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Hydrogenated nanocrystatline silicon (ne-Si:H) is a complex mixed-phase
material containing regions of silicon nanocrystallites interspersed with
amorphous silicon. It is an important material in efforts 1o advance the
production of more economical multijunction thin-film silicon-based
photovoltaic technologies. We have applied the junction capacitance
methods of transient pholocapacitance spectroscopy and drive-level
capacitance profiling to understand its fundamental electronic properties.
We compare results in both the anncaled and light-soaked states for
nec-Si:H samples having a wide range of amorphous-to-crystallite volume
fractions. Significant differcnces between samples with lower and higher
amorphous fractions are observed and we propose a tentative microscopic
model that may account for these differences.
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1. Introduction

In the early 1970s, Walier Spear and his co-workers clearly demonstrated the
enormous promise of the newly discovered non-crystalline form of silicon
(hydrogenated amorphous silicon a-Si:H) as this material could be doped by
adding phosphorous or boron impurities in @ manner similar to crystalline silicon [i].
This result was quite unexpected at the time because the more familiar non-
crystalline chalcogenide semiconductors could not be doped effectively. It became
immediately clear that one could fabricate useful semiconducting devices from this
material, and work on a-Si:H soon completely dominated the interest of workers in
the non-crystalline semiconductor field, including considerable efforts to understand
its electronic properties. Walter Spear and his collaborators, Pete LeComber and
Arun Madan, were active in this effort, publishing a first working version of the
density of states across the mobility gap in a-Si:H based upon their detailed studies of
a-Si:H field effect transistors [2,3]. These state distributions were greatly revised over
the next decade as many alternative experimental methods were applied to this
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problem, leading to a period of intense intellectual debate in which Walter Spear
was a key contributor.

Junction capacitance techniques, such as admittance spectroscopy [4.3].
capacitance voltage (CV) methods [6], and deep-level transient spectroscopy
(DLTS) [7.8], played a crucial role in identifying the dominant defect levels to
oblain a more accurate picture of the density of states. In the mid 1980s, two
related techniques were developed that have since proven particularly useful in the
study of disordered thin-film semiconducting materials: (1) the drive-level
capacitance profiling (DLCP) method [9-12], and (2) transient photocapacitance
spectroscopy [13-15]. Both of these methods have been applied extensively to the
study of a-Si:H [9,10,15,16] and its alloys with germanium (a-8i, Ge:H) [17-19],
and provide direct information on the thermal and optical transitions associated
with deep defects. In contrast to methods that require specially prepared samples
on particular types of substrates, junction capacitance methods are particularly
useful in the study of photovoltaic devices as they can be applied to the
semiconducting layer in its natural ‘working’ envirenment, such as a p-i junction
or a Schottky diode. '

Over the past decade, interest has been growing in another disordered thin-film
form of sihcon: hydrogenated nanocrystalline silicon, nc-8i:H. This material is being
evaluated for use in multijunction solar cell devices as the low optical gap component
in multijunction devices employing a-8i:H as the wide gap component (and, in some
cases, utilize the a-8i, Ge:H alloys as an intermediate bandgap component) [20-24].
In one respect, nc-Si:H can be considered to be the form of microcrystalline silicon
with the smallest crystallite sizes (typically about 20nm) and, indeed, its optical
properties closely resemble those of microcrystalline silicon, with an energy
absorption edge near 1.1eV. However, the best cell performance parameters have
been achieved when this material is deposited very close to the amorphous/crystalline
stlicon phase transition [25-27], so that it actually becomes a truly mixed-phase
material containing a significant volume fraction of a-Si:H, ranging from 20 to over
50%, as determined by Raman spectroscopy.

The record stabilized efficiency for a-Si:H based cells is currently held by a triple
junction cell using nc-Si:H as its bottom (lowest gap) device [28]. This underscores
the potential importance of this material for the future development of a-Si:H-based
solar cell technologies. In this paper, we will summarize some of the insights we have
obtained through the application of our junction capacitance methods to this
problem. We are fortunate to have a great deal of experience in this regard, with
a collection of experimental methods that have previously been very successful
in elucidating the electronic properties of a-Si:H and the a-Si, Ge:H alloys.

