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A Universal Method to Produce
Low—Work Function Electrodes
for Organic Electronics
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Organic and printed electronics technologies require conductors with a work function that is
sufficiently low to facilitate the transport of electrons in and out of various optoelectronic devices.
We show that surface modifiers based on polymers containing simple aliphatic amine groups
substantially reduce the work function of conductors including metals, transparent conductive metal
oxides, conducting polymers, and graphene. The reduction arises from physisorption of the neutral
polymer, which turns the modified conductors into efficient electron-selective electrodes in organic
optoelectronic devices. These polymer surface modifiers are processed in air from solution,
providing an appealing alternative to chemically reactive low—work function metals. Their use can
pave the way to simplified manufacturing of low-cost and large-area organic electronic technologies.

rganic-based thin-film optoelectronic de-

vices, such as organic solar cells (OSCs),

organic light-emitting diodes (OLEDs),
and organic thin-film transistors (TFTs), hold great
economic potential; they may lead to a new gen-
eration of consumer electronic devices that could
be printed or processed at low cost on large areas,
have very low weight, and conform to free-form
and flexible substrates (/—4). However, most
printed optoelectronic devices require at least one
electrode with a work function (WF) that is suf-
ficiently low to either inject electrons into or collect
electrons from the lowest unoccupied molecular
orbital (LUMO) of a given organic semiconductor.
Low-WF metals, such as alkaline-earth metals (Ca,
Mg) or metals co-deposited or coated with alkali

elements (Li, Cs), meet this requirement; how-
ever, they are chemically very reactive and easily
oxidize in the presence of ambient oxygen and
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water. Thus, their use in printed electronics presents
limitations that can only be overcome by the fab-
rication of devices in an inert atmosphere and
their subsequent encapsulation with barrier-coating
technologies, which increases both the cost and
complexity of the device architectures.

Several strategies for replacing low-WF metals
have been explored. In one approach, a film of a
conducting or semiconducting material, typical-
ly thicker than 10 nm and displaying a low WF, is
coated on a high-WF electrode. This film, an elec-
tron transport material, mediates charge injection
and transport between the higher-WF conductive
electrode onto which it is coated and a semicon-
ducting layer in the device. Common examples
of this approach have included coating indium
tin oxide (ITO) with thin metal-oxide films—
such as ZnO (9), In,O3 (6), Al-doped ZnO (7),
or In-doped ZnO (8)—that present a lower WF
(around 4.3 eV) than ITO. In another approach,
the surface of the conductive electrode is coated
with an ultrathin layer (<10 nm) of a material that
is chemically or physically adsorbed onto the con-
ductor surface; the surface modifier is chosen in
such a way as to create strong interface and/or
molecular dipoles that induce a vacuum-level shift
and modify the WF of the conductor. In this con-
text, the chemisorption of small molecules onto the
surface of conductors has been the most common
route. For example, the WF of ITO could be de-
creased from 4.4 to 3.9 eV when treated with a basic

Table 1. Work function of conducting materials with and without polymer modifiers, as independently mea-
sured by Kelvin probe in air and by UPS. Empty cells indicate no measurement for the corresponding sample.

Work function (eV)

Electrodes Kelvin probe in air UPS
Pristine With PEIE With PEI Pristine ~ With PEIE  With PEI
Metal oxides
ITO 4.62 + 0.06 3.60 + 0.06 3.50 + 0.06 4.40 3.30 3.27
5.16 + 0.06* 3.60 + 0.06* — 5.00* 3.30* —
Zn0 4.26 + 0.06 3.28 + 0.06 3.10 + 0.06 3.96 3.55 3.17
FTO 4.68 + 0.06 3.80 + 0.06 3.60 + 0.06 — — —
Metals
Au 5.10 + 0.10 3.90 + 0.06 3.94 £ 0.06 4.70 3.40 —
Ag 4.60 = 0.06 3.70 £ 0.06 3.60 £ 0.06 — — —
Al 3.40 + 0.06 2.75 £ 0.06 — — — —
PEDOT:PSS 4,90 + 0.06 3.58 £ 0.06 3.88 £ 0.06 4.95 3.32 3.16
Graphene 4.60 + 0.06 3.80 £ 0.10 — — — —

