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EXECUTIVE SUMMARY

Our research during Phase I of NREL Subcontract XAN-4-13318-07 has been focussed
on the characterization and evaluation of materials produced by novel deposition
conditions and/or methods. The results are based on a variety of junction
capacitance techniques: admittance spectroscopy, transient photocapacitance (and
photocurrent), and drive-level capacitance profiling. These methods have allowed
us to determine deep defect densities and their energy distributions, Urbach
bandtail energies and, in some cases, T products for hole transport.

First, we have carried out measurements on a-Si,Ge:H alloy samples produced at
Harvard University by a cathodic glow discharge process. These samples were
found to exhibit nearly an order of magnitude lower defect densities in the high Ge
composition range (>50at.% Ge) than alloy samples produced either by conventional
glow discharge or photo-CVD deposition. This lower defect density appears to be
entirely consistent with a simple defect formation model that was previously found
to account for the defect densities in the other types of a-Si,Ge:H samples. Such
reduced defect levels in the Harvard samples thus seem to be linked to their larger
gaps energy for a given Ge fraction, the different relative energy positions of the
defect within the gap, and markedly smaller Urbach energies. However, our
measurements also indicated a smaller value of (ut)}, for these samples than would
have been expected given their lower defect densities.

Second, we characterized several hot-wire a-Si:H samples produced with varying
hydrogen levels. These samples were evaluated in both their as-grown state as well
as a strongly light degraded state. We found that samples with a H content above
10at.% exhibited essentially identical properties to those of conventional glow
discharge a-Si:H. However, as the H level was decreased to about 2at.% the
electronic properties actually improved: the degraded defect level was reduced and
Urbach tail was slightly narrower. These changes were accompanied by more than
a 0.1eV decrease in optical gap. Therefore, our studies indicate that hot-wire
produced a-Si:H, with H levels between 2-5at.%, should lead to mid-gap devices
with superior properties.

Finally, we report some results on a-Si:H glow discharge material grown under
hydrogen dilution conditions. We confirm that such films exhibit improved stability
compared to conventional glow discharge material. We also began some studies to
try to gain some insight into the mechanisms responsible for such differences in
stability, comparing samples grown with Ar and H dilution as well as a sample that
was switched periodically between these two types of gas mixtures during growth.
While still very preliminary, our studies point to film strain as playing a primary
role for the observed differences in behavior.



1.0 INTRODUCTION

The work carried out in Phase I under NREL Subcontract XAN-4-13318-07
has been focussed on three types of studies. First, we have carried out an extensive
evaluation of the basic electronic properties of low mobility gap a-Si,Ge:H alloy
films produced at Harvard University by a cathodic glow discharge process. Second,
we have investigated the properties of a series of a-Si:H samples with varying
hydrogen content produced by the hot-wire deposition process at NREL. These
samples were examined both in their as-grown state as well as a light-degraded
state. Finally, we have begun a comparison of degradation for glow discharge
a-Si:H samples produced with and without hydrogen dilution. In a novel approach
we examined samples in which the degree of hydrogen dilution was modulated
within a single sample so that possible mechanisms for the difference in
degradation rates could be identified.

The experimental results described in this report are based primarily on a
variety of junction capacitance techniques: admittance spectroscopy, transient
photocapacitance (and photocurrent), and drive-level capacitance profiling. These
methods have allowed us to determine deep defect densities and their energy
distributions, Urbach bandtail energies and, in some cases, ut products for hole
transport.

For the cathodic a-Si,Ge:H samples we have compared our results with those
we obtained previously on alloy samples from other sources. This comparison
indicates that the cathodic alloy samples have nearly an order of magnitude lower
defect density for a given Ge fraction than the other samples studied previously.
However, other differences in behavior have also been found which indicate some
basic qualitative differences in electronic properties. For the hot-wire deposited
a-Si:tH samples we compare the measured properties with high quality glow
discharge a-Si:H material. Here we have found nearly identical properties for hot-
wire material with hydrogen levels above 10at.%. However, as the hydrogen
content of the hot-wire a-Si:H is decreased to 2at.%, the electronic quality of these
samples is actually found to improve slightly while the optical gap is decreased.
This indicates considerable promise for hot-wire material in solar cell applications.

In the Sections that follow, we first describe the samples studied and then
briefly review the experimental techniques employed. In Section 4 we discuss our
results concerning the electronic properties of the cathodic a-Si,Ge:H samples. In



Section 5 we present our results on the hot-wire deposited a-Si:H, and in Section 6
our preliminary results on hydrogen diluted a-Si:H. Finally, in Section 7 we
summarize our findings and draw some general detailed conclusions.