" Unfortunately, the interpretation of the results from these measurements has not
been nearly as straightforward as their application to these purely amorphous
materials. This, we believe, reflects its basic nature as a complex mixed-phase form of
silicon, which presents an entirely new set of challenges in trying to map out its basic
electronic properties. As these complex issues will undoubtedly continue to be the
subject of intense debate over the next several vears, it is reminiscent of those debates
concerning a-SuH 25 1o 30 years ago. We are certain that Walter Spear would have
enjoyed it.
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2. Samples

As mentioned in Section 1, junction capacitance-based experimental methods, uti-
lized in our studies, are performed directly on solar cell devices in their working
configuration. The results to be presented here were obtained from a series of sample
devices incorporating an undoped nc-Si:H absorber layer deposited at United Solar.
In most cases, the structure was stainless steel/n™/i(ne-Si:H)/p*/ITO, where the
nc-8i:H absorber layers were deposited using an RF or modified VHF (MVHF) glow
discharge (PECVD) process. The results discussed in this paper were taken for the
sample devices listed in Table 1. Sample 14657 was fabricated in a unique con-
figuration, in which, to reduce any post-deposition oxygen contamination, the
nc-Si:H layer was sandwiched between 200-nm layers of a-Si:H. A few films (for
example 13993) were prepared on textured Ag/ZnO substrates to Ffacilitate light-
trapping. Film thicknesses were typically 5001300 nm.

To study the effects of crystallinity on the electronic properties of these devices,
the nc-Si:H films were deposited under conditions to produce a material of varying
crystallite content across the entire area of the substrate.  An array of
semi-transparent 0.05cm?® ITO top contacts were then deposited on the completed
device, yielding a set of co-deposited solar cells of varying amorphous volume
fraction, X,. : :

The amorphous fraction for each device, given in Table 1, was estimated using
Raman spectroscopy. These spectra were obtained using a Renishaw RM series
confocal Raman microscope with a 785-nm (1.58 eV) excitation laser. This choice of
wavelength meant that the light would be both well absorbed by the nanocrystallite
component in these films and would also penetrate deep into the nc-Si:H i-layver to
yield an amorphous volume fraction representing a spatial average over most of its
active region [29]. Each Raman spectrum was baseline-corrected at 400 and 550cm™,
then deconvolved into three peaks: two Gaussian peaks representing the a-Si:H
TO mode centered near 480cm™ and the intermediate peak located near 510cm™.
A third peak centered near 520cm™’, representing the c-Si TO mode was fit with
a mixed Gaussian/Lorenztian distribution whose mixing constant was employed as
an additional fitting parameter. Amorphous volume fractions were then calculated

Table 1. Samples for which data are presented in this report. Except for sample 14657, all
were actual solar cells and their performance parameters are listed. The amorphous volume
fractions, X,, were estimated using Raman spectroscopy and have an estimated systematic
error of £0.05.

ne-Si:H i-layer
Sample X, thickness (um)} Vo (V)  Jsc (mAjem?)  Fill factor  Efficiency (%)

13993 0.47 1.1 0.548 24.39 0.641 8.57
14036 0.37 1.2 0.448 17.38 0.568 442
15125-74  0.28 1.5 0.501 14.89 0.529 3.95
1512594 0.64 14 0.597 11.86 0.496 431
16114 0.71 0.9 0.568 14.73 0.651 5.4

16115 0.23 2.8 . 0.470 19.4 0.449 4.1

14657 0.54 0.7 ©N/A N/A N/A N/A
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Figure 1. Typical Raman spectra obtained from ne-Si:H samples. (a) A spectrum exhibiting
a Farge amorphous component, and (b) one with a large crystalline component. Using the
m[egrated intensitics of the deconvolved peaks {dashed lines), the amorphous volume fractions
were determined (o be .71 220.05 and 0.23 £ 0.05, respectively.

by taking ratios of these integrated peak intensities using an additional correction
factor to account for the different optical cross-sections of a-Si:ll and the
microcrystallites [30,31]. The same correction factor was used in the Raman analysis
for all samples. Figure 1a shows a Raman spectrum for a highly amorphous device
(sample 16114) which typifies spectra for low crystalline volume fraction devices.
Likewise, Figure 1b shows a Raman spectrum for a primarily crystalline device
(sample 16115), typical of the spectra for high crystallinity devices. In both cases,
the component peaks used to fit the data are shown by the dashed lines.