*Substrate was treated with an O, plasma for 2 min prior to measurements or polymer modifier deposition.

solution of N(C4Hy)4OH (9). The chemisorption
of amine-containing conjugated small molecules
such as tetrakis(dimethylamino)ethylene (TDAE)
led to even greater reductions (up to 0.9 eV) of
the WF of ITO (10), Au (11, 12), and poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) (13, 14). However, molecules such
as TDAE are highly unstable in air in their neu-
tral state and undergo spontaneous oxidation,
which limits their practical use. Chemisorbed

self-assembled monolayers (SAMs) of dipolar
molecules can also substantially modify the WF
of metals and metal oxides (/5—17), but specific
surface chemistry is required to ensure chemisorp-
tion; a similar problem is faced by other inorganic-
based modifiers such as Cs,CO3 when processed
from solution (/8). Polyethylene oxide and con-
jugated polymers have also been used but yield
reductions in WF that are generally smaller (0.3
to 0.5 eV) (19-21).
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Fig. 2. (A) Structure of devices using ITO with and without PEIE as the bottom electrode. (B) J-V characteristics of these devices (without correction for
built-in potential); inset shows the J-V characteristics on a semilogarithmic scale at low voltage. (C and D) Energy level alignment of CuPc (10 nm) on top

of (C) ITO and (D) ITO/PEIE.

Here, we report on what appears to be a “uni-
versal” approach to reducing the WF of a con-
ductor, in which an ultrathin layer (1 to 10 nm)
of a polymer containing simple aliphatic amine
groups is physisorbed onto the conductor surface.
In contrast to the m-conjugated amine-containing
small molecules and polymers considered earlier,
the polymers exploited in this work are large
band-gap insulators and should not be regarded
as charge-injection layers but rather as surface
modifiers. The intrinsic molecular dipole mo-
ments associated with the neutral amine groups
contained in such an insulating polymer layer,
and the charge-transfer character of their inter-
action with the conductor surface, together re-
duce the WF of a wide range of conductors. The
commercially available polymer modifiers can
be easily processed in air, from dilute solutions in
environmentally friendly solvents such as water
or methoxyethanol. Their low cost and ease of
processing make them compatible with roll-to-roll
large-area mass production techniques and suited
for organic or printed electronic devices. To illus-
trate their potential, we evaluate their performance
in various device platforms, such as OSCs (includ-
ing the demonstration of all-polymeric OSCs),
organic and metal-oxide TFTs, and OLEDs.

Figure 1A shows the chemical structure of
polyethylenimine ethoxylated (PEIE) and branched
polyethylenimine (PEI). The high content of amine
groups (primary, secondary, and tertiary) in the
polymer structures yields high pH values in water
and methoxyethanol solutions; the pH values were
measured to be 10.3 for PEIE and 10.5 for PEI
in water, and 10.1 for PEIE and 10.3 for PEI in
methoxyethanol solutions with a polymer con-
centration of 0.4 weight percent. Figure 1B dis-
plays the results of ultraviolet photoemission
spectroscopy (UPS) measurements on a series of
conductors before and after deposition of an ul-
trathin layer of PEIE; the spectra revealed WF
reductions from 4.95 to 3.32 eV for PEDOT:PSS
(high-conductivity grade PH1000), from 4.40 to
3.30 eV for ITO, and from 4.70 to 3.40 eV for Au.
Separate Kelvin probe measurements in air fur-
ther indicate that PEIE reduced the WF of metal
oxides (ITO, FTO, ZnO), metals (Au, Ag, Al),

and PEDOT:PSS PH1000 as well as graphene.
Table 1 summarizes the values of the WF obtained
by Kelvin probe and UPS experiments for sev-
eral conductors modified with 10-nm-thick PEIE
or PEI layers. Discrepancies between the two tech-
niques are caused by the different atmospheres
and the different experimental conditions under
which the Kelvin probe and UPS experiments
were conducted (22).