2.0 SAMPLES
2.1 CATHODIC AMORPHOUS SILICON-GERMANIUM ALLOYS

The a-Si,Ge:H samples were deposited by Paul Wickboldt of William Paul's
group at Harvard University by the glow discharge method. However, unlike most
other groups, the substrates are attached to the rf electrode, which sustains a
negative dc bias during deposition (the cathode).[1] In this method the mixtures of
SiH4 and GeHy4 gases were diluted in Ho. The flow rates of GeH4 and Hg were 1.00
sccm and 40.0 sccm, respectively. The SiHy4 flow rate was varied to obtain the
different Ge fractions. The temperature of the substrates was kept constant at 225°
C, the chamber pressure was maintained at 0.95 Torr, and the rf power density was
1.2 watts/cm2 for all depositions. The films were grown on both heavily p* doped
(111) oriented crystalline silicon wafers and on Corning 7059 glass.

We present the general optical and electrical properties of these films
deposited at different flow rates of SiH4 in Table 1. The germanium content of each
film was well determined by the electron microprobe method with an error less than
lat.%. The optical gaps Eg4 and Eg3 were measured at Harvard by optical
absorption measurements on the glass substrate samples. The dark ac conductivity
activation energy, E; which we identify with the Fermi energy position, (E5 =
Ec - Ep), was deduced from the C-T-0 measurements for Schottky diode samples
(see Section 4).

Table 1. Optical and electrical properties of cathbde deposited glow discharge
a-Sij.xGex:H alloys.

Sample SiHy4 flow Ge Bandgap (eV) Eg (eV) Thickness (Lm)
No. (sccm) content Eoa Eqo3 Optical C-T-®
479 1.60 57.3 at.% 1.57 1.39 0.666 2.83 2.61
478 1.00 67.5 at.% 1.53 1.37 0.645 3.07 3.08
477 0.70 74.5 at.% 144 1.30 0.620 2.99 2.77
476 0.37 84.5 at.% 140 1.24 0.559 1.97 1.96

427 0.00 100 at.% 126  1.12 0.510 — 2.28




Both the optical bandgap and the dark ac conductivity activation energy
decrease monotonically with increasing Ge content. We also note that Eg is always
less than one-half of Eg4 (or even Eg3) implying that these alloys are effectively
slightly n-type with a Fermi level above mid-gap. The fact that the film thicknesses
obtained from capacitance match those derived from the optical absorption
measurements indicates the same growth rates for films deposited on the different
substrates.

2.2 HOT-WIRE AMORPHOUS SILICON

A set of four a-Si:H films were deposited by Brent Nelson and Eugene
Iwaniczko at NREL on stainless using the hot-wire CVD deposition technique. By
varying the substrate temperatures during deposition the hydrogen concentration
in the films could be varied between more than 10at.% to less than 1at.%.[2] The
deposition conditions for the film series is given in Table 2 along with their
hydrogen concentrations and thicknesses. The hydrogen concentrations were not
actually measured for these samples, but are estimated on the basis of previous film
depositions at the same temperatures.

Table 2. Characteristics of hot-wire deposited a-Si:H samples.

Sample No. Substrate Temp. Hydrogen Content Thickness

(°C) (at.%) (km)
HW290 290 10-12 1.45
HW325 325 7-9 1.83
HW360 360 2-3 2.38
HW400 400 <1 1.69

2.3 HYDROGEN DILUTED GLOW DISCHARGE AMORPHOUS SILICON

Two glow discharge samples were obtained from Rajeewa Arya at Solarex.
One was grown under their usual conditions for device quality material (pure silane
discharge at a roughly 260°C substrate temperature), and the other was grown
under conditions of hydrogen dilution (10:1 Hy:SiH, at somewhat lower substrate
temperatures). Cells fabricated using the latter material as an i-layer have been
found to lead to marked improvement in stabilized performance.



In a preliminary attempt to gain some insight into the mechanisms for
improved stability in the hydrogen diluted material, we also carried out a feasibility
study on three samples grown in our own glow discharge reactor. We grew one from
a gas mixture of 30% SiH, diluted in hydrogen, a second sample using 30% SiH4
diluted in argon, and a third sample in which SiH4 again accounted for 30% of the
mixture, but the dilutant gas was switched from Hy to Ar every 10 to 15 minutes
with a total of 34 layers. This resulted in a 4pm thick sample with a modulation
period of about 2300A. All substrates were heavily p-type crystalline Si and the
substrate temperature was 200°C in all cases.

24 SAMPLE TREATMENT

Semitransparant palladium Schottky barriers were evaporated on the top of
all samples. For the light degradation studies we employed a tungsten-halogen
light source either unfiltered or, in cases where spatial uniformity of the
degradation was important, used a red filter with a 1.9eV high energy cutoff. Light
exposure times were always 100-120 hours. Typical intensities for light exposure
were 400mW/cm2. In some cases we employed intensities of 5W/cm2 to ensure
saturation after 100hours. For these higher intensities we submerged the sample
in methanol to maintain the film surface temperature below 65°C.

3.0 EXPERIMENTAL CHARACTERIZATION METHODS

The measurements employed in our studies rely on a small set of
experimental techniques which have all been described previously in some detail.
They consist of (1) admittance spectroscopy as a function of temperature and
frequency, (2) drive-level capacitance profiling, and (3) transient photocapacitance
taken together with transient junction photocurrent spectroscopy. For the purpose
of this report we will describe each method only very briefly and review what kind
of information is obtained from each type of measurement.