3. Transient photocapacitance and photocurrent methods
3.1. Description of measurements

The transient photocapacitance (TPC) method yields optical spectra similar to those
obtained for any absorption measurement method that can access the sub-bandgap
density of states with sufficient sensitivity, such as CPM [32,33} or PDS [34].
However, the TPC method records the optically induced changes in the junction
capacitance, which indicates a photo-induced change in charge within the depletion
region. This TPC signal will be positive if majority carriers (electrons) predominantly
leave the depletion region during the measurement, but negative if minority carriers
fholes) are predominantly released. This means that TPC has the ability to
distinguish carrier type. Detailed descriptions of the TPC method have been given
previously [13,14,35], where [13] and [14] provide good descriptions of the effects of
all possible optical transitions on the TPC signal, and [35] pr0v1des an excellent
discussion of transient photocharge measurements in general.

To briefly outling the TPC method, the effect of a monochromatic optical
excitation on the junction capacitance is observed over a measurement time window
lasting ~1 5. Working carefully in a linear optical excitation regime, the capacitance
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response to this optical excitation is measured and normalized to the photon flux.
Because the sign of the TPC signal depends on the predominant type of carriers
collected during the measurement time window, we have

Signalrpe = K(n — p), (1)

where n and p represent the total number of collected electrons and holes,
respectively. The scale factor K depends on measurement temperature, the time-
window of observation, the DC bias applied across the barrier junction,
measurement frequency and the ambient charge distribution across the depletion
region. All of these quantities are generally kept constant during the acquisition of
a TPC spectrum.

A method closely related to the TPC method described above is the transient
photocurrent (or TPI) method. This is carried out in an identical way except that
the junction photocurrent produced during the measurement is recorded instead
of the capacitance. Because currents resuliing from either electrons or holes escaping

“the depletion region have the same sign, we then have

Signalrp; = K'(n + p). 2

In a sense, the TPI spectrum provides a ‘theoretical maximum’ version of the TPC
spectrum in that it reveals roughly how the TPC spectrum would appear if there were
zero minority carrier collection to diminish the TPC signal magnitude. Indeed, if
only majority carriers can be collected, then the TPT and TPC spectra should appear
identical (except for a simple scale factor), provided we are examining a spatially
uniform sample.

Therefore, when the TPC and TP spectra are correctly scaled relative to each
other, the two measurements can be used to estimate the minority carrier collection
fraction by taking the ratio of properly scaled spectra, R=Signaltpc/Signalyey:

. 1-R
f}i :an__R: (3)
where f,=p/(n+p) and f,=n/{n+p). We generally assume that, due 1o their much
higher mohbilities, the collection fraction for electrons will have a value close to unity.

3.2. Resualts from photocapacitance and photocurrent

A key result we obtained in applying these methods to ne-Si:H is that the relative
degree of hole versus electron collection as a function of photon energy depends
on the amorphous content-of the film and is also greatly influenced by the degree
of light soaking. ‘Light soaking’ refers to prolonged exposure of the device to
300 mW/em?, 610-nm long-pass filtered white light for 100h. Figure 2 compares
sets of TPC spectra obtained for two nc-Si:H sample devices with very different
amorphous volume fractions. Figure 2a displays such spectra for a sample with
a relatively low amorphous fraction. At the lowest measurement temperature, these
spectra resemble those obtained from PDS measurements for microcrystalline Si
in other laboratories [36,37]. As the temperature is increased, we observe that the
signal intensity above the crystalline Si bandgap (1.1eV} decreases monotonically.
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Figure 2. Typical photocapacitance (TPC) spectra versus temperature for two nc-SitH
samples in their annealed state. The nominally high degree of hole collection in each sample
decreases with decreasing temperature. (a) The more nanocrystalline film (14036} shows little
evidence of the a-8i:H optical bandgap, (b) while the more amorphous film (14657) reveals the
a-Si:H band edge near 1.8 eV.

This is due to the nature of the photocapacitance signal, discussed in the above
section, which reveals the difference between the electrons and holes collected. Thus,
while photons with energies exceeding 1.1eV excite equal numbers of electrons and
holes, they are not collected with equal efficiency, and this means there is residual
charge left in the depletion region over the timescale of the observed capacitance
response. The positive sign of the TPC signal in Figure 2a indicates that the holes are
being collected less efficiently than the electrons, but that this asymmetry decreases
with increasing temperature. Thus, the TPC signal above 1.1eV becomes smaller as
the temperature is increased. Indeed, from auxiliary TPI measurements on this
sample, we estimate that, at optical energy 1.5¢V, the relative hole collection
{compared to that of the electrons} over the 1-s measurement window increases from
less than 70% at 150 K to over 99% at 245 K.