The thermal stability of the WF of PEIE- and
PEI-coated ITO substrates was studied by Kelvin
probe measurements in air. The WF of PEIE-
coated ITO substrates did not suffer any change
until a temperature of 190°C, making them com-
patible with the processing of printed electronic
devices on plastic substrates (typically at temper-
atures below 200°C) (fig. S1). For PEI-coated ITO
electrodes, the WF was unaffected until 150°C
(fig. S1). PEIE-coated ITO electrodes also remained
fairly stable under normal ambient conditions
for more than 4 weeks; during that period, the WF
varied by less than 0.2 eV (fig. S1). Furthermore,
aqueous solutions of PEIE or PEI are stable in
air (i.e., remain effective agents for reducing the
'WF) for more than 1 year.

Inverse photoemission spectroscopy (IPES)
and UPS measurements on PEIE-coated Au in-
dicate electron affinity and ionization potential
energy values of 0.3 eV and 6.5 eV, respectively
(fig. S2). These results imply that, in contrast
to water/alcohol-soluble polymers based on a
n-conjugated main chain that can display good
electron-transporting properties (23—26), PEIE is
likely to function as an insulator with a gap of
6.2 eV, and to exhibit large barriers for both hole
and electron injection. We investigated the PEIE
thickness dependence (from 2 to 22 nm) of the
WF modification (AWF) of ITO and found a
variation of <10% (fig. S3). However, even if
the thickness of the PEIE layer did not influ-
ence AWF, its insulating nature would cause
thicker polymer layers to adversely affect device
performance.

Atomic force microscopy (AFM) measure-
ments on PEIE-coated, non—plasma-treated ITO
show that a 10-nm-thick PEIE layer did not uni-
formly cover the ITO surface, but formed islands

separated by areas with a much thinner PEIE
coating (fig. S4, C to F). These PEIE islands
could be easily washed away by subjecting the
PEIE-coated ITO substrate to a mild flow of run-
ning distilled water for 1 min (fig. S4, G and H).
After washing, |]AWF| decreased by less than
0.1 eV. This observation indicates that only an
ultrathin layer of PEIE is needed to produce a
large AWF and that the processes leading to such
modifications are truly confined to the surface
of the conductor.

To explore the strength of the binding be-
tween PEIE and substrate, we monitored the WF
of a PEIE-coated ITO substrate over time as a
function of controlled washing cycles with water.
Figure 1C shows the evolution of AWF when the
substrates were subjected to a total of 50 min of
mild washing conditions (22). After such a period
of time, |AWF| became less than 0.34 eV. The
apparent resilience of the PEIE layer on the sur-
face of ITO might at first glance point to a strong
binding interaction between the polymer and the
electrode; however, the WF reduction entirely
disappeared after the PEIE-coated ITO substrate
was subjected to a 50-min water wash in an ul-
trasonic bath (Fig. 1C). This result suggests that
the PEIE layer is physisorbed on the conduc-
tor’s surface, which would be consistent with the
seemingly universal ability of PEIE to substan-
tially reduce the WF of such a diverse group of
conducting materials (Table 1).