3.1 ADMITTANCE SPECTROSCOPY

Our Schottky diode samples contain a depletion region which is characterized
as a function of temperature and frequency before we undertake the more
sophisticated capacitance based measurements described in Sections 3.2 and 3.3



below. Such measurements provide us with an estimate of our film thickness (the
temperature independent region at low T is simply related to the geometric
thickness, d, by the formula C =¢€A/d), and an Arrhenius plot of the frequency of
the lowest temperature capacitance step (or conductance peak) vs. /T provides us
with the activation energy of the ac conductivity, E5, which we identify with the
Fermi energy position: Eg=EC - Ep.[3] These admittance measurements also give
us an indication of the quality of our Schottky barriers which allow us to pre-screen
our samples for further study.

3.2 DRIVE-LEVEL CAPACITANCE PROFILING

The drive-level capacitance profiling method has been described in detail in
many publications [4,5]. It is similar to other kinds of capacitance profiling in that
it provides us with a density vs. distance profile; however, this particular method
was developed specifically to address the difficulties encountered in interpreting
capacitance measurements in amorphous semiconductors. In this method we
monitor the junction capacitance both as a function of DC bias, VB, and as a
function of the amplitude of the alternating exciting voltage, 8V. One finds that to
lowest order this dependence obeys an equation of the form:

C(VB,8V) = Co(Vp)+C1(VB) &V +...

and that the ratio
Co3

2qe eA2 Cy

Npy,

is directly related to an integral over the density of mobility gap defect states:

N £F E)dE
DL = IEG-Ee g(E)

Here ER© is the bulk Fermi level position in the sample and E depends on the
frequency and temperature of measurement:

Ee(,T) = kpTlog(v/w)

Thus, by altering the measurment temperature (or frequency) we obtain
information about the energy distribution of the defects and, by altering the applied
DC bias, we can vary the spatial region at which we detect the defects in the
sample. That is, we can spatially profile the defects as a function of the position
from the barrier interface.



In our current studies we typically measured 10 or 100Hz profiles for a series
of temperatures between 320K to 360K. These data usually indicated a clear upper
limit for Npj, which, we have shown [6], is equal to roughly one half the total defect
density in these samples. This thus provides us with a quantitative measurement
of the deep defect levels. In addition, because of the profiling information also
obtained, we are able to assess the spatial uniformity of the electronic properties in
these samples.

3.3 TRANSIENT PHOTOCAPACITANCE AND PHOTOCURRENT

The methods of junction transient photocapacitance and photocurrent have
been discussed by us in great detail recently in the literature [7,8,9] and also in
previous NREL reports. They represent types of sub-band-gap optical spectroscopy
and provide spectra quite similar in appearance to PDS derived sub-band-gap
optical absorption spectra or to CPM spectra. Instead of detecting absorbed energy,
however, our photocapacitance and photocurrent transient methods detect the
optically induced change in defect charge within the depletion region. However,
unlike the CPM method, both of our junction based techniges are not greatly
influence by the free carrier mobilities since, once an electron (or hole) is optically
excited into the conduction (valence) band it will either totally escape the depletion
region on the slow timescale of our measurement (0.1 to 1s) or be retrapped into a
deep state and not escape. In most cases we assume that almost all of the optically
excited majority carriers (electrons) do escape but, in general, only a fraction of the
minority carriers (holes).

Because the photocapacitance and photocurrent measurements have different
sensitivities to the loss of electrons vs. holes from the depletion region, a detailed
comparison of the two kinds of spectra can be used to disclose the escape length of
the holes.[8,10] This allows us to estimate the hole put products for these samples.
In these experiments the parameter 1 is identified as a deep trapping time, not a
recombination time. We are also able to distinguish whether optical excitation of
defect states comes about because of the excitation of trapped electrons to the
conduction band or because of the excitation of valence band electrons into an
empty mobility gap state. This ability to distinguish electron from hole processes is
unique among all the various types of sub-band-gap optical spectroscopies.



4.0 CATHODIC AMORPHOUS SILICON-GERMANIUM ALLOYS

To determine the mid-gap defect densities in the cathodic a-Sij.xGex:H
samples, we carried out drive-level capacitance profiling measurements at 100Hz
for a series of temperatures between 290K and 350K. In Fig.1(a) we display typical
drive-level capacitance profiling data for the sample with x = 0.57. Unlike previous
a-Si,Ge:H samples studied in this fashion, the drive-level density, Npj,, did not
exhibit any obvious temperature dependence for these samples. For comparison, we
plot in Fig.1(b) the temperature variation of Npj, for a sample in a similar
composition range (x = 0.5) obtained from United Solar Systems Corporation.[11]
There are, we believe, two reasons that N1, might be temperature independent for
the cathodic samples. First, the bulk Fermi level EF® may be very close to the
quasi Fermi level in deep depletion. In this case, we would be probing the entire
deep depletion charge density at even the lowest measurement temperature so that
NpL already has its maximum value at 320K. Second, there may be a narrow
defect band lying at or above ER©. In that case the capacitance profiling would only
show us the portion of the defect band lying below ER0. Thus, the increment of
NpL, with temperature would be extremely small. Either of these situations imply
that we may only be profiling a limited region of the total deep defect band.
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FIG. 1. (a) Temperature independent drive-level density of a cathode deposited
samp%e, [(b)] an example of the temperature dependent drive-level density of a USSC
sample [11].