"~ Figure 2b shows a set of corresponding spectra taken for a sample with a higher
amorphous Si fraction, published a few years ago [38]. The lowest temperature
spectrum is qualitatively identical to those found in Figure 2a and to the optical
spectra obtained by methods such as CPM and PDS for nc-Si:H malerials. We again
see a comparable increase in hole collection efficiency with increasing temperature
above 1.1 eV, indicated by the decrease in the TPC signal in this energy regime.
However, as the TPC signal decreases, it then reveals a residual spectrum that closely
resembles that of hydrogenated amorphous silicon [11,14]. As argued in [38], this
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Figure 3. Photocapacitance (TPC)} and photocurrent (TPI) spectra for two nc-Si:H samples in
both their annealed and light-soaked states. The ratio of the TPI to TPC signals above 1.1eV
indicates the degree of hole collection. (a} The highly nanocrystalline film (16115) shows little
evidence of the a-Si:H optical bandgap. In its light-soaked state, the negative TPC signal near
E ~0.6eV indicates unfilled defect states above the Fermi level. Spectra were taken at 325 K.
(b) A more amorphous film (13993} reveals the a-Si:H band edge near 1.7e¢V. At high
temperatures (295 K), a negative TPC feature appears ncar 1.2eV.

indicates a well-defined amorphous silicon phase within this sample, which actually
maintains its microscopic identity with respect to its optical excitation spectrum.
In this higher temperature regime, we believe that, because the hole collection in the
amorphous silicon component is lower than the nanocrystalline silicon component,
the amorphous silicon component dominates the appearance of the overall TPC
spectrum (that is, TPC signal in the nanoerystalline phase above 1.1eV has been
greatly suppressed by its very high hole collection fraction).

Figure 3 compares the TPC and TPI optical spectra near room temperature for
two additional nc-Si:H samples, again with higher and lower nanocrystallite
fractions. Here, however, we display spectra both in the annealed state and after
light soaking. First, we note-that in both cases the TPI {(photocurrent) spectra closely
resemble the familiar absorption curve for micro-crystalline silicon and are
essentially the same as the lower temperature TPC spectra for the two samples
shown in Figure 2; namely, the optical bandgap for these materials is roughly 1.1 eV
and there exists a band of deep defects at energies below 0.9¢V. The factor of ~200
suppression of TPC relative to TPI above 1.4eV for both samples indicates that at
least 99% of the minority carriers are being collected for every majority carrier over
the measurement’s 1-s timescale in the higher temperature regime. However,
following light soaking, the TPC signal above 1.1eV increases significantly implying
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that the relative hole collection has dramatically decreased to below 90% in both
cases. This behavior after light soaking has been universally observed for all the
United Solar ne-Si:H we have examined by these methods.

Secondly, as in the comparison shown in Figure 2, the ne-Si:H film with the
higher amorphous Si fraction shows a distinct amorphous phase in its TPC spectrum
above 285K, while this behavior is missing for the sample with the higher
nanocrystalline fraction. Thus, qualitatively, the results for these two samples are
similar for the two cases displayed in Figure 2. However, they alsc show a behavior
not present in the spectra displayed in Figure 2; namely, regions in which the TPC
signal actually becomes negative (the region with filled symbols). Such a negative
signal in TPC is the signature of an optical transition between a valence band state
and a deep empty gap state where the excited charge can remain trapped during the
timescale of the measurement (see [39] for a more detailed discussion). In such a case,
if the residual valence band hole escapes the depletion region, this results in a net
negative residual charge in the depletion region as a result of the optical excitation
and we, thus, observe a negative TPC signal.

Note that the negative features in the TPC spectra occur over different optical
energy regimes [or these two samples with greater and lesser nanocrystalline
components. Also, no such negative features occur in the spectra for the two samples
in Figure 2. This presents a rather significant challenge in the study of nc-Si:H
materials; namely, how to account in a reasonably straightforward fashion for the
great variety of behaviors exhibited by the optical spectra for these four samples.

