1.0 INTRODUCTION

The work carried out over the past 3 1/2 years under NREL Subcontract XAN-4-13318-07
has contributed toward the goals of two of the Amorphous Silicon Sub-Teams. toward
understanding and improving the properties of the low-gap aSi,Ge:H aloys, and toward
developing more stable mid-gap a-Si:H materials. Much of our efforts have concentrated on the
evaluation of materials produced by novel deposition conditions and/or methods. Specifically, in
our low-gap related studies we have attempted to uncover the detailed electronic properties of
deep defects in device quality aSi,Ge:H produced by glow discharge at United Solar Systems
Corporation, to compare the basic properties of this material with cathodic glow discharge aloy
material produced at Harvard University, and to study the electronic properties of the
aS,GeH/aSi:H heterojunction interface. For our mid-gap materias related studies we carried
out a detailed characterization of a series of hot-wire aSi:H samples with varying hydrogen
content deposited at NREL, of hydrogen diluted a-Si:H from three different laboratories, and of
aSi:H produced by an electron-cyclotron resonance enhanced deposition process at lowa State
University.

Our experimental results are based on avariety of techniques sensitive to the properties of
defect states in semiconductors. admittance spectroscopy, drive-level capacitance profiling, and
transient photo-capacitance (and photocurrent) spectroscopy. These characterization methods
were used to determine electronic quantities important to the device performance of these
amorphous semiconducting materials. the deep defect energy distributions and densities, Urbach
bandtail energies, and the nmt products for holes. In most cases we examined the changes in the
deduced electronic properties caused by light induced degradation. In severa instances we aso
tried to compare the defect properties with transport property measurements and, for severd
series of samples, did find a clear relationship between the minority carrier processes and the
deep defect density. One key finding from our studies in the low-gap aloy studies has been that
the aSi,Ge:H aloys at moderate Ge content deposited at Uni-Solar contain significant densities
of charged deep defects. This results was based upon the identification of two distinct optical
transitions in these materials and correlating the changes in their magnitudes with trace amounts
of n- and p-type doping.

In the Sections that follow, we first describe the samples studied and review the
experimental techniques employed. In Sections 4, 5, and 6 we present our detailed results
involving the electronic properties of the aSi,Ge:H aloy samples, and the aSi,GeH/a-S:H
heterojunctions. In Sections 7,8, and 9 we present our results on the novel mid-gap materials:
hot-wire, hydrogen diluted, and ECR deposited amorphous silicon, respectively. Finadly, in
Section 10 we summarize our findings and draw some general detailed conclusions.



20 SAMPLESAND SAMPLE TREATMENT
21  GLOW DISCHARGE AMORPHOUS SILICON-GERMANIUM ALLOYS

Nine aSi,Ge:H films were deposited by the rf glow discharge method at United Solar
Systems Corporation (courtesy of J. Yang and S. Guha). These were deposited on heavily p-type
doped crystalline Si substrates at 300°C using mixtures of Si,Hg and GeH, gases diluted in H..
The GeH, flow rate was varied to obtain different Ge fractions. Additional details of the
deposition conditions have been described elsewhere [1]. The Ge fractions were determined by
electron microprobe measurements, courtesy of Harv Mahan and Alice Mason at NREL. Seven
of the samples studied had Ge fractions in the range 30 to 35at.%, considered the most suitable
for the low gap alloy of tandem and triple solar cells. Five of these samples were undoped, one
was n-type doped at a level of 2Vppm PH;, and one was p-type doped at a level of 6Vppm BF.
The remaining two samples were undoped and had Ge fractions near 20at.% and 50at.%,
respectively. These samples were included to help identify behavioral trendsin the aloy series.

To investigate the defect properties by our junction capacitance and photocurrent
methods described below, semitransparent Pd contacts were evaporated on each film. However,
in all the studies reported for these samples (see Section 4), the contact at the silicon substrate
was employed as the active junction. The aSi,Ge:H aloy samples were annealed at 460K for one
hour before the initial series of measurements (state A). To study the light soaked states these
samples were exposed for 70 to 100 hours to a focused tungsten halogen light source using an
appropriate long pass filter to achieve uniform carrier generation rates over the 1 to 2mm thickness
of each sample. Measured intensities for light soaking were 6W/cm? for the 30-35at.% alloys,
4.5W/cm? for the 50at.% aloy, and 6W/cm® for the 20at.% dloy. To maintain a low
temperature during light exposure each sample was immersed in methanol. This guaranteed a
surface temperature below 65°C.