In Fig. 2 we plot the measured values of Npj, vs. the Ge content determined
for these cathothic alloys along with results from our previous studies of photo-CVD
a-Si,Ge:H samples obtained from the Institute for Energy Conversion (Delaware)
[12] and the glow discharge provided to us by United Solar Systems.[11] For both
these previous series of samples we believe that the limiting value of Ny, is indeed
providing us with an accurate estimate of the total density of the mid-gap defect
band. Although Npy, for the cathode deposited glow discharge samples is observed
to increase with germanium content in a fashion similar to both the IEC and USSC
samples, its value is almost one order of magnitude lower than the trend line at
high Ge composition indicated for the other a-Si,Ge:H samples.
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FIG. 2. . A comparison of the total defect densities vs. Ge content for the a-Si,Ge:H
alloys from three sources: photo-CVD samples produced at IEC at University of
Delaware [12], glow discharge samples produced at USSC [11], and the cathodic
glow discharge samples produced at Harvard. The solid symbols are the
experimental defect densities determined by drive-level profiling, the open symbols
are the defect density estimated from sub-band-gap optical spectra. The dashed
lines are the predicted dependence using the spontaneous bond breaking model,
assuming a Urbach energy of 53 meV and a AE of 0.3eV for the IEC and USSC
samples, a narrow Urbach energy of 45meV and a slight larger value of AE (0.38eV)
for the cathode deposited samples.



To determine the energy positions of the deep defect bands in the mobility
gap, we carried out transient photocapacitance and photocurrent measurements on
these samples. In Fig. 3 we compare such a pair of spectra for one USSC sample
(with x=0.50) with one cathodic a-Si]_zGeg:H sample (with x=0.57) measured under
identical conditions. In all of the IEC and USSC samples we observe a significant
deviation between the photocapacitance and photocurrent spectra obtained at
higher temperatures similar to that shown in Fig. 3(b). As we discussed in Section
3.3 and elsewhere [8,10], the deviation in the bandtail region is due to contribution
of hole processes which decrease the relative magnitude of the photocapacitance
signal. The additional somewhat larger deviation near 1.0eV is due to the
excitation of valence band electrons into an unoccupied defect level within the
mobility gap. In contrast, in Fig. 3(a), we find that there is a nearly constant ratio
between the photocurrent and photocapacitance spectra for that sample throughout
the entire optical energy regime (0.6eV < hv < 1.4eV). This means that the
displacement of each hole is sufficiently small that it has very little effect on the
transient signals. The most straightforward conclusion would be that the hole put
products for the cathodic a-Si,Ge:H samples are significantly lower than for the IEC
or the USSC samples.
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FIG. 3. Pairs of photocapacitance and photocurrent transient spectra for two
a-Si,Ge:H samples taken at 330K. These spectra have been aligned to coincide at
the lowest optical energies. The marked difference between the two spectra in (b)
can be attributed to minority carrier processes.
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This interpretation, however, is a bit of an oversimplification. We have
previously presented a detailed analysis [8,10,11] by which one can estimate the
hole ut products from the ratio, R, of the photocapacitance to the photocurrent
signals in the bandtail energy region (relative to the ratio of the signals in the
lowest energy regime which is defined to be unity). Specifically one has:

R+1

(u7), = qu log[2+1] &)

where € is the dielectric constant, q, is the electron charge, and N* is the charge
density in deep depletion. This last quantity is a critical component because it sets
the magnitude of the electric field distribution in the depletion region which
determines how far a carrier will move within a deep trapping time, 1.

A close examination of the data for the two samples in Fig. 3 indicates that
the ratio, R, in the bandtail region (near 1.2eV) between the photocapacitance and
photocurrent signals is roughly 0.1 for the USSC sample vs. 0.6 for the Harvard
sample. The charge density in deep depletion, which is given to us directly from our
measurement of Npp, is 5x1016 cm3 and 6x 1015 cm3 for the two samples,
respectively. Thus we obtain values of (1), from Eq. (8) of 2.3 x 10-10 cm2/V for the
USSC sample and 3.2 x 10-10 cm2/V for the Harvard sample. The error is roughly
+20% in the first case and somewhat larger, +50%, in the second case (due to
difficulty in determining R very accurately when the difference between the spectra
is so small). Thus, to within the experimental uncertaintly, the ut products for
Harvard samples appears to be quite comparable to those for the a-Si,Ge:H samples
from other sources.