The schematic band diagram in Figure 4 provides a possible solution. Optical
transitions that might occur between the valence band and empty states of a defect
band residing in the amorphous silicon phase region of the material are shown. Both
transitions are of the type that may result in a negative TPC signal. Figure 4a
illustrates a material with a lower fraction amorphous silicon component and, thus,
narrower amorphous regions. In this case, the energy levels in the amorphous and
crystalline phases are likely to be well mixed quantum mechanically (represented by
the stippling in the figure). In such a material, the energy threshold for the optical
transition shown reflects the energy difference between the top of the valence band
in the crystallitc and the defect energy. Figurc 4b, on the other hand, illustrates
a situation where the amorphous region has a larger spatial extent so that the spatial
overlap (and corresponding matrix element) between the crystallite valence band
state and the defect level in the amorphous region is small. In this case, the energy
threshold would reflect the energy difference between the valence band states in the
amorphous phase and the defect level. This transition energy will be larger by
roughly the energy of the valence band offsets belween the two phases. Indeed,

_from the negative TPC signal regimes in Figure 3, the difference in thresholds is
0.5-0.6eV, roughly the valence band offset between crystalline and amorphous
silicon as determined by several studies [40-42].

If this explanation is correct, then why are there no such negative signal regions
in the TPC spectra in Figure 27 Probably because observing a net negative TPC
response requires three conditions that must be met simultaneously:

(a) There must be a large unoccupied defect band in the depletion region that is
still deep enough so that electrons inserted into it are not thermally re-emitted into
the conduction band too rapidly. (b) One must be able to collect the residual hole in
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{b)

Figure 4. Possible optical transitions corresponding to the preminent negative features in
the optical spectra from Figure 3. In a low amorphous fraction sample depicted for case (a),
the threshold for a negative TPC signal will occur near 0.6eV, while in a high amerphous
fraction sample corresponding to case (b), the threshold might lie close to 1.2eV due to the
lack of close quantum mechanical coupling between the amorphous and crystalline phases.
This diagram also suggests how electron trapping from the conduction band into a deep state
occurs easily in case (a}, while being largely suppressed in case (b).

the valence band with reasonable efficiency. (c) Transitions from filled gap states into
the conduction band occurring over the same photon energy regime (which result
in a positive TPC signal) must not be so strong that they overwhetm the transitions
responsible for the negative signals.

Thus, the lack of a negative TPC regime for the more crystalline fraction
sample in Figure 2 is probably a resuft of item (a) listed above; that is, the lack
of a sufficiently large empty defect band. Indeed, the more crystalline sample
in Figure 3 did not exhibit a negative feature until after it was light-soaked.
Likewise, the lack of a net negative signal for the more amorphous sample
in Figure 2 is likely due to (c): the presence of a strong transition from filled gap
states into the conduction band. It might also be due to a lower hole collection
fraction in.that sample. Indeed, the negative region for the more amorphous sample
in Figuré 3 also disappears at a 20 K lower temperature due to decreases in hole
collection.

In summary, the observation of a negative TPC signal provides an unambiguous
signature of a valence band transition into an empty defect level. However, the
lack of that signature does not mean the transition is absent, only that other factors
make it difficult to observe. Therefore, we believe that the two spectra shown in
Figure 3 provide clear evidence for a distinct crossover in the electronic properties
of nc-Si:H with greater or lesser degrees of crystallinity. The model shown
schematically in Figure 4 gives one attractive interpretation of these results and
this observation is further strengthened by some of the DLCP results described in the
following section,
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4. Drive-level capacitance profiling
4.1. Description of measurement

Drive-level capacitance profiling (DLCP) is one of the most powerful techniques for
learning about majority carrier traps in disordered materials because it can reveal both
the energy and spatial distribution of such defects. It has been discussed in greater
detail elsewhere [12]. Put simply, drive-level profiling is closely related to the more
familiar C-V profiling method in which the junction capacitance is measured as
a function of applied dc bias voltage, . That dependence can be directly inverted to
provide the doping profile in semiconducting materials containing negligible concen-

trations of deep defects. However, for semiconductors that do contain a large density of

deep defects, the CV method is problematic since the charge density changes not only at
the edge of the depletion region but also where energy levels of the deeper defects cross
the quasi-Fermi level, well inside the depletion region. That deeper charge response is
also very dependent on the timescale (ac frequency) used for the measurement.

