on store
and release of charge carriers in the Fermi level/conduction level of
conductive/semi-conductive floating gate or trap sites of insulating data
storage layer.>’

From the previously mentioned memory types, RRAM is one of the
most promising candidates for next generation non-volatile memory
devices. Its structure is composed of metal/insulator/metal, which is very
simple as shown in Fig. 11. Because of the nanometer size of the conduc-
tion filament, devices can scale down to nanoscale for future technologies.
Furthermore, it has excellent electrical behavior such as high-density
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Figure 11. (a) Schematic of the G/SiO,/G device on glass. (b) Optical transmittance in
G/Si0,/G-layered structures with different layer thicknesses of graphene. (c) Characteristic
I-V curves from an electroformed G/SiO,/G device. The arrows indicate the voltage-sweep
directions and the numbers indicate the order. (d) Corresponding memory cycles from the
device using +6 V and +15 V as set and reset voltages, respectively. The memory states
(current) were recorded at +1 V. Figure reproduced from Ref. 71.

integration, long retention time, and fast switching speed.’®>* The insula-
tor layer is usually based on transition metal oxide such as, TiOz,60 Zn0,%!
HfO,%? Ta0,% or Si0,,** and organic materials.%>% For the flexible appli-
cation, the substrates such as stainless steel®! and conductive polymers®-68
are often used. Graphene is also an excellent choice as a conductive layer
in flexible memories due to its high transparency, high mechanical
strength, and high carrier mobility. Different groups have presented stud-
ies making use of graphene in different ways for RRAM applications and
showed high flexibility and stable electrical behaviors.5°~7!

In particular, Yao ef al. used CVD graphene as electrode and SiO, as an
insulator as shown in Fig. 11.7! Initially, CVD graphene was transferred
from Cu foil to glass substrate. Then, a layer of SiO, film with the
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thickness of 70 nm was deposited by electron-beam evaporation. The top
graphene film was then transferred onto the SiO, layer and finally the pat-
tern was defined by photolithography. The high transmittance and high
on/off ratio (~1,000) is presented in Figs. 11(b) and 11(c), respectively.
Furthermore, endurance test was carried out, using pulse sweep and show-
ing good retention.

For flexible operation, graphene was transferred onto high melting
point (>280°C) plastic substrate (fluoropolymer, PFA). The corresponding
structure and optical view are showed in Fig. 12. The on/off ratio can still
reach above 1,000, which is just like the device on glass substrate, mean-
ing that this device can be operated well on arbitrary substrates. However,
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Figure 12. (a) Schematic of the G/SiO,/G crossbar structures and the optical image of
the structures. (b) Optical image of the G/SiO,/G structures with the inset showing the
schematic image. (c) Memory cycles from one of the crossbar devices (d) Retention of
both on and off memory states from a crossbar device is shown on bending the plastic
substrate around a ~1.2-cm diameter curvature. The inset shows the actual transparent
memory devices using the pillar structures on the plastic substrate. Adapted from Ref. 71.
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the yield of the device on the flexible substrate is lower, which is attrib-
uted due to the deformation caused by the contact of the tip and the
device. It may cause some defects inside SiO,, leading to the failure of the
device. The bending test is showed in Fig. 12(d). The device still shows
great electrical behavior after bended about three hundred times.

4.2. Strain Sensors

Recently, graphene was served as the new candidate in strain sensors.
Atomic force microscope (AFM) is considered a useful tool to analyze the
mechanical properties of different nanomaterial such as nanowires.''~!?
An AFM tip was used in contact mode to deflect a nanowire to measure
bending force as the function of the displacements.'! A different method
by attaching two ends of a carbon nanotube between two AFM tips was
proposed to access the accurate measurement of Young’s Modulus for a
single carbon nanotube.!® However, it is noted that uniaxial strain achieved
by the AFM tip is an important step to access mechanical properties. On
changing the nanomaterial from nanotubes to 2D materials such as gra-
phene, the assessment of the mechanical properties would also change to
biaxial strain instead of uniaxial strain due to one atom layered struc-
ture.!”7%73 Besides, it is possible to form point defects by the AFM tip in
contact mode during the measurement.

To solve these problems, a non-contact method to determine mechani-
cal properties of graphene using Raman spectroscopy has been proposed
by Mohiuddin and coworkers.”* Figure 13 shows the corresponding
Raman spectra as a function of the uniaxial strain, for which the strain was
longitudinally applied to films by stretching the substrate along the basal
plane. From the Raman spectra, it should be noted that the shift of peak
position would increase with the increase of the strain. The relation
between the peak shift and the strain can be fitted with lorentzians and
then access the trends for the peaks. The most notable thing is that the G
peak would split into two sub-bands G* and G~ with larger strain, but it
does not happen for 2D peak. This phenomenon can be explained by the
effect of uniaxial strain on the optical modes response. The G peak cor-
responds to the doubly degenerated E,, phonon at the Brillouin-zone
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Figure 13. (a) G and (b) 2D peaks as a function of uniaxial strain. The spectra are meas-
ured with incident light polarized along the strain direction, collecting the scattered light
with no analyzer. Note that the doubly degenerate G peak splits in two Sub-bands G* and
G-, while this does not happen for the 2D peaks. The strains, ranging from 0 to 0.8%, are
indicated on the right side of the spectra. From Ref. 74.

center. The Gruneisen parameter, g, and the shear deformation poten-

tial, 3, , are given by: 7476
h
, _ 1 aw Ezg 8
By = gz e, 3)
g
S
5 | Ow Erg
B =0 o ©



Graphene: From Synthesis to Applications in Flexible Electronics 105

where ¢, = ¢; + ¢, is the hydrostatic component of the applied uniaxial
strain, / is the longitudinal direction, and ¢ is the direction transverse to the
strain. In addition ¢; = ¢; — ¢, is the shear component of the strain and
coOEzg is the G peak position at zero strain.

Under the uniaxial strain ¢; = ¢ and ¢, = —ve, where v is the Poisson’s
ratio. The strain in these two directions are not the same so that the solu-
tion of the secular equation for the in-plane Raman-active E,, phonon
would doubly degenerate due to the shear deformation.”7®

+ 0 1 0
AwEZg = _wEZg/yEZg (EH +€”)iEﬁE2gwE2g (8” —8”). (10)

That is the reason why G peak would split into two peaks G" and G™.
Otherwise, under biaxial strain ¢; = ¢, = ¢ A(x)iEzg = O)OEzngz(ell + &)
Then, the shear deformation term is canceled so the G peak does not split.
The amount of peak shift of the G peak is the same as that of the 2D peak.
This characteristic makes graphene useful to determine whether the strain
is uniaxial or biaxial.

Strain sensor application plays an important role in electro-mechanical
systems. It is normally used to detect mechanical deformation, such as
structural health monitor and force sensors. To investigate the relation
between the electrical and mechanical properties of graphene, strain was
longitudinally applied to the device to stretch the flexible substrate along
the basal plane as shown in Figs. 14(a)’ and 14(b) presents the electrical
measurements for graphene as strain sensor devices. The resistance of
graphene increases due to the electron scattering by the lattice distortion
when the strain arises before the device fails. Note that the yield point,
which indicates the transition point of the elastic and the plastic deforma-
tion, was also indicated in Fig. 14(b). With this relationship, the GF can
be calculated in order to test the sensitivity of the devices. The GF relates
to changes in electrical resistance to the applied strain given by

GF = AR/R:, (11)

where AR is changes in electrical resistance, R is the original resistance at
the condition without any strain, and ¢ is the mechanical strain of the
device. By linearly fitting the data in the elastic region, the slopes of
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Figure 14. (a) The schematic diagram of the device was placed on a stage used for
applying strain to sample/flexible substrate. (b) The normalized resistances of the gra-
phene strain sensor device as a function of strain of flexible substrate. (c) Cyclic measure-
ment for graphene strain sensor device. Adapted from Ref. 7.

graphene is about —0.25 (1/¢), yielding GFs of ~12.2 for the graphene,
respectively (Fig. 15(b)). Obviously, graphene exhibits much higher GFs
than that of conventional metallic strain gauge. To demonstrate the strain
sensor, cyclic measurements of graphene-based strain sensor were meas-
ured as shown in Fig. 14(c), respectively. By gradually increasing and then
decreasing the strain before reaching the yield point, the change in nor-
malized resistance can be repeated perfectly even after several cycles,
provided that the applied strain is under the yield point. Note that once the
applied strain exceeds the yield point, namely ~1.2% for the graphene,
cyclic measurements fail.

4.3. Graphene Flexible Transistors

One of the major difficulties in the development of flexible electronics
has been the fabrication of transistors stable enough to work under
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strain/stress and under a variety of environments. Organic semiconduc-
tor materials have been a preferred material, offering flexibility for its
role as an active channel for field-effect transistors (FETs), opening up
a mixture of promising applications in light-weight and low-power elec-
tronics, such as active-matrix elements for plastic displays.”’*" However,
the carrier mobility of organic materials is quite low compared with Si.
The typical mobility of organic semiconductors goes from 10~ to
2 cm?/V-s.8178% On the other hand, graphene promises to solve the mobil-
ity problem, offering a high-speed, flexible, and transparent FETs on
flexible substrates.

Chen et al. reported fabricating flexible graphene FETs via the transfer
printing method to mechanically transfer the exfoliated graphene with
pre-defined electrodes to a plastic substrate.®> For practical applications,
large-scale graphene films grown by CVD are desirable. Kim et al.3® pre-
pared flexible FETs using CVD graphene as a channel material exhibited
electron mobility of ~90 cm?/V-s, which is several times larger than those
transistors fabricated by organic semiconductors. However, this large
intrinsic mobility expected for graphene is not high enough. This is pre-
sumably due to the long access lengths (i.e., the ungated channel region
between the drain/source contacts and gate), downgrading device perfor-
mance through the parasitic resistance RA (Fig. 15). Farmer et al.’’
showed that self-aligned top gates fabricated using the hydrophobic char-
acteristics of the surface of exfoliated graphene can minimize the access
length, yielding a greatly increased carrier mobility and cutoff frequency

in the resulting FETs.
Au
S | D Al

Figure 15. (a) Schematic diagram of the steps used to fabricate self-aligned graphene
FETs on a Si substrate. The lower panel shows the critical resistive components before and
after the self-alignment. Reproduced from Ref. 91.
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The polymer residues on the surface of the graphene channel due to the
transfer process is another problem, which is needed to be addresed.’ The
inhomogeneous coverage of the polymer residue frequently results in
pinholes in the stack of high-« dielectrics (e.g., Al,O3, HfO,, and ZrO,)
grown by atomic layer deposition (ALD). The high temperatures used in
the ALD process may also rule out the use of some plastic
substrates. %0

To solve this problem Lu ef al.”' proposed a method using natural alu-
minum oxide as a gate dielectric in a self-aligned configuration. This high
capacitance product of the thickness of the native aluminum oxide and
self-alignment offer several improvements such as reduction of the access
resistance, improvement of the on/off ratio, and high electron and hole
mobility of 230 cm?/V-s and 300 cm?/V-s, respectively. Remarkably, this
native aluminum oxide shows to be resistant to mechanical bending,
exhibiting self-healing process even upon electrical breakdown. Figure 16
displays the device prepared with native aluminum displaying good per-
formance on the bending test.

Recently, Yeh et al.® utilized the same technique to fabricate high-
frequency transistors on flexible substrates, reaching a maximum oscilla-
tion frequency of 32 GHz before bending and 13 GHz after bending
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Figure 16. (a) Optical photograph of bending test facility. (b) Normalized mobility as a
function of the bending radius. From Ref. 91.
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Figure 17. Extrinsic ft as a function of the gate bias for a RF G-FET in a flat configura-
tion (before and after bending) and for three different bending states. Inset is the OM
image, showing the measurement setup. Design adapted from Ref. 8.

(Fig. 17) probing the exceptional electrical and mechanical properties of
graphene as a channel material for flexible transistors.

5. Summary and Conclusions

The quality of CVD graphene has proven to be good enough to be used in
practical applications for flexible electronics. However, the low reliability
and yield of the transferred graphene raises concerns about graphene use
at industrial scale. More work is required to improve or modify the trans-
fer process to achieve higher yield of graphene on good quality graphene
transfer. The temperature and quality for direct synthesis of graphene on
insulator is yet an issue to overcome. Up-to-date, large area graphene
films can be deposited at temperatures as low as 400°C, which is still quite
high for flexible substrate. Except for some substrates such as flexible
glass that can resist up to 500°C, the temperature should be further
reduced to temperatures under 200°C to extend the synthesis to high tem-
perature polymers as a flexible substrate. Nevertheless, graphene has
demonstrated to be a versatile material with great potential for applica-
tions in flexible electronics, not only as a flexible electrode but also as a
highly sensitive strain sensor and as high mobility transistors with out-
standing performance even after bending.
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In recent years, electronic devices fabricated on flexible and stretchable substrates,
namely macroelectronics, with special demands on low-cost materials and fabrica-
tions have been widely investigated for practical applications in flexible displays,
electronic papers and so on. In particular, the performance of macroelectronics
depends highly on the active semiconductor materials employed. Among many
promising candidate materials, semiconductor nanowire parallel arrayed thin-film
with the high intrinsic carrier mobility has been demonstrated with great potency.
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In this regard, this chapter summarizes mainly the basic knowledge and requirement
moving from silicon (Si)-based microelectronics to flexible macroelectronics, with
the emphasis on the preparation methods, alignment technologies as well as
transferring approaches onto flexible substrates of one dimensional semiconductor
nanowires (NWs). All these show their great promising prospective not only
enhancing the performance and flexible circuits, but also contributing to the large-
scale applications of macroelectronics.

1. Introduction

In the past decades, silicon (Si)-based semiconductor microelectronics
have become a great success in terms of dramatically reducing the device
size and enormously increasing the speed, capacity as well as the function-
ality every 18-24 months, as commonly known as the Mole law. In the
meanwhile, in recent years, another kind of electronics, in which the
device size and speed are not as important as their required flexibility and
stretchability; however, their relatively low-cost characteristics have found
their significant utilization in large-scale displays, electronic papers, sen-
sors, actuators, health diagnosis, radio-frequency (RF) identification, and
so on. In such applications, the individual device size can be much larger
than microelectronics, even in the micro- or milli-meter scale, while the
flexibility and stretchability is critical. This new class of electronics is
typically branded as “macroelectronics”.!™

In order to tackle this new application domain, simply transferring
conventional Si electronic devices, such as thin-film transistors (TFTs),
directly onto flexible substrates is not feasible, since the stiffness of inor-
ganic active device materials would not be fully compatible with organic
substrates; importantly, the strains induced by any bending would signifi-
cantly degrade or even destroy the devices. It is exactly the reason that
organic semiconductors were extensively exploited for all-organic transis-
tors for macroelectronics in early 1990s. Since then, all macroelectronics or
so-called “flexible electronics” were all stemmed from using all polymeric
materials in conjunction with the traditional low-cost roll-to-roll printing
technology.’~1°

However, one major problem of utilizing organic semiconductors is
their intrinsically low carrier mobility in the range of <10 cm?/Vs, leading
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to the poor functionality of flexible devices, especially high performance
or high speed is also required for the many advanced applications of next-
generation flexible electronics. In this regard, when high carrier mobility
inorganic nanomaterials, such as carbon nanotubes (CNTs), graphene,
transition metal dichalcogenides (TMDs), semiconductor nanowires
(NW5s) and nanoribbons (NRs), are adopted in the use as active materials
for flexible electronics, they greatly nourish the development of macroe-
lectronics in the last decade.”!"!? Specifically, the one-dimensional (1D)
nanomaterials, including CNTs, NWs and NRs, would be effective in the
mechanical strain isolation and endurance, which makes them fully com-
patible with flexible substrates. Also, NWs would typically encounter a
rather small part of the strain (usually less than 0.5%) induced by the
flexible substrate during bending or folding.'? Till now, the high mobility
semiconductor NWs in combination with the use of flexible substrates
would be one of the ideal choices for macroelectronics and all these have
attracted more and more attention worldwide. In this context, this chapter
will mainly review the basic fundamentals in individual components of
flexible macroelectronics as well as the advances of the integration of 1D
semiconductor NWs for flexible integrated circuits (ICs). Other applica-
tions such as flexible solar cells, sensors, and artificial skins etc. will be
emphasized in other chapters.

2. Requirements for Flexible Circuits

The major functional unit of flexible circuits is typically field-effect tran-
sistors (FETSs), similar to the one in Si microelectronics. Therefore, the
main components of FETs such as the substrate, gate dielectrics, source/
drain/gate electrodes, and active channel materials should all be mechani-
cally flexible or at least be compatible with excellent flexibility,'* which
will be reviewed in this section for the requirement of flexible electronic
circuits.

2.1. Flexible Substrates

In flexible electronics, the primary requirement is the selection of appropriate
flexible substrates such as plastics, rubbers, papers, and metal foils, etc.'>¢
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Figure 1. Young’s modulus change from liquids, soft materials to hard inorganics.
The numbers in brackets are in Pa for soft, MPa for tough, and GPa for hard materials,
respectively. Reprinted with permission. '3

In the literature, one would find many different adjectives for such flexible
materials, including elastic, bendable, foldable, stretchable, wearable, con-
formable, and others. On the other hand, inorganic materials are all rigid, stiff,
hard, tough, and brittle. The main difference between flexible and inorganic
materials here is their Young’s modulus, ranging in kPa to GPa for organics,
while >10 GPa for inorganics, which is schematically shown in Figs. 1
and 15 with typical soft to rigid materials exemplified.

In addition, to be an ideal substrate for flexible electronics, the organic
polymers should be at least thermally stable, solvent resistant, and high
optical transparency for advanced applications.!”!® To date, there are a
number of plastics developed for flexible substrates, such as the frequently
used polycarbonate (PC), polyethersulfone (PES), polyimide (PI), poly-
ethylene terephthalate (PET), and polyethylene naphthalate (PEN), etc. as
well as their corresponding multilayer composite structures.'® One major
concern in employing these polymer substrates is the requirement of
smooth surface for the subsequent processing, and sometimes the surface
treatment is essentially needed for the better compatibility with other
active device materials.'® In some cases, especially for the human health
monitor, the biodegradability is also important when the devices are
implanted into the human body.?

2.2. Flexible Dielectrics

Typically, the conventional high-k dielectrics commonly used in silicon
technology can also be adopted in flexible electronics, since the gate
dielectric films are rather thin in the range of ~10 nm in the thickness and
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Figure 2. Molecular structures of the organic polymers commonly used as gate insulators
in flexible electronics. Reprinted with permission.?®

thus they can withhold the required bending strains. In this case, SiO,,
Al,0;, and HfO, etc. are all usually used and reported in the literature.?'~2?
However, these inorganic materials are relatively hard to process, demand-
ing the high vacuum evaporation or atomic layer deposition (ALD) tech-
nologies. This way, there would be several associated problems here such
as the temperature endurance issue of plastic substrates employed in these
processes as well as the resultant high cost of those complex processing
techniques. In this regard, several organic materials are generally utilized
as gate insulators considering the compatibility with plastic substrates,
easy fabrication, low cost, and also because of the high speed induced by
high-k dielectrics not being essential for macroelectronics. Consequently,
polymers including PI, polyvinylpyrrolidone (PVP), and polymethylmeth-
acrylate (PMMA), etc. with in the range of 2-3 are frequently used as
organic dielectrics in flexible FETs,”?42% as the molecular structures are
illustrated in Fig. 2 and properties are summarized in the review of Ref. 26.

2.3. Flexible Electrodes

In addition to substrates and dielectrics, the conductive electrodes are
another important component in flexible electronics. In microelectronics,
metals and highly doped polysilicon are commonly employed for
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electrodes; however, they are mechanically rigid, and hence are difficult
to be compatible with flexible electronics. Generally, there are two kinds
of substitutes: (i) shape control in making the metal electrodes pre-
deformed to enhance the mechanical flexibility and (ii) adopting the con-
ductive paste such as conductive polymers or inorganic/organic hybrid
conductive materials.

For pre-deformed electrodes, Roger’s group is a pioneered research
team to actively design and develop many different kinds of electrode
structures for flexible electronics,”’ " as representatively depicted in Fig. 3.7

The main idea is to deposit the metal electrodes in the pre-deformed flex-
ible substrates in order to obtain the convex or concave shape, and then the
metal lines would be resulted in the wavy shape after the strain is released
(Fig. 3). These wavy electrode structures would be able to even endure the
large deformation of substrates with more complicated shape design, and
many flexible and stretchable electronics are developed thereof.’!

Figure 3. The fabrication schematics and images of the wavy metal electrodes.
(a) Fabrication process: (i) the device on Pl is first detached from the SiO,/Si substrate, (ii)
the detached device is then placed onto the radial stretched PDMS mold which is origi-
nally hemispheric, and after the release of the strain, the PDMS mold retrieves to the hemi-
sphere shape and the metal interconnections become wavy in the shape, (b) corresponding
SEM image of the wave shaped metal electrodes, (c) photography of the stretched PDMS
mold with devices on it. Reprinted with permission.?’
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At the same time, several organic pastes, including organic conductors
or hybrid organic/inorganic conductors are also developed for flexible
electrodes.'*>3* In fact, the first all-organic FETs reported by Garnier
et al.” employed graphite based polymer ink as the conducting electrodes,
and later polyaniline (PANI), PEDOT/PSS are also used for electrodes.
For example, the printed PEDOT:PSS electrodes have a conductivity of
100 S/cm, which is high enough for the application of organic FETs.*> On
the other hand, metal NWs and nanoparticles such as Ag and Cu NWs are
also synthesized to form the conductive networks, with sheet resistance in
the range of tens of ohm/square and transmittance of 80-90% in the vis-
ible light, and importantly with little resistance change under the deforma-
tion, these nanonetworks can outperform their rigid ITO counterparts,
being better suited for flexible and transparent electronics.>*3%2 Recently,
with a more extensive development, the wavy shaped Ag interconnections
achieved by the omnidirectional ink printing technology also holds the prom-
ise for flexible electrodes.*?

2.4. Flexible Active Matrix

Once all the required components are realized, the first flexible electron-
ics based on all-organic FETs were reported in 1994 by Garnier et al. In
these prototypes, they have utilized semiconducting polymer a,w-
di(hexyl)sexithiophene as the active channel material,” and later penta-
cene and poly(thienylenevinylene) (PVP) are also be adopted as the active
channel and integrated into ring oscillators.® Due to the use of organic
semiconductors, many kinds of logic circuits are then enabled and fabri-
cated on flexible substrates, such as complimentary metal-oxide-semi-
conductor (CMOS) inverter,”***3 and microprocessors,*® etc. However,
there is one major problem that the carrier mobility of these organic chan-
nels is rather low (~0.06 cm?/Vs) at the early stage of development, which
is even much lower than that of amorphous silicon (a-Si). Recently, the
carrier mobility of organic semiconductors is much improved reaching
~10 cm?/Vs, as summarized in Fig. 4(a).!"*’ Although they can fulfill the
low-end requirement for applications such as e-papers and others, these
relatively low mobility values, as compared to their crystalline inorganic
counterparts, can significantly restrict their further utilizations in advanced
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Figure 4. Carrier mobility of typical organic and compound semiconductors. (a) The
evolution of the mobility of organic semiconductors,'!' and (b) the electron and hole mobil-
ity of III-V semiconductor materials. Reprinted with permissions.'!>> The fabrication
schematics and images of the wavy metal electrodes. (a) Fabrication process: (i), the
device on PI is first detached from the SiO,/Si substrate, (ii) the detached device is then
placed onto the radial stretched PDMS mold which is originally hemispheric, and after the
release of the strain, the PDMS mold retrieves to the hemisphere shape and the metal
interconnections become wavy in the shape, (b) corresponding SEM image of the wave
shaped metal electrodes, (c) photography of the stretched PDMS mold with devices on it.
Reprinted with permission.?’

flexible electronics including as flexible ICs and processors. In this
regard, inorganic nanostructured semiconductors with high mobility and
better performance have become more attractive as the active channel
materials here.

Moreover, amorphous silicon (a-Si)-based TFTs are also typically used
for flexible electronics if the strain encountered during the operation is not
too huge. Notably, the a-Si films are usually deposited at a relatively low
temperature by plasma-enhanced chemical vapor deposition (PECVD),
and thus the organic substrate would not be degraded significantly at these
temperatures.*** In any case, this low-temperature (e.g., 75°C) deposited
a-Si TFTs have only a low carrier mobility of ~0.04 cm?/Vs. An increase
of the deposition temperature up to 150°C can enhance the mobility to 12
cm?/Vs, but a further increase in the temperature would induce the ther-
mal degradation of organic substrates such that the mobility of this type
of a-Si cannot reach the ones of ~100 cm?/Vs in rigid Si technology, as
demonstrated in Fig. 4(a).!'" Similar constraints also exist for other
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better-performed thin-film based compound semiconductors, which
mainly composed of amorphous or nanocrystalline materials such
as In-Ga-Zn-O (a-IGZ0)*° and CdSe.’! resulting in the relatively low
electron mobility in the order of 10-20 cm?/Vs .

CNTs networks are attractive candidates for the channel material in
flexible electronics because of their easy fabrication and relative high
mobility of 10-100 cm?/Vs.5273 In recent times, Roger’s group has syn-
thesized perfectly aligned CNTs by CVD on the quartz substrate and
subsequently transferred to flexible substrates after the device fabrica-
tion, in which the corresponding electron mobility can reach as high as
~1,000 cm?/Vs.>* The details of these CNT applications can be found in
other chapters. It should as well be noted that the electron mobility of
III-V compound semiconductors can easily exceed 10,000 cm?/Vs as
illustrated in Fig. 4(b),> and recently, n-type InAs NWs and p-type GaSb
NWs posses high electron and hole mobility of ~20,000 and ~350 cm?/
V5,290 illustrating their promising prospect in flexible electronics.
Furthermore, when integrated onto plastic substrates, the NWs would
only encounter a rather small proportion (~0.35%) of strain induced by
the substrate deformation.'?> More importantly, the NWs would become
mechanically flexible themselves at this high aspect ratio as confirmed by
the AFM deformation test.®! Therefore, the inorganic NWs can be pre-
pared into the spring shape, which would further eliminate the influence
of the bending strain with no sacrifice to their electronic properties.®?
Based on all these evidence, semiconductor NWs are one of the most
promising alternative channel materials in macroelectronics as they are
advantageous in both the high carrier mobility as well as the good com-
patibility with flexible substrates.%%* Hence, in this chapter, we would
mainly focus on the preparation, integration and application of 1-D NWs
for flexible circuits.

3. Progress of NW-Based Flexible Circuits
3.1. Preparation and Characterization of NWs

Generally, the preparation methods of semiconductor NWs fall into two
distinct categories, which are “top-down” and “bottom-up” approaches.
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In the top-down technology, bulk materials are etched with the assistant
of well-defined masks and/or by the anisotropic property of the crystal-
lography, leaving the residuals in one dimension forming horizontal or
vertical NWs. On the other hand, precursors would assemble in the
bottom-up technologies along the preferred directions; as a result, 1D
NWs are then grown along certain crystal orientations with the lowest
surface energy.

3.1.1. Top-Down Wet Chemical Etching

There are mainly two techniques in the top-down method, one is liquid
phase wet chemical etching, and the other one is gas phase reactive ion
etching (RIE). In the first case, different anisotropic etching rate is often
observed in different crystal planes; this way, NWs in the masked region
would only be obtained in the orientation with the minimum chemical
etching rate. While in the RIE process, reactive ions would mostly etch
materials in the vertical direction; therefore, the resultant orientations of
NWs would only depended on the orientation of the single crystalline
wafer used.

In practice, as shown in Fig. 5(a), the wet chemical etching method is
widely adopted in the preparation of Si NWs and other 1D nanostructures
assisted by the Ag nanoparticle catalyst.>%7 Specifically, this etching
process includes two successive steps: firstly, oxidant such as H,0O, is
reduced at the Ag surface, and the holes are then transferred to the Ag/Si
interface, oxidizing Si into SiO,; following that, HF diffuses into the Ag/
Si0O, interface and dissolves the SiO, layer to make the etching process
continue and thus NW array is then attained. It should be noted that this
etching preferentially occurs on the Si(100) surface; therefore, the <100>
oriented NWs can only be obtained. If other oriented Si wafers are used
such as Si(110) or Si(111), NWs are still resulted along the <100> direc-
tion, tilting to the wafer surface. Lately, researchers can get other mor-
phologies such as nanocones and nanopencils by tailoring the concentration
of oxidant/etchant as well as repeating the etching process for multiple
times.%® Also, a horizontal crack layer can be gained by a simple water
soaking treatment, which would facilitate NW array harvesting for func-
tional electronics.®’” Similarly, free standing triangular shaped GaAs
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Figure 5. Schematics of the wet chemical etching methods for vertical and horizontal
NW preparation. (a) Silver nanoparticle assisted etching of vertical Si NWs from mother
wafers: (i) Si is electrochemically oxidized into SiO, catalyzed by Ag nanoparticles, (ii)
the SiO, layer is etched by HF and Ag nanoparticle moves deeper to repeat (i) and (ii), and
(iii) Si NWs are then finally obtained, (b) anisotropic chemical etching of the horizontal
GaAs NWs: (i) patterning the photoresist by lithography on GaAs wafers, (ii) anisotropic
etching of the GaAs wafer by H;PO, and H,0, using patterned photoresist as the mask,
(iii) free standing GaAs NWs are attained after a complete etching, (iv) photoresist
removal by acetone or O, plasma, and (v) NWs get transferred to other substrates.
Reprinted with permission.®3%

NWSs, %70 and Si ribbons,’! etc. can be prepared using the wet chemical
etching processes with lithography defined photoresist mask.