To further explore the nature of the in-
teraction between PEIE and the conductor sur-
face, we modified the pH values of the original
PEIE/water solution by adding either hexafluoro-
phosphoric acid (HPFs) or NaOH. PEIE was
deposited on ITO from solutions with pH values
of4.5,7.1,9.2, 10.3, and 13. Figure 1D displays
the AWF values induced before and after wash-
ing for 1 min with running water. Differences in
the solution pH values were expected to primar-
ily affect the degree of protonation of the amine
groups in PEIE. The degree of PEIE protonation
was followed with x-ray photoelectron spectros-
copy (XPS) by tracking the position and shape
of the N1s peak and the appearance of the Fls
peak for PEIE solutions with pH values below
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10.3 (fig. S5). When PEIE was processed from
the most basic solution, AWF was —0.92 eV and
the presence of neutral amine groups was indi-
cated by the N1s peak at 399.8 eV (Fig. 1E). The
same Nls peak appeared in the PEIE layers
processed from a pH = 10.3 solution that yielded
AWF =—-0.97 eV. These results indicate that neu-
tral amine groups are primarily involved in the
interactions leading to the formation of the in-
terface dipoles and the substantial changes in
WE. In contrast, when the PEIE layers were pro-
cessed from the more acidic solutions with a
higher proportion of protonated amines, smaller
WEF reductions were observed. In films processed
from solutions with pH values of 7.1 and 4.1,
the appearance of a shoulder in the N1s peak
at 402.5 eV (Fig. 1E) is indicative of proton-
ated amines; at the same time, an Fls peak
appeared, which is consistent with the inclusion
of PFs counterions accompanying the proton-
ated amines (fig. S5). After a 1-min water wash,
with the exception of the PEIE layer coated
from the most basic solution (which was com-
pletely removed from the ITO surface), all lay-
ers yielded similar AWF values around —0.86 eV
(Fig. 1D). The XPS spectra of these layers show
Nls peaks with a similar shape and a small
shoulder at 402.5 eV, as well as the disappear-
ance of the F1s peak (fig. S5). Similar trends were
found when the polymer layers were deposited
on FTO (fig. S6A) or Au (fig. S6B), or with the
use of HCI instead of HPF4 (fig. S6C). Inter-
estingly, these results are different from those

in previous reports where poly(amidoamine)
dendrimers reduced the WF of ITO (27, 28). In
those reports, it was speculated that protonated
amine groups were primarily responsible for AWF
of ITO. Our results show that in the case of PEIE,
neutral amine groups are primarily responsible
for the largest AWF observed.

To understand the possible mechanism lead-
ing to the WF decrease, we carried out density
functional theory (DFT) calculations for the Au
(111) surface and the polar (0002) and nonpolar
(10-10) ZnO surfaces (22). A SAM of ethylamine
(C,HsNH,) molecules was used to model the
amine-containing thin molecular layer adsorbed
on the electrode surface (fig. S7). The adsorp-
tion energy per amine group is on the order of
—0.47 eV for Au (111), -0.88 eV for ZnO (0002),
and —0.78 eV for ZnO (10-10). In all cases, physi-
sorption of the ethylamine groups is calculated
to be energetically favored over dissociative chemi-
sorptions (for example, by 0.7 eV on the ZnO
(0002) surface), which is consistent with the ex-
perimental observations. The AWF values of the
three model surfaces induced by a SAM of eth-
ylamine molecules are calculated to be —1.3 eV
for Au (111), -1.7 eV for ZnO (0002), and 1.7 eV
for ZnO (10-10); these results are fully in line
with the UPS and Kelvin probe data.