In the DLCP method, instead of measuring the junction capacitance using
a single value of the oscillating voltage amplitude, 8V, one employs, a series of
increasing values to determine the first couple coefficients in the non-linear relation:

dQ/dV = Cy + C18V 4 C(3VY + - .-

This behavior is partially governed by the thermal emission cutoff energy, £., which
depends on the measurement (angular) frequency w and temperature 7+

E: = kpTin{"). )

Here, v is the usval thermal emission prefactor for the deep gap state response, which
has been found to have a value of ~2 x 10" s in a-Si:H [43—45]. Energy E, describes
how far below the conduction band edge defect states are able to tespond
dynamically at the measurement frequency w.

Using the above parameters, the DLCP density becomes, in terms of the
fundamental charge ¢, and the permittivity of the material &:

C3 . pEF :
NDL(x, Ee) = _-:Z—q.s‘AUTC] =n +‘/E‘ . g(E, x)dE, (5)
C— L

where 7 is the density of free carriers, 4 is the area of the device and g(E, x) is the
densily of states within the gap at position x. Note that the integration is performed
over gap states that are filled in the undepleted portion of the semiconductor but
whose occupation is modulated within the depletion region down to the emission
cutoff energy £,. This density is then plotted as a function of {x} =84/Cy (as in C-V
profiling) as the de bias is changed to reveal the spatial distribution of defects across
the semiconductor.

4.2. Results from drive level profiling

The results from our DLCP measurements on nc-Si:H samples display even more
consistent differences, depending on their amorphous volume fractions, than in the
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Figure 3. Typical DLCP results for samples of very different amorphous content.
Respectively, {a) and (¢) show the annealed state (State A} and the light-soaked state (State
B) of a sample (15125-74) containing a large fractional volume of crystallites. The strongly
temperature-dependent set of profiles in State B indicate that a significant increase in mid-gap
defect states has occurred during light soaking. (b) and (d) Show this behavior to be absent in
a highly amorphous film (15125-94). Instead, a slight decrease is seen in the drive level profiles
between State A and State B. This is most likely attributed to a decrease in the free carrier
density during light soaking.

optical spectra described above. Figure 5a and b compare the 3.5-kHz DLCP profiles
for two samples, with high and low crystalline fractions, in their fully annealed states.
In both cases, the profiles indicate very low density values, which do not increase with
increasing temperature up to 350 K. This indicates a very low density of deep defects
having thermal emission energies within ~0.65eV below Ec (via Equation (4)).
Upon light soaking, one would expect the deep defect response to increase
and, indeed, there is evidence in Figure 5¢ for a strong deep defect response in the
sample with the lower amorphous fraction. The displayed monotonic increase
with measurement temperature indicates a broad defect band, as interpreted by
Equation (5). The higher amorphous fraction sample, in contrast, shows no increase
in the deep state response: it actually appears to show a slight reduction. The latter
may be due to an overall decrease in free electron carriers, as deep states are created
by light soaking provided that those states are too deep to respond at 3.5kHz at
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350K and below. This is in keeping with the behavior of deep defects observed in
a-Si:H, since a deep defect response is not observed at 3.5k Hz for temperatures
below ~380K [I1].

The DLCP behavior exhibited in- Figure 5, before and after light soaking, for
nc-Si:H samples with higher and lower amorphous fractions has been confirmed in
many different samples. We believe this to be a general feature of nc-Si:H material
produced at United Solar. The key question, therefore, is why such a deep state
response makes a strong appearance after light-soaking in samples with higher
crystalline fractions (while not in samples with lower fractions).

We believe the schematic diagram in Figure 4 again provides one plausible
answer. Transport of electron carriers is expected to occur predominantly in the
crystallite phase of these mixed phase samples in all cases. However, for more
crystalline samples, these carriers essentially encounter no barrier for capture into
a deep defect residing in the amorphous regions, while, in the more amorphous
samples, the capture likely occurs via amorphous silicon conduction band states,
which presents a significantly larger barrier for carrier capture. Such an explanation,
it true, would provide a complementary and consistent maodel that could account for
the different behaviors observed both in the optical spectra and thermal excitations
revealed by these DIL.CP measurements.