3.1.2. Top-down RIE

On the other hand, RIE process is successful implementing on most semi-
conductors because RIE can homogeneously etch the exposed surface and
NWs are obtained in the masked region of the wafer. This process is typi-
cally shown in Fig. 6, taking Si NWs as an example in combination with
the wet chemical etching.”? In details, the photoresist mask is lithographi-
cally defined on the SisN4/Si0,/Si(110) wafer, and nanochannels are then
gained by the XeF, RIE. After an etching plane is obtained by the aniso-
tropic chemical etching, the channels are then oxidized to extend such that
the cracks are all oxidized and leaving the core area of Si NWs with the
doping process adopted for functional electronics. Similarly, Si nanorib-
bons and NRs can also be obtained by varying the process parameters of



128 N.Han & J. C. Ho

Photoresist —»

- L 4

4 44 44 4P

@) Sl substrats (ii) (iii)

Figure 6. Schematics of the dry RIE etching methods for vertical and horizontal NW
preparation. (a) RIE for the horizontal Si NW preparation: (i) photoresist mask definition,
(i1) etching of Si using the SizN, layer as a hard mask, (iii) anisotropic wet chemical
etching for the formation of NWs, (b) RIE for the construction of vertical InP NW arrays:
(i) dispersing SiO, nanospheres onto the O, plasma pre-treated InP wafer by spin coating,
(ii) reducing the size of nanospheres by RIE (CHF; gas), and (iii) NW array is then
obtained by the selective etching (Cl,/H,/CH, mixture) on the exposed area of the InP
surface. Reprinted with permission.”>7#

the combined dry and wet etching processes.”® In contrast, other masks
such as silica spheres can be used for the etching mask; this way, the verti-
cal NW arrays, instead of the horizontal one, can be attained and then
harvested for the subsequent device fabrication.”*

In both cases, the as-obtained NWs would inherit the physical, chemical,
and electrical properties of their mother wafer materials. In this case, the
electrical property can be easily controlled by just tailoring that of the
mother wafer. Moreover, the NW diameter and length can also be easily
manipulated by the masks employed and the processing conditions.
However, there is one disadvantage that single crystalline wafers are
required as the sacrifice precursor while the etching process is relatively
complicated, especially for the RIE. All these together would make the
cost here relatively high.
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3.1.3. Bottom-Up Vapor Phase Growth

The bottom-up strategy assembles precursor atoms to the realization of
1D nanomaterials in such a way that the growing crystal plane would have
the highest Gibbs energy while leaving the lower energy planes to form
the sidewalls. It is noticeable that the surface energy of nanomaterials dif-
fers much from their bulk counterparts; therefore, this leads to the growth
of NWs along different directions in which sometimes this growth direc-
tion depends on the NW diameter. Similarly, this surface energy can be
tailored by adding surfactants to make the 1D nanomaterials stacking
along their lower energy planes. The atomic precursors can be either
assembled in liquid solution or in gas phase, with growth technologies
well-known as the hydrothermal/solvothermal or chemical vapor deposi-
tion (CVD), respectively.

In the vapor phase growth, metal nanoparticles such as Au, Ni, and Pd
are adopted as the catalyst to lead the NW growth, commonly referred to
as the vapor—liquid—solid (VLS) process firstly reported in the 1960s.”> In
this process, precursors such as Si, Ge, Ga, and In would be dissolved in
the catalyst particles gradually, and then become supersaturated due to the
Gibbs—Thomson effect in the nanometer scale, i.e., In(Cy/Cy) = 4vV,/
(dRT), where C, is the concentration of precursor in the catalyst nanopar-
ticle with the diameter of d, C is the equilibrium concentration in flat
surface (d = o) materials, v is the surface energy, V,, is the molar volume
of catalyst, R is a constant (8.314 J mol~! K™!), and T is the growth tem-
perature.’® The precursors are then precipitated from the supersaturated
catalyst nanoparticles to induce the NW growth accordingly. This process
is believed to occur at temperatures above the eutectic temperature of the
binary phase, while it is also sometime observed to happen under the
eutectic temperature, namely the vapor—solid—solid (VSS) mechanism.”’3°
One apparent difference between VLS and VSS is that the catalyst shapes
are mostly hemispherical in VLS but polyhexagonal in VSS, as given in
Fig. 7. A detailed study recently shows that the NW quality, in terms of
the growth rate, uniformity of orientation, and crystal defects, are highly
dependent on their diameter (Fig. 7), which quantitatively dictates the
supersaturation of the catalyst particles.®! All these results infer that the
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Figure 7. Schematics of vapor phase growth mechanisms of semiconductor NWs.
(a) Determination of growth temperature zones of Si NWs in the binary phase diagram of
Al-Si, with hemispherical catalyst tips inferring the VLS growth and polygonal tips infer-
ring the VSS growth, (b) crystal quality depending on the Ga supersaturation in Au
nanoparticle catalysts with different diameters, (c) simulation of the Gibbs—Thomson
effect and observed by HRTEM and EDS on the Ga supersaturation in Au catalyst seeds
with different diameters, (d) VS growth mechanism of ZnO NWs along the polar <001>
direction with the lowest surface energy. Reprinted with permission.”8:80:88

NWs are quasi-epitaxial grown from their catalyst nanoparticles. A further
control of the catalyst supersaturation by the two-step growth method as
well as by the catalyst alloying process is successful in controlling the
crystal quality and electronic property of the resultant GaAs, InAs, CdTe,
and Ge NWs 81-8
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In the meanwhile, the metallic component of III-V and II-VI compound
semiconductors such as Ga, In, and Cd can also serve as the catalyst for
the NW growth, which is known as the self-catalyzed growth. This tech-
nique consists of a unique characteristic of the homogenous catalyst
employed in the growth system, as compared with the heterogeneous cata-
lyst of Au or Ni. One significant advantage of this self-catalysis is that
there is not any foreign element used in the growth, and hence no catalytic
atom residual would exist in the NW body, while Au atoms are usually
found in the Au-seeded NW body and are believed to be detrimental to the
electronic properties of NWs.8¥8 However, the self-catalyzed growth
process needs to be well-controlled as the growth window is typically
much narrower than that of the heterogeneous growth method. Nowadays,
much success has been achieved for the synthesis of high-quality self-
catalyzed GaAs NWs.% Alternatively, if neither homo- nor heterogeneous
catalyst is used, NWs might also grow via a direct assemble of gaseous
atom precursors, which is identified as the vapor—solid (VS) mechanism,
as illustrated in Fig. 7(d).%® This VS process is most applicable to metal
oxide NWs such as ZnO, but this would as well compete with the VLS/
VSS growth of other semiconductor NWs, resulting in a surface coating
problem frequently.?°° Therefore, special attention should be paid to the
growth processes in synthesizing semiconductor NWs, where different
growth mechanisms would dominate and compete against each other in
order to obtain the process equilibrium.

3.1.4. Bottom-Up Liquid Phase Growth

Liquid phase growth methods are generally divided into two categories
based on the medium used: (i) hydrothermal using aqueous solution and (ii)
solvothermal utilizing organic solutions. In the hydrothermal method, the
process temperature is relatively lower, as compared with the one of solvo-
thermal. Hundreds of degree higher in the temperature is always needed in
the solvothermal technique since it requires the supercritical fluid as the
organic solvent, and thus the process temperature is highly dependent on
their supercritical temperatures. Similar to those in the vapor phase growth,
the growth mechanism in the liquid phase synthesis also involves two main
strategies, that are the self-assembly and the catalytic growth.
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Figure 8. Growth mechanisms and SEM images of the liquid phase grown NWs. (a)—(d)
Hydrothermal grown horizontal ZnO NWs, (a) schematics of the growth process, (b) SEM
image of the ZnO pattern shielded on one top and one side by 10 nm thick Cr, (c) and (d)
SEM images of the ZnO NWs grown by the hydrothermal process, (e) growth mechanism
of Ni catalyzed Ge NWs via the solvothermal process with supercritical fluid, including
the Ge surface diffusion to the NW body and the Ni counter-diffusion from the NW body.
Reprinted with permission.”!%*

As depicted in Fig. 8, ZnO NW arrays can be prepared directly on the
pre-patterned seeds by the hydrothermal method®' by self-assembly of the
precursors while the seeds are used as the nucleation site for the NW
growth. Specifically, the 300 nm ZnO strips are photolithographically
defined and magnetron sputtered onto the Si(100) substrate to serve as the
active seeding layer and a 10 nm thick Cr layer is deposited on top of it to
inhibit the vertical growth. The substrate is then aged at 80°C for 12 hour
in the solution of precursor Zn(NO3), and surfactant hexamethylenetet-
ramine (HMTA) with both concentrations of 0.0025 mol/L. After that, the
lateral grown ZnO nanorod arrays are finally obtained. Furthermore, by
passivating one sidewall of the ZnO strip with Cr or Sn, one side growth
can also be attained. It is worth noting that the NW array is grown at a



Integrating Semiconductor Nanowires 133

moderate temperature of 80°C, in which plastic materials such as Kapton
films are stable and can also serve as the substrate. Therefore, this hydro-
thermal process is highly applicable to many other metal oxide semicon-
ductor NWs, such as TiO,??> and SnO,”* etc., but is seldom used for the
synthesis of other semiconductor NWs since there is none available and
relevant precursor soluble in water.

Instead, group IV, II-VI, and III-V semiconductor NWs can be synthe-
sized by the solvothermal technique employing metal-organic precursors
soluble in organic medium, especially in the supercritical fluid. Most
solvothermal processes involve heterogeneous catalyst particles; this way,
NWs can be synthesized by the VLS/VSS mechanism similar to those in
the vapor phase growth. For example, Ge NWs are successfully synthe-
sized by using diphenylgermane (DPG) as the precursor and Ni or Au
nanoparticles as the catalyst in anhydrous toluene, hexane and chloroform
at 410-460°C and 23.4 MPa, which is in the supercritical fluid status.”*
The growth temperature is far below the eutectic temperature of Ni—Ge
and Au—Ge binary alloy, and the non-spherical shaped NiGe, catalyst tips
infer the solid phase diffusion mechanism. Meanwhile, the NW diameter
distribution is rather narrow for Ni catalyzed NWs than those of
Au-catalyzed NWs, indicating that there is significant seed particle aggre-
gation in the case of Au-catalyzed growth process. All these results show
the advantage of Ni over Au as the catalyst, while the growth mechanism
is schematically discussed in Fig. 8(e), highlighting the combined effect
of Ge precursor diffusion from surface of solid Ni and solid Ni counter-
diffusion from Ge NWs. Importantly, the bulk diffusivity of Ni in Ge is
extremely fast such that the corresponding reaction kinetics can be simply
controlled by the Ge precursor diffusion. Employing the similar pro-
cesses, Si, GaAs, and GaP NWs can also be prepared successfully.”>~*

At the same time, there are other methods for the NW preparation
through the “bottom-up” strategy, including templated synthesis using
anodic aluminum oxide (AAO)'%!°! and electronic spinning.'*>"'%* 1D
nanomaterials synthesized by these methods are more often polycrystal-
line with low carrier mobility; hence, they are mostly applied in thermo-
electronics and batteries, while seldom used in electronic circuits, and
thus are not emphasized herein. Anyway, these bottom-up approaches
provide the flexibility for control of the morphology, crystal structure, and
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doping of NWs for different electronic applications. In the meanwhile,
several problems are also observed in the non-uniform distribution of NW
diameter, length, crystal orientation, and doping profile, etc., which need
a further fine tune of the growth parameters for large-scale application in
electronics with uniform electronic properties. All these related recent
developments will be discussed in the following section.

3.1.5. Characterization of NWs

In order to assess the suitability of NWs for certain applications as well as
the effect of different synthesis parameters on the NW characteristics,
physical, chemical, optical, and electrical properties of NWs have to be
explored systemically. More related information can be found elsewhere
in the Refs. 105-107 for details. This section mainly introduces some
conventional techniques as well as advanced methods for the fundamental
characterization of NWs.

Nowadays, as widely adopted, microscopy methods are commonly
engaged for the morphological characterization of NW materials, includ-
ing scanning electron microscopy (SEM), transmission electron micros-
copy (TEM), and atomic force microscopy (AFM), etc. All these
techniques are robust in determining the diameter distribution, surface
roughness and hierarchical structures in the nanometer scale. In addition,
the in situ (high-resolution, HR) TEM observation of NW growth can
provide the solid proofs as well as the determination of the growth mecha-
nism in real-time.'%® Recently, a dark field optical microscopic method is
also developed for the NW diameter determination based on the scattering
spectra of NWs, which would facilitate the first and fast access of the NW
quality right after the synthesis.'?

The energy dispersive spectroscopy (EDS) and electron energy loss
spectroscopy (EELS) associated with the SEM and TEM can as well
provide the elemental composition within the resolution of ~1%, while
the X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelec-
tron spectroscopy (UPS) can yield the similar elemental information in
the outmost ~5 nm surface with the higher resolution. The exact composi-
tion of the main components can be determined by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) after the NWs are
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dissolved in certain solutions, and the trace dopants can be detected by
the high resolution secondary ion mass spectroscopy (SIMS). In recent
times, due to all these advancements in the composition assessment, Au
atoms, existing in the NW body via the residual catalyst in the VLS
growth, can be directly imaged by the high resolution scanning (STEM),
which is believed to induce trap states in NWs deteriorating their physical
properties.

The determination of NW crystal structure is rather complicated, espe-
cially for the bottom-up grown NWs, which is not as easily confirmed by
the mother wafers as in the case of top-down approaches. Since the surface-
to-volume ratio is extremely large for nanomaterials, the non-equilibrium
crystal structure in the bulk materials would become thermally stable or
even preferential in the nanometer scale. For instance, the cubic zinc-
blende (ZB) structure is very stable in most III-V semiconductors, while
hexagonal wurtzite structure (WT) will always compete with ZB counter-
parts down to certain criteria and eventually becomes dominant below the
critical diameter such as 10 nm for GaAs NWs and 60 nm for InAs
NWs. 10T Ty this context, the conventional structural characterization
techniques including X-ray diffraction (XRD) and Raman spectroscopy
cannot be sufficient for the crystal structure determination of individual
NWs. In this case, the selected area electron diffraction (SAED) and
HRTEM of NWs are essential to assess their crystal structure and to deter-
mine their growth orientation. Besides, the NW growth mechanism can
also be verified by the crystal structural analysis of the catalyst tips and
NW body by SAED and HRTEM technologies,''? and lately by the
extremely high energy surface XRD.'!?

Last of all, the electronic bandgap of NWs should be investigated, espe-
cially for the thin wires which may associate with the blue-shift in their
bandgaps, as well as the composition dependent composite alloys. Photo-
Iuminescence (PL) and cathodoluminescence (CL) are widely used for the
NW bandgap assessment if the studied NWs have the good crystal quality.
On the other hand, when there are significant amounts of defects acting as
non-radioactive recombination centers with no observable luminescence
emitted, or when the bandgap is too large/small to be sensed by detectors,
ultraviolet—visible absorption/reflection spectroscopy can be hired to deduce
the bandgap, with details easily found in the literature.' 4115
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3.2. NW Alignment Technologies

Although single NWs demonstrate excellent electric performances, the
current density is still relatively low for the practical use, and thus it is
necessary to integrate individual NWs into arrays with good registration.
It is noticed that most top-down obtained NWs are directly well aligned
in vertical/horizontal arrays, as illustrated in the figures in the previous
sections; however, bottom-up NWs are always randomly distributed on
the substrates. As a result, technologies aligning NWs have been vastly
explored in the last decade in order to fabricate complex circuits in a large
scale employing bottom-up NWs. In this section, some of the technologies
are summarized, such as the directly grown method, Langmuir-Blodgett
technique, blown bubble film technology, fluid assisted alignment, elec-
tric field assisted alignment, and contact printing technology, etc.

3.2.1. Grown in Arrays Directly

The directly grown ZnO NW array by hydrothermal scheme (Fig. 8) is a
representative example of this method; however, no functional electronics
have been fabricated by this technique at that stage. In the meanwhile,

horizontal aligned GaAs NW arrays directly grown on GaAs substrates,'

and the knock-down method for vertical NWs to align horizontally'!” are
all transferable and promising for flexible electronics. Recently, Kim et al.
synthesized Si NW arrays directly between two predefined Si channels
using Au catalyst by CVD method as shown in Fig. 9.''® By tuning the
process parameter, a p-i-n structured Si NW array is prepared and demon-
strated with the good diode property which can be later integrated into
functional logic gates. Although the substrate utilized is the rigid SiO, in
this report due to the high growth temperature of Si NWs, the entire
device can still be transferable by technologies introduced in 3.3.3 onto
flexible substrates; therefore, it is prospective in flexible electronics. In
this context, directly growing high carrier mobility NW arrays, such as
GaAs instead of ZnO by the hydrothermal/solvothermal method, would
be promising for flexible electronics, because the relatively moderate
growth temperature would be endurable for the plastics, and hence no
post-transfer step would be needed.
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Figure 9. Schematics, SEM images and electric properties of directly grown Si NW
devices. (a) Schematic of the directly grown p-type Si NW resistor (top) and p-i-n Si NW
diode (bottom), (b) SEM images of the Si NW devices with different channel gap, (c) IV
curves of the Si NW resistor and diode, and (d) the ideality factor of the p-i-n Si diode
distribution histogram. Reprinted with permission.!'8

3.2.2. Langmuir-Blodgett Technique

In early 1900s, Langmuir and Blodgett discovered that a highly ordered
monolayer of organics (LB film) will form on the surface of a solid when
it is immersing into or emerging from the monolayered organic-water inter-
face. Decades later in early 2000s, researchers succeeded in getting an
ordered 1D nanomaterial layer such as nanorods and nanowires using simi-
lar process, substituting the monolayered organics by 1D nanomaterial/
surfactant monolayers.'!® The process is schematically illustrated in Fig. 10,
taking NWs as an example. Firstly, Si NWs are monodispersed onto the
surface of water assisted by surfactant 1-octadecylamine in an LB trough.
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Figure 10. Schematics and SEM images of NW arrays aligned by the LB method. (a)
Steps in LB process: NWs are dispersed by surfactant on the surface of water, and then are
aligned by the compression of the surface, which are finally transferred onto other sub-
strate, (b) schematics of the patterned transfer by the LB process, and (c) the SEM images
of the NWs arrays by patterned LB transfer. Reprinted with permission.!!

Then the monolayer surface is compressed, and the NWs are aligned along
their long axis by the compression. Later, the aligned NW arrays are trans-
ferred onto any substrate immersed or emerged through the layer, which
can be repeated to get higher density or cross structures. It should be noted
that the inter-N'W spacing can be easily tuned by controlling the compres-
sion from micrometer to close-packed structure. Furthermore, the NWs
arrays can be selectively registered onto substrates aided by the lithographi-
cally defined areas as shown in Fig. 10(b), showing the versatility of this
easy alignment and transferring technology. By choosing different liquids,
surfactants, different kinds of NWs such as Si, Ge etc. they have to be
successfully aligned into array and integrated into electronic devices.!!%!?

3.2.3. Blown Bubble Film Technology

The blown bubble technology aligns NWs by the sheer force on the
expanding bubble films, and then the NW/polymer film can be transferred
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to any substrate in the large scale. Yu et al. first reported the aligned
Si NW arrays fabricated by this technology in the following route'?':
Si NWs are modified by 5,6-epoxyhexyltriethoxysilane and combined
with an epoxy solution to get a suspension of 0.01-0.22 wt.%; then after
the viscosity of the NW solution reached 15-25 Pa-s, the suspension is
dropped onto the surface of a die and blown to a bubble by N, (150-200
kPa); and finally, the blown bubble film with aligned NWs on it can be
transferred to both rigid and flexible substrates for the further construction
into electronic devices as illustrated in Fig. 11. Similar to the LB method,
the spacing and NW density in the array can be manipulated easily by the
loading percentage of NWs in the suspension. Especially, this technology
is widely applicable to most 1D nanomaterials, such as the CNTs, and

(@)

Figure 11. Schematics and photographs of blown bubble film for aligning NWs. (a)
Process schematics including (i) NWs suspended in the polymer, (ii) polymer/NW bubble
blown over a circular die by N,, (iii) NW array on polymer films got transferred onto dif-
ferent rigid and flexible substrates, (b) photography of the blown bubble transferring step,
and (c) photography and microscope image of the transferred NW array on Si wafer.
Reprinted with permission.'?!
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CdS nanowires, etc.'?? Similarly, the strain release process of a stretched
substrate will also lead to NWs aligning uniformly on the surface.'??

3.2.4. Fluid Assisted Alignment

It is well known that the pressure on the front and rear side of a solid in a
fluid liquid is different. This way, the force difference would drive the 1D
materials to align along the fluid flowline in order to stabilize the system,
which is a well-known phenomenon in nature similar to the timbers flow-
ing in the river. In 2001, Huang et al.'?*!* reported aligning GaP, InP and
Si NWs by the fluid flow in microchannel as shown in Figs. 12(a) and 12(b).
Typically, the Si NWs are suspended in ethanol and the suspension is then

flow direction

2 um

Figure 12. Schematic and SEM images of Si and Ge NW arrays fabricated by the fluid
assisted alignment technique. (a) Schematics of the NW array constructed by the micro-
channel fluid method, (b) configuration and SEM images of the cross NW FET obtained
by a repeated cross fluid process, (c) schematics of the fluid assisted alignment of
anchored Ge NWs, (d) and (e) are the SEM images of the Ge NWs before and after
alignment by fluid. Reprinted with permission.?!?7:128
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driven through the fluidic channel formed between a poly(dimethylsiloxane)
(PDMS) mold and the flat substrate. After the liquid flow, NWs are
anchored on the substrate by van der Waals force or electrostatic force
along the channel as depicted in the SEM image, and NW crosses can be
integrated by a second cross fluidic layer. Detailed process parameter
control can enable the NW array alignment and the density tailoring. For
example, the alignment angle can be controlled by the flowrate. The NW
density (spacing) can be tailored by the flow duration and the substrate
surface modification. Specifically, the NH,-terminated monolayers coated
on substrates would enhance the NW deposition rate and density than the
CH;-terminated monolayers or bare SiO, surfaces, due to the enhanced
interaction of positively charged NH,-group with the NW surface. This
method is robust in manufacturing NW network logic gates as summarized
in the literature.'?6

Furthermore, the randomly grown Ge NWs on substrates can also be
aligned in situ by the liquid flown over, as shown in Figs. 12(c)-12(e).'?’
This method resembles the phenomenon that grass can be aligned in the
streamlet by the flow. In this case, special attention should be taken that
the NWs are fixed tightly on the substrate and the flow rate needs to be
small in order not to cut the NWs. It should also be noted that the LB
method is executed in a static liquid medium, while this fluid method is
performed in a flowing liquid. As no surfactant is needed in the fluid
assisted technology, which is essential in LB method to suspend the NWs,
there would not be any surface modification effect on the NWs which
would influence the NW electronic property profoundly as discussed in
the following sections.

3.2.5. Electric field assisted alignment

In some cases, if there is any dipole in the NWs such as semiconductor
NWs with the axial p—n junction, an electrostatic field can be utilized to
align these NWs into arrays by the electrostatic force. If there is no intrin-
sic dipole in the NWs, an alternative electric field can still be employed to
induce a dipole between the two ends of the NWs and align them accord-
ingly. In this case, the electric field assisted NW alignment is usually
occurs in a liquid suspension of NWs, which is named as electrophoresis
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driven by the direct current (DC) and as dielectrophoresis driven by the
alternative current (AC).

Electrophoresis can be used to successfully align the axial p-n Si NWs
as reported by Lee et al.'?, with a high yield of 97.7% in nearly 200 tests
as indicated in Fig. 13. The p—n Si NWs are prepared by CVD technology
via the VLS mechanism by tuning the dopant (B,Hg for p-type and PH;

(@) (b) (©)
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Figure 13. Schematics, SEM image and electrical properties of NW arrays obtained by
the electric field assisted alignment. (a) The origin of electrophoresis force and dielectro-
phoresis force of a polar NW in the electric field, (b) schematics of the alignment of polar
p—n Si NWs by the electrophoresis force, (c) SEM images of the aligned p—n Si NW array
between electrodes, (d) IV curve of the p—n Si NW array attained by the DC voltage show-
ing the rectifying effect, and (e) IV curve of the p—n Si NW array by the AC voltage show-
ing no rectifying effect. Comparison of (d) and (e) illustrates the polar alignment as well
as the morphology alignment of polar NWs by the DC voltage. Reprinted with
permission. '’
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for n-type) as well as the molar ratio of Si/B = 4000 and Si/P = 1500. The
p—n Si NWs are then suspended in isopropyl alcohol (IPA) by sonication,
and then drop-casted onto the lithographically defined electrodes. After a
DC voltage supply of 10 V, the NWs are then aligned between the two
electrodes effectively not only in terms of the morphology, but also in
terms of the polar direction. In order to serve as a control, an AC voltage
of 5V can also be used to align the p—n Si NWs as well, but with neutral
overall dipole (i.e., randomly directed p—n junctions) as illustrated in Fig. 13
no rectifying effect is observed, as one of the DC aligned NW arrays. The
kinetic analysis shows that the electrophoretic force is far larger than the
dielectrophoretic force in rotating the counter directed NWs and to align
the NWs into arrays. On the other hand, the axially homogeneous NWs
such as p-type Si obtained by either top-down wet chemical etching or by
bottom-up CVD method, can be effectively aligned in patterned elec-
trodes in the large scale and even on insulating plastics by the dielectro-
phoresis technology.'3%13!

Generally, the advantages of the electric field assisted alignment tech-
nologies includes that the NWs can be well aligned due to the spatial
distribution of the electric field, which would be better than other tech-
nologies, and the NWs can be aligned due to their intrinsic polar rather
than only the morphology in other technologies. Furthermore, the NW
density can also be controlled by the NW concentration and even by
multi-layered processes. In any case, the NW density aligned in the arrays
seems not as high as those obtained in other technologies, which might be
improved further.

3.2.6. Contact printing technology

The above-mentioned NW aligning technologies all involve a suspension
of NWs in liquid or polymer process in order to harvest NWs from the
substrate first and then align them in the subsequent step. The NW disper-
sion would be good for individual NWs, but the obtained NW array would
have a limited density due to the NW to NW repulsion. And importantly,
as the electrical properties of semiconductor NWs are highly sensitive to
their surface states, the surfactants or solutions used in these technologies
might have some influence on the corresponding electronic performance
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of the fabricated devices. Therefore, a direct transfer of NWs from their
growth substrate to a device substrate is desired, which can avoid any pos-
sible detrimental effects to their electrical properties.

Recently, Javey et al. developed a dry transfer technology called con-
tact/roll printing technology, which enables the direct, large-scale, pat-
terned transfer of semiconductor NWs onto various rigid and flexible
substrates.!3*~13% The materials used are the CVD synthesized semiconduc-
tor NWs such as Ge/Si, 3135 InAs, 3313 GaAs,®? and In,Ga,_ As'? etc.
typically grown on amorphous SiO, substrate, and the prepatterned device
substrate obtained by the conventional photolithography. Specifically, the
NW donor substrate is first placed upside down onto the receiver device
substrate in full contact, and pushed at a certain velocity against the
receiver with optimized pressure. After the photoresist lift-off, the NW
arrays are then left on the receiver device substrate for the further circuit
fabrication. In this dry transfer process, the NW alignment might not be
good and an oil lubricant would enhance the alignment greatly with no
significant influence on the electrical properties. Furthermore, a positively
charged NH,-functional polymer or poly-L-lysine used for SiO, surface
modification can also increase the NW density drastically by ~2—5x, while
the neutral CF3;—grouped modifier would inhibit NW adhesion on the sub-
strate. It should be further noted that the cross layout of NW arrays as well
as the vertically stacked multilayer devices can also be easily fabricated by
repeating the printing process in the desired directions, demonstrating its
advantages over other NW alignment technologies. In the meantime, NWs
can be successfully transferred to flexible substrates such as polyimide for
flexible electronics by this contact printing. The only disadvantage of this
method is the printed NWs in the arrays are only about half the length as-
grown, because NWs would be cracked by the pressure and friction in the
contact printing process, which however can be easily surmounted by
growing the NWs with sufficient length, e.g., >10 ym.

To further explore the possibility of contact printing technology being
compatible with the traditional roll-to-roll printing for low-cost flexible
electronics, a roll printing technology is developed by growing semicon-
ductor NWs on cylindrical substrates and mimicking the contact printing
process to transfer NWs onto flexible substrates with the high efficiency
as shown in Fig. 14.'3 The main difference between the contact and roll
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receiver
substrate

J

Figure 14. Schematics and photograph of the contact and roll printing technology.
(a) Schematic of the contact printing method, including that NWs are flipped away from
the prepatterned substrate and then the NW arrays are obtained after the photoresist lift-
off, (b) schematics of the repeated contact printing method for the vertically stacked device
integration, (c) photograph of two layer printed NWs constructed in a cross layout, and
(d) schematics of the roll-printing technology with different radii of roll and wheel.
Reprinted with permission,!3%134138

printing is the friction induced by the receiver substrate would be low
due to the rolling motion of the donor substrate in the roll printing. In
order to transfer the NWs efficiently, a differential rolling process is
developed by mismatching the roller and wheel radii, which enables a
relative sliding motion of the roller with respect to the substrate.
Therefore, the roll-printing technology would be the most promising
technique in the fabrication of NW arrays for flexible electronics, espe-
cially in this direct dry transferring process, the high NW density and
multilayer printing can be readily obtained on any rigid or flexible sub-
strates. More importantly, all these are compatible with the existing low-
cost roll-to-roll printing technology for the manufacturing of flexible
electronics.
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3.3. Integration into Flexible Logic Circuits

Till now, several strategies have been adopted to integrate NW arrayed films
for electronic devices onto flexible substrates. One scheme is simply to attach
the flexible substrates onto rigid ones, and then exfoliating them after fabri-
cating the electronic devices. Secondly, the electronics devices can be first
fabricated on rigid substrates and then transferred directly onto flexible sub-
strates. Among all, the most promising one is to directly fabricate the devices
onto flexible substrates on a large-scale and with low-cost. In this regard, the
following session will give a brief introduction to these different technologies
as well as a brief summary of the state-of-the-art flexible electronics.

3.3.1. Patterning on Plastics/Rigid Substrate and then Exfoliate

One simple approach to integrate NW arrayed film onto flexible substrates is
to first spin the flexible substrate on the rigid ones, to fabricate the devices
directly on the flexible substrates and then to peel them off after the fabrication.
This method is compatible with most NW alignment technologies, as typically
shown in Fig. 15. More importantly, this can make full use of the conventional
lithography process as long as the flexible substrates are stable during the
entire process scheme. For example, the thermally and chemically stable PI is
commonly used as the flexible substrate, which can be spin-coated onto the
Si0,/Si handling wafer at a thickness of 24 um. Then the InAs NWs (~30 nm
in diameter and ~10 ym in length) grown by CVD method are contact-printed
on the PI, followed by that top-gated FET devices are fabricated with 50 nm
thick Ni S/D electrodes (1.5 ym in channel length), 8 nm thick ALD Al,O; gate
dielectrics and 40 nm thick Al gate electrode.?® This flexible NW arrayed TFTs
hold the record of oscillation frequency up to 1.8 GHz and a cutoff frequency
of ~1 GHz due to the high electron mobility of InAs NWs. Importantly, this
flexible structure is strain-resistant with only 0.5% of the strain endured by the
NW arrays as a result of the relatively high Young’s modulus of InAs than that
of PI as well as due to the relatively small dimension of the NWs.