22 CATHODIC AMORPHOUS SILICON-GERMANIUM ALLOYS

The aSi,Ge:H samples were deposited by Paul Wickboldt of William Paul's group at
Harvard University by the glow discharge method. However, unlike the deposition process used
by most other groups, the substrates are attached to the rf electrode, which sustains a negative dc
bias during deposition (the cathode).[2] In this method the mixtures of SiH4 and GeHyg gases
werediluted in Hp. The flow rates of GeHyg and Ho were 1.00 sccm and 40.0 sccm, respectively.
The SiH4 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/cm? for all depositions. The films were grown on both heavily p*
doped (111) oriented crystalline silicon wafers and on Corning 7059 glass.



TABLE I: Optical and electrical properties of the first series of cathode deposited glow discharge
aSi1-xGey:H alloy samples.

Sample SiHg flow Ge Bandgap (eV) Es (eV) Thickness (mm)
No. (sccm) content Eos  Eg3 Optical C-T-w
479 1.60 57.3a.% 157 1.39 0.666 2.83 261
478 1.00 67.5at.% 153 1.37 0.645 3.07 3.08
477 0.70 745 at.% 144 130 0.620 2.99 277
476 0.37 84.5at.% 140 124 0.559 1.97 1.96
427 0.00 100 at.% 126 112 0.510 Ya 2.28

Two series of films were deposited. The first consisted of five samples for which the Ge
content was varied by varying the SiH, flow rate. We present the general optical and electrical
properties of these films deposited at different flow rates of SiH4 in Table I. The germanium
content of each film was well determined by the electron microprobe method with an error less
than 1at.%. The optical gaps Egq and Eg3 were measured at Harvard by optical absorption
measurements on the glass substrate samples. The dark ac conductivity activation energy, Eg,
which we identify with the Fermi energy position, (Eg » Ec - EE), was deduced from the C-T-w
measurements for Schottky diode samples (see Section 4).

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
Egg (or even Egg) 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.

TABLE Il. Impurity levels of the second series, air
contaminated cathodic aSi,Ge:H samples.

Sa Air Relative Relative
mple Admixture | Oxygen Nitrogen
Number (ppm) Leve Leve
523 0 1 1
525 2 09 15
524 10 16 7.0
526 75 8.6 72
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The second series of cathodic glow discharge aSi,Ge:H aloys consisted of four films,
each with an identical Ge content near 67at.%, but varying degrees of air contamination
introduced by a controlled leak. This led to a varying level of nitrogen and oxygen impurity
levels which were characterized by SIMS. The impurity levels for these four films are listed in
Tablell. These sampleswere again deposited onto both conducting crystalline S as well as glass
substrates. The latter allowed the characterization by coplanar transport methods; specifically,
conductivity, photoconductivity, and the SSPG method. These transport measurements were
carried out at Harvard University and their results, along with the results of our defect
characterization on these samples are presented in Section 5.

23  AMORPHOUS SILICON/AMORPHOUS SILICON-GERMANIUM HETERO-
JUNCTION SAMPLES

To investigate the electronic properties of the heterojunction between a-Si:H and the
aS,GeH dloys, eight samples were aso prepared by J. Yang and S. Guha at United Solar
Systems Corporation. The substrates were heavily p-type doped crystalline S and the alloy Ge
fraction was 30-35at.% for al samples. All samples consisted of a 1.2-1.5mm a-Si,GeH aloy
layer together with a 3000-5000A layer of aSi:H. For six samples the a-Si:H was deposited first,
followed by the aSi,Ge:H; however, for two samples this order wasreversed. Intwo samplesthe
transition between aSi:H and aSi,Ge:H alloy was graded rather than abrupt. And, in one case,
the aSi:H layer was subjected to a specia surface treatment before the beginning of aSi,GeH
deposition. Table Il provides the details of the configurations of the eight samplesin this part of
our study.