The mechanism leading to AWF has been
analyzed by decomposing it into contributions
from (i) the ethylamine molecular dipole (uyip)
within the SAM along the direction perpendic-
ular to the surface (leading to an electrostatic
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potential energy change denoted as AVyp), and
(ii) the dipole (up) formed at the interface be-
tween the molecular SAM and the electrode
surface (AVip) (29-31) (Fig. 1F and table S1). In
all instances, the contributions to AWF from the
molecular dipole and the interface dipole were
of the same order of magnitude—for instance,
—0.5 eV and —0.8 eV, respectively, on Au (111).
The contribution to AWF from the interface dipole
is attributed to a slight electron transfer [0.16 ¢
for ethylamine on Au (111), 0.07 ¢ on ZnO (0002),
and 0.06 e on ZnO (10-10)] from the amine-
containing molecules to the electrode surface.
We tested PEIE-coated conductors as elec-
trodes in various device geometries. First, we
investigated the ability of PEIE-coated ITO sub-
strates to inject electrons into an organic semi-
conductor. The devices comprised a 100-nm-thick
layer of copper(Il) phthalocyanine (CuPc, with
an electron affinity of 3.1 eV) deposited on top
of a glass/ITO/PEIE substrate with a top Mg/Ag
electrode (WF = 3.6 eV), as shown in Fig. 2A.
A comparison of the current density—voltage (J-V)
characteristics of such devices to identical de-
vices without the PEIE layer is shown in Fig.
2B. The voltage was applied to the top Mg/Ag
contact. Devices without the PEIE layer present
J-V characteristics resembling those of a diode
because of the large energy barrier for electron
injection from ITO to CuPc. Figure 2C illustrates
that the energy level alignment of a CuPc (10 nm)
layer deposited on top of ITO, as determined by
UPS and IPES measurements, yielded a value of
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1.3 eV for the height of this barrier. In contrast, as
shown in Fig. 2D, in a device with an ITO/PEIE
electrode, this barrier was greatly reduced to a
value of 0.36 eV. Thus, the J-J characteristics be-
came nearly symmetric, with the current injected
from the ITO/PEIE electrode slightly greater than
that injected from Mg/Ag (Fig. 2B). This result
confirms that, despite the insulating nature of
PEIE, electrons can be injected efficiently into the
semiconductor through the PEIE layer by pro-
cesses such as tunneling or thermionic injection.

In a second step, the low-WF electrodes were
tested in a variety of OSC geometries. OSCs were
fabricated with PEIE-coated ITO, Ag, and PH1000
as the bottom electrode to demonstrate their elec-
tron selectivity (Fig. 3A). The top Ag layer was
150 nm for the devices with glass/ITO/PEIE and
polyethersulfone (PES)/PH1000/PEIE, and it
was 20 nm for the devices with glass/Ag/PEIE.
A mixture of poly(3-hexylthiophene) (P3HT) and
an indene-Cg bis-adduct (ICBA) (weight ratio 1:1)
was used as the photo-active layer (32). Figure 3,
B to D, displays the J-J" characteristics of these
solar cells in the dark and under illumination. In
all cases, the J-V characteristics in the dark show
a large rectification and small reverse saturation
currents; this result demonstrates the excellent
electron selectivity of the PEIE-modified electrodes.
Solar cells with PEIE-coated ITO electrode (Fig.
3B) yielded a power conversion efficiency (PCE)

of 5.9% [open-circuit voltage (Voc) = 0.81 V,
short-circuit current density (Jsc) = 11.0 mA/em?,
fill factor (FF) = 0.66], averaged over 10 devices.
Such a large FF value also provides indirect evi-
dence of the good electron selectivity of the PEIE-
coated ITO electrode (33, 34). Note that the PCE
measured in these devices is comparable with that
previously reported in other inverted solar cells
that use the same active layer (35).

We studied the shelf air stability of cells with
an ITO/PEIE electrode and found that the PCE
remained nearly constant after 30 days in air and
was still about 70% of its initial value after 102
days (fig. S8). PEIE-coated ITO electrodes were
also tested in devices with an active layer com-
prising a blend of poly[(4,8-bis-(2-cthylhexyloxy)-
benzo[1,2-b:4,5-b"|dithiophene)-2,6-diyl-alt-(4-(2-
ethylhexanoyl)-thieno[3,4-b]thiophene)-2,6-diyl]
(PBDTTT-C) and 3'-phenyl-3'H-cycloprop-
[1,91(Cso-1)[5,6]fullerene-3"-butanoic acid methyl
ester (PCgBM). Devices with an inverted archi-
tecture consisting of glass/ITO/PEIE/PBDTTT-
C:PCsBM/Mo0O5/Ag yielded an average PCE of
6.6% and excellent reproducibility (fig. S9). In com-
parison, devices consisting of glass/ITO/PEDOT:
PSS(4083)/PBDTTT-C:PCBM/Ca/Al yielded a
PCE of 6% (fig. S9 and table S2).