3.3.2. Transfer Printing of the Fabricated Devices onto Plastics

However, if the flexible substrate is not compatible with the lithography
process, the entire device structure can be first fabricated on rigid Si
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Figure 15. Schematics and photography of InAs NW array FET fabricated on the
flexible polyimide substrate. (a) Schematics of the InAs NW array FET layouts,
(b) photography of the flexible electronics, (¢) microscope image of the FET device with
ground-signal-ground electrodes, and (d) dark field microscope image of one individual
InAs NW array FET. Reprinted with permission.?

substrates and then later get transferred onto flexible substrates such as by
PDMS.!* This technology is purely based on the adhesion difference of
the devices (especially the metal electrodes) on rigid donor substrate ver-
sus the one on the flexible receiver substrates. Therefore, metals with
weak adhesion to Si surface are usually adopted, including Au and Pd, and
a top Ti layer can be added in order to increase this adhesion to the flexible
substrates after the transfer. Typically, Si NWs grown by CVD method are
contact printed on Si wafers and the Au/Ti electrodes are defined by
lithography and e-beam evaporation. Then, liquid PDMS was casted onto
the whole device wafer and enveloped it after curing at room temperature
overnight. Finally, the PDMS film with a thickness of ~5 mm is peeled off
with the entire NW arrayed device embedded inside (channel length
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ranging from 3-25 um). This technology is advantageous in that, the
peeled PDMS shows wavy shaped surface, which would dissipate strains
in bending or stretching. Also, the Si wafer can be reused to fabricate
devices again for the repeated transfer. Furthermore, the NWs and metal
electrodes can be transferred separately using the double or multiple trans-
fer processes,!31%0 facilitating the flexible electronic device integration
onto various substrates such as Kapton, taps, and even Petri dishes.
However, ~80-85% of the NWs are broken after the peel-off due to the
large strain induced by the peeling step. Some cracks also occur in PDMS
and electrodes, and become detrimental to their electronic performances,
especially when there is gate dielectric in the FET structure. All these
necessitate the further optimization of the transfer process.

As the significant advantage of this device transfer technology lies in
the compatibility with flexile substrates that suffer from problems in
lithography process such as shrinking and degradation in the resist bak-
ing or soluble in the developer, researchers modified this technology by
substituting the wild peeling method by a moderate peeling called the
water assisted transfer as shown in Fig. 16. In this modified process,

(a) Water lift-off process for NW devices | & f .
(i) e

Water ) .
s NW Devices  Lift-off NiEtching
Insulating and
510, € supporting layer
(SiN or PI)
(b) NW Devices on nonc jonal sut e | (c) NW devices on ultrathin substrate |
NW Devices
Transfer to target ’ Thermally release NW Devices
substrates & tape &
Dissolve PMMA Dissolve PMMA
Monconventional Insulating | Ultrathin PI
substrate Layer Substrate (~800 nm)

Figure 16. Schematics of the water assisted transfer printing technology. (a) Schematics
of the entire process, (i) fabricate NW array devices on Ni/SiO,/Si substrates and envelope
them by PDMS, (ii) the device is peeled off by water, (iii) etch the Ni layer to obtain the
device, (b) the transferred NW devices on a non-conventional substrate, (c) the transferred
NW devices on an ultrathin PI substrate. Reprinted with permission.'*!
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Si0,/Si is used as the substrate and a sacrificing Ni layer is deposited on
the surface. The NW arrayed electronic devices are fabricated on the
composite substrate Ni/SiO,/Si, which are then buried in flexible plas-
tics. Later, water will penetrate into the Ni/SiO, interface and separates
the two layers. After the Ni layer is etched from the plastics, NW elec-
tronics such as diodes and FETs exhibited similar performances with
those fabricated on the rigid SiO,/Si wafer.'*! Similarly, electronic
devices can also be fabricated on GaAs substrate with an AlAs sacrific-
ing layer on the surface, which is subsequently etched by HF or HCI
solution to release the device layers on the top.'*?> Furthermore, another
moderate peeling off technology adopts the thermal expansion strain of
the top Ni layer for the fully peel-off and for reuse of the substrate.*’ As
a result, the transfer printing technology is promising for the utilization
in flexible and stretchable electronics, especially when the substrate is
not thermal or chemical stable.

3.3.3. Direct Patterning on Plastics

As mentioned previously, the low-cost and lightweight features are the
most important ones for flexible macroelectronics, and the corresponding
electronic performance should be enhanced as high as possible under that
premise. However, if the lithography process (either by photo- or electron-
beam) is obligatory for defining electrodes, the resultant expense would
be high due to the relatively complex procedures and costly fabrication
instruments. In this context, researchers developed technologies directly
imprinting patterns on flexible substrates by microprinting of rubber
stamp with the resolution of micrometer'** and nanoimprint lithography
(NIL) by rigid stamp with the resolution in submicrometer range.'**
Taking NIL as an example, it generates patterns by the compression of a
rigid inorganic stamp onto the flexible polymer for the subsequent metal
electrode deposition, as typically illustrated in Fig. 17. In this process,
LOR lift-off resist and SU-8 resist can be used for the molding pattern and
imprinted by the predefined features on the SiO, stamps. Then, the typical
metal electrode deposition and lift-off process can be used for the metal-
lization. This method has a high resolution of hundreds nanometer (e.g.,
200 nm in Fig. 17), enabling the fabrication of high performance flexible
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Figure 17. Schematics of the nanoimprint lithography (NIL) for electrode definition and
the subsequent electronic device fabrication. (a) Schematics of NIL process, (1) LOR resist
(red) is patterned by the Si/SiO, stamp (green), (2) metal electrode definition by RIE of
LOR, metal deposition and lift-off, (b) SEM image of a Si NWFET by crossing an
imprinted metal gate, (c) Ipg—Vgs curves of the Si NWFET. Reprinted with permission.'#

electronics. Notably, the inorganic rigid stamps can be reused after the
resist removal, and hence this is easily scalable at the low cost.

The NIL defined electrodes on flexible substrates can be used for NW
arrayed device fabrication using the technologies mentioned above such
as the fluid assisted alignment of NWs as shown in Fig. 17. Specifically,
the 20 nm thick p-type Si NWs are grown by the CVD method and are
dispersed in ethanol, which are then aligned and fabricated as NW-based
electronic devices. The hole mobility of ~200 cm?/Vs is achieved, which
outperforms all the amorphous or nanocrystalline Si TFTs and the organic
FETs. Importantly, the NWs can also be integrated into functional circuits
such as inverters, paving the way for flexible processors. It should be
noted that in order to be compatible with the conventional low-cost
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roll-to-roll printing technology, rigid stamps configured in the format of
roll should be explored in combination with the roll-printing alignment of
NWs,!3® which would show the prospect for the NW-based all-organic
flexible circuits by the facile printing technology.!”

3.4. Summary of the NW-based Flexible Circuit
Performance

Based on the above-mentioned nanomaterials and nanotechnologies, sev-
eral kinds of functional circuits on flexible substrates such as high fre-
quency FETs, and logic gates etc. have been fabricated with the superior
performance. For example, GaAs NWs, obtained by the wet chemical
etching, can be transferred onto the flexible substrate and different types
of NOR and NAND circuits are fabricated as shown in Fig. 18. The typical
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Figure 18. Circuit schematic, images and output—input relationship of GaAs NW arrays
based logic circuits. (a)—(c) are NOR and (d)—(e) are NAND. Scale bars are 100 ym.
Reprinted with permission.'4®
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Table 1. Summary of NW arrays based logic circuits on flexible substrates.

Material Preparation  Alignment Fabrication Circuits Refs.
Contact 50 MHz PMOS

Ge/Si NW VLS printing Photolithography inverter 134

Si strips Wet etching  In situ Transfer printing 12 GHz TFTs 63

Si ribbon Wet etching  In situ Transfer printing 515 MHz TFTs 147

2.6 MHz ring

Si ribbon RIE In situ Transfer printing oscillator 148

Si NW VLS In situ Directly grown Logic gates 118

Si NW VLS Fluid assisted NIL PMOS inverter 144

p-Si NW,

n-CdS NR VLS Fluid assisted Photolithography CMOS inverter 149

Contact

InAs NW VLS printing Photolithgraphy 1.8 GHz FET 23

GaAs MW Wet etching  In situ Transfer printing Logic gates 146
Contact

SnO, NW VLS printing Photolithography NMOS inverter 27

results in the literature are summarized in Table 1, in which one can see
that numerous logic circuits have been successfully prepared, including
NMOS, PMOS, CMOS inverters, NOR, NAND, ring oscillators, and so
on. Using the high carrier mobility inorganic NW arrays as the active
material, the power consumption can be relatively low and the response
frequency can be extraordinarily high. But one should also note that this
research field started recently, and much more effort is needed to invest
for industrialization.

4. Remarks and Prospects

4.1. Fundamental Issues to be Addressed

It should be noted that there are still many controversial fundamental
problems, which are yet to be addressed, especially in the area of NW
growth mechanisms, integration methods and performance optimization,
etc. For example, NWs are more frequently grown on single crystalline
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substrates using the molecular or chemical beam epitaxy methods (MBE,
CBE).”*!130:151 1n such methods, the NW orientation and crystal structure
are uniform and highly dependent on the mother substrates. However, the
associated cost would be relatively high due to the expensive crystalline
wafers and the complex growth systems. Recently, researchers explored
the growth methods for NWs on cheap substrates such as glass and SiO,,
etc.”%152.153 Although morphologically good NWs can be obtained with
similar VLS/VSS mechanisms, the NW orientation and crystal structure
are not that uniform because no confinement exists in this non-epitaxial
growth to govern the NWs. This way, as the crystal phase and orientation
would significantly influence the corresponding NW device perfor-
mances, the preparation—structure—property relationships need more
detailed study for the large scale, uniform NW preparation and applica-
tions. In this regard, researchers are currently dealing with all these issues,
considering the competition between VLS and VSS mechanisms, the
influence of the catalyst supersaturation,®!#* catalyst phase, structure,'!?
precursor concentration, ratio,'>* and growth temperature, etc.'?’

In the meanwhile, special attention should be paid to the surface/inter-
face problem in the NW device structure, which would influence the
electronic properties of the active channel materials greatly either by
forming oxide shells or by adsorbing/desorbing oxygen molecules, espe-
cially since NWs have an extraordinarily high surface-to-volume ratio.
For example, the surface oxide layer of GaAs would provide electron trap
states depleting the thin NWs to become p-type in the conductivity, yield-
ing medium thick NWs to ambipolar but affect little on the thick n-type
NWs.!3% At the same time, the absorbed oxygen would induce similar
electron trap states making the PbSe NWs ambipolar, while desorbing
oxygen would return them back to the n-type conductivity.'3® On the other
hand, the interface of NWs with organic substrates or dielectrics would
also induce a great change in their corresponding electrical properties. For
instance, as detailed in Fig. 19, the interface of SnO, and PI has abundant
trap states yielding the I-V curves with large hysteresis, which can be
significantly reduced by etching the PI layer and forming a suspended
structure.'>’ Therefore, great care is indeed needed to invest on the NW
surface/interface states manipulating the corresponding surface/interface
influence for better electronic performance. Also, various kinds of



154 N.Han & J. C. Ho

Oxygen plasma etching

Sn0, NWs
D ~ 2 NWs/pm

(c) (d)

Oxygen plasma etching
= —— S Deiceex]
el — M

(e ®

Figure 19. Schematics of the SnO, NW arrayed device on stretchable PDMS substrates.
(a) Configuration of the backgated FET, (b) suspending the NW arrays by O, plasma etch-
ing, (c) device coated with the photoresist, (d) detaching the device form the Si/SiO,
substrate, (e) placing the device onto PDMS, (f) photoresist etching by the O, plasma,
(g) microscope image and SEM image of the device, (h) IV curves of the flexible FETs
with and without the PI layer, showing the effect upon the removal of NW/PI interface
states in order to enhance the current density and decrease the hysteresis. Reprinted with
permission. !>’

intentionally designed heterostructured core/shell NWs can exhibit much
higher device performances than the homogeneous NWs due to the unique
design of the band-structures involved.'3-160

Moreover, the piezoelectric effect of NWs should also be paid attention
as a result of the deformation by the flexible substrates. The piezoelectric
effect is significant for most nanomaterials as compared with their bulk
counterparts, which would influence the output current of Si NWFET
greatly as typically shown in Fig. 20.'%! Also, the surface oxide layer
would inevitably affect the conductivity and piezoresistance. In this case,
if the adopted channel material is piezoelectric, the carrier mobility and
concentration would be altered by the strain induced by the deformation
of the flexible substrate, which can be exemplified by the ZnO,'®> GaN,!63
and Si NWs,!%* while the channel resistance varies little for B NWs under
the strain due to its minimal piezoelectricity.’’ Another related
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Figure 20. Electrical properties of Si NWFETSs under strain. (a) Transfer characteristics
of the Si NWFET under different tensile and compressive strains, the inset gives the device
configuration, (b) changes of conductance along with the hole mobility, (c) change of
conductance against the piezoresistance coefficient with the tailored surface states.
Reprinted with permission.'®!

fundamental aspect is the mechanical properties of NWs, which can also
be varied significantly and differently from their bulk counterparts. For
example, the long NWs are brittle but the short ones are ductile,'% while
metal NWs can yield plastic deformation.' In this regard, there are still
many issues to be addressed before semiconductor NWs can be success-
fully integrated into flexible electronics for enhanced and stable device
performances.

4.2. Future Technologies Prospect

In summary, there are several key conclusions which can be drawn on
flexible electronic technologies here. One would prefer growing high
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performance NW arrays directly on prepatterned electrodes by a moderate
plastic-compatible environment, even though the process condition might
be a bit rigorous. In parallel, the roll-printing assembly of NWs grown
randomly on a cheap non-crystalline substrate would enable the all-
printing flexible electronics including printing the dielectrics and elec-
trodes.! 043167168 Eyrthermore, the transfer printing of devices fabricated
on rigid wafer onto flexible substrates would provide the candidate for
flexible processors where high electronic performance is needed. It is
noted that flexible and stretchable ionic conductors are well finding their
own pathway in the replacement of electrode materials for flexible elec-
tronics. However, for certain applications where both high frequency and
high voltage operations are demanded, the conventional conductors such
as structured metals and graphene are still preferred.'® As a result, vari-
ous promising technologies have been developed and competed against
each other for the large-scale, low-cost flexible electronics.

Acknowledgments

This work was supported by the General Research Fund of the Research
Grants Council of Hong Kong SAR, China (Grant No. CityU 101111), the
Early Career Scheme of the Research Grants Council of Hong Kong SAR,
China (Grant No. CityU 139413), the National Natural Science Foundation
of China (Grant No. 51202205), the Guangdong National Science
Foundation (Grant No. S2012010010725), and the Science Technology
and Innovation Committee of Shenzhen Municipality (Grant No.
JCYJ20120618140624228).

References

1. M. C. LeMieux and Z. N. Bao, Nat. Nanotechnol., 3, 585 (2008).

2. X.Liu,Y.Z. Long, L. Liao, X. F. Duan and Z. Y. Fan, ACS Nano, 6, 1888 (2012).

3. X. F. Duan, I[EEE T. Electron Dev., 55, 3056 (2008).

4. D. H. Kim and J. A. Rogers, Adv. Mater., 20, 4887 (2008).

5. B. P. Timko, T. Cohen-Karni, G. H. Yu, Q. Qing, B. Z. Tian and C. M.
Lieber, Nano Lett., 9, 914 (2009).



6
7
8

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.
25.

26

Integrating Semiconductor Nanowires 157

. N. Lu and D.-H. Kim, Soft Robotics, 1, 53 (2014).

. F. Garnier, R. Hajlaoui, A. Yassar and P. Srivastava, Science, 265, 1684 (1994).

. A. R. Brown, A. Pomp, C. M. Hart and D. M. Deleeuw, Science, 270, 972
(1995).

. G. H. Gelinck, T. C. T. Geuns and D. M. de Leeuw, Appl. Phys. Lett., 77,

1487 (2000).

M. Jung, J. Kim, J. Noh, N. Lim, C. Lim, G. Lee, J. Kim, H. Kang, K. Jung,

A.D. Leonard, J. M. Tour and G. Cho, IEEE T. Electron Dev., 57, 571 (2010).

G. Gruner, J. Mater. Chem., 16, 3533 (2006).

Y. Z. Long, M. Yu, B. Sun, C. Z. Gu and Z. Y. Fan, Chem. Soc. Rev., 41,

4560 (2012).

K. Takei and T. Takahashi, J. C. Ho, H. Ko, A. G. Gillies, P. W. Leu,

R. S. Fearing and A. Javey, Nat. Mater., 9, 821 (2010).

J. Lewis, Mater. Today, 9, 38 (2006).

S. Wagner and S. Bauer, MRS Bull., 37, 207 (2012).

A. Manekkathodi, M. Y. Lu, C. W. Wang and L. J. Chen, Adv. Mater., 22,

4059 (2010).

W. A. MacDonald, M. K. Looney, D. MacKerron, R. Eveson, R. Adam,

K. Hashimoto, K. Rakos, J. Soc. Inf. Display, 15, 1075 (2007).

A. Laskarakis, S. Logothetidis, S. Kassavetis and E. Papaioannou, Thin

Solid Films, 516, 1443 (2008).

V. Zardetto, T. M. Brown, A. Reale, A. Di Carlo, J. Polym. Sci., Part B:

Polym. Phys., 49, 638 (2011).

S. W. Hwang, G. Park, H. Cheng, J. K. Song, S. K. Kang, L. Yin, J. H. Kim,

F. G. Omenetto, Y. G. Huang, K. M. Lee and J. A. Rogers, Adv. Mater., 26,

1992 (2014).

A. L. Salas-Villasenor, I. Mejia, J. Hovarth, H. N. Alshareef, D. K. Cha,

R. Ramirez-Bon, B. E. Gnade and M. A. Quevedo-Lopez, Electrochem.

Solid-State Lett., 13, H313 (2010).

Q. Cao, M. G. Xia, M. Shim, J. A. Rogers, Adv. Funct. Mater., 16, 2355 (2006).

T. Takahashi, K. Takei, E. Adabi, Z. Y. Fan, A. M. Niknejad A. Javey, ACS

Nano, 4, 5855 (2010).

L. A. Majewski, M. Grell, S. D. Ogier and J. Veres, Org. Electron., 4,27 (2003).

A. Maliakal, H. Katz, P. M. Cotts, S. Subramoney and P. Mirau, J. Am.

Chem. Soc., 127, 14655 (2005).

. J. Veres, S. Ogier, G. Lloyd and D. de Leeuw, Chem. Mater., 16, 4543 (2004).



158

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.
42.

43.

44.

N. Han & J. C. Ho

G. Shin, M. Y. Bae, H. J. Lee, S. K. Hong, C. H. Yoon, G. Zi, J. A. Rogers
and J. S. Ha, ACS Nano, 5, 10009 (2011).

J. A. Rogers, T. Someya and Y. G. Huang, Science, 327, 1603 (2010).

D. H. Kim, J. L. Xiao, J. Z. Song, Y. G. Huang and J. A. Rogers, Adv. Mater.,
22,2108 (2010).

X. L. Hu, P. Krull, B. de Graff, K. Dowling, J. A. Rogers and W. J. Arora,
Adv. Mater., 23,2933 (2011).

J. A. Fan, W. H. Yeo, Y. W. Su, Y. Hattori, W. Lee, S. Y. Jung, Y. H. Zhang,
Z.]. Liu, H. Y. Cheng, L. Falgout, M. Bajema, T. Coleman, D. Gregoire,
R.J. Larsen, Y. G. Huang and J. A. Rogers, Nat. Commun., 5, 3266 (2014).
Y. S. Chen, Y. F. Xu, K. Zhao, X. J. Wan, J. C. Deng, W. B. Yan, Nano Res.,
3, 714 (2010).

T. Sekitani, Y. Noguchi, K. Hata, T. Fukushima, T. Aida and T. Someya,
Science, 321, 1468 (2008).

L. B. Hu, H. S. Kim, J. Y. Lee, P. Peumans and Y. Cui, ACS Nano, 4, 2955
(2010).

S. K. Lee, B. J. Kim, H. Jang, S. C. Yoon, C. Lee, B. H. Hong, J. A. Rogers,
J. H. Cho and J. H. Ahn, Nano Lett., 11, 4642 (2011).

S. De, T. M. Higgins, P. E. Lyons, E. M. Doherty, P. N. Nirmalraj,
W. J. Blau, J. J. Boland and J. N. Coleman, ACS Nano, 3, 1767 (2009).
J.Y. Lee, S. T. Connor, Y. Cui and P. Peumans, Nano Lett., 8, 689 (2008).
M. S. Lee, K. Lee, S. Y. Kim, H. Lee, J. Park, K. H. Choi, H. K. Kim,
D. G. Kim, D. Y. Lee, S. Nam and J. U. Park, Nano Lett., 13, 2814 (2013).
W. Gaynor, G. F. Burkhard, M. D. McGehee and P. Peumans, Adv. Mater.,
23, 2905 (2011).

M. G. Kang, H. J. Park, S. H. Ahn and L. J. Guo, Sol. Energ. Mat. Sol. C.,
94, 1179 (2010).

A. R. Rathmell and B. J. Wiley, Adv. Mater., 23, 4798 (2011).

L. Park, S. H. Ko, H. Pan, C. P. Grigoropoulos, A. P. Pisano, J. M. J. Frechet,
E. S. Lee and J. H. Jeong, Adv. Mater., 20, 489 (2008).

B. Y. Ahn, E. B. Duoss, M. J. Motala, X. Y. Guo, S. I. Park, Y. J. Xiong,
J. Yoon, R. G. Nuzzo, J. A. Rogers and J. A. Lewis, Science, 323, 1590 (2009).
T. Yokota, T. Sekitani, T. Tokuhara, N. Take, U. Zschieschang, H. Klauk,
K. Takimiya, T. C. Huang, M. Takamiya, T. Sakurai and T. Someya, IEEE
T. Electron Dev., 59, 3434 (2012).



45

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

358.
59.

60.

61.

62.
63.

64

Integrating Semiconductor Nanowires 159

H. Sirringhaus, T. Kawase, R. H. Friend, T. Shimoda, M. Inbasekaran,
W. Wu and E. P. Woo, Science, 290, 2123 (2000).

K. Myny, E. van Veenendaal, G. H. Gelinck, J. Genoe, W. Dehaene and
P. Heremans, IEEE J. Solid-State Circuits, 47, 284 (2012).

T. B. Singh and N. S. Sariciftci, Annu. Rev. Mater. Res., 36, 199 (2006).
H. E. Tu and Y. Xu, Appl. Phys. Lett., 101, 052106 (2012).

Y. J. Zhai, L. Mathew, R. Rao, D. W. Xu and S. K. Banerjee, Nano Lett., 12,
5609 (2012).

K. Nomura, A. Takagi, T. Kamiya, H. Ohta, M. Hirano and H. Hosono, Jpn.
J. Appl. Phys., 45, 4303 (2006).

D. K. Kim, Y. M. Lai, B. T. Diroll, C. B. Murray and C. R. Kagan, Nat.
Commun., 3, 1216 (2012).

C. Wang, J. C. Chien, K. Takei, T. Takahashi, J. Nah, A. M. Niknejad and
A. Javey, Nano Lett., 12, 1527 (2012).

Q. Cao, H. S. Kim, N. Pimparkar, J. P. Kulkarni, C. J. Wang, M. Shim,
K. Roy, M. A. Alam and J. A. Rogers, Nature, 454, 495 (2008).

S. J. Kang, C. Kocabas, T. Ozel, M. Shim, N. Pimparkar, M. A. Alam,
S. V. Rotkin and J. A. Rogers, Nat. Nanotechnol., 2, 230 (2007).

J. A. del Alamo, Nature, 479, 317 (2011).

A. C. Ford, J. C. Ho, Y. L. Chueh, Y. C. Tseng, Z. Y. Fan, J. Guo, J. Bokor
and A. Javey, Nano Lett., 9, 360 (2009).

J. Nah, H. Fang, C. Wang, K. Takei, M. H. Lee, E. Plis, S. Krishna and
A. Javey, Nano Lett., 12, 3592 (2012).

X. F. Duan, MRS Bull., 32, 134 (2007).

Z. X. Yang, N. Han, F. Y. Wang, H. Y. Cheung, X. L. Shi, S. Yip, T. Hung,
M. H. Lee, C. Y. Wong and J. C. Ho, Nanoscale, 5, 9671 (2013).

Z. X. Yang, F. Y. Wang, N. Han, H. Lin, H. Y. Cheung, M. Fang, S. Yip,
T. F. Hung, C. Y. Wong and J. C. Ho, ACS Appl. Mater. Interfaces, S, 10946
(2013).

J. F. Tian, J. M. Cai, C. Hui, C. D. Zhang, L. H. Bao, M. Gao, C. M. Shen
and H. J. Gao, Appl. Phys. Lett., 93, 122105 (2008).

F. Xu, W. Lu and Y. Zhu, ACS Nano, 5, 672 (2011).

L. Sun, G. X. Qin, J. H. Seo, G. K. Celler, W. D. Zhou and Z. Q. Ma, Small,
19, 2553 (2010).

Y. G. Sun and J. A. Rogers, Adv. Mater., 18, 1897 (2007).



160

65.

66.

67.

68.

69.

70.
71.

72.
73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

N. Han & J. C. Ho

K. Q. Peng, A. J. Lu, R. Q. Zhang and S. T. Lee, Adv. Funct. Mater., 18,
3026 (2008).

F Y. Wang, Q. D. Yang, G. Xu, N. Y. Lei, Y. K. Tsang, N. B. Wong and
J. C. Ho, Nanoscale, 3, 3269 (2011).

J. M. Weisse, C. H. Lee, D. R. Kim and X. L. Zheng, Nano Lett., 12, 3339
(2012).

H. Lin, H. Y. Cheung, F. Xiu, F. Y. Wang, S. P. Yip, N. Han, T. F. Hung,
J. Zhou, J. C. Ho and C. Y. Wong, J. Mater. Chem. A, 1, 9942 (2013).

Y. G. Sun, D. Y. Khang, F. Hua, K. Hurley, R. G. Nuzzo and J. A. Rogers,
Adv. Funct. Mater., 15, 30 (2005).

Y. G. Sun and J. A. Rogers, Nano Lett., 4, 1953 (2004).

E. Menard, K. J. Lee, D. Y. Khang, R. G. Nuzzo and J. A. Rogers, Appl.
Phys. Lett., 84, 5398 (2004).

M. Lee, Y. Jeon, T. Moon and S. Kim, ACS Nano, 5, 2629 (2011).

A. J. Baca, M. A. Meitl, H. C. Ko, S. Mack, H. S. Kim, J. Dong,
P. M. Ferreira and J. A. Rogers, Adv. Funct. Mater., 17, 3051 (2007).

S. Naureen, R. Sanatinia, N. Shahid and S. Anand, Nano Lett., 11,4805 (2011).
R. S. Wagner and W. C. Ellis, Appl. Phys. Lett., 4, 89 (1964).

D. R. Lide, CRC Handbook of Chemistry and Physics Boca Raton, CRC
Press (2010).

A. 1. Persson, M. W. Larsson, S. Stenstrom, B. J. Ohlsson, L. Samuelson
and L. R. Wallenberg, Nat. Mater., 3, 677 (2004).

Y. W. Wang, V. Schmidt, S. Senz and U. Gosele, Nat. Nanotechnol., 1, 186
(2006).

S. Kodambaka, J. Tersoff, M. C. Reuter and F. M. Ross, Science, 316, 729
(2007).

J. L. Lensch-Falk, E. R. Hemesath, D. E. Perea and L. J. Lauhon, J. Mater.
Chem., 19, 849 (2009).

N. Han, F. Wang, J. J. Hou, S. Yip, H. Lin, M. Fang, F. Xiu, X. Shi, T. Hung
and J. C. Ho, Cryst. Growth Des., 12, 6243 (2012).

N. Han, J. J. Hou, F. Y. Wang, S. Yip, Y. T. Yen, Z. X. Yang, G. F. Dong,
T. Hung, Y. L. Chueh and J. C. Ho, ACS Nano, 7, 9138 (2013).

C. O’Regan, S. Biswas, C. O’Kelly, S. J. Jung, J. J. Boland, N. Petkov and
J. D. Holmes, Chem. Mater., 25, 3096 (2013).

Z.Zhang, Z.Y. Lu, P. P. Chen, H. Y. Xu, Y. N. Guo, Z. M. Liao, S. X. Shi,
W. Lu and J. Zou, Appl. Phys. Lett., 103, 073109 (2013).



85

86.

&7.

88.

89.

90.

91.
92.

93.
94.
95.
96.
97.
98.
99.
100.
101.
102.

103.

104.
105.

Integrating Semiconductor Nanowires 161

. M. Bar-Sadan, J. Barthel, H. Shtrikman and L. Houben, Nano Lett., 12,
2352 (2012).

S. Breuer, C. Pfiiller, T. Flissikowski, O. Brandt, H. T. Grahn, L. Geelhaar
and H. Riechert, Nano Lett., 11, 1276 (2011).

P. Krogstrup, R. Popovitz-Biro, E. Johnson, M. H. Madsen, J. Nygard and
H. Shtrikman, Nano Lett., 10, 4475 (2010).

P. Hu, F. Yuan, L. Bai, J. Li and Y. Chen, J. Phys. Chem. C, 111, 194 (2007).
D. Rudolph, S. Hertenberger, S. Bolte, W. Paosangthong, D. Spirkoska,
M. Doblinger, M. Bichler, J. J. Finley, G. Abstreiter and G. Koblmuller,
Nano Lett., 11, 3848 (2011).

N. Han, F. Y. Wang, A. T. Hui, J. J. Hou, G. C. Shan, F. Xiu, T. F. Hung and
J. C. Ho, Nanotechnology, 22, 285607 (2011).

Y. Qin, R. S. Yang and Z. L. Wang, J. Phys. Chem. C, 112, 18734 (2008).
X. Yu, H. Wang, Y. Liu, X. Zhou, B. J. Li, L. Xin, Y. Zhou and H. Shen,
J. Mater. Chem. A, 1, 2110 (2013).

C. W. Cheng, B. Liu, H. Y. Yang, W. W. Zhou, L. Sun, R. Chen, S. F. Yu,
J. X. Zhang, H. Gong, H. D. Sun and H. J. Fan, ACS Nano, 3, 3069 (2009).
H.Y.Tuan, D. C. Lee, T. Hanrath and B. A. Korgel, Chem. Mater., 17, 5705 (2005).
H. Yu and W. E. Buhro, Adv. Mater., 15, 416 (2003).