5. Discuossion and conclusions

It is now well accepted that nc-Si:H 15 a muxed-phase material which can contain
a substantial fraction of a-Si:H. This is readily revealed by Raman spectroscopy,
which also allows a rough estimate of the amorphous and crystalline volume
fractions. However, evidence for the presence of the amorphous phase is generally
occluded in optical spectral measurements owing to the much higher absorption in
the crystalline phase above 1.1eV. Thus, the spectra obtained by, for example, PDS
or CPM appear nearly identical to those for microcrystalline Si in which the
amorphous phase is nearly absent. In contrast to such measurements, in many
nc-Si:H samples, we are able to observe a clear a-S5i:H spectral signature using
transient photocapacitance (TPC) spectroscopy under certain experimental condi-
tions. This is due to the suppression of the TPC signal from the nanocrystalline phase
at higher temperatures owing to its larger hole collection. On the other hand, the
a-Si:H-like TPC spectral signature 1s never observed for samples having amorphous
fractions below 40 vol%. Moreover, in certain samples, a negative TPC regime is
evident, indicating a strong transition from the valence band into a band of
unoccupied ‘deep defect levels. However, the photon energy threshold for these
negative TPC regions is quite different depending on the amorphous phase volume
fraction. We argued that all of the above observations could be accounted for by
hypothesizing that the samples with higher crystalline fractions contain amorphous
phase regions which are substantially thinner. This results in a higher degree of
quantum mechanical mixing between the electronic levels in the two phases, causing
the energy barriers separating the electronic transitions in the amorphous and the
crystalline phases to effectively disappear. A schematic illustrating this proposal was
presented in Figure 4.
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Table 2. Hole collection fractions, f;, at 300 K determined by the TPC and TPI signal ratios
at a photon energy of 1.5¢V for a set of nc-Si:H sample devices of various amorphous volume
fractions, X,. In all cases, the hole collection fractions, f,, decreasc after light soaking. The
pre-light-soaked open circuit voltages and efficiencies are included for reference. The highest
cfficiency sample is the only one listed that was deposited on a textured AgZnQ substrate.

Sample Xa Voc Efficiency (%) S fE

16114 0.71 0.568 ' 5.4 0.97 0.42
14657 0.54 N/A N/A 1.0 0.95
13993 0.47 0.548 8.57 >14 0.75
16115 0.23 0.448 4.42 0.98 0.80

Regardless of the crystallite fraction, we found that the relative hole collection,
determined by comparing the magnitudes of the TPC and TPT signals at 1.5eV,
decreased substantially after light soaking (see Table 2). The degree of decrease has

" not yet been determined in many samples and, as yet, appears to be uncorrelated

with the measured amorphous fractions. Nonetheless, studies of the spectral
dependence of the light-soaking effects in nc-Si:H generally indicate that it is the
a-Si:H component which is responsible for the light-induced degradation of cell
performance [46].

On the other hand, one of most surprising aspects of light soaking is illustrated
by the DLCP resulis displayed in Figure 5. In essentially every instance, we have
found that the ne-Si:H materials with the smaller amorphous fractions show a large
light-induced increase in a deep defect acting as a majority carrier trap, while the
samples with higher amorphous fraction show no such increase. At first glance, this
seems to contradict the idea that the presence of the amorphous phase is responsible
for the light-induced effects.

However, we believe that higher amorphous phase samples also undergo a light-
induced increase in deep defects, but that this defect band is not revealed in the
DLCP measurements. One possible explanation is suggested by our proposed model
in Figure 4; namely, that a large barrier separates the free carriers in the crystalline
phase from the light-induced defects in the amorphous phase. This prevents the
carriers from being trapped and thermally re-emitted at the ~0.1-ms time-scale of the
DLCP measurement. In the samples with higher crystalline fractions and thinner
amorphous regions, tonneling allows carriers to undergo trapping into these defects
directly from the crystallite conduction band. Moreover, the temperature depen-
dence of the deep defect response in those more crystalline samples (see Figure 5c¢)
indicates an activation energy near 0.6eV, much lower than is encountered in deep
trapping of electrons in a-Si:H itself.

While the above argument seems quite plausible and is also supported by the
behavier of the observed TPC spectra, there are other ways one might account for
the different DLCP results. Perhaps the defect band that appears after light soaking
resides at the amorphous/nanocrystallite phase boundaries and these boundaries
encompass more potential precursor sites as the nanocrystallite volume fraction
increases. Or, perhaps the energy of the light-induced defect lies below the quasi-
Fermi level in deep depletion in & higher amorphous fraction sample, so that the
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alternating voltage applied during the DLCP measurement is unable to modulate the
occupation of that defect. Such explanations cannot yet be ruled out, but can
probably be tested by future measurements. Certainly, the electronic processes in
nec-Si:H are complex and we can only claim to have begun the process of formulating
microscopic models that might account for the surprising features which our TPC
and DLCP measurements have revealed.
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