However, such a result is nonetheless quite surprising. The pt products that
we obtain from this type of measurement are indicative of deep trapping processes
since they must limit the escape distance for a carrier on roughly a one second time
scale. Thus, if the deep defect density is really nearly an order of magnitude lower,
then pt products should be correspondingly greater. Indeed, we had previously
found that the product (ut),Np is nearly constant in the photo-CVD a-Si,Ge:H
material over an very large range of Ge concentration [8]. Therefore, the
comparable values of (ut), for similar Ge content for the cathodic alloy samples
really does indicate a fundamental difference in their properties compared to other
types of a-Si,Ge:H material.
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In Fig. 4 we display the sub-band-gap spectra for the entire series of cathodic
a-Si,Ge:H samples studied. In all cases there is only a very small difference
between the photocapacitance and the corresponding photocurrent spectra.
Assuming constant optical matrix elements for bandtail transitions and the deep
defect band related transitions we are able to fit these spectra using a single
Gaussian deep defect band and a valence band tail of constant slope. (We also
assume a constant density of states for the conduction band.) The result of these
fits is shown by the thin solid lines drawn through the data points for each curve in
Fig. 4. The Urbach energies deduced in this manner are found to be quite small for
the cathodic samples, lying close to 45meV in all cases. (For the pure a-Ge:H
sample the Urbach energy was determined to be 43meV). From our fitting, we also
deduce a broad Gaussian shaped defect band, with width parameter, o, of 0.2eV,
lying about 40meV above the mid-gap energy for each sample.

In Fig. 5 we plot the energy positions of this single optical defect band along
with the two optical defect bands obtained from fitting the optical spectra for the
IEC and USSC samples. As we discussed above, the second defect transition is not
evident in the Harvard samples; however, the minimal hole signal might make the
second transition difficult to identify even if it were present. We note that the
FWHM of the midgap optical defect band for the cathodic samples is almost twice as
large as those of the IEC and USSC samples and the energy positions are somewhat
shallower than those of the IEC and USSC samples.
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FIG. 5. Energy positions
(with respect to Ey) of
the defect bands deduced
from the sub-band-gap
optical spectra for the
cathode deposited sam-
ples (diamonds) com-
pared with those
determined for the IEC
photo-CVD samples
(circles) [12] and the
USSC conventional glow
discharge alloy samples
(boxes) [11]. The optical —
gaps for each of the 0 20 40 60 80 100

samples is also shown for GERMANIUM CONTENT (at.%)
reference [13].
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These spectra can be employed to help verify the low defect densities
obtained for the cathodic samples from the drive-level capacitance profiling
measurements discussed above. By normalizing the integral of the deduced
Gaussian band with the integral of the valence bandtail states we can assign a total
defect density to the optical defect band. We assume that the density of valence
bandtail states is the same for all these samples since they all exhibit the same
Urbach tail slope and use a value of 2 x 1021 e¢m=3 eV-1 for the density of states at
the valence band mobility edge. Thus, the integrated number of defect states for
the valence bandtail is roughly 1020 ¢cm-3. Comparing the integral of the defect
band with this value provides our estimate for the total density of deep defects.
This method has been applied to optical spectra of pure a-Si:H and provides
excellent agreement with defect densities derived from drive-level capacitance
profiling for those samples [14]. The results of this estimate from the optical
spectra are included in Fig.2. We see that the optical estimates for the cathode
deposited samples are higher than their drive-level densities by about a factor of 2.
This indicates that the drive-level densities may, indeed, providing us with a slight
underestimate of the defect density. However, even the larger optical estimates of
the defect densities for these cathode deposited samples are substantially lower
than the trend line established for the a-Si,Ge:H samples from the other sources.
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Both the drive-level densities and the estimates from optical spectra indicate
that the as-grown defect densities increase exponentially with increasing the Ge
content in the cathode deposited alloys (see Fig.2). Such a trend is consistent with
the "spontaneous bond breaking" model [15] which has been used successfully to
predict the dangling bond defect density in the a-Si,Ge:H samples from the other
sources (see the dashed line in Fig.2) [11,12]. In this model, dangling bonds are
thought to be created spontaneously during growth from bandtail states lying
beyond a certain demarcation energy above the valence band edge; i.e., "weak
bonds". Such a model predicts that the number of dangling bonds will depend solely
on the slope of Urbach tail, E,;, and the demarcation energy, Ejp,, relative to the
valence band mobility edge. Specifically, if the valence bandtail is described by
N;gil(B) = N'exp(-(E-E¥)/E,), where N'= 1021 ¢m-3 is the density of states at E* =
E, + 0.15eV, then the number of defects created during growth will be:

Np=[p Nan(EME=EN" exp(~(Eg,~E")/E,) @

The value of Eqp is obtained by subtracting an energy of order the defect half-width ( the
standard deviation, G, of the Gaussian distribution describing the defect band) from the énergy
position of the defect band. From Fig.5 we can deduce that the defect position vs. Ge content
obeys the relation Ep-Ey = Eqpy/2 - 50meV for the IEC and USSC samples, and Ep-Ey = Egpy/2 +
40meV for the cathode deposited samples. This implies, to a first approximation, that we should
have the following relation between defect densities and optical bandgap:

Np= 10 E,exp(AE/E, )exp(_(Eopt /2E,)) ®)

where AE is the sum of E* - Ey, a quantity proportional to the width of the defect band, and the
offset between the defect position and midgap. We found a good agreement with the values of
the optical estimates using a AE of about 0.38eV, which is slightly larger than its value for the
IEC and USSC samples (in those cases AE is about 0.3eV). This difference of about 80 meV for

AE comes from the different energy positions of the defect band in the mobility gap between the
cathode deposited samples and the IEC and USSC samples. We plot the measured vs. the
calculated values for N in Fig. 6, and also have included the predicted trends as the dashed lines
in Fig. 2. It is clear from Fig. 6 that the optical estimates of cathode deposited samples lie on the
same trend line as the IEC and USSC samples. This indicates that the lower defect densities in
the cathode deposited samples can be understood within such a model as arising from the
different relative position of the defect band within the gap for these samples, their larger optical
gap for a given Ge content, and their lower Urbach energies.
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Summarizing our experimental results to date on the Harvard cathodic
a-Si,Ge:H alloys, we have found that the main features of the mobility gap structure
include: (1) a very small Urbach energy, (2) a single broad deep defect band of
optical transitions, and (3) a substantially lower defect density compared to other
types of alloys in the Ge-rich composition range. It is tempting to associate such
qualities with the superior microstructure recently inferred from small angle X-rays
scattering (SAXS) studies on the cathode deposited alloy samples [16].

5.0 HOT-WIRE DEPOSITED AMORPHOUS SILICON

Several groups have now reported device-quality a-Si:H films produced by the
hot-wire growth technique.[2,17,18] We characterized the electronic properties of
NREL deposited hot-wire a-Si:H using transient photocapacitance spectroscopy and
also by drive-level capacitance profiling. @A comparison of the transient
photocapacitance spectra for three hot-wire samples with very different hydrogen
levels is displayed in Fig. 7. We then followed the same procedure as described in
Section 4: we fit the sub-band-spectra to a density of states consisting of an
exponential band tail with slope Ey; plus a Gaussian shaped deep defect band. The
results of these fits are shown as the thin solid lines in Fig. 7. In all cases the deep
defect band was located at an energy of 0.85eV below Eq with a width parameter, o,
of 0.18eV.



FIG. 7. Comparison of
the transient photo-
capacitance spectra in
the as-grown state for
three different substrate
temperatures. All
spectra were obtained at
340K. The solid lines
indicate spectra cal-
culated from a density of
states consisiting of a
Gaussian shaped defect
band plus an exponential
bandtail.
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These data clearly indicate a significant reduction in the optical gap for the

samples grown at higher substrate temperatures. A value of Egy was estimated
from the fall off of the signal at higher optical energies which indicated the degree
of attenuation of the probe light through the thickness of the sample. These values,
together with the derived Urbach energies are summarized in Fig. 8. We see that
the Urbach energy remains roughly constant until the hydrogen content falls below
2at.% while, at the same time, the optical gap is decreased by more that 0.1eV.
This indicates that a significant reduction in optical gap can be achieved without

introducing excess structural disorder into these hot-wire samples.

FIG. 8. Variation of
the optical gaps and
the Urbach energies
vs. Hydrogen content
determined from the
sub-band-gap photo-
capacitance spectra
for the hot-wire
a-Si:H samples.
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FIG. 9. Drive level capacitance profiling data for three hot-wire a-Si:H
samples before (solid symbols) and after (open symbols) light soaking.
These data were obtained at 340K using a measurement temperature
of 340K. The indicated profiling densities should be multiplied by a
factor of 2 to obtain an estimate of the total deep defect density.

In Fig. 9 we present the results of capacitance profiling measurements on
three hot-wire samples with hydrogen content between 2.5 to 12at.% (the lowest H
sample was too defective to be measured in this fashion). Results are shown both
for the as-grown states and after 110 hours of light soaking at 5 Watts/cm2
unfiltered tungsten-halogen light. The sample with 2.5at.% H was also examined
after 250 hours exposure with no apparent difference, indicating that saturation
conditions have been reached. In Fig. 10 we summarize the deduced defect
densities in the as-grown state both for the capacitance measurements and also as
estimated from the defect band region of the optical spectra obtained from Fig. 7.
We find good agreement in all cases where both types of measurements could be
performed. This indicates that the estimate of 1.5 x 1017 cm-3 defects from the
optical spectrum for the lowest H sample is probably fairly accurate. Such a large
defect density is certainly not surprising for a sample with less than lat.% H.
However, it is quite surprising that the sample with roughly 2.5at.% H should
exhibit a total defect density of less than 1 x 1016 ¢cm-3.
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In Fig. 11 we compare the defect densities for the samples before and after
light degradation. This figure indicates that the stabilized density of deep defects is
actually lowest for the sample near 2.5at.% even though its initial defect density is
slightly higher. In general we can state that the highest H sample actually exhibits
properties nearly identical to conventional glow discharge a-Si:H while the hot-wire
samples with H levels near 2at.% exhibit slightly superior properties: a lower
stabilized defect density plus a narrower Urbach edge. Given the fact that these
samples also exhibit a slightly lower optical gap, they seem potentially quite
promising for incorporation into cells as a superior midgap material.
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6.0 STABILITY OF HYDROGEN DILUTED GLOW DISCHARGE a-Si:H

We have carried out some preliminary studies comparing glow discharge
a-Si:H samples grown with hydrogen dilution with material grown without
hydrogen dilution. A pair of samples was received from Solarex Corporation [19],
one grown by their conventional glow discharge process, and the other grown under
conditions of high hydrogen dilution. We evaluated the degraded defect densities in
these two samples using both of our standard methods: via drive-level capacitance
profiling and by photocapacitance spectroscopy. Both samples were light soaked for
90 hours at 400mW/cm?2 before evaluation.