J. D. Holmes, K. P. Johnston, R. C. Doty and B. A. Korgel, Science, 287,
1471 (2000).

D. D. Fanfair and B. A. Korgel, Cryst. Growth Des., 5, 1971 (2005).

H.Y. Tuan, D. C. Lee, T. Hanrath and B. A. Korgel, Nano Lett., 5, 681 (2005).
F. M. Davidson, R. Wiacek and B. A. Korgel, Chem. Mater., 17, 230 (2005).
J. Zhou, C. Jin, J. H. Seol, X. Li and L. Shi, Appl. Phys. Lett., 87, 133109
(2005).

B. Yoo, F. Xiao, K. N. Bozhilov, J. Herman, M. A. Ryan and N. V. Myung,
Adv. Mater., 19, 296 (2007).

W. Wu, S. Bai, M. Yuan, Y. Qin, Z. L. Wang and T. Jing, ACS Nano, 6, 6231
(2012).

H. Chen, N. Wang, J. Di, Y. Zhao, Y. Song and L. Jiang, Langmuir, 26,
11291 (2010).

D. Liand Y. N. Xia, Adv. Mater., 16, 1151 (2004).

A.J.Baca, J. H. Ahn, Y. G. Sun, M. A. Meitl, E. Menard, H. S. Kim, W. M.
Choi, D. H. Kim, Y. Huang and J. A. Rogers, Angew. Chem. Int. Ed., 47,
5524 (2008).



162

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.
117.

118.
119.
120.

121.
122.
123.
124.

125.
126.

N. Han & J. C. Ho

M. S. Gudiksen, L. J. Lauhon, J. Wang, D. C. Smith and C. M. Lieber,
Nature, 415, 617 (2002).

Y. N. Xia, P. D. Yang, Y. G. Sun, Y. Y. Wu, B. Mayers, B. Gates, Y. D. Yin,
F. Kim and Y. Q. Yan, Adv. Mater., 15, 353 (2003).

Y.Y. Wu and P. D. Yang, J. Am. Chem. Soc., 123, 3165 (2001).

G. Bronstrup, C. Leiterer, N. Jahr, C. Gutsche, A. Lysov, 1. Regolin,
W. Prost, F. J. Tegude, W. Fritzsche and S. Christiansen, Nanotechnology,
22, 385201 (2011).

N. Han, J. J. Hou, F. Wang, S. Yip, H. Lin, M. Fang, F. Xiu, X. Shi, T. Hung
and J. C. Ho, Nanoscale Res. Lett., 7, 1 (2012).

J. Johansson, K. Dick, P. Caroff, M. Messing, J. Bolinsson, K. Deppert and
L. Samuelson, J. Phys. Chem. C, 114, 3837 (2010).

N. Han, A. T. Hui, F. Wang, J. J. Hou, F. Xiu, T. F. Hung and J. C. Ho, Appl.
Phys. Lett., 99, 083114 (2011).

R. E. Algra, V. Vonk, D. Wermeille, W. J. Szweryn, M. A. Verheijen,
W. J. P. van Enckevort, A. A. C. Bode, W. L. Noorduin, E. Tancini,
A.E.F.deJong, E. P. A. M. Bakkers and E. Vlieg, Nano Lett., 11,44 (2011).
J. J. Hou, F. Wang, N. Han, F. Xiu, S. Yip, M. Fang, H. Lin, T. F. Hung and
J. C. Ho, ACS Nano, 6, 9320 (2012).

N. Han, F. Wang, Z. Yang, S. Yip, G. Dong, H. Lin, M. Fang, T. Hung and
J. Ho, Nanoscale Res. Lett., 9, 347 (2014).

S. A. Fortuna, J. G. Wen, 1. S. Chun and X. L. Li, Nano Lett., 8, 4421 (2008).
A. Pevzner, Y. Engel, R. Elnathan, T. Ducobni, M. Ben-Ishai, K. Reddy,
N. Shpaisman, A. Tsukernik, M. Oksman and F. Patolsky, Nano Lett., 10,
1202 (2010).

D. R. Kim, C. H. Lee and X. L. Zheng, Nano Lett., 10, 1050 (2010).

D. Whang, S. Jin, Y. Wu and C. M. Lieber, Nano Lett., 3, 1255 (2003).

D. W. Wang, Y. L. Chang, Z. Liu and H. J. Dai, J. Am. Chem. Soc., 127,
11871 (2005).

G. H. Yu, A. Y. Cao, C. M. Lieber, Nat. Nanotechnol., 2, 372 (2007).

F. Kim, S. Kwan, J. Akana and P. D. Yang, J. Am. Chem. Soc., 123, 4360 (2001).
F. Xu, J. W. Durham, B. J. Wiley and Y. Zhu, ACS Nano, 5, 1556 (2011).
Y. Huang, X. F. Duan, Y. Cui, L. J. Lauhon, K. H. Kim and C. M. Lieber,
Science, 294, 1313 (2001).

Y. Huang, X. F. Duan, Q. Q. Wei and C. M. Lieber, Science, 291, 630 (2001).
W. Lu and C. M. Lieber, Nat. Mater., 6, 841 (2007).



127
128
129
130

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.
142.

143.

144.

145.
146.

Integrating Semiconductor Nanowires 163

D. Wang, R. Tu, L. Zhangand H. Dai, Angew. Chem. Int. Ed., 44, 2925 (2005).

X. F. Duan, Y. Huang and C. M. Lieber, Nano Lett., 2, 487 (2002).

C. H. Lee, D. R. Kim and X. L. Zheng, Nano Lett., 10, 5116 (2010).

E. M. Freer, O. Grachev, X. F. Duan, S. Martin and D. P. Stumbo, Nat.
Nanotechnol., 5, 525 (2010).

T. Lee, W. J. Choi, K. J. Moon, J. H. Choi, J. P. Kar, S. N. Das, Y. S. Kim,
H. K. Baik and J. M. Myoung, Nano Lett., 10, 1016 (2010).

Z.Y. Fan, J. C. Ho, Z. A. Jacobson, R. Yerushalmi, R. L. Alley, H. Razavi
and A. Javey, Nano Lett., 8, 20 (2008).

7Z.Y. Fan, J. C. Ho, T. Takahashi, R. Yerushalmi, K. Takei, A. C. Ford,
Y. L. Chueh and A. Javey, Adv. Mater., 21, 3730 (2009).

A. Javey, S. Nam, R. S. Friedman, H. Yan and C. M. Lieber, Nano Lett., 7,
773 (2007).

S. Nam, X. C. Jiang, Q. H. Xiong, D. Ham and C. M. Lieber, Proc. Natl.
Acad. Sci. USA, 106, 21035 (2009).

A. C. Ford, J. C. Ho, Z. Y. Fan, O. Ergen, V. Altoe, S. Aloni, H. Razavi,
A. Javey, Nano Res., 1, 32 (2008).

J. J. Hou, N. Han, F. Wang, F. Xiu, S. Yip, A. T. Hui, T. Hung and J. C. Ho,
ACS Nano, 6, 3624 (2012).

R. Yerushalmi, Z. A. Jacobson, J. C. Ho, Z. Fan and A. Javey, Appl. Phys.
Lett., 91, 203104 (2007).

C. H. Lee, D. R. Kim and X. L. Zheng, Proc. Natl. Acad. Sci. USA, 107,
9950 (2010).

A. Carlson, A. M. Bowen, Y. G. Huang, R. G. Nuzzo and J. A. Rogers, Adv.
Mater., 24, 5284 (2012).

C. H. Lee, D. R. Kim and X. L. Zheng, Nano Lett., 11, 3435 (2011).

C. W. Cheng, K. T. Shiu, N. Li, S. J. Han, L. Shi and D. K. Sadana, Nat.
Commun., 4, 1577 (2013).

J. A. Rogers, Z. Bao, K. Baldwin, A. Dodabalapur, B. Crone, V. R. Raju,
V. Kuck, H. Katz, K. Amundson, J. Ewing and P. Drzaic, Proc. Natl. Acad.
Sci. USA, 98, 4835 (2001).

M. C. Mcalpine, R. S. Friedman and C. M. Lieber, Proc. IEEE, 93, 1357
(2005).

M. C. McAlpine, R. S. Friedman and D. M. Lieber, Nano Lett., 3, 443 (2003).
Y. G. Sun, H. S. Kim, E. Menard, S. Kim, I. Adesida and J. A. Rogers,
Small, 2, 1330 (2006).



164

147.

148.

149.

150.

I51.

152.

153.

154.

155.

156.

157.

158.
159.

160.

161.
162.

163.

164.
165.

N. Han & J. C. Ho

J. H. Ahn, H. S. Kim, K. J. Lee, Z. T. Zhu, E. Menard, R. G. Nuzzo,
J. A. Rogers, IEEE Electron. Dev. Lett., 27, 460 (2006).

D. H. Kim, J. H. Ahn, H. S. Kim, K. J. Lee, T. H. Kim, C. J. Yu,
R. G. Nuzzo, J. A. Rogers, IEEE Electron. Dev. Lett., 29, 73 (2008).

X. F. Duan, C. M. Niu, V. Sahi, J. Chen, J. W. Parce, S. Empedocles
J. L. Goldman, Nature, 425, 274 (2003).

M. T. Borgstrom, G. Immink, B. Ketelaars, R. Algra and E. P. A.
M. Bakkers, Nat. Nanotechnol., 2, 541 (2007).

M. Piccin, G. Bais, V. Grillo, F. Jabeen, S. De Franceschi, E. Carlino,
M. Lazzarino, F. Romanato, L. Businaro and S. Rubini, Physica E, 37, 134
(2007).

V. Dhaka, T. Haggren, H. Jussila, H. Jiang, E. Kauppinen, T. Huhtio,
M. Sopanen and H. Lipsanen, Nano Lett., 12, 1912 (2012).

A.T. Hui, F. Wang, N. Han, S. P. Yip, F. Xiu, J. J. Hou, Y. T. Yen, T. F. Hung,
Y. L. Chueh and J. C. Ho, J. Mater. Chem., 22, 10704 (2012).

H. J. Joyce, J. Wong-Leung, Q. Gao, H. H. Tan and C. Jagadish, Nano Lett.,
10, 908 (2010).

N. Han, FE. Wang, J. J. Hou, F. Xiu, S. Yip, A. T. Hui, T. Hung and J. C. Ho,
ACS Nano, 6, 4428 (2012).

D. K. Kim, Y. M. Lai, T. R. Vemulkar and C. R. Kagan, ACS Nano, §, 10074
(2011).

G. Shin, C. H. Yoon, M. Y. Bae, Y. C. Kim, S. K. Hong, J. A. Rogers and J.
S. Ha, Small, 7, 1181 (2011).

W. Lu, P. Xie and C. M. Lieber, IEEE T. Electron Dev., 55, 2859 (2008).
H. Y. Li, O. Wunnicke, M. T. Borgstrom, W. G. G. Immink, M. H. M. van
Weert, M. A. Verheijen and E. P. A. M. Bakkers, Nano Lett., 7, 1144 (2007).
F. Z. Li, L. B. Luo, Q. D. Yang, D. Wu, C. Xie, B. Nie, J. S. Jie, C. Y. Wu,
L. Wang and S. H. Yu, Adv. Energy Mater., 3, 579 (2013).

R. R. He and P. D. Yang, Nat. Nanotechnol., 1, 42 (2006).

S. S. Kwon, W. K. Hong, G. Jo, J. Maeng, T. W. Kim, S. Song and T. Lee,
Adv. Mater., 20, 4557 (2008).

R. M. Yu, L. Dong, C. F. Pan, S. M. Niu, H. F. Liu, W. Liu, S. Chua,
D. Z. Chi and Z. L. Wang, Adv. Mater., 24, 3532 (2012).

Y. M. Niquet, C. Delerue and C. Krzeminski, Nano Lett., 12, 3545 (2012).
Z. X. Wu, Y. W. Zhang, M. H. Jhon, H. J. Gao and D. J. Srolovitz, Nano
Lett., 12,910 (2012).



Integrating Semiconductor Nanowires 165

166. P. E. Marszalek, W. J. Greenleaf, H. B. Li, A. F. Oberhauser and
J. M. Fernandez, Proc. Natl. Acad. Sci. USA, 97, 6282 (2000).

167. T. Makela, S. Jussila, H. Kosonen, T. G. Backlund, H. G. O. Sandberg and
H. Stubb, Synth. Met., 153, 285 (2005).

168. K. Jain, M. Klosner, M. Zemel and S. Raghunandan, Proc. IEEE, 93, 1500
(2005).

169. C. Keplinger, J. Y. Sun, C. C. Foo, P. Rothemund, G. M. Whitesides and
Z. G. Suo, Science, 341, 984 (2013).



CHAPTER 5

GRAPHENE DEVICES FOR
HIGH-FREQUENCY
ELECTRONICS AND THz
TECHNOLOGY

Guangcun Shan*"%, Ruguang Ma*,
Xinghai Zhao* and Wei Huang*

*College of Science and Engineering,
City University of Hong Kong Tat Chee Avenue,
Kowloon 1006, Hong Kong SAR
"Max Planck Institute for Chemical Physics of Solids,
Dresden 01187, Germany
Seshan2-c @my.cityu.edu.hk; guangcunshan@mail.sim.ac.cn
*Nanjing Tech University, South Puzhu Road,
Nanjing 211816, PR. China

Recent years have witnessed many exciting breakthroughs in graphene as a promis-
ing material in electronics and optoelectronics. The novel physical properties of
graphene afford multiple functions of signal emitting, transmitting, modulating, and
detection to be realized in one material. This chapter provides an introduction to
physical properties of graphene, and then graphene high-frequency transistors are
discussed and are compared to silicon and III-V transistors. The latest progresses
and prospective on the circuit implementations of graphene field-effect transistors
(FETs) are looked into including mixers, frequency multipliers, and inverters. These
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recent pioneering developments open up a route towards the integration of graphene
in hybrid silicon circuits to embrace the use of monolithic electronic integrated
circuits to maximize system functionality, improve service flexibility, and simplify
operations.

1. Introduction

Two-dimensional (2D) graphene as a monolayer of carbon atoms tightly
packed into a 2D honeycomb lattice has received a great deal of attention
due to its unique and interesting electrical, transport, optical and mechani-
cal properties.'~!? Electrons propagating through the 2D structure of gra-
phene have a linear relation between energy and momentum, and thus
behave as massless Dirac fermions.!® Consequently, graphene exhibits
electronic properties of a 2D gas of charged particles governed by the rela-
tivistic Dirac equation, rather than the non-relativistic Schrodinger equa-
tion with an effective mass,'™ with carriers mimicking particles with zero
mass and an effective ‘speed of light’ of around 10° ms™'. Graphene also
exhibits a variety of transport phenomena that are characteristic of 2D
Dirac fermions, such as specific integer and fractional quantum Hall
effects,' a ‘minimum’ conductivity of ~4e*/h even when the carrier con-
centration tends to zero, and Shubnikovde—Haas oscillations with a =
phase shift due to Berry’s phase.' In combination with the near-ballistic
transport property at room temperature, very high mobilities (u) of up to
10% cm?V~!s7! are observed in suspended samples, rendering graphene a
potential material for nanoelectronics.”® Graphene also shows excellent
optical properties and magnetic properties.!'>* The linear dispersion of
the Dirac electrons makes broadband applications possible. Saturable
absorption is also observed as a consequence of Pauli blocking,'*!> and
non-equilibrium carriers lead to hot luminescence.'2!** Notably, one
hybrid graphene-BiTel sandwich structure has recently been developed to
be a non-trivial topological insulator with one Dirac-cone topological
surface state,”® making it viable for room-temperature applications in
spintronic devices. Moreover, given recent progress in graphene-based
terahertz (THz) and infrared (IR) emitters and detectors,>*™>? graphene
may offer some interesting solutions for future THz technologies, which
promise a myriad of applications including imaging, spectroscopy, and
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communications.>*3*#2 More importantly, graphene has the important
advantage of flexibility and mechanical strength, which ensures that
graphene-based devices will probably dominate flexible applications.
These properties make it an ideal material candidate for novel electronic
and optoelectronic devices.

To review recent progress in utilizing graphene to realize the graphene
nanodevices, we begin in Section 2 with a discussion of the basic proper-
ties of graphene. Section 3 discusses recent experiment demonstration of
several prototypical graphene devices for high-frequency application from
megahertz (MHz) to THz range. Finally, Section 4 concludes by briefly
outlining some prospective issues in the graphene devices for high-fre-
quency electronics and THz technology.

2. Basic Physical Properties
2.1. Electronic Structure of Graphene

The electronic structure of single-layer graphene (SLG) or monolayer
graphene can be described using a tight-binding Hamiltonian.>>® Because
the bonding and anti-bonding o-bands are well separated in energy
(>10 eV at the Brillouin zone center I'), they can be neglected in semi-
empirical calculations, retaining only the two remaining 7-bands as shown
in Fig. 1. The electronic wavefunctions from different atoms on the hex-
agonal lattice overlap. And the p, electrons, which form the =-bonds, can
generally be treated independently from the other valence electrons.
Within this wband approximation it is easy to describe the electronic
spectrum of the total Hamiltonian and to obtain the dispersion relations
E.(k,, k) restricted to first-nearest-neighbour interactions only:

13k 3k a 3k a
Ei(kx,ky)zmo\/1+4cos zxacos 2y 2Ty’ ()

where a = \/gacc (with a,, = 1.42 A being the carbon—carbon bond length)
and ~, is the transfer integral between the nearest-neighbor m-orbitals
(typical values for v, are 2.9-3.1 eV). The k = (k,, k) vectors in the first
Brillouin zone constitute the ensemble of available electronic momenta.

+ cos
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With one p, electron per atom in the 7 — 7" model, the () band (negative
energy branch) in Eq. (1) is fully occupied, whereas the (+) branch is
totally empty. These occupied and unoccupied bands touch at the K
points. Note that the Fermi level Ef is the zero-energy reference, and the
Fermi surface is defined by K and K’. Moreover, by expanding Eq. (1) at
K (K’), the linear n- and 7"-bands of the low-energy band structures for
Dirac fermions are given by:

E.(x)=thup, (2)

where ¥ = k — K and v is the electronic group velocity, which is given by
vy =~3y,a/(2h)=10° ms~!. The linear dispersion given by Eq. (2) is the
solution to the following effective Hamiltonian located at the two inequiv-
alent Brillouin zone corners K and K”:

H=ihVF|K|, (3)

where x = —iV and o are the pseudo-spin Pauli matrices operating on the
A-B sublattices of graphene.*”

2.2. Optical Transitions and Photoconductivity
of Graphene

The linear dispersion of the Dirac electrons implies that for any excitation
there will always be an electron—hole pair in resonance. To understand the
electron—hole dynamics, the kinetic equation for the electron and hole
distribution functions, f.(p) and fi(p), p being the momentum counted
from the Dirac point can be solved.!? And it is found that if the relaxation
times are shorter than the pulse duration, then during the pulse the elec-
trons reach a stationary state, and collisions put electrons and holes into
thermal equilibrium at an effective temperature.'®?! As a result, the elec-
tron and hole densities, total energy density and a reduction of photon
absorption per layer, due to Pauli blocking, by a factor of AA/A =1 —
LIl = fu(p)] — 1, can be determined by the populations. Assuming
efficient carrier—carrier relaxation (both intraband and interband) and
efficient cooling of the graphene phonons, the main bottleneck is energy
transfer from electrons to phonons.
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Figure 1. Application of zone folding to obtain the electronic states of few-layer graphene
(FLG) from graphite compared with the generation of the electronic states of carbon nano-
tubes by zone folding of graphene. The left column shows the generation of 2D chiral
massless and massive fermions in FLG from zone folding the three-dimensional (3D)
Brillouin zone of bulk graphite. The upper panel displays the band structure of bulk graph-
ite in two spatial dimensions and the zone-folding scheme that generates planes cutting at
specific values of kz satisfying Eq. (1). The lower panel presents the resulting fundamental
building blocks of the electronic structure of FLG: the massless and the massive compo-
nents. For comparison, the right column displays the standard procedure for generating 1D
metallic and semiconducting carbon nanotubes from zone folding of the 2D Brillouin zone
of graphene. The upper panel is a schematic representation of the 2D electronic structure
of SLG and the corresponding zone-folding scheme that generates states satisfying the
periodic boundary conditions for nanotubes. The lower panel presents the resulting states:
metallic and semiconducting nanotubes. Figure reprinted with permission from Ref. 20.
(Copyright © 2014 National Academy of Sciences.)
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For linear dispersions near the Dirac point, pair—carrier collisions can-
not lead to interband relaxation, thereby conserving the total number of
electrons and holes separately.!>!® Interband relaxation by phonon emis-
sion can occur only if the electron and hole energies are close to the Dirac
point (within the phonon energy). Radiative recombination of the hot
electron-hole population has also been suggested.'*!” For graphite
flakes, the dispersion is quadratic and pair—carrier collisions can lead to
interband relaxation. Thus, in principle, decoupled SLG can provide the
highest saturable absorption for a given amount of material. Interestingly,
the optical image contrast can be used to identify graphene on top of a Si/
SiO, substrate.'>!3 This scales with the number of layers and is the result
of interference, with SiO, acting as a spacer. The contrast can be maxi-
mized by adjusting the spacer thickness or the light wavelength.!'~!3 The
transmittance of a freestanding SLG can be derived by applying the
Fresnel equations in the thin-film limit for a material with a fixed univer-
sal optical conductance G, = e*/(4h) = 6.08 x 107> Q~!, to give:

T=(14057)2%=1-ma=97.7%, 4

where a = e*/(4neyhc) = Gy/(mepc) = 1/137 is the fine-structure constant.'3
Graphene only reflects <0.1% of the incident light in the visible region,
rising to ~2% for 10 layers.'>!3 In a FLG sample, each sheet can be seen
as a 2D electron gas, with little perturbation from the adjacent layers,
making it optically equivalent to a superposition of almost non-interacting
SLG. Thus, the optical absorption of graphene layers could be taken to be
proportional to the number of layers, each absorbing A = 7 = 2.3% over
the visible spectrum. The absorption spectrum of SLG is quite flat from
300 to 2,500 nm with a peak in the ultraviolet region (~270 nm), due to
the exciton-shifted van Hove singularity in the graphene density of states.
The dependence of optical conductivity with Fermi level indicates that the
graphene optical conductivity can be modified by controlling the Fermi
level, i.e., carrier concentration. For linear dispersions near the Dirac
point, pair—carrier collisions cannot lead to interband relaxation, thereby
conserving the total number of electrons and holes separately.'? Interband
relaxation by phonon emission can occur only if the electron and hole
energies are close to the Dirac point (within the phonon energy). Radiative
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Figure 2. Transient THz transmission response of photoexcited graphene layer: (a) tem-
poral evolution of the change in the maxima of the transmitted THz waveforms normalized
by the THz probe field, i.e., AE (¢)/E(¢), for different applied fluences of optical pump
pulse. (b) Maxima of AE (7)/E(t) from part a as a function of applied fluence, which satu-
rates at higher fluences. The dashed line varies as the square root of the fluence, as a guide
to the eye. Figure adapted with permission from Ref. 22. (© 2013 ACS.)

recombination of the hot electron-hole population has also been
suggested.'+17

In the far-IR and THz spectral region, the intraband response in gra-
phene becomes pronounced, leading to the possibility of strong extinction
in SLG, '>'* as well as of plasmon excitation through appropriate cou-
pling. 181921-23 A5 shown in Fig. 2, Heinz et al.?* have measured the THz
frequency-dependent sheet conductivity and its transient response follow-
ing femtosecond optical excitation for SLG samples grown by chemical
vapor deposition (CVD). The optical excitation of the graphene is imple-
mented by a femtosecond pulse and probing of the THz response using a
time-domain spectroscopy approach. By recording the transmitted THz
electric field at different fixed delay times between the pump pulse and
THz probe pulse, the differential waveform results show that rather than a
simple change in the amplitude of the transmitted field with pump excita-
tion, the change in THz waveform indicates the role of the finite carrier
scattering time in graphene samples. The physical origin of the observed
effect can be understood by considering the Drude conductivity of gra-
phene with a real conductivity of o = D/xI" in the low-frequency limit.
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Thus, photoinduced changes in both the Drude weight D and scattering
rate I' can affect the conductivity. Under excitation, D may increase
through a rise in the carrier concentration, while I" may increase through
arise in the effective temperature of the system. As a result, depending on
the initial Drude weight, the scattering rate of the unpumped graphene,
and the pump fluence, the ratio of D/I" and the conductivity can either
increase or decrease after photoexcitation.

Interestingly, graphene can exhibit different type of behaviors for the
transient response, depending on the detailed conditions. When the initial
doping level and scattering time are both relatively high, the main effect
is to be that of change in the scattering rate, rather than the change in the
Drude weight, that is, a response resembling more that of a metal. This is
the case observed in Heinz’s measurements.?> Figure 2(a) shows the
increase in the THz waveform induced by the pump beam, measured at
the maximum of the time domain waveform, as a function of the delay
time. It should be noted that the dominant change is an increase in the
carrier scattering rate, rather than an increase in the Drude weight. This
explains the observed negative THz photoconductivity response. At rela-
tively high pump fluence, the increase of the Drude weight will become
more and more important. This will give rise to an increase in the gra-
phene conductivity, which would compensate the decrease in the conduc-
tivity caused by an increased electron scattering rate. The balance of these
factors provides a natural explanation for the apparent saturation behavior
in the photoresponse with increasing pump fluence (Fig. 2(b)). In addition
to this factor related to the amplitude of the response, there is a modest
increase in the decay time.?? The reduced sensitivity of the response of the
conductivity to the electronic temperature at high fluences can explain this
trend, since the initial rise in the THz response will then be diminished
and the apparent decay time lengthened.

2.3. Luminescent Properties

Graphene could be made luminescent by inducing a bandgap, following
two main routes. One is by cutting it into ribbons and quantum dots, the
other is by chemical or physical treatments, to reduce the connectivity of
the m-electron network. Although graphene nanoribbons have been
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produced with varying bandgaps,*”!° no photoluminescence has been
reported from them thus far. However, bulk graphene oxide dispersions
and solids do show a broad photoluminescence. +***} The combination of
photoluminescent and conductive layers could be used in sandwich light-
emitting diodes covering the IR, visible, and blue spectral ranges.>3~26

Even some groups have ascribed photoluminescence in graphene oxide
to bandgap emission from electron-confined sp? islands.** Whatever the
origin, fluorescent organic compounds are of importance to the develop-
ment of low-cost optoelectronic devices. Although widely used for bio-
labeling and bio-imaging, the nanotoxicity and potential environmental
hazard of luminescent quantum dots limit widespread use and in vivo
applications. Fluorescent bio-compatible carbon-based nanomaterials
may be a more suitable alternative. Fluorescent species in IR and near-
infrared ranges (NIR) are useful for biological applications, because cells
and tissues show little auto-fluorescence in this region.

Wang et al. have reported a gate-controlled, tunable gap up to 250 meV
in bilayer graphene.'® This may make new photonic devices possible for
far-infrared light generation, amplification and detection. Broadband
nonlinear photoluminescence is also possible following non-equilibrium
excitation of untreated graphene layers, as recently reported by several
groups.'’~2! Emission occurs throughout the visible spectrum, for energies
both higher and lower than the exciting one, in contrast with conventional
photoluminescence processes.'""!’-2! This broadband nonlinear photolu-
minescence is thought to result from radiative recombination of a distribu-
tion of hot electrons and holes, generated by rapid scattering between
photoexcited carriers after the optical excitation.!’~?? In addition, electro-
luminescence was also reported in pristine graphene.!!

3. Roadmap of Graphene Electronics

Despite the fact that graphene will make it into high-performance inte-
grated logic circuits as an excellent planar channel material within the
next decade because of the absence of a bandgap, yet, many other gra-
phene electronics for flexible electronics and radio-frequency (RF) appli-
cations are being developed, using the available material in terms of
quality.
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3.1. Flexible Graphene Electronics

Transparent conductive coatings are widely used in electronic consumer
products such as touch screen displays, electronic paper (e-paper) and
organic light-emitting diodes (OLEDs) and require a low sheet resistance
with high transmittance (of over 90%) depending on the specific
application.

Graphene meets the electrical and optical requirements (sheet resist-
ance reaching 30V per square of 2D area in highly doped samples) and an
excellent transmittance of 97.7% per layer,*'>!* though the indium tin
oxide (ITO) still demonstrates slightly better characteristics.

However, considering the quality improvement of graphene every year
(already making the difference in performance marginal), while ITO
would become more expensive and ITO deposition is already expensive,
graphene does have an opportunity to get a good fraction of the market.
Graphene also has excellent mechanical flexibility and chemical durabil-
ity — very important characteristics for flexible electronic devices,*!’
where ITO usually fails. The advantage of graphene electrodes in touch
panels is that graphene’s endurance far exceeds that of any other available
candidate at the moment. Moreover, the fracture strain of graphene is ten
times higher than that of ITO, which makes it successful to be applied to
bendable and rollable devices. The requirements of electrical properties
(for example, sheet resistance) for each electrode type differ from applica-
tion to application. Depending on the production methods, various grades
of transparent conductive coating could be made from graphene. As a
result, electrodes for touch screens, which require an expensive CVD
method of production, tolerate a relatively high sheet resistance (50-300V
per square) for a transmittance of ~90%.

Rollable e-paper is a very appealing electronic product, which requires
a bending radius of 5-10 mm. It is easily achievable by a graphene elec-
trode. In addition, graphene’s uniform absorption across the visible spec-
trum is beneficial for color e-papers.'>!? However, the contact resistance
between the graphene electrode and the metal line of the driving circuitry
still remains a problem. A working prototype is expected by 2016, but the
manufacturing cost needs to decrease before it will appear on the
market.
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OLED devices have become an attractive technology and the first (non-
graphene) products have been in the market since 2013. Besides the pri-
mary crucial parameter of the sheet resistance (below 30V per square),
other crucial parameters for OLED devices are the work function and the
electrode’s surface roughness, which effectively govern the performance.
The tunability of graphene’s work function could improve the efficiency,
and its atomically flat surface would help avoid electrical shorts and leak-
age currents. It is worthwhile highlighting that advanced flexible or fold-
able OLED devices could be introduced soon after 2016 once device
integration issues (such as conformal deposition of graphene on 3D struc-
tures and contact resistance between graphene and the source/drain) are
resolved.