TABLE I11. Summary of configurations for a-Si:H/a-S,Ge:H heterojunction samples. The
interface treatment for Sample 6 isa proprietary process of United Solar Systems.

# First Layer Interface Second layer

1 a-Si:H (3000 A) Untreated aSi,GeH (1.2 nm)
2  aS,GeH (L2nmm) Untreated a-Si:H (3000 A)
3 a-Si:H (5000 A) Untreated aSi,GeH (1.2 nm)
4  aS,GeH (1.2nm) Untreated a-Si:H (5000 A)
5 a-Si:H (4000 A) Untreated aS,GeH (1.5 nm)
6 a-Si:H (4000 A) Treated aS,GeH (1.5 nm)
7 aSi:H (4000 A) Graded (250A)  aSi,GeH (1.5mm)
8 aSi:H (4000A)  Graded (1000A) aSi,GeH (1.5 nm)

Semitransparent Cr or Pd contacts (area of 2 x 10° cm?) were evaporated on the top layer
of each of these samples to form a Schottky barrier. Thus, the aSi:H/aS,Ge:H interface was
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positioned within 3000-5000A of either this Schottky barrier of the substrate junction. This
enabled its electronic properties to be probed capacitively. Results of our studies of these
samples are presented in Section 6.

24  HOT-WIRE AMORPHOUS SILICON

A set of five aSi:H films were deposited by Brent Nelson and Eugene Iwaniczko at
NREL on stainless steel using the hot-wire CVD deposition technique. These films were also co-
deposited onto p* crystalline Si substrates. However, except in a couple cases, these peeled off
due to the larger inherent strain in these samples. By varying the substrate temperatures during
deposition the hydrogen concentration in the films could be varied between more than 10at.% to
less than 1at.%.[3] The deposition conditions for the film series is given in Table IV aong 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.

We deposited semi-transparent Pd Schottky barrier on top of these films for our junction
capacitance based measurements. Samples were examined in most cases both in adark annealed
“state A” and alight soaked “state B” achieved by illuminating the samples to a focused tungsten
halogen light source (at an intensity of 5W/cm?) for 120 hours.

TABLE IV. Characteristics of hot-wire deposited a-Si:H samples.

Sample No. Substrate Temp. Hydrogen Content Thickness
(°C) (at.%) (mm)
HW290 290 10-12 1.45
HW325 325 7-9 1.83
HW348 348 4-6 1.66
HW360 360 2-3 2.38
HW400 400 <1 1.69

25 HYDROGEN DILUTED GLOW DISCHARGE AMORPHOUS SILICON

During this funding period we also examined three sources of aSi:H material grown
under hydrogen dilution. Such material has been determined to exhibit considerably less
degradation when incorporated as the i-layer in photovoltaic devices. First, two glow discharge
samples were obtained from Raeewa Arya at Solarex. One was grown under their usual
conditions for device quality material (pure silane discharge at a roughly 2600C substrate
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temperature), and the other was grown under conditions of hydrogen dilution (10:1 H2:SiHg at
somewhat lower substrate temperatures).

Second, we obtained a more extensive series of diluted and undiluted samples from
collaborators at Lawrence Berkeley Laboratory (from the group of V. Perez-Mendez). They
employed a conventional plasma enhanced CVD reactor employing an rf frequency of 85SMHz.
One sample was of their standard glow discharge sample material grown with 100% SiH,, three
samples were grown using mixtures of H, and SiH, in aratio of 15-to-1, and two were grown
using mixtures of He and SiH, in aratio of 2-to-3. These six films were deposited on substrates
of Corning 7059 glass and consisted of an®, intrinsic, and p* doped layers. The i-layers were at
least 2nm thick. Substrate temperatures were varied between 190°C to 250°C. The top and
bottom layers were contacted with sputtered semitransparent Cr. Details of the growth
conditions for each of these samplesaregivenin Table V.

In addition to these n-i-p samples, two additional sample configurations were studied. In
one case, before deposition of the top Cr contact, the p* a-Si:H layer was removed using a SFg
plasma etch, and then a Pd Schottky contact was deposited directly onto the exposed i-layer.
This configuration will be referred to as an n-i-m structure. Also, a purely intrinsic aSi:H layer
was deposited directly onto a p* crystalline Si substrate, followed by the deposition of a Pd
Schottky top contact. Thiswill be denoted as the p*(c-Si)-i-m sample.