Results from the capacitance profiling measurements are shown in Fig. 12
and those from photocapacitance are shown in Fig. 13. Both measurements
indicate that the hydrogen diluted sample degraded to a deep defect density that
was nearly a factor of 2 lower than the normal glow discharge a-Si:H film. That is,
the Solarex hydrogen diluted material definitely appears to be more stable against
light induced defect formation.
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FIG. 12. Drive-level deep defect profiles for two a-Si:H samples in light-degraded
states. These 500Hz capacitance profiles measured at 360K should be multiplied by
a factor of 3 to yield an estimate of the total defect density [6]. The sample grown
with hydrogen dilution shows a significantly lower concentration of defects.
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FIG. 13. Photocapacitance sub-band-gap spectra for the same two samples in their
light-degraded states. The difference in magnitudes of the deep defect portion of
tlﬁese sp%ctra agrees with that indicated in the drive-level profiling measurements
shown above.

Finally, we are attempting to gain some insight into the possible mechanisms
responsible for the above differences in susceptibility to the light-induced
degradation. A somewhat unique approach is being explored: evaluating the
differences in the degradation between hyrogen diluted and normal material within
a single a-Si:H film. Our quite preliminary results are described in detail below.

We deposited three kinds of a-Si:H films on heavily doped p* crystalline
silicon substrates by the RF glow discharge technique at 200 °C: One was a
multilayer sample and the other two were homogeneous samples. One
homogeneous sample was deposited from a mixture of silane and argon gases and
the other from a mixture of silane and hydrogen gases. Each layer in the
multilayer sample was grown from the silane gas diluted alternately with either
argon or hydrogen gas. The dilution ratio of the silane gas to the total gas mixture
for all cases was identical such that the silane gas accounted for 30 % of the volume
fraction of the total gas flow. Each argon (hydrogen) dilution layer in the
multilayer sample was grown for 15 (10) minutes with a total of 34 layers in all for
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a total growth time of 7 hours and 5minutes. This resulted in a 4 pm thick sample,
giving a modulation period of about 2300 A.

After the growth, palladium Schottky barriers were evaporated on top of the
amorphous films. A series of light soaked states were obtained by exposing the
samples to about 400 mW/cm? band gap light for a determined period of time at
each step. Following more than 100 hours of light soaking, and saturation of the
deep defect densities, a series of partially annealed states were attained by
annealing the samples at a series of increasing temperatures for 10 minutes
duration at each temperature. Final post-annealed states were obtained by
annealing the samples for 30 minutes at 520 K (the same temperature for preparing
the initial state A samples).

The spatial dependence of the defect densities were examined by our drive-
level capacitance profiling method. Figure 14 shows such data for several different
states for the three samples. We observe that the multilayer sample shows a clear
variation in its defect densities vs. distance in state A and also after short light
exposure times (up to about 1 hour). The spatial period is exactly what we expected
from the modulated growth conditions. Moreover, the high defect value of
multilayer sample matches the value of the homogeneous hydrogen diluted sample
and the low value of multilayer sample matches the value of homogeneous argon
diluted sample. This means that hydrogen dilution sample has higher density of
defects than the argon diluted sample in state A and so does hydrogen diluted layer
in multilayer sample.

However, as the illumination time gets longer the defect level of hydrogen
diluted homogeneous sample becomes almost the same as the defect level of argon
diluted homogeneous sample and the variation of defect of multilayer sample
becomes very small. This can be seen in the 5.33 hours illumination data in Fig.
14. This behavior is distinct from what we had observed in the Solarex samples and
indicates that the growth conditions for our samples did not match theirs in some
significant way. Obviously, this study should be repeated with the Solarex
conditions. Nonetheless, we can state that the high and low densities of defects of
multilayer sample track well those defect levels of homogeneous samples until the
time of light soaking reaches around 11 hours.

Following this level of light exposure, however, something quite unexpected
happens. More prolonged light soaking causes the defect level of multilayer sample
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to become larger than either of the homogeneous samples! Moreover, the higher
defect density condition of the multilayer sample persists until the samples are
annealed at high temperatures. Only when the multilayer sample is fully annealed
(at the same temperature as the original state A) do the defect levels show a clear
match to the levels of the fully post-annealed hydrogen diluted sample and that of
the argon diluted sample.