Liquid-phase exfoliation produces such graphene coatings for mass
production without the use of expensive vacuum technology in the low-
cost sector way. Although the resistance of these films is on the high side,
they still perform well enough for smart windows, solar cells, and some
touch screen applications. Graphene has the important advantage of flex-
ibility and mechanical strength, which ensures that graphene-based
devices will probably dominate flexible applications.

3.2. High-Frequency Electronics: From Transistors
to Circuits

The fundamental building blocks of digital electronics are logic gates
which must be capable of cascading such that more complex logic func-
tions can be realized. Although many graphene devices have been demon-
strated as discrete devices, recently there have been several high-frequency
circuit demonstrations, including high frequency transistors, multipliers,
inverters and mixers.

3.2.1. High-Frequency Transistors

Graphene has been intensively studied for high-frequency transistor appli-
cations.® However, it has to compete against more mature technologies
such as compound semiconductors (III-V materials). Thus, graphene will
probably be used only when even III-V materials fail to satisfy the
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stringent requirements of high-frequency transistors. Projections show that
III-V materials will no longer be able to sustain the required cutoff fre-
quency f1= 850 GHz (the top frequency for current modulation) and maxi-
mum oscillation frequency f,.x = 51.2 THz (the top frequency for power
modulation) after 2020s because device requirements will become more
stringent. A recent progress report on graphene** presented a value of f; as
high as 300 GHz, with the possibility of extending it up to 1.5 THz at a
channel length of about 100nm.?*. On the other hand, f,,,, has only reached
30 GHz in traditional graphene structures thus far, which is far from the
330 GHz in Si-based high-frequency transistor performance, according to
the 2011 International Technology Roadmap for Semiconductors (ITRS).
Thus, the principal remaining issue is the low value of f,,,, for graphene
transistors, which trails f; by an order of magnitude in a comparable con-
ventional device. There are two ways to improve f;,..: by lowering the gate
resistance or the source—drain conductance at pinch-off.?**> The former
approach could be done using well-established semiconductor processes.
The latter will require current saturation in the high-frequency graphene
transistor, which will probably involve finding a new dielectric layer with
properties similar to those of boron nitride ¢ and compatible with modern
semiconductor technology. An f;,.x of 58 GHz has been reported using
graphene on top of an exfoliated hexagonal boron nitride film.*"~*°

3.2.2. Multipliers

Frequency multipliers are one of the important components to realize
frequency conversion in the RF communication system or even future sub-
THz communication systems. Conventional frequency multipliers are
either field-effect tansistor (FET) or diode-based — the former offers good
conversion efficiency (30%) but no gain while the latter offers gain but a
lower efficiency (~15%). Ambipolar transport properties of graphene have
been used to demonstrate full-wave signal rectification as well as fre-
quency doubling.’® By correctly biasing an ambipolar graphene field-effect
transistor in common-source configuration shown in Fig. 3, a sinusoidal
voltage applied to the transistor gate is rectified at the drain electrode. By
using a common source configuration, a sinusoidal voltage applied to the
backgate was rectified at the drain electrode; a 10-kHz signal was demon-
strated to double to 20 kHz with good spectral purity. Therefore, by using
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Figure 3. Structure of the fabricated Gra-FET. (a) Optical micrograph showing SLG flakes.
(b) Optical micrograph of the structure of the final device. The device is back gated
through the p-type Si wafer. (c) Schematic of the vertical structure of the device. (d)
Measured input (dotted curve) and (solid curve) output of the frequency-multiplier circuit
when the graphene device is biased near the minimum conduction point. For clarity of
display, the output signal is multiplied by 50, and both signals are ac coupled. The low
amplitude of the measured output signal is due to the poor on/off current ratio of the fab-
ricated device, and it can be improved by using a Gra-FET with better transfer character-
istics. Reproduced with permission from Ref. 50. (Copyright © 2009, IEEE.)

this concept, frequency multiplication of a 10 kHz input signal depicted in
Fig. 3(d) has been experimentally demonstrated.”® Although this frequency
is much less than the 1 THz multipliers possible using Si diodes, graphene
multiplier devices point to the possibility of using graphene for the appli-
cation in THz technology. This high efficiency, combined with the high
electron mobility of graphene, makes graphene-based frequency multipli-
ers a very promising option for signal generation at ultrahigh frequencies
even up to sub-THz region.
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3.2.3. Mixers

Mixers, which are typically used for frequency conversion are one of the
important components in RF communication systems. It has been exten-
sively explored in various research institutes including United Kingdom
RAL Laboratories, NASA JPL Laboratory, United States University of
Virginia, VIRGINIA Diodes Inc. (VDI), City University of Hong Kong
etc. In a SHM the mixing mechanism is conducted between the RF or IF
signals and one of the harmonics of the local oscillator (LO). Thus, the
nonlinear mixer device (diode, metal semiconductor FET, etc.) performs
both mixing and frequency multiplication. The output component of inter-
estis fir = frr—fLo» Where frr is the input RF frequency and f; g is the input
LO frequency.

Various traditional microwave mixers working at millimeter wave fre-
quency have been successfully demonstrated by some researchers.’'=> In
1997, Jeffrey L. Hesler et al. have developed 585 GHz harmonic mixer,’!
where DSB conversion loss reached 7.3 dB noise temperature 2380 K.
And then Thomas et al. have developed 330 GHz harmonic mixer”? to
achieve 5.7 dB DSB (Double Side Band, DSB) conversion loss, where
noise temperature is less than 930 K in 2005. Compared to the SIS HEB
mixer, graphene-based mixer outperforms with some distinctive features
such as working at room temperature, low cost, low conversion loss, mod-
erate noise temperature, etc. Graphene mixers would be very economical
at millimeter wave frequencies since low-frequency low-cost microwave
sources (as LO) can be adopted as higher-order harmonics will perform.

CVD graphene mixer was used to demonstrate a mixer upto 10 MHz.>
An ideal graphene FET shows symmetric transfer characteristics that is
infinitely differentiable; then the drain current can be described as:

Iy=cot s (Ve ~Vmin) +¢4 (Ve = Vimin) ++ 5)

where ¢, ¢,, and ¢, are constants. From this model, ideal graphene FETs
biased at Vi, should show only the difference of sum frequencies and
other even-order terms; thus, odd-order intermodulations can be signifi-
cantly reduced compared to conventional unipolar mixers. Conventional
mixers need more complicated circuits to achieve good performance
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while graphene FETs need to display symmetric characteristics but can
use much simpler circuits. The implemented circuit using a graphene FET
is shown in Fig. 4(a). When two RF signals at 10 MHz and 10.5 MHz are
applied to the gate, the graphene FET mixes them to generate (frr + fi0)
and (frr — fLo) at the output. The power at these frequencies is more than
10 dB, higher than the power at the input/fundamental frequencies. In
addition, the power at the odd-order frequencies like 2f; o — frr and 2fgp —
fLo are significantly suppressed. The frequency limit can be calculated
from fr = g, /(27C). In the studied devices, there was significant asym-
metry in the transfer curves, perhaps because of contact doping or adsorb-
ates. Since the device operation was within 1 V of Vi, the asymmetry
in [-V characteristic curve didn’t cause a noticeable degradation of the
mixing operation.

The mixer used for the above demonstration was limited in frequency
more by parasitics rather than graphene FET performance. An integrated
mixer was demonstrated in Ref. 57 that could operate up to 10 GHz. The
circuit was fabricated using graphene grown on SiC, and the footprint,
including contact pads, was less than 1 mm?. The circuit implementation
is depicted in Fig. 4(b). The graphene FET is modulated both by fir and
JfLo» and the drain current contains the sum and difference of frequencies.
The inductors complement the graphene FET — L1 resonates out the

IF OUT (fus - £)

RF IN (fas)

LO IN (ko) +
Drain bias (DC)

(a) (h)

Figure 4. Circuit implementation for GFET RF mixer (a) discrete CVD-grown GFET
showed operation up to 10 MHz (Reproduced with permission from Ref. 56. (Copyright
© IEEE.) (b) Integrated epitaxial-graphene mixer operated at frequencies up to 10 GHz
(Adapted from Ref. 57).
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parasitic capacitances from the input RF pads and the gate of the graphene
FET while L2 provides an input match to the LO signal and also acts as a
low-pass filter between the drain and output port P3. The graphene was
two to three layers thick, and meanwhile the Si-face of SiC was used. The
Iy ~V,4s curve was linear and did not show a V,,;, — perhaps because of
the strong n-type doping from the substrate. The output characteristics
showed a linear [—Vy, for V4, up to 1.6 V. This resulted in a g, that
increased with rising V. At Vg ~ 1.6 V, a current density of 2 mA mm™
and g, of 80 uS/um was achieved. R, was measured to be 600 Q-um.With
the measured g,, and Cg, f7 is calculated to be 9 GHz for L ~ 550 nm and
Vg = 1.6 V. The drain current can be described as I; ~ A(B + g,V,)Vy,
where A and B are constants. Since the output signal is proportional to I,
the power of fi is proportional to the product of g, and g,4. Current satura-
tion was not achieved, and most devices showed a triode-like behavior. It
was found that gm slightly decreases with V,; this was also evident in the
conversion loss of the mixer as a function of V,. This strong correlation
showed that the graphene mixer performance was determined by the gra-
phene FET rather than by parasitics. The conversion loss of the graphene
mixer showed good thermal stability, when the temperature was increased
from 300 K to 400 K. This was attributed to the degenerate doping level
in the graphene FETs and a temperature-independent scattering mecha-
nism associated with optical phonons at high biases. Note that conven-
tional semiconductor mixers need an additional feedback circuitry to
minimize thermal sensitivity.

4. Conclusions and Outlooks

Together with its ease of fabrication and integration, the unique and uncon-
ventional properties of graphene enable us to construct a variety of effi-
cient and novel high-frequency electronics and THz devices. Interestingly,
several demonstrations that graphene has to be monolithically integrated
with other more established materials to form novel highly complex
devices open up real application prospects in low cost photodetectors,
nanolasers and transmitter modules by releasing the need for temperature
control, isolators, and external modulators. Moreover, implementation of
graphene-based photonic devices is especially promising for applications
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in future THz technology. In the future, large-scale integrated circuits on
one single silicon chip will require capabilities of controlling and manipu-
lating the direction, phase, polarization, and amplitude of signal waves or
beams. The graphene-based configurable RF devices can be easily inte-
grated with other THz devices to increase functionality or to realize single
chip RF system. Hopefully, recent breakthroughs in the direct deposition
of graphene on silicon can open up a route towards the integration of gra-
phene in hybrid silicon integrated circuits (hMICs). And such advanced
large-scale hMICs represent a significant technology innovation that sim-
plifies communication system circuit design, reduces space and power
consumption, and improves reliability. This chapter has provided a deep
understanding and useful guideline for graphene-based nanodevices for
future RF electronic circuits and THz technology.
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Flexible energy conversion and storage applications have attracted great attention
for decades as they can, to a certain extent, contribute to releasing the pressure
caused by fossil energy shortage. Designing nanostructures for flexible energy con-
version and storage is a promising way due to their unique physical and chemical
properties for future research. In this chapter, we provide a comprehensive review
of the state-of-the-art research activities related to nanostructures based flexible
energy conversion and storage. In the energy conversion part, we highlight the sig-
nificance of nanostructures-based flexible photovoltaic (PV) applications as well as
the brief discussions on the possibilities to make other forms of energy conversion
applications flexible through nanostructure design. In the energy storage part we
specially give emphasis to flexible lithium-ion batteries (LIBs) and supercapacitors
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for the great potential they have shown for practical use. All these applications are
believed to be developed towards high performance and low cost direction due to
the booming perspective of nanotechnology.

1. Introduction

Flexibility is a general feature of the next generation electronic applica-
tions. During the past decades, researchers have tried many endeavors in
order to make every application flexible. For example, the intensively
investigated inorganic thin-film technologies have realized the aim of
fabricating flexible and bendable electronic devices.'™ Also, the booming
research of organic electronics including organic photovoltaic (PV) and
Organic Light Emitting Diodes (OLED) provides another clue to perfectly
fulfil the flexibility of devices.*> However, traditional bulk thin-film fabrication
processes like sputtering, atomic layer deposition, thermal evaporation,
and chemical vapor deposition (CVD) always require a high-cost and
super clean environment. Otherwise they will cause huge damage to the
microstructure of the active material, resulting in sacrifice of the device
performances. What is worse, the compact thin-film layer usually cannot
bear severe bending or folding and hence it limits the flexibility of the
devices. For organic electronic applications, even though thin-film can be
formed using simple techniques like printing or spin-coating, sealing
becomes a vital problem since organic materials are relatively unstable
under ambient condition. Therefore, opportunities as well as challenges
still exist in the field of flexible device fabrication.

Nanotechnology has made many previous fantasies come true in recent
years because of the unique features of materials shown in nanoscale. It is
well recognized that different morphologies usually have different charac-
teristics. For instance, nanostructures like nanoparticles have unique sur-
face effect and small size effect, which are mainly due to the significantly
enlarged specific surface area. These advantages have been largely uti-
lized in applications like photocatalysis,® PVs,” etc. One-dimensional
(1D) nanostructures including nanorods, nanowires and nanotubes are
generally accepted to have superior charge transport and collection prop-
erties, which make it promising to develop high quality electronic devices
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such as nanowire field-effect transistors (FET),&9 photodetectors,lo and also
energy storage applications like lithium-ion batteries (LIBs).!! Three-
dimensional (3D) structures assembled by zero-dimensional (OD) or 1D
fundamental nanostructure are also promising for various application areas
since they may make a good combination of all the superiorities of its sub-
units.'>!3 All the advantages of nanotechnology together with the increas-
ingly developed structure design methods guarantee the prosperous future
for nanodevices. More importantly, it can help to fabricate the perfectly
flexible devices which overcome such flaws caused by the traditional thin-
film depositing process as identified above. Using the high quality nanoma-
terials obtained, thin-film flexible devices can be made using facile
techniques like printing or coating, because of which scale-up and industri-
alization could be conveniently realized.'* Besides, there are also many
ways to synthesize nanomaterials directly on substrates including low tem-
perature hydrothermal method," solvothermal method,'¢ electrochemical
method,!” chemical or physical deposition methods'®!® and so on, through
which almost any morphology required can be successfully obtained.
So long as we choose the suitable deposition methods for the specific
substrates and nanomaterials, flexibility of devices can be realized easily.

We are facing increasingly serious problems of fossil energy shortage
and environmental pollution. As a result, finding effective routes for
energy conversion and storage is urgent today. Nanotechnology opens
great opportunities for making high quality energy conversion applica-
tions like solar cells,?® as well as high performance electrochemical
energy storage applications including LIBs?' and supercapacitors.??
Compared to the traditional energy applications, flexible energy devices
are easy to be integrated with other consumer goods and portable to make
them more attractive to the public for practical use. Nano-based flexible
energy conversion and storage will surely bring new concepts and may
even lead to a revolution for the next generation energy field.

The significance of nanostructure based energy conversion and storage
have been highly valued already in research field as several important
related review articles have been published.?*~>® However, till today none
of them has provided a systematic overview specifically focusing on
nanostructure based flexible energy conversion and storage. To fill in this
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gap, in this article we will make a detailed review of the state-of-the-art
research progresses on different nanostructures based flexible energy con-
version and storage, covering the basic materials design techniques and
the advanced device applications. The second part of the article describes
the general methods for nanostructures design ranging from OD to 3D
hierarchical architectures. Following this, we introduce the research pro-
gresses related to designing nanostructures for flexible energy conversion,
and in this part we mainly focus on nano-based flexible solar cell since it
is the most important and widely investigated flexible energy conversion
application. In the next part, we show the examples of flexible electricity
energy storage applications such as LIBs and supercapacitors. Finally,
we conclude this article with an overview of the stimulating progresses
up-to-date and an outlook for future development of nano-based flexible
energy conversion and storage.

2. Strategies for Nanostructure Design

Materials are fundamental to the final performance of devices. High quality
materials may have the potential to make a breakthrough against the
current performance limitation of certain applications. Nanostructure
design method, or morphology controlling in such a small scale, is very
important for developing high performance, low-cost, new generation
applications and great changes may happen to the traditional technologies
as well. The concept of nano-design means to fabricate nanostructures
with controllable size, dimension and structure, and hence we can test and
find the optimized route to achieve the highest device performance. For
flexible energy applications, nanostructure design method is even more
important since nanomaterials have been proven to play an increasingly
predominant role when applying in energy conversion and storage field,
and they can also help to solve many key problems related to flexible
applications. Therefore, in order to develop the new generation flexible
energy applications, a thorough understanding of the different nanostruc-
ture design strategies and a wise choice of fabricating energy devices are
important. Research has shown that different vnanostructures may have
their preferred synthesizing techniques.
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2.1. Synthesis of Nanoparticles

In order to obtain high quality 0D nanostructures, the most important
thing is to control the growth rate of materials since it is very easy for
nanoparticles to aggregate and form bulk materials. Therefore, there are
various synthesis methods to slow down the reaction process and thereby
to obtain particles in nanoscale.

Colloidal suspension (Sol) method is a popular and versatile method to
synthesize inorganic nanomaterials. A general scheme for preparing mono-
disperse nanostructures requires a single, temporally short nucleation event
followed by slower growth on the existing nuclei. Nanocrystal (NC) size
increases with increased reaction time as more material is added to its
surfaces and also with increased temperature as the rate of addition of
material to the existing nuclei increases. When the NC sample reaches the
desired size, further growth is arrested by quickly cooling the solution.
Figure 1 shows a transmission electron microscope (TEM) image of the
spherical CdSe nanoparticles which were obtained by firstly heating a
chosen solvent and a cadmium precursor to about 250-360°C under Ar
flow and forming an optically clear solution, then injecting a selenium
solution quickly into the reaction system.?’ The temperature of the reaction
mixture decreased to 200-300°C by the injection and maintained at this
temperature for the growth of the NCs. By controlling the synthesis condi-
tions, the size of NCs can be varied in a wide range.

Sol-gel method is another effective method to obtain nanoparticles. In
a typical sol-gel process, precursors like inorganic metal salts or metal
organic compounds such as metal alkoxides are added into aqueous solu-
tion to begin the hydrolysis and polymerization reactions, which then lead
to forming a sol. Further, complete polymerization and loss of solvent
will lead to the transition from liquid sol into a solid gel phase. TiO,
nanoparticles can be obtained through this method with controllable
morphology (Fig. 2).28

Hydrothermal method is also widely used in synthesizing 0D nano-
structures. Since this method is relatively low-cost and easy to operate,
intensive investigations have been carried out. For instance, ZnO nanopar-
ticles can be simply obtained through the hydrothermal route by immersing
zinc source into slightly alkaline solutions under specific reaction
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Figure 1. Transmission electron micrographs of CdSe nanoparticles with varied sized
synthesized by sol method. Reprinted with permission from Ref. 27. (Copyright: 2001
American Chemical Society.)

- ¥ s"
f’:})- ‘f"l

'»‘\"'9*" A

Figure 2. TEM images of uniform anatase TiO, nanoparticles with different pH value.
Reprinted with permission from Ref. 28. (Copyright: 2003 Elsevier.)
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Figure 3. Scanning electron microscope (SEM) images of Nanoparticles synthesized by
hydrothermal method. (a) o-Fe,O3 nanoparticles. Reprinted with permission from Ref. 30.
(Copyright: 2010 WILEY-VCH.) (b) SnO, nanoparticles. Reprinted with permission from
Ref. 31. (Copyright: 2009 WILEY-VCH.)

condition.? Single crystalline a-Fe,O5 nanoparticles can be obtained by a
facile hydrothermal method with the aid of F~ anions (Fig. 3(a)).** Single
crystalline SnO, nanoparticles can also be obtained by hydrolysis of SnCly
in acid solution assisted with PVP, which can be observed in Fig. 3(b). 3!
Nanoparticle research is quite a thermal topic nowadays since it could
have unique properties due to the dramatically enlarged specific surface
area when the size is getting small enough. Finding a suitable and com-
mon route to obtain nanoparticles with different particle sizes is essential
for device applications.

2.2. Synthesis of 1D Nanostructures

Due to the superior charge transport properties of 1D nanostructures like
nanowires, nanorods, and nanotubes, intensive research was carried out in
this field. So as to obtain the large aspect ratio, controlling the material
growth in a confined domain or along a specific direction is essential.
Until now 1D nanostructures have been obtained according to a whole
variety of methods covering almost all chemical and physical routes for
materials synthesis, among them CVD and hydrothermal/solvothermal
methods are the most popular in research field currently since they can be
used to effectively induce the growth towards a certain direction.

CVD is the most effective way to obtain nanowires with high degree of
crystallinity. And it is also an important route to synthesize ultralong and



196 Z. Wang, D. Chen & G. Shen

furnace

ceriter

Figure 4. Scheme for a typical CVD method.

thin 1D nanostructure. A typical CVD reaction scheme is shown in Fig. 4.
Generally, the source powder is heated at hundreds of or around 1000°C
under a flow of carrier gas (usually Ar flow) and the nanomaterials are
deposited on proper substrates located downstream or upstream to the
source powder.® Usually, metal droplets such as gold particles thin-film or
colloids are introduced first as catalysts. These catalysts capture the
source vapor and form liquid alloy droplets, and then supersaturation and
nucleation happen at the liquid—solid interface, leading to axial crystal
growth. Owing to the catalyzed mechanism, the nanowires have diameters
equal to the droplets, and only grow at sites activated by metal droplets.
Besides, self-catalysis and vapor solid method with higher temperature
are introduced as alternative routes to obtain nanowires. Using CVD
methods, high quality In,O5; nanowires of different nanostructure obtained
by Shen et al. are shown in Fig. 5.7 In a typical process, a simple laser-
ablation CVD method was introduced to obtain 1D nano-In,Os.
Specifically, cleaned Si/SiO, wafer was used as the collecting substrate
coated with a thin layer of gold nanoparticles as the catalysts for nanowire
growth. Pure Ar was flown through the system at a certain rate to prevent
the system from oxidation. A pulsed neodymium-doped, yttrium alu-
minum garnet (Nd: YAG) laser was used to provide power to stimulate the
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500 nm

Figure 5. (a), (b) SEM images of In,O; nanospirals made of kinked nanowires.
Reprinted with permission from Ref. 33. (Copyright: 2011 American Chemical Society.)
(c), (d) In,O3 nanowires thin-film. Reprinted with permission from Ref. 34. (Copyright:
2011 WILEY-VCH.) In,O5 ultrathin nanowires obtained after reaction for (e) 25 minutes
and (f) 45 minutes. Reprinted with permission from Ref. 32. (Copyright: 2011 American
Chemical Society.)
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Figure 6. (a) SEM images of a) Zn,GeO, and (b) In,GeO,4 nanowires synthesized by
CVD method. Reprinted with permission from Ref. 35. (Copyright: 2012 The Optical
Society.) (c) ZnSnO, nanowires. Reprinted with permission from Ref. 36. (Copyright: The
Royal Society of Chemistry 2011.) (d) ZnO nanowires. Reprinted with permission from
Ref. 37. (Copyright: 2009 IOP Publishing Ltd.)

reaction and different morphologies can be obtained on substrates
finally. Many other kinds of 1D nanostructures have also been success-
fully synthesized according to a similar CVD method. Zn,GeO, and
In,Ge,0; nanowires were synthesized by our fellow researchers using
GeO,, Zn, carbon powders (for Zn,GeO, shown in Fig. 6(a)), or GeO,,
In,O3, carbon powders (for In,Ge,O; shown in Fig. 6(b)) as raw materials
through a simple CVD method.® Besides, Zn,SnO, (Fig. 6(c)),>® ZnO
(Fig. 6(d)),?” CdSe, etc., can be conveniently synthesized according to the
same route. Because the 1D morphology diversity can be realized easily
with CVD method, it has become a popular way in developing high qual-
ity materials for high standard electronic and optical applications and
numerous exciting progresses have already been achieved. However, there
are also some flaws existing in this method. High energy consumption
and the relatively low production rate may limit the potential of scale-up
application. Many efforts on solving such problems are ongoing.
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Figure 7. (a) SEM images of ZnO nanowires and (b) ZnO nanorods synthesized by
hydrothermal method. Reprinted with permission from Ref. 38. (Copyright: The Royal
Society of Chemistry 2011.) (¢) Zn-doped SnO, nanorods. Reprinted with permission
from Ref. 39. (Copyright: 2012 IOP Publishing Ltd.) (d) In,O3 nanobelts. Reprinted with
permission from Ref. 40. (Copyright: The Royal Society of Chemistry 2011.)

Hydrothermal/solvothermal method is also widely used for synthesizing
nanowires, nanorods, and nanotubes because of the relatively low cost
and the simple operating process. Besides, by controlling the basic factors
like reaction time, temperature, pressure and the amount of added raw
materials we may easily find out the formation mechanism of nanostruc-
tures and hence use the optimized conditions to get the one we need.
Figures 7(a) and 7(b) show ZnO nanowires and nanorods synthesized by
a simple hydrothermal method. In general, zinc-oleate complex and differ-
ent carbonates (Li,COs3, Na,CO3, K,CO5, Ru,CO3, and (NH,),CO5) were
dissolved in ethanol and water. The reaction was performed under rela-
tively low temperature (120°C) for 12 hour. And different kinds of carbon-
ates were introduced to control the morphology.*® Zn-doped SnO, was
also obtained through a similar hydrothermal method. Specifically, SnCly,
7ZnCl, were added into NaOH water and ethanol solution and mixed until
uniform. Reaction was carried out at 200°C for a whole day and cooled
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down at room temperature. SEM image of the synthesized needle-like
SnO, nanorods is displayed in Fig. 7(c).*° In Fig. 7(d), porous In,0O5 nano-
belts can be seen and this structure was achieved using InCl; and KOH as
raw materials to react in PEG-600 solution.*’ There were also many other
types of 1D nanomaterials synthesized through hydrothermal method like
TiO,,*! WO5,*> ZnS* and so on. Due to great superiorities in controllable
synthesizing 1D nanostructures with high yielding rate, hydrothermal
method will be quite promising in future research field. However, compar-
ing with CVD method, the degree of crystallinity of hydrothermal product
is usually poor which may limit the device performance.

Besides, there are also many different methods to obtain 1D nanostruc-
tures such as template-introduced sol-gel method, electrospinning and so
on. To get high quality 1D nanostructure for advanced device application,
we need to develop an efficient nano design strategy which is low-cost,
energy saving and environmental friendly.

2.3. Synthesis of 3D Nanostructures and Nano Arrays
on Substrates

3D nanostructures which consist of the basic sub-units like nanoparticles
or nanowires can be synthesized through a number of methods. To obtain
this structure, designing a route to induce sub-units to assemble and then
form hierarchy architecture is essential. Nanorod assembled hollow fiber,
nanorod film, nanoflowers, nanospike, urchin-like nanostructure, straw-
bundles, and so on were obtained in a number of ways.'>** More
specific, in our group, TiO, nanorods assembled hollow fibers were
synthesized through a typical microwave assisted hydrothermal method
using carbon fibers as sacrificing templates (Fig. 8(a)). TiO, nanorods
thin-film, Ni(OH), nanoflowers, SnO, nanospike, and urchin-like NiCo,0y,
nanostructures were all achieved according to a simple and effective hydro-
thermal self-assembling technique shown in Figs. 8(b)-8(e) respectively.
In contrast, 3D nanostructures of Zn,SiO, straw-bundles were synthesized
via CVD methods. By controlling the temperature for experiment, the
morphology of the straw-bundles can be changed from nanorods, to straw
bundles, and then to spheres.
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Figure 8. SEM images of 3D nanostructures. (a) TiO, nanorods assembled hollow fibre.
Reprinted with permission from Ref. 12. (Copyright: 2011 American Chemical Society.)
(b) Nanorod-assembled Co30, hexapods. Reprinted with permission from Ref. 49.
(Copyright: The Royal Society of Chemistry 2011.) (c) Ni(OH), nanoflower. Reprinted
with permission from Ref. 41. (Copyright: The Royal Society of Chemistry 2012.)
(d) SnO, nanospike. Reprinted with permission from Ref. 46. (Copyright: The Royal
Society of Chemistry 2011.) (e) Urchin-like NiCo,0,4 nanostructures. Reprinted with
permission from Ref. 47. (Copyright: The Royal Society of Chemistry 2012.) (f) Zn,SiO,
straw-bundles. Reprinted with permission from Ref. 48. (Copyright: The Royal Society of
Chemistry 2012.)

In order to conveniently use the obtained nanostructures for device
applications, we prefer directly designing nanostructure arrays onto spe-
cific substrates since there would be better electronic contact formed.
Nanomaterials can be well deposited onto suitable substrates, so choosing
substrates which match certain kind of nanomaterials will benefit the
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Figure 9. SEM images of growing nanoarrays directly on substrates by (a—c) hydrothermal
method, (d,e) CVD method and (f,g) electrochemical methods. (a) TiO, nanorod arrays on
fluorine tin oxide (FTO) substrate. Reprinted with permission from Ref. 15. (Copyright:
2009 American Chemical Society.) (b) ZnCo,0, nanowires on carbon fibres. Reprinted
with permission from Ref. 11. (Copyright: 2012 American Chemical Society.) (¢) ZnO
nanowire arrays on FTO substrates. Reprinted with permission from Ref. 51. (Copyright:
2011 American Chemical Society.) (d) ZnO nanowires on carbon fibers, Reprinted with
permission from Ref. 52. (Copyright: 2008 American Institute of Physics.) (e) WO;
nanowires on carbon fibers. Reprinted with permission from Ref. 53. (Copyright: 2010
WILEY-VCH.) (f) TiO, nanotube arrays obtained on Ti foil by electrochemical anodiza-
tion. Reprinted with permission from Ref. 54. (Copyright: 2006 American Chemical
Society.) (g) ZnO nanowires on indium tin oxide (ITO) substrates according to electro-
chemical deposition. Reprinted with permission from Ref. 55. (Copyright: 2010 Elsevier.)

material depositing process.”® Also, special treatment like “seeds” pre-
deposition or slight-corrosion of the substrates is sometimes helpful.'?
Generally, hydrothermal method and CVD are both intensively used to
obtain nanoarrays on substrates. Highly ordered TiO, nanorods arrays
were successfully synthesized by Liu with controllable length and density
shown in Fig. 9(a), by introducing a simple hydrothermal method under
acid condition.!> Carbon fiber is another type of substrate that has been
widely used due to its high flexibility and conductivity. ZnCo,O4 nanow-
ires were uniformly deposited on the surface of carbon fiber cloth using
one-step reaction in aqueous solution, which can be seen in Fig. 9(b).!!
Figure 9(c) displays the ZnO nanorods arrays synthesized according to a
novel layer by layer hydrothermal method and finally achieved a length of
40 pm for each nanorod grown on FTO substrates.’! The enhanced thick-
ness of film eventually increased the performance of device. CVD is



Design of Nanostructures 203

another popular route to obtain nanostructure arrays. According to Unalan
et al.’s work, zinc oxide nanowires can also be perfectly formed on the
surface of carbon fibers in a typical carbothermal reduction of ZnO pow-
der at a high temperature (Fig. 9(d)).”> WO; nanowire arrays have also
been deposited onto carbon fiber cloth according to a high temperature,
catalyst-free, physical evaporation deposition process, which is vividly
shown in Fig. 9(e).>® Besides, there are also many other techniques to
obtain nanostructure arrays. For example, TiO, nanotube arrays and ZnO
nanowire arrays have both been successfully produced according to elec-
trochemical methods on Ti foil and ITO substrate shown in Figs. 9(f) and
9(g) respectively.’*>3 TiO, was formed according to electrochemical ano-
dization of titanium foil performed in solution containing F~ while ZnO
nanowire arrays were achieved by electrochemically depositing nano-
structures onto ITO substrate within the solution containing Zn>*.