TABLE V. Deposition conditions for the i layers of aSi:H samples produced at Lawrence
Berkeley Laboratory (courtesy of F. Zhong, W.S. Hong, and V. Perez-Mendez).

Sample [Ho]/[[SHs  Temperature Pressure Power Density Dep. Rate i-layer
(Dilutant)  [He)/[SIH,] (°C) (mTorr) (mW/cm?) (mm/hr)  thickness
1 (H,) 15 190 1000 60 1.4 5.2 nm
2 (Hy) 15 190 1000 90 15 6.2 nm
3(Hy) 15 250 1000 60 11 4.8mm
4 (He) 0.67 150 500 90 354 4.0mm
5 (He) 0.67 250 500 90 354 7.8 mMm
6 (none) 0.00 1.0 300 40 2.3 10. mm

Third, 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% SiH4 diluted
in hydrogen, a second sample using 30% SiH4 diluted in argon, and a third sample in which SiH4
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again accounted for 30% of the mixture, but the dilutant gas was switched from Ho to Ar every
10 to 15 minutes with atotal of 34 layers. Thisresulted in a4mm thick sample with a modulation
period of about 2300A. All substrates were heavily p-type crystaline Si and the substrate
temperature was 2000C in all cases.

Defect densities in these samples were determined before and, in a couple cases, after
light soaking using drive-level capacitance profiling. Light soaking was carried out using a red
filtered tungsten halogen light source at a power level of 3.4W/cm?  Samples were immersed in
methanol during light exposure to ensure a low surface temperature (significantly below 65°C).
The experimental results concerning the stability of these samples with respect to light-induced
deep defect creation are presented in Section 8 below.

26 ELECTRON CYCLOTRON RESONANCE DEPOSITED AMORPHOUS SILICON

In addition to the hot-wire deposited and hydrogen diluted forms of a-Si:H, another new,
potentially more stable form of aSi:H is being developed as part of the amorphous silicon Mid-
gap Team effort. This form of aSi:H is produced by an electron cyclotron resonance (ECR)
growth method at lowa State University (under the direction of Professor Vikram Dalal). We
thus obtained a series of several a-Si:H samples deposited onto stainless steel substrates. All of
these samples incorporated an n+ aSi:H layer at the substrate contact and each i-layer was
roughly 1.5mm thick. A palladium Schottky contact at the top surface allowed us to probe their
problems via our junction capacitance techniques. Included in this report are the results for 3
such samples. two grown under hydrogen dilution and one grown under helium dilution. Both
the annealed and light soaked states were characterized by our methods and the results are
reported in Section 9.



3.0 EXPERIMENTAL CHARACTERIZATION METHODS

The measurements employed in our studies rely on a set of experimental techniques
which have all been described previously in some detail. For the purpose of this report we will
describe each method briefly and review what kind of information is obtained from each type of
measurement.

31 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=eA/d), and an Arrhenius plot of the
frequency of the lowest temperature capacitance step (or conductance peak) vs. 1/T provides us
with the activation energy of the ac conductivity, Eg,[4] which we identify with the Fermi energy
position: Eg » Ec - EE. These admittance measurements also give us an indication of the quality
of our junction 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[5,6]. It issimilar 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, Vg, and as afunction of the amplitude of the alternating exciting voltage, dV. One finds that
to lowest order this dependence obeys an equation of the form:

C(VB, dV) = CO(VB) + Cl(VB) av + ...

and that theratio
Co3
N ©° — )
20, €A2C,
isdirectly related to an integral over the density of mobility gap defect states:
E
Np. = @Q(E)dE @)

EC' Ee
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Here E£O is the bulk Fermi level position in the sample and Eg depends on the frequency and
temperature of measurement:

Ee(w,T) = kgT log(n/w) 3)

Thus, by altering the measurement 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
asafunction of the position from the barrier interface.