The data presented above are relatively unique in that they allow us to begin
to distinguish between local and global aspects of light induced defect creation and
annealing. “Local” aspects would be those that are controlled by characteristics of
the individual sites for stable and metastable defects and their immediate
surroundings: non-diffusing impurities, voids, complexes, etc. Examples of “global”
aspects would be those that are controlled by free carrier densities, impurities that
are able to diffuse over distances comparable to the multilayer distance, and film

strain.
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FIG. 14. Drive-level capacitance profiling data for three light soaked states (left) and three post-
annealed states (right). The times shown in the left figures are light soaking times and the
temperatures shown in the right figures are post-annealing temperatures. Chronologically the left
bottom figure is the earliest state and the sequence progresses in a clockwise fashion.
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Such local aspects also seem to dominate the metastable defect creation in
the earlier stages of light soaking. Unfortunately, because the homogeneous Ar and
H, diluted films have defect levels which become very similar after a few hours
exposure, we cannot be sure whether or not this local character persists. Since
carrier recombination is a dominant factor in creating these metastable defects, one
would expect to observe a more global aspect to the metastable defect densities;
namely, that the multilayer defect density would tend to become more uniform after
long periods of light expusure. We will be able to test this in more detail in the
future by utilizing component layers whose susceptibility to light induced
degredation in homogeneous films exhibit a more pronounced difference.

The most surprising aspect of the defect creation process in our multilayer
sample is that the defect density at long light exposure times eventually exceeds
that of either homogeneous film. This is difficult to understand simply in terms of
local or global equilibrium processes. To account for such a result we must identify
mechanisms that are peculiar to the multilayer nature of that sample. At present
we can offer two possibilities: First, that it involves the separation of free electron
and hole carriers and, second, that it is related to an increased level of strain in the
multilayer sample. The first of these seems less likely for two reasons: separating
holes and electrons should tend to reduce the rate of metastable defect creation. In
addition, such a mechanism might be expected to accentuate the differences
between the light-induced effects in the different layers.

The second mechanism, that a multilayer sample may have intrinsically a
high degree of strain than a homogeneous film of either type, seems more plausible.
Indeed, studies relating metastable defect creation to film strain in a-Si:H were
reported nearly a decade ago.[20] However, if this is indeed the correct explanation
it is then a bit surprising that the state A defect densities do not seem to be affected
since these quite accurately reproduce the levels in each of the homogeneous
samples. Such a result implies a very different character to the stable vs. the
metastable defects and thus seems to contradict a fundamental assumption of
defect equilibrium models. Along these lines it is also noteworthy how well the
final post-annealing treatment restores the spatial defect variation of the initial
state. This again implies a definite local aspect for the stable defects independent
of any changes that have occurred as a result of prolonged light exposure and
annealing (such as diffusion of H between the layers).
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7.0 DISCUSSION

The work carried out during this first phase of our NREL Subcontract has
been focused on the characterization and evaluation of materials produced by novel
deposition conditions and/or methods. First, we reported results of our
measurements on a-Si,Ge:H alloy "cathodic" samples produced at Harvard
University. These samples were found to exhibit significantly lower defect densities
in the high Ge composition range (>50at.% Ge) than alloy samples produced either
by conventional glow discharge or photo-CVD deposition. Moreover, this lower
defect density appears to be entirely consistent with simple defect formation models
given the differences observed for other aspects of the electronic structure in these
samples: a larger gap energy for a given Ge fraction, a different relative energy
position of the defect within the gap, and a smaller Urbach energy. It is as yet
unclear, however, whether these cathodic alloy samples will lead to a significant
improvement in low gap cells. That is, our measurements also indicated a much
smaller value of (ut)y, for these samples than would have been expected given their
lower defect densities, and we also found other puzzling qualitative differences.
Nonetheless, these cathodic alloys do potentially appear to be quite promising and
should definitely be incorporated into test devices for further evaluation.

Second, we reported our results on several hot-wire a-Si:H samples produced
with varying hydrogen levels. These samples were evaluated in both their as-grown
state as well as a strongly light degraded state. We found that samples with a H
content above 10at.% exhibited essentially identical properties to those of
conventional glow discharge a-Si:H. However, as the H level was decreased to
about 2at.% the electronic properties actually improved: the degraded defect level
was reduced and the Urbach tail was slightly narrower. (Below 1at.% hydrogen the
properties of these hot-wire films were found to deteriorate markedly.) These
changes were accompanied by more than a 0.1eV decrease in optical gap.
Therefore, our studies indicate that hot-wire produced a-Si:H, with H levels
between 2-5at.%, should lead to mid-gap devices with superior properties. Every
effort should be made to evaluate this material in test devices.

Finally, we discussed some results on a-Si:H glow discharge material grown
under hydrogen dilution conditions. We confirmed that, in terms of deep defect
creation, such films exhibited improved stability compared to conventional glow
discharge material. We also began some studies to try to gain some insight into the
mechanisms responsible for such differences in stability. We compared Ar and H
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samples with a sample that was switched periodically between these two types of

gas mixtures during growth. While still very preliminary, our studies point to film

strain as playing a primary role for the observed differences in behavior. We intend

to continue these types of studies during Phase II.
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