Except for all these techniques introduced above, there are still many
novel and promising methods under development. Finding a suitable route
towards better physical and chemical properties of nanomaterials will be
beneficial for further device applications. Synthesizing nanomaterials
with high specific surface area, good charge transport and collecting abil-
ity, high stability as well as special optical and electronic characteristics
is the first step for the whole nano-energy applications. As for the field of
flexible energy devices where many traditional nano design processes are
no longer adaptable since there are many limitations for device fabrica-
tions to realize the flexibility, optimizing old routes and developing new
strategies are solutions to meet these demands. Therefore, in order to real-
ize new generation flexible energy applications, except for high quality
nanomaterials, novel concepts of device structure optimization and new
fabricating processes are urgently needed.

3. Design of Nanostructures for Flexible Energy
Conversion

Energy exists in natural world as different kinds of forms including light,
heat, water, wind, mineral, etc. The law of energy conservation offers the
possibility to convert energy from one form to the others. Electric energy,
doubtless, is one of the greatest inventions that has significantly promoted
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the fast development of the human society because it is the most efficient,
clean and quiet secondary energy form we can use directly. Therefore, to
effectively convert all those primary energy resources into electricity has
been the general aim of human beings for a long time.

Fossil fuel and minerals are the main energy resources that most people
on earth rely on in both past and present. However, serious shortage of
coal and crude oil compels us to find alternative solutions to live a sustain-
able life. Researchers are turning to develop clean and renewable energy
resources and trying to use them for electric power generation instead of
burning coal, oil, and natural gas. For instance, solar energy is one of the
most attractive alternative resources for its abundant distribution on the
earth among all renewable energy forms, and hence great efforts have
been taken to utilize solar energy to generate power.

The highly developed nanotechnology further promotes the energy
conversion field. On one hand, nanotechnology has promoted the develop-
ment of conventional energy conversion applications towards a highly
efficient and environment friendly direction; on the other hand, it is devot-
ing to novel applications like flexible and portable ones. Unlike large-
scale power plant, flexible energy conversion devices like flexible and
portable PV cells or modules can make people’s life enter a whole differ-
ent era. Flexible energy conversion components can be integrated con-
veniently with clothes or other daily consumer goods, which will equip
everyone with a mini power plant and energy shortage pressure may
be reduced to a large extent. In this chapter, we will make an up-to-date
summary of research work about using nanostructure design methods to
develop high performance flexible energy conversion devices.

3.1. Design of Nanostructures for Flexible
Photon-to-Electron Conversion

Since the first practical silicon based PV cell was born in 1954 at Bell labs
in USA, this great idea that using sunlight directly to generate electricity
had attracted significant interests globally. Until now, it is generally
accepted that there are three generations of solar cells: bulk silicon solar
cells as the first generation, thin-film solar cells including compound and
amorphous silicon solar cells as the second generation. New generation or
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third generation solar cells are proposed to make a breakthrough of the
previous performance limitations, to which nanotechnology is making great
contributions at present. Combining different PV technologies with various
nano-fabrication techniques has already begun to show the potential in
promoting the area of flexible photon-to-electron energy conversion.

3.1.1. Flexible Dye-Sensitized Solar Cells (DSSCs)

Speaking of nanostructured solar cells, an important example is the highly
successful dye-sensitized solar cell (DSSC), which traditionally uses a
network of sintered titanium oxide nanoparticles as a transport medium
for photo-generated electrons. In 1991 the concept of using dye-sensitized
colloidal nanostructured films was first brought up with an initial overall
efficiency of 7.1-7.9% by Gratzel’s group’ and till now this record has
been renewed to over 12%.%° General operation scheme of a typical DSSC
is shown in Fig. 10. The photoanode, made of a mesoporous dye-sensi-
tized semiconductor, receives electrons from the photo-excited dye which
is thereby oxidized, and which in turn oxidizes the mediator, a redox spe-
cies dissolved in the electrolyte. The mediator is regenerated at the cath-
ode by receiving the electrons circulated through the external circuit.?’
Nanostructure has played a vital role in DSSCs, which can strongly affect
the global efficiency of a certain electrochemical system. TiO, nanoparti-
cles, the most commonly used anode materials, act as skeletons to support
dye molecules to form the 3D networks and hence largely improve the
light harvest efficiency. The comparison made between a singlecrystal
anatase cut in the (101) plane and nanocrystalline anatase film-based
DSSC are shown in Figs. 10(a) and 10(b), respectively. The huge differ-
ence of their quantum efficiency vividly indicates the importance of the
nanostructured porous thin-film. Therefore, designing suitable nanostruc-
tures for DSSC is definitely an effective means to further enhance the
performance, so that can make it more suitable for practical applications.

Since DSSCs function through a solution based electrochemical process
by using only nanomaterials to transport charge carriers instead of built-in
electric field induced electron-hole pairs separation. This design is more
tolerant of defects and impurities in the solar cell materials than conven-
tional planar p—n junction cells. Therefore, the fabrication environment
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Figure 10. (a) Schematic of operation of the dye-sensitized electrochemical PV cell.
(b)The incident photon-to-current conversion efficiency of a singlecrystal anatase cut in
the (101) plane. (c) nanocrystalline anatase film based DSSC. Reprinted with permission
from Ref. 20. (Copyright: 2001 Macmillan Magazines Ltd.)

and techniques are relatively simple. Doctor blading, screen printing and
coating methods are widely used to form thin-film for DSSCs, which
offers possibilities for fabricating low-cost flexible DSSC. In fact, there
are many reports and investigation focusing on this area. Because of the
fast emerging printing electronics, flexible DSSC is becoming an increas-
ingly competitive member among the whole PV family.

3.1.1.1. Printing TiO, Nanoparticles Paste on Transparent
Substrates for Flexible DSSC Anodes

TiO,, the whitest materials in the natural world, has been widely used as
photoanode materials for DSSC due to its suitable physical and chemical
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properties. To obtain flexible DSSC, firstly we need to fabricate the flex-
ible photoanode which plays a predominant role in the whole cell. Printing
or coating paste made from TiO, nanoparticles onto charge collectors is a
very popular way. By using these methods, the flexibility of solar cells is
determined by the flexible substrates applied. Traditionally, the just coated
thin-film on transparent conductive oxide (TCO) glass will need a high
temperature calcination process, usually 450-500°C for 30-60 minutes to
increase the degree of crystallinity, remove the organic binder and form
good electric contact for the photoanode. However, when considering the
transparent flexible substrates which are usually TCO coated polymer
materials like ITO/PET (Polyethylene terephthalate) or ITO/PEN, most of
these substrates cannot tolerate temperatures higher than 150°C and hence
the poor crystallinity becomes a tough problem which limits the perfor-
mance of flexible solar cells. But still, researchers have tried several alter-
native ways to solve such problems. Instead of using organic binders like
ethylcellulose and terpineol, different kinds of less viscous, liquid-like
TiO, colloid solutions were intensively investigated for decades and pro-
gresses have been made. Hence, in this way the flexibility of device can
be realized. But another problem is that being free of organic binder may
lead to bad contact without high temperature sintering. During the testing,
bending or rolling, active materials may easily be detached, leading to the
efficiency lose of devices. Therefore, some process including compres-
7 microwave radiation with certain frequency,’® UV-ozone treat-
ment,> hydrothermal treatment®® and so on have been used to replace
heating process and have already proved to be effective.

Zhang et al. reported a method for low temperature fabrication of titania
photoelectrodes by hydrothermal crystallization at the solid/gas interface.%
In their work, they introduce an aqueous or ethanolic mixed paste of
nanocrystalline TiO, powder and titanium sources such as TiCly, TiOSQOy,,
Ti alkeoxides instead of using organic binders and then “steam-cook’ the
coated plastic substrate in the water—gas phase in an autoclave at 100°C.
The added titanium salts are hydrolyzed and crystallized into either rutile or
anatase TiO,, which acts as a “glue” to form connection between thin-film
and plastic substrates. From the morphology and crystallinity changes after
the hydrothermal solid/gas treatment we can notice the importance of this
process on the performance of a flexible photoanode. After 100°C steam

sion,
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treatment, the microstructure of this film becomes quite similar to the ones
prepared by high temperature sintering methods (Figs. 11(a)-11(c))**and
peaks for rutile and anatase can be observed in XRD patterns (inset of
Fig. 11(c)). This work introduced a very simple method to obtain flexible
photoanodes with an efficiency of 4.2% achieved on glass substrate. Then
in later report, instead of using TiCl, and TiOSO, as “glue”, the paste was
prepared using Ti-tetraisopropoxide (TTIP) since the as-printed thin-film is

Figure 11. (a) SEM photographs of the TiO, films resulted from the mixed paste as the
raw film. (b) that after 12 hour hydrothermal treatment. (c) the same film at lower magni-
fication. Inset shows the XRD patterns where a, b, c, d indicate the film dried in oven at
100°C, or hydrothermal treated by Ti(OiPr),, TiOSO, and TiCl, respectively. Reprinted
with permission from Ref. 60. (Copyright: 2003 Wiley-VCH.)
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more stable against solvents such as water and ethanol even when it was not
subjected to the hydrothermal treatment.’® Except for heating, a novel UV—-
ozone method was introduced then. The main efforts of using this treatment
was concluded to remove the organic contaminant introduced by TTIP,
which hence provided an effective route to replace high temperature heating
as well as the potential to produce large scale flexible photoanodes.
Additionally, pre-heating the nanoparticles before making paste has also
been proved to have a significant contribution to efficiency because it can
help to remove the absorbed water in the air previously. With pre-heating
treatment, using TTIP as “glue” and UV-ozone treatment, the rigid FTO
substrates based solar cells can achieve an efficiency of 4.89% and 3.27%
by using flexible ITO/PET as substrates. Except for heating, chemical treat-
ment is another effective option. The general aim for this approach is to
develop a paste with high viscosity which can be coated onto substrates to
form good contact and also will not significantly affect performance for the
less binder introduced. What is more, since the paste with appropriate
chemical treatment is of high viscosity, cracks can be easier to avoid for
devices. In an early report, acidic TiO, colloid solution was found to be very
viscous when ammonia solution was added (Fig. 12).%! Also, some other
organic chemicals like PVP has been found effective to realize this aim.®?
All these are methods aimed at avoiding high temperature directly on
the substrates. It is the first and the most important step for fabricating a
planar flexible DSSC photoanode. Even though they have been proved

viscosily = 53 (

4) fliocculation

Figure 12 Effect of ammonia solution on the viscosity of acidic TiO, colloid solution.
Photo images of colloid solution before (left) and after adding certain amount of ammonia
(right). Reprinted with permission from Ref. 61. (Copyright: 2003 WILEY-VCH.)
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effective, the organic contaminants can hardly be totally removed and the
crystallization may still remain poor. Focusing on this issue, unconven-
tional heating methods were introduced. Uchida et al. have brought up an
alternative method by using microwave to provide power so as to enhance
the quality of the as-prepared thin-film.3® This process operated well due
to the different absorption co-efficiency of microwave with certain fre-
quency. Therefore, finding a suitable microwave source which can be
absorbed well by nanomaterials-based thin-film and also be transparent to
the substrate is essential. In this work, temperature changes of different
nanomaterials were thoroughly investigated in Fig. 13. From these figures
we can easily notice that there are great enhancements of temperature with
increased irradiation time for both SnO, and In,Os5. In contrast, TiO, was
found to exhibit moderate coupling to microwaves while there was no
relation between SiO, and microwave. When considering the relatively high
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Figure 13. Temperature as a function of time during 28 GHz, 1 kW microwave irradiation
of (a) SnO,. (b) In,05. (c) TiO,. (d) SiO,. Reprinted with permission from Ref. 58.
(Copyright: 2004 Elsevier.)
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electrical conductivity of SnO, and In,O; which are non-stoichiometric
semiconductors, the good match with microwave may be due to their
higher concentration of conduction electrons. However, increasing tem-
perature of a material caused by microwave—material interactions are
mostly attributed to induction losses from electric conduction. TiO,, a
stoichiometric semiconductor, showed moderate coupling to microwaves
because of its low electrical conductivity and low magnetic induction loss.
The absorbed energy P (Wm™), material-microwave interaction is
explained with the generalized energy loss equation as follows:

P =27 feye, tanSE*V,0, (1)

where f, ¢ are the frequency, dielectric constant, tan ¢ stands for the dielec-
tric and magnetic loss factor value. E, Vs are the electric field values
inside the sample, volume, and shape factor, respectively. An efficiency of
5.51% has been achieved under 0.7 KW microwave radiation for the rigid
substrate based DSSC, and 2.16% was obtained when applying to the
flexible ones. In addition, the frequency of microwave is also important,
which is shown in Fig. 14. The best efficiency was achieved using 1KW,
28 GHz microwave radiation for flexible photoanodes. The importance of
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Figure 14. Comparison of efficiencies in different microwave irradiation at 1 kW for five
minutes for PET-ITO electrodes. Reprinted with permission from Ref. 58. (Copyright:
2004 Elsevier.)
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this research progress is that it provided a new concept of finding new
energy sources to stimulate reaction, including electromagnetic wave that
can be selectively absorbed by certain materials. Even though the effi-
ciency here was still low, if we could find the optimal electromagnetic
wave that can perfectly heat the nano-thin-film while being totally trans-
parent to flexible substrates, flexible flat photoanodes will be successfully
prepared without significant reduction of performance.

Later, a much higher solar cell efficiency of 7.4% based on PEN flex-
ible substrate was achieved using a press method without any heat treat-
ment at all.’>” Here, unlike the techniques introduced before, only TiO,
powder and ethanol were used to make the paste without any other organic
chemicals. With the optimized TiO, particles with different diameters,
investigations were carried out to understand the effect of different treat-
ment. Interestingly, there is a decrease of efficiency after applying heat
treatment compared to compression only. Also from the fact observed
after the heat treatment, the conducting plastic film was warped more than
before. Hence it can be concluded that heat treatment might decrease the
adhesive force between the TiO, nanoparticles and the conducting plastic
substrate. Therefore, in such a situation without any organic chemicals as
binders, heat treatment is unnecessary. Further, with only compression
method, comparison was made between water and ethanol as solution. In
this situation, water is more suitable than ethanol to form the paste,
because the organic solvent might affect the stability of the plastic sub-
strate. The testing results show the highest efficiency of over 7% was
obtained using water as solvent with the optimized film thickness. Finally,
according to previous experience, UV—ozone method was used and the
highest efficiency of 7.4% was realized. This process introduced to us a
completely binder-free and heating-free method to prepare photoanode for
flexible solar cells. In this process, compression is a vital factor to attach
TiO, thin-film onto substrate. As the pressure applied increased, the anode
materials become much harder to be removed according to ISO/DIS
15184 measurement, indicating a less cracking or breaking possibility for
the flexible device when actually in use.%” It should be noticed that the
applied compression melt the TiO, nanoparticle surface and formed the
welded particles, leading to a good mechanical adhesion strength. This
also gives us a clue to realize good flexibility of devices. Also, only
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water used as solvent further opens great opportunities to a simple and
low cost fabrication process towards high efficient flexible PV industry,
which also has the potential to promote the development of printable
electronics.

Additionally, before making TiO, nanoparticles into slurry, special
treatments to the nanostructures, to a certain extent, will help to enhance
the performance. For example, the high temperature pre-annealing will
help to remove the absorbed water and increase the degree of crystalliza-
tion as mentioned above. Also, an interesting ball milling process was
widely applied.%>7% The effect of pre-ball milling of TiO, nanoparticles
was proved by Weerasinghe et al.%* Milling of P-25 TiO, powder was
found to increase the thin-film quality and its mechanical stability, as well
as enlarge the surface area. It is obviously shown in Fig. 15 that thin-film
prepared by milled particles will lead to fewer cracks (Figs. 15(b) and
15(d)) than the non-milled particles (Figs. 15(a)) and 15(c)), which is
proved to be caused by the de-aggregation of TiO, powers during milling
process. De-aggregation leads to much uniform diameter distributions and

Figure 15. Optical microscopic images of TiO, films prepared by using (a) non-milled
an (b) milled slurries and SEM images of TiO, films prepared by using (c) non-milled, and
(d) milled samples (milled time of both samples is 20 hour). Reprinted with permission
from Ref. 63. (Copyright: 2004 Elsevier.)
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(a) (b)

Figure 16. (a) Appearance of the TiO, films on an ITO-coated polyethylene naphthalate
(PEN) substrate as-printed and (b) after cold isostatic pressing when the films were laid on
a wooden bench. Reprinted with permission from Ref. 64. (Copyright: 2011 John Wiley &
Sons, Ltd.)

hence compact thin-film with fewer cracks can be formed. Fewer cracks
formed on electrodes are very important for high quality flexible optoelec-
tronic devices. Meanwhile, this approach can significantly enhance the
dye-loading ability so that the overall energy conversion efficiency is
improved. The optimized efficiency was 4.2% with commercial P-25 TiO,
power. Further, improved work has been carried out by the same group
with an improved process based on ball milling.** After printing the thin-
film, compression was applied to enhance the quality of photoanodes. An
apparent change could be noticed after pressing. And the photoanode
became much more transparent which increased the performance of pho-
toanode as well as its aesthetic value (Fig. 16). The high efficiency of
6.3% and 7.4% were obtained under illumination of 100 and 15 mW/cm?,
respectively, which are the highest among all the flexible DSSC prepared
by using P-25 commercial nanoparticles.

Till here, all progresses introduced above in this section are related to
finding an alternative way of preparing printable titanium dioxide paste
with simple and low temperate process. And all these exciting progresses
will open new vistas for printable PVs. When using plastic substrates,
it has the possibility to absorb light from both sides, which is a
great advantage for the printed flexible DSSCs compared to other tech-
nologies.%® High transparency will also offer the potential to be used in
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special applications like windows of houses and cars with no needs to
occupy extra room (Fig. 17(a)). Also, the property of mechanical flexibil-
ity allows a large-area module to be set on a round surface which is
exposed to diffuse light with multiple incident angles. Figure 17(b) dem-
onstrates an example of a large belt-shaped cell made on ITO-PEN films,
in which the photocurrent is collected by metal films at the edges of the
cell. The high voltage of above 0.7 V can be maintained under exposure
to indoor illumination. If only one side illumination can be acceptable,
metal foil like Ti and stainless steel can be introduced as substrates and
hence the process is the same as using rigid TOC glass since there are
fewer limitations for such substrates except for sacrificing the transpar-
ency (Fig. 17(c)).5%% Therefore, in order to get the transparent flexible
DSSC, the efforts on low temperature and moderate photoanodes fabrication
processes are necessary.

Figure 17. (a) A flexible film-type DSSC made on a belt-shaped plastic ITO-PEN. (b) A
film-type bifacial module of a DSSC comprised of a series connection of six unit cells.
Reprinted with permission from Ref. 66. (Copyright: 2011 American Chemical Society.)
(c) Ti foil based dye-sensitized photoande. Reprinted with permission from Ref. 68.
(Copyright: 2011 John Wiley & Sons, Ltd.) (d) Stainless steel as substrate for flexible
DSSC. Reprinted with permission from Ref. 65. (Copyright: 2005 Elsevier.)
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3.1.1.2. Alternative Methods for Designing TiO, Nanostructures
on Flat Flexible Substrates as Photoanodes

Even though the highest efficiency for DSSC was achieved using nanopar-
ticles printed photoanode,’ different TiO, nanostructures have been widely
investigated for applications in DSSC and stimulating progresses has been
achieved on rigid TCO like 1D 65970 and hierarchy architectures.”'~’* As
for flexible photoanodes fabrication, directly growing nanostructures on
flexible conductive substrates is a convenient and promising strategy.

Ti metal foil is of good flexibility and can be both the raw materials and
substrates for TiO, thin-film deposition. Using a piece of Ti foil, TiO,
nanotube arrays can be obtained according to electrochemical anodiza-
tion, which is a very popular method for research.!”>*’+7° The general
anodization procedure of TiO, foil has been briefly described in the for-
mer chapter, and there are various changes taking place to meet the more
optimized device performance. The first effort on dye-sensitized TiO,
tubes arrays based solar cells was carried out by Macak et al.®’ However,
only very low efficiency of 0.036% was achieved at that time, because the
tube geometry and other experimental factors are far from being opti-
mized. Later, much better performance was obtained for pure TiO, nano-
tubes according to a protective, mild growth process, an efficiency of
5.2% under AM 1.5 illumination was tested by the same group.®! This
work demonstrates vividly how the performance could be enhanced due
to the optimized nanostructures. Before electrochemical anodization, a
positive photoresist coating was applied on Ti foil in order to protect the
initial layer during the anodization procedure. An observed feature of the
non-protected layers is that without precautions, the upper tube end exhib-
its some disordered morphologies in the form of “nanograss” (Fig. 18(a))
or nucleated or bundled nanotubes (Fig. 18(b)) after anodization. This is
a consequence of the permanent thinning of the tube walls caused by the
etching electrolyte. Alternatively, if layers are formed under this protec-
tive condition, after anodization, remnants of an initiation layer are still
preserved which may lead to an efficient use of the nanotube layer (Fig. 18(c)).
With the completed top open morphology, the highest efficiency up to
now for pure TiO, nanotubes was obtained (Fig. 18(d)) and it was con-
cluded to be due to the optimization of charge transport and light



Design of Nanostructures 217

a

E
]
a
2

o
ot = 400
E P g _“—"‘“-. Nucleation layer
E — 350 Open tube
-~ 10 Ny, el 300 —— Grassy tube
Z ", -
5 ‘] e 3 01
Z 6 K % #04
1
. ]
o * Grassy hibes - 100 4
2 + Tubes win nucieation layer an top oy 50
o« Opan bubss i 1
0 T T T J 0 - v - v - "
0.0 0.2 0.4 0.6 1] 400 500 €00 T00 200 00 1000

Potential / V Wavelength / nm

Figure 18. SEM images top view of TiO, nanotubes with different tube tops including
(a) grassy tubes, (b) open tubes with nucleation layer on the top, and (c) completely open
TiO, tubes obtained using a photoresist coating. (d) J-V characteristics under AM 1.5 solar
light illuminations for 16 ym long TiO, nanotubes with different tube top morphologies,
inset: PV performance parameters of DSSC based on TiO, nanotubes. (e) Reflectance
spectra of three different nanotube layers. Reprinted with permission from Ref. 81.
(Copyright: 2010 Elsevier.)

absorption for such nanostructures. However, it seems this nanostructure
is facing great limitation of performance enhancement since the electro-
chemical strategies have been thoroughly investigated by enormous
endeavors already, and it is now hard to make a significant breakthrough
except for introducing new concepts. Hierarchy structures are then intro-
duced to meet this challenge. In fact, since nanoparticles introduced com-
posites’? and surface decoration®? have been proven to have superiorities
in increasing dye-loading or reducing recombination, many efforts have
been taken to combine such 0D structure with 1D morphologies so as to
make good use of the advantages of different sub-units.””-83 Stimulatingly,
significant increase of performance has been made by many research
groups via this strategy. A high global energy conversion efficiency of
nearly 7% was achieved by Lin et al.”
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It is the first report to introduce the concept that using synthesized TiO,
nanotube thin-film as an underlayer for providing a better connection
between TiO, nanoparticles and Ti substrate, which can be explained
using the scheme shown in Fig. 19(a). According to this explanation, elec-
tron transport ability may be highly improved. Significant change also
happened when using nanoparticles for surface decoration. TiCl, post-
treatment has been successfully promoted in research field of DSSC, which is
considered as an effective route to reducing the recombination as well

TiO2 nanoparticles film e —
1 Few connection pointy §
i B T i r T

before treatment after treatment

S0i.am

(b) (d)

Figure 19 TiO, nanotubes based hierarchy structures for flexible dye solar cells. (a)
Scheme of the enhanced contact formed using TiO, underlayer structures. Reprinted with
permission from Ref. 78. (Copyright: 2011 Elsevier.) (b) SEM images of top view TiO,
nanotubes before (left) and after (right) TiCl, treatment. Reprinted with permission from
Ref. 84. (Copyright: 2011 Elsevier.) (c) SEM images of cross section view of TiO,
nanotubes before and after SrTiO3 decoration and (d) mechanism of the formation of
SrTiO; and blocking layer formed by too much decoration. Reprinted with permission
from Ref. 87. (Copyright: 2009 American Chemical Society.)
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as roughening the surface. In the work reported by Schmuki’s group, the
TiO, nanoparticles deposited on the surface of TiO, nanotubes by
hydrolysis of TiCl, eventually doubled the initial efficiency from 1.9% to
3.8% under optimized condition, which is caused by the apparently
roughened surface of nanotubes (Fig. 19(b)).8* Besides, hetero-decora-
tion was also regarded effective to enhance the electrochemical perfor-
mance of TiO, nanotubes.®>%” Zhang er al. has introduced a novel
method by using a simple hydrothermal technique to directly decorate
SrTiO5 onto nanotubes’ surface to make a good match of bandgap struc-
ture, leading to the improved charge transfer characteristics.?” Fig. 19(c)
shows the effect of the Sr(OH), treatment on the pure TiO, nanotubes,
the roughened surface indicates the successful hetero-decoration. And
Fig. 19(d) demonstrates the concluded function of SrTiOs, appropriate
amount of decoration will help to promote the photoelectrochemical activity
while long time treatment may lead to form a blocking layer that may
negatively affect the performance.

Except for direct anodization of the metal substrate, thin-film can also
be formed using electrophoretic deposition method. Unlike other electro-
chemical methods, electrophoretic deposition processes are usually car-
ried out within TiO, nano-powder dispersed solution under applied DC
bias. An efficiency of 6.5% was achieved by Chen et al. by using this
method to deposit commercial TiO, nanoparticles onto titanium foil 3
Figure 20(a) shows the optical photo images of the prepared flexible pho-
toanode and the inset displays its SEM images. However, to obtain such
an acceptable performance, compression and high temperature of 350°C
were needed, which may limit the opportunities for developing flexible
transparent photoanodes.

Facing this problem, this technique was then simplified and extended
to plastic substrate. Without post-annealing, thin-film deposited via elec-
trophoretic method successfully got an efficiency of 5.25% for DSSC
application.?® The anode materials in this work were the lab-made TiO,
nanoparticles which were proved to have better performance than the
commercial ones, and it has been reconfirmed by investigating the effect
of using varied particle size comparing with P25 particles to perform the
electrophoretic deposition process in another report.”” When using the
electrophoretic method, an overall conversion efficiency of 6% was
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Figure 20. FElectrodepositing TiO, nanoparticles on flexible substrates (a) Photo image
of the prepared Ti foil based flexible photoanode using electrophoretic deposition method
and inset shows the SEM image of the deposited photoanode. Reprinted with permission
from Ref. 88. (Copyright: 2011 Elsevier.) (b) Scheme of electrophoretic deposition and the
I-V curve of the full-plastic solar cells made from P25 TiO,. Inset shows the appearance
of flexible dye-sensitized photoanode on ITO/PEN. Reprinted with permission from Ref.
91. (Copyright: 2012 American Chemical Society.) (c) Scheme of the electrospray process
and (d) SEM images of the sprayed TiO, morphology with specific treatment and photo
image of a fabricated flexible DSSC. Reprinted with permission from Ref. 92. (Copyright:
2012 American Chemical Society.)

obtained for 19 nm self-made nanoparticles, which was much higher than
that of commercial Degussa P25 TiO, (5.2%). Under optimized condition
in later report by Yin et al. an enhanced efficiency of 5.76% was obtained
for the full-plastic DSSC using electrophoretic method to deposit Degussa
P25 on ITO/PEN as photoanodes (Fig. 20(b)).”" There are many other
convenient physical deposition methods as well. Electrospray process was
developed recently by Lee et al. and an efficiency of 5.57% was achieved
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after compression and low-temperature chemical treatment.””> Figures
20(c) and 20(d) vividly show the general process of deposition and the
obtained micromorphology, respectively. Besides, laser direct-write tech-
nique,”? atomic layer deposition,”* sputtering method”, and so on were,
though not so widely, but proved quite useful in developing flexible dye
solar cell photoanodes. Overall, all these methods seem to be effective
alternative ways to fabricate flexible nanoparticles based photoanodes.
Provided we could design high quality and suitable nanoparticles,
it would be possible to make a significant breakthrough in the field of
flexible DSSCs.