In the case of the solar cells with a PEIE-coated
Ag bottom electrode (Fig. 3C), light enters the
device through the MoO3 (15 nm)/Ag (20 nm)
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top electrode. In these devices, a relatively high
FF of 0.60 was also measured but Jgc was lower
(5.5 mA/en®) because of the low transmittance
of the top electrode (fig. S10); as a result, the
PCE was only 2.6%. Devices with a PEIE-coated
PH1000 bottom electrode yielded a PCE of 3.5%
(averaged over five devices), with Voc =0.79 V,
FF = 0.57, and Jsc = 7.6 mA/ecm®. The slightly
smaller FF value is attributed to the increased
series resistance introduced by the relatively low
conductivity of PH1000 (600 S/cm) relative to
ITO or Ag, whereas the relatively small Jgc is
mainly caused by the lower transmittance of
PH1000 (36-38) and differences in the thick-
ness of the active layer (fig. S10).

Having transformed PEDOT:PSS into an effi-
cient electron-collecting electrode upon modifica-
tion, we fabricated all-polymeric OSCs on flexible
substrates [Fig. 3E and fig. S11). As shown in
Fig. 3F, OSCs with PEDOT:PSS/PEI electrodes
show excellent rectification in the dark in con-
trast to samples without PEI (fig. S12). Under il-
lumination, semitransparent all-polymeric OSCs
showed a PCE of 3.0% averaged over seven de-
vices, with Vo = 0.80 V, FF = 0.52, and Jyc =
7.1 mA/cm?®. When a thick Ag layer was placed
behind the semitransparent OSC to reflect some
of the light back into the active layer, Jsc in-
creased to 8.2 mA/cm?, yielding a PCE of 3.4%
(table S3 and fig. S13), comparable to that of a
device that uses a MoOs/Ag hole-collecting elec-
trode (Fig. 3D). Because the all-polymeric OSCs
only present polymer-polymer interfaces, they
demonstrate excellent mechanical properties un-
der multiple bending conditions (Fig. 3G). They
provide a proof of principle that OSCs can be
fabricated using in-line, all-additive solution-based
coating and/or printing of polymers. However,
the design of large-area cells and modules could
require the integration of some highly conductive
electrodes to compensate for the lower sheet re-
sistance of conducting polymers (38).

Air-stable, low-WF electrodes are also needed
for organic semiconductor—based or metal oxide—
based n-channel TFTs. In a TFT, the existence
of large energetic barriers for electron injection
at the source electrode and collection at the drain
electrode can lead to a large threshold voltage
(Vrn); it can also potentially result in low field-
effect mobility (i) when the contact resistance ex-
ceeds the channel resistance (39), a particularly
critical issue for TFTs with short channel lengths.
We fabricated examples of organic and metal-
oxide n-channel TFTs that use air-stable PEIE-
coated Au source and drain electrodes. In the first
example, top-gate bottom-contact organic-based
n-channel TFTs with a bilayer gate dielectric were
fabricated (40) (Fig. 4A). For comparison purposes,
two sets of TFTs were fabricated with Au source
and drain electrodes, either coated with a PEIE
layer or uncoated. In both instances, the organic
semiconductor poly[N,N’-bis(2-octyldodecyl)-
naphthalene-1,4:5,8-bis(dicarboximide)-2,6-diyl]-
alt-5,5"-(2,2"-bithiophene) [P(NDI20OD-T2), also
called N2200] (4) was inkjet-printed on top of the
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source and drain electrodes. Figure 4B displays a
comparison of the transfer characteristics of both
TFTs. In the TFTs with PEIE-coated source and
drain electrodes, V1 dropped from 4.5 to 0.4V,
the average u increased from 0.04 to 0.1 cm?
V™' 57" and the device yield improved from 60%
to 95%. We note that whereas 1 values obtained
after the PEIE modification are comparable to
those of similar TFTs previously reported, the
Vrg in our devices is lower (4). In this example,
PEIE also coats the gate insulator inside the
channel. PEIE layers thicker than 1.5 nm led to
n-doping of the organic semiconductor channel.
Similar doping was also observed on bottom-gate
bottom-contact PC4oBM TFTs that used PEIE-
coated Au electrodes with PEIE thicknesses greater
than 10 nm (fig. S14). This doping could assist
the injection/collection of carriers by producing
band-bending in the vicinity of the conductor sur-
face; this effect is also likely present in OSCs
containing fullerene-based acceptors (Fig. 3).