Since plastic substrate cannot bear high temperature annealing as well
as strong acid or alkaline during synthesis procedure, transferring or trans-
planting is a very promising strategy intensively investigated. To conveni-
ently transfer active materials on substrate, the first thing is to obtain high
quality, large-scale and self-standing thin-film materials.**’!739697 The
most popular and widely investigated kind of nanostructures that can be
transferred to substrates for DSSC applications are TiO, nanotube arrays
synthesized by electrochemical anodization. The idea of detaching this
nanostructure from Ti foil was first brought up by Park ef al.®® As is men-
tioned in the work, the traditional anodization method was first repeated
to obtain the highly ordered nanotubes. Then a simple hydrochloric acid
treatment process was applied and the TiO, thin film could be separated
from the substrate automatically. And this thin-film consisted of TiO,
nanotubes was transferred onto FTO glass and achieved a very high over-
all energy conversion efficiency of 7.6%. Further, based on 1D nanostruc-
ture and the transplanting technique, together with appropriate structure
design by introducing nanoparticles (Fig. 21(a)), a much higher perfor-
mance has been realized (8.8%).”> However, this approach contains a
serious flaw. For such a piece of TiO, thin-film, each nanotube is aligned
very intensively as can be seen from the SEM images in Fig. 21(a). As a
result, if the nanotube thin-film is used to fabricate flexible solar cell, the
device cannot suffer from bending or stretching since there will seldom be
inner space for the compact anode materials to release pressure. Therefore,
finding a suitable transplanting nanostructure is essential. In our recent
work, a template introduced novel cloth-shape thin-film consisting of
enormous nanorods were synthesized with wonderful transferability.'?
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Figure 21. Transfer method to fabricate DSSCs (a) Scheme and SEM images of devices
structure constructed using nanorods and nanotubes together. Reprinted with permission
from Ref. 73. (Copyright: 2011 American Chemical Society.) (b) Transferring cloth-shape
nanostructured thin-film onto different substrates. Reprinted with permission from Ref. 12.
(Copyright: 2011 American Chemical Society.) (c) Enhanced performance by using the
concept of device structure optimization. Multilayer device fabrication process (left) and the
mechanism of enhanced performance (right). Reprinted with permission from Ref. 13.
(Copyright: The Royal Society of Chemistry 2012.) (d) Inverted method to transfer the
already dye-sensitized TiO, nanowires/nanoparticles thin-film. Inset shows the free-standing
hybrid thin-film. Reprinted with permission from Ref. 98. (Copyright: 2011 Elsevier Ltd.)

More importantly, as can be seen from the left of Fig. 21(b), a large piece
of free-standing TiO, cloth can be conveniently bended to form a perfect
arch without any damage to the original structure. The good flexibility is
due to the preserved texture structure containing enough interspace and
holes to release pressure under mechanical forces. The right of Fig. 21(b)
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demonstrates the possibilities of using it for flexible applications since
theoretically it can be transferred onto any substrate conveniently. This
interesting nanostructure was also investigated for DSSC application but
just over 2% global efficiency was achieved. Further, with the concept of
structure optimization, directly deposited TiO, nanorod arrays were used
as the underlayer to enhance connection between anode materials and the
conductive contact (Fig. 21(c)).!* Meanwhile, by adjusting the layers of
transplanted thin-films, the initial efficiency has been doubled. Even
though all these works have been done by using rigid FTO substrates,
great potentials do exist when considering flexible applications as the
free-standing nanostructure films can be easily transferred onto any sub-
strate using this simple method. Relating to this approach, another urgent
issue is to find out an effective way to finish the transplanting process, that
is, to find a suitable “glue” to form good attachment between active mate-
rials and plastic electrodes. The solution to such problem can be referred
back to the low-temperature crystallizing techniques as mentioned before,
because all those pastes in such processes can act as glue to adhere TiO,
nano-thin-film on substrates. Interestingly, flexible DSSC photoanodes
could be fabricated by an inverted method to transfer the already dye-
sensitized free-standing TiO, nanowires/nanoparticles thin-film onto flex-
ible substrates like polydimethylsiloxane (PDMS) (Fig. 21(d)). Conductive
layer (ITO) was formed directly on materials before the transfer process.”®
This approach has offered a perfect alternative method to transfer thin-
film for optoelectronic devices to avoid the problem of using glue.
Advantages of using the large-scale, free-standing nanostructure thin-film
for device application are obvious. For instance, the anode materials are
already of high crystallization, fabrication procedure is easy to operate, so
the final performance of devices will be largely determined by the quality
of the thin-films themselves, namely, wakening other interference factors
for performance. Also, the flexibility requirement should be satisfied,
which means the free-standing thin-film materials should be carefully
tested before device fabrication to see if their mechanical properties can
match well with the flexible substrates. Since the transferring methods for
fabricating solar cells is emerging very fast recently, we believe it could
be, together with printing electronics, promising for developing the next
generation flexible DSSCs.
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3.1.1.3. Flat Flexible Photoanodes Based on ZnO Nanostructures

Admittedly, the research of DSSCs is dominated by TiO, since it is the
most widely investigated material in this field. The DSSC is a compli-
cated system and nearly all other components like dyes and electrolyte
currently match TiO, better than other kinds of wide-bandgap materials.
It may make us easily ignore the potential of other materials. But still, we
have reasons to believe there would be some other more suitable candi-
dates when applying for DSSC photoanodes. ZnO is considered as quite
a promising material for DSSC applications and many stimulating pro-
gresses have been achieved.”~!% Especially for the application of ZnO
nanowire arrays, the highest efficiency of 7% was achieved by using
interesting techniques to grow ZnO arrays with length of 40 ym on sub-
strate by Xu et al.'% The relatively simple material depositing methods
led to high efficiency of the fabricated devices, making zinc oxide very
promising for flexible PV applications. Similarly, ZnO nanoparticles can
also be made into paste by printing or coating process to fabricate
DSSCs.% However, the performance of flexible porous nanoparticulate
Zn0O based DSSCs can hardly compare to that of TiO, DSSC since TiO,
photoanodes have functioned within a relatively optimized electrochemi-
cal system. Then it was the intensive investigations relating to growing
1D ZnO nanostructure arrays on flexible substrates through a low tem-
perature and mild condition that started to reveal the superiorities of ZnO
solar cells. Generally, ZnO nanowire/nanorod arrays can be obtained by
a two-step method: firstly, a “seeds” layer was deposited onto substrate
by spin-coating, and then nanowire arrays can be formed through a low
temperature (around 120-150°C) hydrothermal method. Therefore, it can
be easily deposited onto flexible substrate like paper,'’” metal'®® or
plastics.!®”

The advantage of using ZnO nanowire arrays as photoanode materials
is apparent when comparing to the compact or porous thin-film consisting
of nanoparticles. As shown in Fig. 22(a), the bending stress in a
mesoporous network has to be released through network deformation,
leading to cracks or peeling, while orderly aligned nanowires can effi-
ciently release the bending stress in the film through the gap between
nanowires.'% To test the mechanical bendability of the flexible nanowire
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Figure 22. ZnO nanostructures for flexible photoanodes of DSSC. (a) Schematic shows
of the bending stress release in nanocrystalline films of nanowire array and mesoporous
network. Reprinted with permission from Ref. 109. (Copyright: 2008 American Institute
of Physics.) (b) SEM image of ZnO nanowire arrays grown on ITO/PEN. Reprinted with
permission from Ref. 110. (Copyright: 2012 Elsevier.) (c) Digital photograph and SEM
image of flexible ZnO nanoparticles assembled cloth and its application for bendable
photodetectors. Reprinted with permission from Ref. 115. (Copyright: The Royal Society
of Chemistry 2012.) (d) UV detector performance of ZnO nanorod arrays on paper and the
schematic and SEM images of the device are shown as insets. Reprinted with permission
from Ref. 107. (Copyright: 2010 Wiley-VCH.)

substrates, the film was manually bended to an extreme bending radius of
2 mm for several cycles and was further bended 2,000 cycles with bending
radius of 5 mm using a bending machine. After bending, there are no vis-
ible cracks or signs of peeling off in the film, while after several cycles of
bending test with a bending radius of 10 mm, visible cracks and peeling
off could be clearly seen in the porous ZnO film. The results confirmed
the superiority of 1D nanoarrays when used for flexible devices.
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Figure 22(b) shows a typical example of growing ZnO nanowire arrays
on conductive plastic substrate.!!® Obviously, carefully adjusting the
width of the gaps is important to avoid cracks. But the conventional
hydrothermal processes are always full of unpredictable developments,
which makes it hard to find the suitable reaction condition to accurately
control the distance between nanowires. Herein we would like to intro-
duce an interesting work done by Kim et al. who brought up a novel
concept of developing the periodically aligned single crystalline vertical
ZnO nanorods arrays.'!! Using this structure design technique, stress can
be efficiently released and hence good bendability can be preserved. The
highly ordered nanorod bundles with designed distance were achieved
using a simple zinc metal pillar arrays transferring method. Then after the
weak alkaline treatment, periodically aligned zinc oxide nanowires can
eventually be obtained. The DSSC with the well-aligned ZnO NR array
released the bending strain efficiently, and therefore maintained device
performance after 500 bending cycles. Distance between individual bun-
dles can be effectively controlled by this nanostructure design strategy.
However, a well-designed distance is necessary for this structure, because
as we know the enlarged distance can reduce the possibility of cracks
while the dye-loading ability may be negatively affected (lower density of
Zn0). Solar cell efficiency can be further improved by means of using
compact layer to enhance the contact and charge collection,'!? introducing
hierarchy construction such as adding nanoparticles to the system,!'?%!1°
or using other materials like TiO, and SnO, to make a composite anode
structure.''3!'* Except for 1D nanostructure, many other interesting zinc
oxide morphologies or architectures have been obtained and used for vari-
ous electronic applications. It may also give great opportunities to have a
thorough understanding of the influence caused by different ZnO nano-
structures on the overall performance of flexible PV devices in future
research. For example, we have synthesized a ZnO-nanoparticle-assembled
cloth with a simple template removing method and used it for flexible
photodetectors and recyclable photocatalysts (Fig. 22(e)).!" Just as dis-
cussed before, this type of flexible self-standing nanostructured thin-film
also contains great potential in applying for flexible DSSCs as it can be
easily attached onto plastic substrates via a simple transfer method.'>!3
After 20, 60, 100 cycles of severe bending, the electrical property has



Design of Nanostructures 227

been perfectly preserved, proving the excellent flexibily of this material.
Also, in another work, the possibility of growing ZnO nanorods arrays
on paper substrates for optoelectronic applications has been confirmed
(Fig. 22(f)),'"7 indicating a great potential to successfully develop novel
applications like paper-shaped DSSCs, provided more highly conductive
and flexible paper-like substrates were invented in the future.

Except for ZnO and TiO,, other n-type materials like SnO,,''®-!!8
WO;, %120 or p-type materials such as NiO'?"1?2 and CuAlO,'?*-! have
been investigated in terms of their potentials in applying for photoanodes
of DSSCs. However, there is still a long way to go in order to use these
materials for practical PV applications. Since their efficiency still remains
quite low compared to TiO, based devices, reports about nanomaterials
based flexible DSSC apart from TiO, and ZnO are very few. Mostly they
are playing important roles in effectively assisting the mainstream materi-
als like TiO, and ZnO by surface decoration or making composite in
enhancing the optoelectronic performance,’”-83126
ered as another promising direction to promote the development of current
flexible DSSC research.

which can be consid-

3.1.1.4. Design of Nanostructures for Counter-Electrodes of DSSC

Counter electrode is another very important part within the system of
DSSCs. The coated thin-films on its surface function as the catalysts to
promote the electron delivering and accepting between electrolyte and the
back contact. The quality of counter electrode materials and structures
will, to a large extent, affect the final performance of a whole device.
Traditionally, platinum has been widely used as active materials for coun-
ter electrode in electrochemical applications because of its good catalytic
property and high conductivity. In a typical counter electrode fabrication
process, thermal decomposition and sputtering are intensively used to
form high quality thin-film on rigid TCO glass.”!?” There will be prob-
lems when extending to the flexible electrochemical PV field, such
unbearable high temperature (400-500°C) for decomposition of certain
chemicals (chloroplatinic acid) and relatively expensive process with poor
transparency caused by sputtering. Many efforts have been taken to solve
such problems and offer alternative solutions. For example, electrodeposition
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can help to realize the cost effective aim of depositing Pt onto flexible
substrate instead of sputtering and thermal chemical methods.'?%1%°
Figure 23(a) illustrates an example of electrodepositing platinum clusters
onto ITO/PET to form highly transparent counter electrode.!?® Also, ther-
mal treatment can be replaced by alternative chemical methods to reduce
chloroplatinic acid.'°

However, no matter how well we can optimize the depositing process,
the expensive platinum we used leads to an unavoidable high cost of fab-
ricating a whole solar cell. Instead, carbon or graphene nanostructures
were introduced and tested for its potential in photoelectrochemical cell
applications. Surprisingly, it showed competitive performance in many
reports and was even superior in specific related areas such as inorganic/
organic hybrid DSSCs'?!' and flexible DSSC. Similar to the traditional
photoanode preparation, the cathodes can also be produced using the car-
bon nanostructure based paste coating process.'*? Chen et al. has reported
a heating-free method to prepare activated carbon paste assisted with ter-
pineol and SnO, nanoparticles. High efficiency of 6.46% was achieved by
depositing this paste onto flexible graphite sheet as a pure carbon counter
electrode, which can be compared to that of Pt/FTO cathode based DSSC
(6.37%). As a result, this counter electrode structure may open new strate-
gies towards high performance and totally flexible photoelectrochemical
applications. Besides, there are some other ways to deposit carbon materi-
als onto flexible substrate. For instance, laser technique can also be used
to fulfil this aim.'?® Pulsed laser deposition (PLD) route was used to pre-
pare graphite counter electrodes. PLD is a promising low-cost method for
the preparation of thin-films on a wide range of substrates including
plastics. Figure 23(b) shows the optical image of the laser deposited
graphite film, from which we can notice, the transparency of the substrate
was still preserved and the color indicates the uniform distribution of
graphite. Also, an interesting concept of using the dispersed plasma modi-
fied freestanding flexible single-wall carbon nanotube (SWNT) films
(bulk paper) to fabricate the counter electrode was introduced by Roy
et al."** This material could be instrumental in developing Pt-free DSSCs,
especially in cases where flexibility is important. Even though in this
work, solar cells were made from rigid substrate, it can use the same pro-
cess to conveniently deposit carbon materials on plastic substrates since
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Figure 23. Design nanostructure for counter electrodes of flexible PV applications. (a)
Electrodepositing platinum clusters onto ITO/PET to form highly transparent counter
electrode. Reprinted with permission from Ref. 128. (Copyright: 2012 American Chemical
Society.) (b) The optical image of the laser deposited graphite film. Reprinted with permis-
sion from Ref. 133. (Copyright: 2010 American Institute of Physics.) (¢c) Schematic of the
CVD graphene transfer process onto transparent substrates. Photographs show highly
transparent graphene films transferred onto glass (left) and PET (right). Reprinted with
permission from Ref. 135. (Copyright: 2010 American Chemical Society.) (d) Optical
image of a CNT sheet with thickness of 20 nm on a marked paper (upside) and A flexible
CNT sheet on ITO/PEN (left); SEM image of a CNT sheet (right). Reprinted with permis-
sion from Ref. 136. (Copyright: 2011 Wiley-VCH.) (e) Real picture (left) of a CNT-based
monolithic counter electrodes and a schematic representation (right) of etching treatment
effect. Reprinted with permission from Ref. 138. (Copyright: 2011 American Chemical
Society.)
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there were no heat or other extra treatments. Furthermore, the large scale,
free-standing materials hold the possibility to be directly used for flexible
solar cells with a simple transfer method. For instance, a facile process to
form the transferrable transparent graphene thin-film was brought up by
De Arco et al.'® including a CVD method to grow graphene thin-film,
then a polymer coating and metal etching step to form the transferrable
film. The final transfer process was finished by dissolving the polymer
with acetone. General steps are presented in Fig. 23(c) which also shows
the photo images of the graphene coated glass (left) and PET (right). In
another work, an ultrathin, highly transparent and aligned carbon nano-
tube sheet (ACNT) (Fig. 23(d)) can be formed using a very simple spun
method.!?® It can be transferred onto ITO/PEN substrates by a simple
method as can be seen from the optical photograph in this figure.

Except for transferring or depositing activated materials onto sub-
jects, free-standing carbon thin-film itself seems to be quite promising
in directly using for flexible DSSC. Malara and his co-workers reported
a novel technique to obtain the flexible free-standing ACNT/nanocom-
posite foil as counter electrode for DSSC with a high efficiency of
7.26%.'37 The implementation of such an engineered flexible catalyst
foil may represent an extremely valid solution to the problems relating
to the weak substrate adhesion strength attributed to the coating-based
approaches (especially in the case of plastic substrates) as well as the
extreme volatility of CNTs deposited by conventional spray-coating or
ink-jet printing techniques. Another example of developing a free-
standing composite plate and using it for DSSC cathodes is shown in
Fig. 23(e), in which the carbon based composite bulk materials were
formed by mixing carbon nanotubes together with polymers, following
a double-side etching treatment to further improve the conductivity and
catalytic activity.'3?

Using carbon materials as counter electrodes for DSSC has already
proved to be quite efficient and can be compared to that made of Pt. In
some situations, composites made by mixing platinum particles together
with carbon materials showed even better performance.'*'*’ Nanostructured
conductive polymer was also introduced to the area of flexible counter
electrode for DSSC. In the article published by Peng et al. conductive poly-
aniline—polylactic acid composite nanofibers was formed by electrospun
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method and applied for DSSC cathodes.'*! The photoelectric conversion
efficiency of the DSSCs based on such rigid and flexible polymer counter
electrodes achieves 5.3% and 3.1% under 1 sun illumination (AM 1.5),
respectively, which is close to that of sputtered Pt-based DSSCs. Therefore,
it may lead to a prospective development for new generation flexible
cathode for DSSCs.

Still, new strategies and alternative materials are intensively being
investigated, the new record of efficiency caused by invention of novel
counter electrodes nanostructure are being updated almost every minute.
Even though this field is predominantly platinum and carbon based, we
should have the courage to explore other materials with new nanostructure
since some of them begin to show stimulating progresses now.!4>!43 A
high quality counter electrode for flexible DSSCs must be with high elec-
trochemically catalytic activity, high conductivity, good transparency and
of course the superior flexibility and bendability. Designing nanostructure
towards that goal is an important direction to developing high quality flex-
ible electrochemical energy conversion devices.

3.1.1.5. Novel Constructions of Flexible DSSCs

DSSCs can be considered a great invention in this century not just because
it can help to solve severe problems in traditional PVs, it also helps to
boost the imagination and innovation in the research field. Since these
electrochemical solar cells can be fabricated by simply sandwiching the
basic components together, it offers the possibility to form different kinds
of device structure by depositing nanostructured active materials onto
novel substrates or introducing new concept of assembling the whole cell.
Especially, novelty exists more often when designing flexible DSSC.
Wire-shaped or fiber based DSSCs are developing really fast recently
and enormous progresses focusing on this area have been reported. Using
wire-shaped substrates instead of flat ones is the general strategy to obtain
the 1D device macrostructure. High flexibility is obviously a very signifi-
cant advantage for fiber-shaped devices, which made them easy to be
integrated into daily products like clothes and especially promising for
military applications. The wire-like solar cells have the possibility to har-
vest sunlight illumination from any direction no matter whether the
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substrates are transparent or not. As a result, metals like copper, titanium
and stainless steel wires were widely applied as substrates for DSSC
research since they have good temperature-resistance and excellent flexi-
bility. In an early, interesting work reported by Zou and co-workers,'**
using the traditional paste coating process TiO, thin-film was deposited on
the surface of stainless steel fiber, which was then twisted together with a
platinum wire functioning as the counter electrode. The general structure
is vividly displayed in Fig. 24, through which the general construction can
be observed and an energy conversion efficiency of 2% was eventually
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Figure 24. (a) Optical photo of a twisted WSF-DSSC (Uncut; Radius:~ 0.2 mm); (b) and
(c) SEM photo of a WSF-DSSC (top view); (d) SEM photo of a WSF-DSSC (sectional
view); Reprinted with permission from Ref. 144. (Copyright: 2008 WILEY-VCH.)
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achieved by the optimized device structure. Later, there were efforts taken
to replace the liquid electrolytes with the solid ones such as Cul, which
effectively helped to solve the sealing problem of the liquid ones since its
performance remained stable after 500 hour.'*> However, even though
solid state will be one of the main directions for the development of future
electronics, the current performance is too poor to be practically used.
This field still has quite a long way to go. Finding a facile technique to
encapsulate the conventional liquid-state fiber-shaped solar cells must be
even more urgent for current research. Lv and co-workers in the same
group brought up a novel sealing method to keep the liquid electrolyte
based DSSC stable.'*® In a typical sealing step, a glass capillary was intro-
duced to keep electrolyte and electrodes inside, two ends of which were
later sealed by wax. This process was frequently referred and further
developed by other researchers focusing on wire-shaped solar cells.'¥
Further investigation on the promising device structure with appropriate
optimization was then carried out, the efficiency of TiO, nanoparticle col-
loids based wire-like dye DSSC alone reached 7.02% and the maximum
power output was enhanced by a factor of two and five, respectively, when
the fiber was in conjunction with a diffuse reflector or a microlight con-
centrating groove. '

Apart from dip-coating, nanostructures especially 1D constructions
grown directly on surface of fibers are considered to form better electric
contact and hence lead to a better electron transport property. Titanium
wires were intensively used as anode electrode since it specially matches
well with TiO,. Consequently, it is easy to bring up the idea of using ano-
dized Ti wire for fiber-like DSSC photoanode.'*’ In Lv et al.’s work, the
photoelectric conversion efficiency of a completely flexible fiber-shaped
DSSC based on TiO, nanotube arrays approaches 7% under standard solar
simulator. Highly ordered nanorods can also be deposited around conduc-
tive fibers. It is well known that ZnO can be easily deposited on TCO
substrates so that it is easy for researchers to think of the idea of using
fiber-shape TCO substrates to make flexible solar cells. Using ITO coated
optical fiber, Weintraub et al. has successfully fabricated wire-like DSSC
based on ZnO nanorod arrays/optical fiber (Fig. 25(a)) and the device
construction is shown in Fig. 25(b),"% which made a good combination of
PV effect and optical waveguide and proposed to open a new route to
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Figure 25. 1D nanostructures grown on metal wires for fiber-shape DSSCs. (a) Structure
of the wire-like DSSC based on ZnO nanorod arrays/optical fiber and (b) SEM image of
ZnO nanowire arrays on ITO/optical fiber. Reprinted with permission from Ref. 150.
(Copyright: 2009 Wiley-VCH.) (c) Digital photograph of ZnO nanowires based wire-
shape DSSC and (d) the SEM image of the photoanode. Reprinted with permission from
Ref. 108. (Copyright: 2012 Wiley-VCH.) (e) The construction and SEM image of TiO,
nanorod arrays/ carbon fiber based DSSC. Reprinted with permission from Ref. 147.
(Copyright: 2012 American Chemical Society.) (f) The structure of singlewire dye solar
cell and its microstructure. Reprinted with permission from Ref. 152. (Copyright: 2011
American Chemical Society.)
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develop fiber solar cells for special applications. ZnO has been synthesized
on the surface of stainless steel as well. The PV device construction under
digital camera and the microstructure of photoanode are illustrated in Figs.
25(c) and 25(d), respectively.108 In our previous work mentioned in the
former chapter, highly ordered TiO, nanorods were deposited onto carbon
fibers,'> which may hold the potential to develop the low-cost and highly
efficient fiber-shape PV devices. In fact, this idea has been successfully
realized later by Guo et al. via using the similar TiO,/carbon fiber struc-
ture as photoanode (Fig. 25(e)).'*” A high efficiency of 1.28% was
obtained for the first time using carbon fibers as substrates for photoan-
odes. The concept was even extended to make a full-carbon based fiber
DSSC with an efficiency of 2.94% instead of using platinum as counter
electrode.'>! The idea of using carbon fiber as both anode and cathode help
to significantly enhance the flexibility of devices as well as largely reduce
the cost. In fact, carbon materials can be obtained with various nanostruc-
tures and hence it can help to promote performance enhancement on one
hand and the relatively light weight makes carbon fibers promising in
developing portable, bendable and textile optoelectronic applications on
the other. Nowadays, the two-wire twisted solar cell structures are devel-
oping very well for the advantages including low fabrication cost, easy to
handle, etc. However, problems do exist at the mean time. For instance,
failing to thoroughly cover the anode substrate will lead to the direct con-
tact between two electrodes, resulting short-circuit accident may cause
disasters. Encapsulation is another problem when using two-wire system,
which may, to some extent, limit the possibilities of weaving into textiles
in the future. Therefore, singlewire DSSC is urgently demanded and
research focusing in this direction is highly valued. Figure 25(f) shows an
example of how to integrate anode (TiO, nanotubes/Ti wire) and cathode
(carbon nanotubes) on a single metal wire.’2 A singlewire structure also
promises better device stability and flexibility, which is important for
integration in textile and fabric electronics.

Fiber-structure PV devices attract great attention today, for which
the most important reason is probably the potential to integrate into
large-scale flexible textiles by traditional weaving process. Hence it offers
possibilities to fulfill the early fairy tales that we can wear clothes woven
by solar cell wires. To fulfill that aim, directly using substrates with woven
structure can be an alternative choice. Metal meshes have been widely
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used as substrates for DSSCs since they have great superiorities compared
to metal foils like less weight and much high transparency. These advan-
tages certainly can help to provide possibilities to harvest sunlight from
both sides which seems to be impossible for the traditional metal foils.
Except for the wire-shaped cells, Zou’s research group also devoted to
mesh-like cells in relatively early time.'>* Even though the efficiency was
quite low (1.49%), it offered a new direction towards TCO-free fully
transparent DSSCs. From Fig. 26(a) we can vividly notice that the ultra-
light and highly transparent photoanodes can be obtained based on stain-
less steel mesh. Similar to the fiber DSSC, TiO, nanotubes were obtained
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Figure 26. Metal meshes based photoanodes for flexible DSSC. (a) Optical photo of the
as-prepared electrode (upper) and the net substrate (lower) and the corresponding SEM
images (right). Reprinted with permission from Ref. 153. (Copyright: 2007 American
Institute of Physics.) (b) Pictures of TiO, nanotube arrays on Ti mesh (50-mesh) fabricated
by anodization. Reprinted with permission from Ref. 79. (Copyright: 2009 American
Chemical Society.) (c) Optical photographs of the flexible TiO2/Ti working electrode.
Reprinted with permission from Ref. 154. (Copyright: 2012 IOP Publishing Ltd.) (d)
Structure diagram and the computational formula of light transmittance of the Ti mesh.
Reprinted with permission from Ref. 155. (Copyright: 2012 Elsevier.)
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on Ti mesh by Liu ef al. shown in Fig. 26(b) which shows the macroscopic
and microscopic images of the photoanodes clearly.”” Recently, a much
higher efficiency of 5.3% was achieved by optimization of the nanostruc-
ture of photoanodes and 11 ym TiO, nanotubes were proved to have the
best performance.'>* Unique advantages of titanium mesh includes, as the
photograph demonstrated in Fig. 26(c), availability of front illumination,
high surface area, and low sheet resistance, which made it a competitive
candidate in future flexible DSSC applications. Figure 26(d) shows the
structure diagram of the Ti mesh and the computational formula of light
transmittance of the Ti mesh.'>® Where TB is the diagonal line breadth, TL
is the diagonal line length of the Ti mesh and W is the width of the Ti
mesh infarction. As a result, we can choose the specifically designed Ti
mesh to make a better optimization of conductivity, power generation
density and more importantly, transmittance of certain devices. In this
publication, an effective surface treatment performed by NaOH and HF
was brought up and much better performance could be obtained for pt/Ti
mesh counter electrodes. Besides, many stimulating progresses have been
made by designing various nanostructure on titanium and stainless steel
mesh as photoanodes.' %15 All these efforts have proved the possibilities
to make high-quality DSSC by using metal mesh electrode.

Comparing with traditional liquid state solar cells, quasi-solid and all-
solid state electrolyte can be more conveniently applied for fabricating
flexible devices for its relative stability.'>”-!%° Figure 27 shows an interest-
ing scheme of using the electrolyte sheet to prepare dye solar cells with

Dye-sensitized TiO2 film Electrolyte sheet

TCO substrate Platinum film

Figure 27. Scheme of using the electrolyte sheet to prepare dye solar cells and the inset
shows the photograph of prepared electrolyte sheet. Reprinted with permission from
Ref. 160. (Copyright: 2011 Elsevier Ltd.)
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an efficiency of 2.25% and optical digital image is depicted in its inset,'*°
which indicates a promising route towards facile solid state devices fabri-
cation. The next generation flexible DSSCs must be full of novelty, highly
efficient as well as solid state, which is the general aim for current
researchers to fulfil.

3.1.2. Quantum Dots Based Flexible PV Devices

DSSC is considered as the most important success of nano-based PV
application. Except for that, quantum dot solar cell is a newly emerging
area using quantum confinement to fabricate devices with optimized light
harvesting ability. Instead of using organic or rare-metal complex sensi-
tizer, quantum dots are used to synthesize wide-bandgap inorganic nano-
structure (TiO,, ZnO, etc.,) to prepare solar cells. Because of its relatively
low efficiency for the rigid applications, reports on flexible quantum dot
sensitized solar cells are limited, but still some exciting progress were
made in this area. For example, CdS/CdSe quantum dot sensitized solar
cells have also been made into fiber-like twisted construction and showed
significant PV effect by Meng’s group,'®! which is shown in Fig. 28. Mesh
based and flat flexible quantum dot sensitized solar cells have also been
developed and acceptable performance has been achieved.!%>~1%* Comparing
with other widely used artificial sensitizer, superiorities including low-cost,
controllable bandgap width make quantum dots competitive candidates in
light capturing for solar cells.

Cu,S Counter |

Electrode
Fibrous
Photoanode
Polysulfide
Electrolyte
(a) (b)

Figure 28. Configuration (a) and photo (b) of a fibrous QD-SSC. Reprinted with permis-
sion from Ref. 161. (Copyright: 2010 IOP Publishing Ltd.)
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Figure 29. Architectures of quantum dots based Schottky cell and depleted heterojunc-
tion cell.

Apart from electrochemical cells, quantum dots based schottky cells
and depleted heterojunction cells do attract great attention. The general
construction of the two types of solar cells are shown in Fig. 29. Highest
efficiency of over 5% was achieved with these constructions by
Sargent’s group.'® However, there are still many fundamental and prac-
tical problems existing in this area, and hence most of the reports focus
merely on fabricating devices on rigid substrates. Quantum dots are
usually CdS, CdSe, PbS, etc., which consists of abundant elements on
the earth. It opens vistas for fabricating low-cost PV devices and then
modules in the next step. The goal of lowering module costs is being
pursued by constructing solar cells on flexible substrates and employing
semiconductors and conductors that can be applied for the liquid phase
at low temperatures. Flexible, lightweight substrates offer additional
advantages such as lowering the solar module weight, which reduces
installation costs. The solution-processed quantum dot solar cells can be
made through various techniques such as spray painting, reel-to-reel
printing and ink-jet printing (Fig. 30), indicating its significant potential
in new generation flexible PV applications.'®® Quantum dot solar cells,
with great possibility to perfectly match the solar spectra through band-
gap optimization, may bring a great revolution to the thin-film PV field,
especially for flexible solar cells. Therefore, flexible quantum dot solar
cell is believed to become a very attractive research direction.
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Figure 30. After synthesis, the colloidal quantum dots are deposited onto a fexible sub-
strate at low temperature. Processing techniques for achieving this include spin-coat-
ing, spray-coating, reel-to-reel printing and ink-jet printing. Reprinted with permission from
Ref. 166. (Copyright: 2012 Macmillan Publishers Limited.)