In a second example, bottom-gate top-contact
amorphous InGaZnO (IGZO) TFTs were fabri-
cated as shown in Fig. 4C. In contrast to the de-
vices described above, PEIE was first deposited
directly on top of the semiconductor (to prevent
any damage from the radio frequency—sputtering
deposition of IGZO) and the Au source and drain
electrodes were evaporated on top of the PEIE
layer. Figure 4D provides a comparison of the
transfer characteristics of IGZO TFTs with and
without PEIE. As in the n-channel organic-based
TFTs, the Vy of the IGZO TFTs dropped from
38.7 to 1.5 Vand p increased from 0.004 to 1.2
em® V™' 57 in the devices with the PEIE-modified
electrodes.

Finally, we tested the use of PEIE in OLEDs
by replacing a LiF/Al cathode with PEIE/Al in
benchmark devices based on 4,4"-bis(carbazol-
9-yl)biphenyl (CBP) and an emitter of fac-tris(2-
phenylpyridinato-N,C) iridium [Ir(ppy)s], and
achieved an external quantum efficiency of 15%
(fig. S15). Although the performance of these
devices was not optimized, it illustrates the ap-
plicability of this method to OLED platforms.

Polymers containing simple aliphatic amine
groups such as PEIE and PEI appear to be “uni-
versal” surface modifiers that allow the fabrica-
tion, at very low cost and from environmentally
friendly solvents, of air-stable low-WF electrodes.
This approach should enable the mass produc-
tion of low-WF electrodes from processes that
are compatible with the large-area roll-to-roll
manufacturing techniques required for the com-
mercialization of low-cost organic and printed
electronic devices. The specific properties of the
polymers can be further optimized for other ap-
plications, and conceptually the approach could
be applied to the development of polymers for
high-WF electrodes.
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Dislocation Damping and Anisotropic
Seismic Wave Attenuation in
Earth's Upper Mantle

Robert J. M. Farla,>*t lan Jackson,* John D. Fitz Gerald," Ulrich H. Faul,? Mark E. Zimmerman?

Crystal defects form during tectonic deformation and are reactivated by the shear stress associated with
passing seismic waves. Although these defects, known as dislocations, potentially contribute to the
attenuation of seismic waves in Earth’s upper mantle, evidence for dislocation damping from laboratory
studies has been circumstantial. We experimentally determined the shear modulus and associated
strain-energy dissipation in pre-deformed synthetic olivine aggregates under high pressures and temperatures.
Enhanced high-temperature background dissipation occurred in specimens pre-deformed by dislocation
creep in either compression or torsion, the enhancement being greater for prior deformation in torsion.
These observations suggest the possibility of anisotropic attenuation in relatively coarse-grained rocks
where olivine is or was deformed at relatively high stress by dislocation creep in Earth’s upper mantle.

rheologically weak sublithospheric man-
tle (the asthenosphere) is widely invoked
to explain the motion of the tectonic
plates on Earth [e.g., (/)]. Laboratory experi-
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ments underpin an emerging understanding of
the anomalous seismic properties of the astheno-
sphere (2, 3). In particular, the seismic anisotro-
py of this part of the upper mantle is attributed
to crystallographic preferred orientation in olivine-
rich rocks—testimony to their deformation by
dislocation creep (4-11). Several studies have
demonstrated that anelastic relaxation attributed
to grain-boundary sliding can affect the shear
modulus and attenuation of upper mantle rocks
(12-16), but evidence for strain-energy dissipa-
tion from mechanically forced vibrations of dis-
locations has been largely circumstantial until now.
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