3.1.3. Other Flexible PV Technologies

Since the first generation solar cells fulfil the initial fantasy of using
sunlight directly for power generation, people begin to think about the
possibilities to make this technology more flexible and portable, which
was made possible by the emerging of thin-film photovoltaics. When the
active materials become a very thin layer (micrometer scale) deposited
onto flexible substrates like polymer or metal foils, devices usually can be
bent without serious cracks. For example, Cu(In,Ga)Se, (CIGS) and CdTe
thin-film solar cells with efficiency of more than 18% and 13% have been
achieved on flexible substrates by Tiwari’s group.' Fabrication techniques
were either thermal evaporation or sputtering according to a layer-by-
layer microscale thin-film deposition method. The roll-to-roll method was
also introduced to fabricate large-scale flexible solar cells where the active
materials and buffer layers were deposited through co-evaporation and
chemical bath deposition.'®” The general configuration is shown in Fig.
31(a). The use of roll-to-roll equipment results in a 100 m long and 0.2 m
wide solar cell band, as seen in Fig. 31(b). The general roll-to-roll process
to fabricate CIGS solar cells is displayed in Fig. 31(c), through which
flexible solar cells and other large-scale flexible electronic applications
can be easily and efficiently realized. Printing is another effective means
for fabricating flexible solar cells as mentioned in the former sections,
which will surely simplify the thin-film fabrication process and lower its
cost if CdTe or CIGS can be printable.
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Figure 31. Roll-to-roll methods to fabricate large-scale thin-film solar cells. (a) General
configuration of CIGS solar cells. (b) Picture of a large-scale solar band. (c) Schematic
drawing of a continuous roll-to-roll fabrication process for the fabrication of flexible
thin-film CIGS solar cells. Reprinted with permission from Ref. 167. (Copyright: 2005
Elsevier.)

In fact, a few progresses focusing on this area have already been
reported.'%®172 Panthani and co-workers have successfully synthesized
CIGS crystal “ink” with controllable particle sizes for printable PVs.!”* The
In/Ga ratio in the CIGS nanocrystals could be controlled by varying the In/
Ga reactant ratio in the reaction, and the optical properties of the CulnS,
and CIGS nanocrystals correspond to those of the respective bulk materials.
Figures 32(a)-32(d) depicts the TEM images of CIGS with varied In/Ga
ratio, indicating the high quality and the dispersed nanocrystals can be suc-
cessfully obtained with solution based chemical method. The photo images
of CIGS ink are shown in Figs. 32(e) and 32(f), which vividly described
how “ink” can be deposited onto substrate for solar cell applications.
Although the devices fabricated through this method exhibited relatively
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Figure 32. TEM images of Culn,Ga;_,Se, nanocrystals with (a) x = 0.79, (b) 0.56, (c)
0.21, and (d) 0. (e) Photograph of a CulnSe, nanocrystal dispersion and (f) the deposition
of thin-films on an array of glass substrates. Reprinted with permission from Ref. 173.
(Copyright: 2008 American Chemical Society.)
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low performance, the idea of nanocrystal “ink™ for printing electronics is
believed to open a new direction towards future flexible thin-film PVs.
Nanostructure can be perfectly designed with a low-cost, solution-based
method as photo active materials, and it can be further dispersed into suit-
able chemicals to prepare “ink”. But still, there are many obstacles that
make it hard to develop this process. For instance, the solution of the “ink™
is hardly to be entirely removed after deposition. Poor contact will be
formed between semiconductor and electrodes with printing deposition.
Quality of the thin-film is relatively low and cracks and holes are easily
formed. In order to effectively solve these identified problems, high quality
photo active nanostructures are needed to be synthesized and a convenient
route to perform the deposition process is urgently required.

Except for all the inorganic thin-film technologies, organic PV is
another competitive candidate in flexible photon-to-electricity conversion
field. Similar to DSSCs, organic photovoltaic (OPV) cells have advan-
tages of rich sources, low cost, and easily controlled molecular structures
of materials. Moreover, since organic materials are flexible themselves,
they can be continuously produced through low-cost thin-film-forming
processes such as spin-coating, ink-jet printing, and roll-to-roll etc., and
are expected to develop new bendable and foldable PV devices that can
bring great convenience in use. In recent years, OPV cells have attracted
great academic interests, and also have drawn enormous investments from
the industrial communities to realize practical applications. The general
configuration of organic solar cells is shown in Fig. 33(a), for which a
high efficiency of over 8% has been achieved.'™

Later, concerning the serious problem of instability for the conven-
tional configuration, inverted polymer solar cells were developed, in
which air-stable high-work-function metals (typically, Ag or Au) are used
as the anode and ITO is used as the cathode (Fig. 33(b)).!” In this novel
type device, n-type metal oxides such as titanium oxide (TiO,), zinc oxide
(ZnO), cesium carbonate (Cs,CO;3) and others are used to modify the
cathode electrode, leading to the more efficient (as high as 8.4%") and
stable PV performance. Among all the inorganic n-type metal oxide, ZnO
nanostructures are the most widely used.!”®"'78 Traditionally, very thin
layer (nanoscale) of ZnO thin-film is formed by spin coating of ZnO
precursor solution and then annealing.
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Figure 33 (a) Bulk heterojunction configuration in the organic solar cell. Reproduced
with permission from Ref. 174. (Copyright: 2007 American Chemical Society.) (b) An
example of inverted organic solar cells. Reproduced with permission from Ref. 175.
(Copyright: 2012 Elsevier.)

Besides, different morphologies of nano-ZnO have also been investi-
gated for its application in inorganic/organic hybrid solar cells. For exam-
ple, ZnO nanoarrays were used for the hybrid structure solar cells and
significant optoelectronic response were obtained.!”®!” Liu et al. brought
up the idea of using ZnO nanorods for the inorganic/organic solar cells to
enhance its performance.'®® SEM images of ZnO nanorods are shown in
Figs. 34(a) and 34(b). Figure 34(c) clearly displays the general construc-
tion of the solar cells. ZnO nanorods can be obtained through a low tem-
perature hydrothermal method, which offers quite a promising future to
promote the development of new generation flexible solar cell. ZnO can
be further decorated by other materials in order to achieve better perfor-
mance.!”® CdS was used for this function reported by Wu et al. The CdS
modification at the optimum condition can dramatically improve all PV
parameters and increase the power conversion efficiency of the hybrid
solar cells by over 100% due to the cascaded band structure of the hetero-
junction. Figures 34(d) and 34(e) demonstrate the SEM images of ZnO/
CdS nanofibers while Fig. 34(f) shows the general device structure. All
works in this area guarantee the significant potential of the inorganic/
organic electronic devices which can make a good combination of the
advantages of both inorganic and organic materials. To fulfil that goal,
carefully designed nanostructures and the whole configuration of devices
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Figure 34. ZnO nanostructures for hybrid solar cells. (a), (b) SEM images of ZnO
nanowire arrays on FTO substrates and (c) the general structure of the whole device.
Reprinted with permission from Ref. 180. (Copyright: 2012 American Institute of Physics.)
(d), (e ) SEM images of top view and cross section of ZnO decorated with CdS respectively.
(f) Construction of this type of hybrid solar cells. Reprinted with permission from
Ref. 178. (Copyright: 2012 Elsevier.)

are important. Comparing to the traditional inorganic or organic solar
cells, this new emerging member of photovoltaic family exhibits relatively
low performance so that it limits the possibility for extending to flexible
PV applications. But still, we believe that with enormous endeavors taken
by generations later, hybrid solar cells will become a competitive member
in the solar cell field and also play an important role in flexible optoelec-
tronic areas.

As the main active material of OPV, polymer itself is flexible and bend-
able, which makes the study of flexible organic based solar cells focus on
how to find suitable conductive substrates. Similar to the requirements of
electrodes materials for DSSCs, high conductivity and transparency are
needed when selecting electrodes for OPV. Except for the widely used
TCO that requires high cost and rigid process to be fabricated and then
deposited onto flexible substrates, metal nanowires have attracted great
interests in this field. For instance, silver nanowires have been dispersed
onto flexible substrates like plastics through a convenient route and hence
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Figure 35. (a) Ag NW ink in ethanol solvent with concentration of 2.7 mg/mL. (b)
Meyer rod coating setup for scalable Ag NW coating on plastic substrate. The PET plastic
substrate is put on a flat glass plate and a Meyer rod is pulled over the ink and substrate,
which leaves a uniform layer of Ag NW ink with thicknesses ranging from 4 um to 60 um.
(c) Finished Ag NW film coating on PET substrate. The Ag NW coating looks uniform
over the entire substrate shown in the figure. (d) A SEM image of Ag NW coating shown
in panel c. The sheet resistance is 50€/0. Reprinted with permission from Ref. 181.
(Copyright: 2010 American Chemical Society.)

formed an ultrathin and highly conductive film. The whole process is
illustrated in Fig. 35 reported by Cui’s group.'3! Increasing the densities
of silver nanowires can help to increase the conductivity of thin-film while
leading to the decrease of transparency. Therefore, finding the optimal
condition is vital to achieve high quality flexible electrodes. Well-designed
flexible electrodes must have good mechanical properties, which means
that the thin-films are needed to be bendable as well as stretchable. Lee
and co-workers have reported a facile transfer method to prepare silver
electrode.'®? In their work, highly stretchable and highly conductive metal
conductors were prepared by solution filtration and transfer of very long
Ag NWs and formation of NW percolation networks on a highly stretch-
able polymer substrate. The outstanding stretchability and bendability
were tested and shown in Fig. 36, where a LED circuit was introduced to
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Figure 36. Applications of (a) Images of a flexible paper display LEDs arrays with Ag
nanowire electrodes (top pictures) and images of a flexible paper display under various
bending radii. (b) Current—voltage measurement of the LED integrated stretchable elec-
trode using the prepared Ag conductor on a highly elastic substrate at various tensile
strains (over 370%) and after recovery from its stretching stage (black line). Insets show
the digital images of the LED integrated circuits operating at 0 and 370% strain. Reprinted
with permission from Ref. 182. (Copyright: 2012 Wiley-VCH.)
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help confirm the high quality of such silver electrode and meanwhile, the
potential for its future application was also demonstrated. Besides, other
highly conductive metal nanostructures like Cu and Au as well as carbon
based materials have also been applied for fabricating transparent, and
flexible electrodes for energy conversion field.'®*!3% Overall, nanotech-
nologies have offered various strategies to get highly conductive, transpar-
ent, and stable electrode materials, which are believed to change the future
organic photovoltaics by entirely replacing the current dominant ITO or
FTO. Moreover, the fast emerging printable nanoelectrodes may lead a
great revolution to the whole flexible energy conversion field, which we
are looking forward to witnessing.

3.1.4. Outlook for Nano-Based Flexible PV

Directly converting solar energy to electricity, which is clean and quiet, is
surely the best way for humans to survive from increasingly serious fossil
energy shortage and environment pollution. Large-scale rigid solar panels
are certainly needed to meet our daily demands like power plants. In the
mean time, flexible and portable PVs will help to satisfy our special
requirements. Nanotechnologies are promoting flexible optoelectronic
areas to become more practical for real applications and more approach-
able to the public. DSSCs, quantum dot solar cells, other inorganic thin-
film technologies (CIGS, CdTe, a-Si, etc.,) and organic PVs have already
benefited from nanotechnologies and are developing towards more prom-
ising ways. In order to realize the aim of developing nanostructures for
high-performance, low-cost, and flexible solar cells, much more efforts
should be taken and some fundamental as well as technical problems
needed to be solved.

Firstly, finding the suitable nanostructures is quite necessary for specific
solar cells. Different nanostructures have different superiorities and may
be better fitted into different conditions. Having a better understanding of
the physical and chemical nature of nanostructures ranging from 0D to 3D
and making thorough investigations into the role played by each nano-
structure in certain types of solar cells will, to a large extent, help research-
ers find more easily the optimal condition to make the best devices.
Secondly, after obtaining the proper nanomaterials, using a low-cost and



Design of Nanostructures 249

room temperature process to form thin-film is vital for future flexible
PVs. Development of advanced nano-printing techniques such as ink-jet
printing, screen printing and spray printing may help to settle such issues.
Further, concerning different situations of application, careful selection of
device configuration is important. Unlike planar flexible solar cells that
can be suitable to integrate into daily commercial products or roll up to be
conveniently carried around, wire or fiber shaped devices have attracted
great attention for their novel construction and the possibilities to be
woven as texture or even ‘“cloth” to wear. Currently, this idea is still a
fantasy that can be only partly realized in lab conditions. Enormous
endeavors are needed to be taken to fulfil that. Provided imagination could
be further more developed in this field, more interesting and useful device
constructions would be brought up. Finally, more effective sealing meth-
ods must be tried and applied. Nowadays, encapsulation is a very serious
problem for nano-flexible solar cells. Leakage of electrolyte for liquid
electrochemical solar cells and instability of organic based PV devices
when exposed to air are proposed to be solved with low-cost effective
means in the future.

Materials are the very core of all devices. Designing high quality nano-
structure for active materials will lead to a booming development of new
generation flexible photovoltaics. Based on all the exciting progresses
made today, we are hopeful that the wide use of flexible solar cells will
make our life different in future.

3.2. Design of Nanostructures for Other Forms of Flexible
Energy Conversion

3.2.1. Nano-Based Flexible TE Devices

Thermal power plant is the most traditional means of heat-to-power
energy conversion that has benefited human beings for centuries. Since we
are facing an increasingly serious fossil energy shortage, people have to
turn part of their attention towards renewable energy resources like solar
energy. Together with the emergence of solar cells which can directly
change sunlight into electricity, solar towers and solar furnaces can make
use of the sunlight radiation as the form of heat to generate power as the
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power plants do. But all these technologies require large-scale spaces with
abundant sunlight illumination, and in most cases such locations are
always quite far from city areas. Therefore, these limitations lead to rela-
tively high cost to generate and transport electricity. Then researchers
begin to think: whether it would be possible to develop the small-scale
thermal-to-electricity devices like photovoltaic panels that can be acces-
sible to the public? The research of TE devices seems to be able to answer
this question.

The TE effects arise because charge carriers in metals and semiconduc-
tors are free to move much like gas molecules, while carrying electrons as
well as heat. When a temperature gradient is applied to a material, the
mobile charge carriers at the hot end tend to diffuse to the cold end. The
build-up of charge carriers results in a net charge (negative for electrons,
e, positive for holes, h*) at the cold end, producing an electrostatic poten-
tial (voltage). Equilibrium is thus reached between the chemical potential
for diffusion and the electrostatic repulsion due to the build-up of charge.
This property, known as the Seebeck effect, is the basis of thermoelectric
power generation.'®> General construction of a TE device is shown in Fig.
37 which consists of many basic units (inset of Fig. 37). TE generators
have already reliably supplied power in remote terrestrial locations. And
the new generation TE devices are proposed to not only act as a small
standalone power plant, but also harness waste heat and provide efficient
electricity through co-generation.

The performance of a TE material can be estimated by the figure of
merit (ZT): ZT = 05* T/x, where o is the electrical conductivity, ¥ is the
thermal conductivity, S is the Seebeck coefficient, and 7 is the average
temperature of the hot and cold sides of the devices ((Thot+ Teo1q)/2).
However, up-to-date, most TE devices are based on rigid yet complicated
design, which, together with the high manufacture/installation cost and
limited scalability, set a severe barrier for large-scale deployment.'8°
Nanomaterials do provide a promising direction in developing high-quality
flexible TE applications. For example, TE active nanomaterials can be
coated onto the flexible substrates to fabricate the devices. Liang et al. first
brought up an idea to fabricate flexible fiber-shaped device for high-per-
formance thermoelectric energy harvesting.'®” The microstructure of the
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Figure 37. General configuration of TE power generator. Reprinted with permission
from Ref. 185. (Copyright: 2008 Nature Publishing Group.)

PbTe nanocrystal coated glass fiber is shown in Fig. 38(a), and the photo-
graph of bendability testing is illustrated in Figs. 38(b)-38(d), depicting
the device configuration for energy conversion application and the gener-
ated voltaic through TE effect using such devices, respectively. It shows
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Figure 38. Fiber shaped flexible TE devices. (a) Morphology of PbTe nanocrystal coated
glass fiber. (b) Bendability testing of TE fiber. (c), (d) Demonstration of using flexible TE
fibers for harvesting energy from industrial pipes. Reprinted with permission from Ref.
187. (Copyright: 2012 American Chemical Society.)

the flexibility of the fibers and the curvature is 84.5°. The voltage is rela-
tively stable, indicating the great potential for using this type of structure
to supply power in special conditions. Traditional TE materials are basi-
cally low bandgap semiconductors, e.g., Bi,Tes, PbTe, Sb,Tes, and Co,Sbs
etc.!88189 Besides, Si and carbon-based nanomaterials do attract great
attention for the enhanced TE properties.'**'° Investigations into flexible
TE devices are quite rare, but still the significant potential it holds makes
us believe that this novel application will help to improve the present
electric energy conversion area.

TE effect is proposed to be an important member to supply power
directly together with solar cells, wind turbine, biomass, and other forms
of renewable energy applications in the future. TE devices play another
role which is even more promising, that is, to utilize the waste heat to
generate electricity. For example, when PV panels are operating under
sun illumination, a significant part of solar energy goes waste as the form
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Figure 39. Schematic structure of a PV and TE hybrid device. Reprinted with permis-
sion from Ref. 193. (Copyright: 2010 Elsevier.)

of heat rather than photons absorbed by solar cells to produce electricity,
and also the extra heat is the nightmare of solar cells for their efficiency
could be negatively affected by this. Using TE devices can effectively
solve the problem and increase the whole efficiency of devices. Meng’s
group has reported a novel hybrid structure that combined a TE device
with DSSCs modules (Fig. 39), which shows a significant overall effi-
ciency increase of 10%.'%3

3.2.2. Design of Nanostructures for Flexible
Mechanical-to-Electrical Energy Conversion

Ever since the wide range applications of portable electronics like laptop
and cell phones, demands for small-scale, flexible power sources are
increasing rapidly. PV cells and TE applications that use environmental
energy (photon and heat) to generate power can be used to fulfil the aim.
Besides, mechanical energy is another abundant energy resource that
is always used in industrial-scale to supply electricity based on



254 Z. Wang, D. Chen & G. Shen

electromagnetic induction. Lately, since nanoelectronics is developing
rapidly, the power needed to drive a micro/nano-system is rather small, in
the range of micro- to milli-Watt range. To meet these technological chal-
lenges, Wang’s group at Georgia Institute of Technology proposed the
concept of Piezoelectric Nanogenerators, aiming at harvesting energy
from the environment to power the micro/nano-systems based sensor
network.!”* In their initial work, ZnO nanowire arrays were grown on
a-Al,O3 substrate, whose SEM and TEM images are displayed in
Figs. 40(a) and 40(b) respectively. The measurements were performed by
AFM using a Si tip coated with Pt film, which has a cone angle of 70°.
The tip scanned over the top of the ZnO nanowires, and the tip’s height
was adjusted according to the surface morphology and local contacting

Figure 40. ZnO nanowire arrays based piezoelectric nanogenerator. (a), (b) SEM and
TEM images of ZnO nanowires grown on —Al,O5 substrate, respectively. (¢c) Experimental
setup and procedures for generating electricity by deforming a PZ NW with a conductive
AFM tip. (d) Stimulation of single ZnO nanorods and the scheme of distribution of strain
(e), electrical field (E), and voltage generated (V). (e) Line profile of the voltage output
signal when the AFM tip scans across a vertical NW. Reprinted with permission from Ref.
194. (Copyright: 2006 the American Association for the Advancement of Science.)
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force (Fig. 40(c)). The distribution of strain, electrical field and proposed
generated voltage around a single ZnO nanowire have been simulated and
illustrated vividly in Fig. 40(d), revealing the principle of how the nanow-
ire arrays can utilize piezoelectric effect to operate as a nanogenerator.
Figure 40(e) shows the testing result by using AFM tip to scan across a
vertical nanowire, which indicates a clear strain response. Using a simpli-
fied calculation, an efficiency of 17-30% has been received for a cycle of
the resonance. It was a relatively high efficiency for energy conversion so
that proves the value to continue intensive research on such a novel nano-
structure based energy conversion topic.

Later, ultrasonic waves were applied to the nanogenerator and signifi-
cant response was observed, which is shown in Fig. 41(a).!"> Using a
novel zigzag top electrode, ZnO nanowire arrays based nanogenerator was
successfully fabricated and sealed. The testing results demonstrate the
possibilities for the nanogenerators to be used in practical conditions.
Nanowire nanogenerators built on hard substrates were demonstrated for
harvesting local mechanical energy produced by high-frequency ultra-
sonic waves in this work. To harvest the energy from vibration or distur-
bance originating from footsteps, heartbeats, ambient noise, and air flow,
it is important to explore innovative technologies that work at low fre-
quencies and that are based on flexible soft materials. For instance, fiber-
shaped nanogenerator has also been developed within the same group.'%
As can be seen from Fig. 41(b), with high flexibility, the Kevlar fiber was
orderly deposited with vertical ZnO nanowires around its surface. With a
pair of entangled fiber of this type, when applying an external pulling
force at a low motor speed, apparent voltage response were observed,
which indicates that we are able to generate electricity by collecting the
energy of ordinary movements in lab condition. However, it was still theo-
retically feasible since the output power signal was too tiny to drive any
commercial electronic applications. Then in 2010, Xu and co-workers
solved that problem by fabricating the integrated large-scale nanogenera-
tors.'”” Figure 41 shows the flexible multiple lateral-nanowire-array inte-
grated nanogenerator consisting of many rows of nanowire-arrays (700 in
total). Many sub-units of small nanogenerators formed the high-output
flexible one, generating a peak voltage of 1.26 V at a low strain of 0.19%,
which is potentially sufficient to charge a standard battery. Further, the
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Figure 41. Advanced piezoelectric mechanical-to-electrical energy conversion devices.
(a) ZnO nanowire arrays based nanogenerator driven by ultrasonic waves, under the stimu-
lation of ultrasonic wave, the fabricated device starts to output electric signal on the right
side. Reprinted with permission from Ref. 195. (Copyright: 2007 the American Association
for the Advancement of Science.) (b) SEM images and scheme configuration of ZnO
nanowires grown on flexible microfiber for nanogenerator. Reprinted with permission
from Ref. 196. (Copyright: 2008 Nature Publishing Group.) (c) Flexible high-output mul-
tiple lateral-nanowire-array integrated nanogenerator. Reprinted with permission from
Ref. 197. (Copyright: 2010 Macmillan Publishers Limited.)

prepared devices were used to supply power for a nanowire pH sensor and
a nanowire UV sensor in their work, thus demonstrating a self-powered
system composed entirely of nanowires.

Well-designed nanowires have been playing vital role in flexible
mechanical-to-electrical energy conversion. In future, flexible nanogen-
erator seems to be promising to supply power for small-scale applications
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in special conditions. Still, there are enormous doubts cast on this novel
concept, and when the nanogenerator will stop being just a theory that is
only realized in labs, has not been clearly determined. The problems like
instability, high-cost, immature fabrication process limit the development
of this technology currently. But we still think this fascinating invention
may make our lives different in the future due to unremitting efforts paid
by generations.

3.3. Conclusion and Outlook for Flexible Nano-Energy
Conversion

Energy conversion is a wide-range topic since the energy on the earth
exists in many different kinds of forms which can convert from one to
another. However, research on flexible energy conversion applications is
relatively limited. Since the significance of flexible devices is highly val-
ued, persistent efforts should be taken in this field. Doubtless, nanotech-
nology offers great possibilities to open new directions to fabricate
flexible devices via facile and low-cost methods such as printing and dip-
coating on the one hand, and on the other, high performance flexible
energy conversion applications can be realized due to the superiority of
nanostructured materials to the conventional bulk ones. Additionally,
devices can also be made into micro/nanoscale based on nanostructures,
which makes it more portable and easy to be integrated. As a result, we
provide a general summary of different flexible energy conversion appli-
cations based on various nanostructures, which we hope could give a bet-
ter understanding of current technologies in flexible nano-energy field in
terms of advantages and flaws and hence promote new thoughts for future
development.

Majority of the progress in flexible nano-energy conversion focus on
PV cells in this chapter. DSSC is the dominant type of nano-based flexible
energy conversion device in research field. Printable electronics have
been making this technology increasingly attractive and booming.
Designing nanostructure for flexible photoanodes, counter electrodes and
different flexible device configurations including planar devices, fiber-
shaped, waveguide enhanced and texture based construction have pro-
vided plenty of space for imagination to be fulfilled. Other types of solar
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cell technologies mentioned above such as quantum dots PVs, compound
thin-film technologies (CIGS, CdTe, etc.,) and organic solar cells have
been fully or partly realized flexibility for applications using nanostructure
design methods. All these guarantee a promising prospective for new
generation PV applications.

Besides, other forms of flexible nano-energy conversion areas such as
TE and piezoelectric nanogenerator are also introduced. They have
attracted great attention for their novelty and significant potential. The
flexible TE device can be either used as power generator by itself or inte-
grated with other energy conversion applications (PV cells) to play an
enhancing role by absorbing the extra waste energy. Nanowire based pie-
zoelectric effect offers the possibilities to make portable, small-scale and
flexible nanogenerators to utilize the mechanical energy produced by
ordinary movements like walking, typing or a blowing wind. Overall,
nanomaterials have great potential to make fantasy come true. Generally,
flexible energy conversion device can be realized through either flexible
substrates or flexible active thin-film materials. It is believed more effec-
tive nanotechnologies will be brought up in the near future focusing on
those two directions so as to offer new strategies toward flexible devices
to more efficiently convert energy from one form into another.

4. Design of Nanostructures for Flexible Energy Storage

Energy storage strategies are the effective solutions when facing the inter-
mittent energy conversion and power supply process especially for most
of the renewable energy resources (solar, wind, tide, etc.). Since energy
conversion applications can be made into flexible and portable ones, it is
necessary to develop bendable energy storage units to match the power
generators. As roll-up and portable electronic field has experienced dra-
matic development, the need for flexible energy storage seems to be an
immediate requirement. Nanomaterials, doubtless, not only help to
enhance the general performance of energy storage applications, but also
to make the devices more flexible and portable. In this section, we will
give a brief review of two main energy storage technologies: LIB and
supercapacitors, which are the most widely investigated areas utilizing
nanostructures to fulfil the flexibility of high quality devices.
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4.1. Design of Nanostructures for Flexible LIBs

LIB is considered as one of the most promising applications nowadays for
the enormous potential advantages including long cycle life, low self-
discharge, high operating voltage, wide temperature window, and no
“memory effect””.!”® Indeed, LIBs have been widely used currently in our
daily products for their provided capacity to deliver the stored chemical
energy as the form of electricity with very high energy conversion effi-
ciency and no gaseous exhausts. A typical lithium-ion device consists of
a negative electrode or anode (usually carbon materials), a non-aqueous
liquid electrolyte, and a positive electrode or cathode (usually formed
from layered LiCo0O,) as shown in Fig. 42.2° During the charging process,
lithium-ions are de-intercalated from the layered LiCoO, intercalation
host, transported through the electrolyte and then intercalated between the
layers of anode materials. Discharging process reverses this process.
Electricity is formed in external circuit during the Li* ion intercalation/
de-intercalation process.

There are significant advantages for introducing nanostructures into LIBs.
First, fast electron transport can be led due to the increased rate of lithium-
ion insertion and removal. Because the reduced dimension of nanomaterials
allows shorter transport distances for lithium-ion within the active materials.

discharge

Graphite Li* conducting electrolyte LiCoO;

Figure 42. A typical operating schematic diagram of a LIB. Reprinted with permission
from Ref. 26. (Copyright: 2008 Wiley-VCH.)



260 Z. Wang, D. Chen & G. Shen

The diffusion time constant (7) is hence reduced, leading to a better energy
storage performance, as can be seen from the following formula:

12

I=—,

2D
where L refers to the diffusion length and D is the diffusion constant.
Second, the relatively high specific surface area of nanomaterials can lead
to thorough insertion/extraction process, indicating an enhanced reversi-
ble specific capacity for nano-based LIB. By tuning the size of active
materials within nanoscale, the chemical potentials for lithium- ions and
electrons may be modified and hence the resulting electrode potential
could be changed. Finally, certain nanostructures like porous thin-films,
core/shell or hollow nanospheres will, to a certain extent, help to release
the strain and tolerate volume change during the intercalation/de-interca-
lation process, which will prevent the electrodes from being destroyed
during application and hence increase the life time of batteries.?

Since flexible LIB is urgently needed, many exciting progresses have
been made already. Assisted with nanotechnologies, highly efficient flex-
ible rechargeable battery has been fabricated. Unlike solar cells, transpar-
ency is not a necessity for LIB, which means there are more choices of
flexible substrates or sealing techniques available. However, there are still
problems existing in this topic such as high-cost and low-performance
compared to the coin-cells or other rigid substrates based batteries.
Stability and safety are also bothering issues which need to be further
considered when being applied for practical use. Facing such tough prob-
lems, enormous efforts have been carried out covering a wide range from
designing the bending construction of anodes and cathodes, to optimizing
assembling process for flexible LIB.

(@)

4.1.1. Flexible Nanostructured Anodes for LIBs
4.1.1.1. Flexible Carbon Anodes

In order to realize the fully flexible LIB, attention has been given to every
component of a battery. As the widely investigated part, flexible anode
materials have attracted great attention. Among all active anode materials,
carbonaceous materials, especially graphite, are the most popularly used
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for rechargeable LIBs. They can avoid the problem of Li dendrite forma-
tion by reversible intercalation of Li into carbon host lattice, which guar-
antees the good cyclability and long life span for the batteries. Unfortunately,
the theoretical capacity for graphite is relatively low because of the spe-
cific reaction mechanism (the most Li-enriched compound only has LiCy).
To solve this problem, designing nanostructure for carbon materials is
vital to obtain high-performance carbon materials. 1D carbon nanostruc-
tures especially nanotubes (CNT) have been widely investigated for their
superior performance as anode materials for LIBs,'**2%* through which
the specific capacity can be obtained more than 460 mAh/g and reach up
to 1,116 mAh/g. Graphene, a novel 2D aromatic monolayer of honeycomb
carbon lattice, has attracted great attention as an anode material in
rechargeable LIBs in recent years because of its outstanding 