Typicaly we employ 100Hz profiles for a series of temperatures between 320K to 380K.
In Fig. 1 we show an example of such a series of measurements for a Uni-Solar a&Si,Ge:H sample
up to a measurement temperature of 400K. In Fig. 2 we plot the spatially average values of Np.
obtained for this sample in both States A and B, as well as for two other aSi,Ge:H samples, vs.
the value of E obtained from the measurement temperature using Eq. (3). This figure shows that
a clear upper limit for Np, is obtained which we associate with the total defect density in each
case (for aSi:H, however, we believe this upper limit is reached after uncovering only afraction
of the defect band and thus usually multiply this value by a factor of 2). The maximum value of
NpL, which will also sometimes be denoted as TH1 in the Sections below, usually provides us
with our best quantitative measurement of the deep defect density. In addition, we are able to
assess the spatial uniformity of the electronic properties in these samples (see Fig. 1).
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33 TRANSIENT PHOTOCAPACITANCE AND PHOTOCURRENT

The general method of junction transient measurements on amorphous semiconductors
has been discussed in detail in several earlier publications.[4,7,8] The basic physics of al such
measurements is as shown in Fig. 4. We illustrate the situation for a semiconductor with one
discrete deep gap states within the space charge region of a Schottky barrier which is subjected to
avoltage "filling pulse". This pulse causes a non-equilibrium (filled) occupation of gap state to be
established. As time progresses, the initial steady-state population is recovered through the
excitation of trapped electrons to the conduction band where they can then move out of the
depletion region under the influence of the electric field. In the dark this process proceeds
entirely by the thermal excitation of trapped carriers. However, this process can be enhanced
through optical excitation which is the basis of the photocapacitance and junction photocurrent
techniques.

The re-equilibration can be observed by the redistribution of trapped carriers, either as a
change in the junction capacitance (which occurs because the depletion region will contract as
negative charge is lost and the positive charge density increases) or by monitoring the current
which results from the motion of this charge. However, the capacitance transients have one
significant difference compared to current transient measurements. The dominant type of
emitted carrier (electron or hole) can be identified by the sign of the observed change in
capacitance. Thus the direct comparison of capacitance and current transient measurements
allows one to explicitly separate the electron and hole emission and/or transport processes.
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f (a)

FIG. 3. Schematic diagram
indicating the basic sequence of
events  in semiconducting
junction transient measurements:
(@ Junction under reverse bias
in quasi-equilibrium showing the
electronic occupation of gap
states (solid circles) plus empty
gap states above Ep in deep
depletion (open circles).
(b) During voltage "filling pulse”
gap states capture electrons from

the conduction band.

(c) Reverse bias is restored and E
occupied gap states above Ef are X v
slowly released to the conduction E

band due to thermal or optical A {c)

excitation processes.

Ev

In our photocapacitance (or photocurrent) measurements we fix the temperature and
record transients aternately in the dark and in the presence of sub-band-gap light. The
experimental details to accomplish this have been discussed previoudly.[9,10,11] We then define
the photocapacitance (or photocurrent) signal, P(Eopt), to be the photon flux (F) normalized
difference in the integrated transient signals recorded with and without the presence of the sub-
band-gap light of optical energy Eopt- The photocapacitance spectrum is obtained by plotting P
vs. Egpt at constant T. We take special care to always operate in the low light intensity limit
(where P isintensity independent). Thus the photocapacitance spectrum reveals the distribution
of allowable transitions for an electronic population of gap states not appreciably disturbed by the
optical excitation, but rather determined by the application of the voltage pulse followed by
whatever thermal evolution takes place within the time before the transient is recorded.

Several examples of photocapacitance spectra are given in the following sections and
have the general appearance of spectra obtained by the perhaps more familiar steady-state sub-
band-gap optical techniques, such as photo-thermal deflection spectroscopy (PDS) [12] or the
constant photocurrent method (CPM). [13] Indeed, one encounters a rather similar expression in
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the interpretation of our transient photo-spectra in terms of a convolution between localized gap
states and extended states connected by an optical matrix element for the transitions.
Specifically, for transitions from gap state electrons to the conduction band one expects a
contribution to P given by [10,11]:
EC '\Ee >
PE(Egp TV =Ko(T) O [(ilex| )| 9(E) g (E+Eqy )dE

Ec- Eopt

(4)

where J4|ex|ffi2 represents the optical matrix element, and Kn(T) is a constant that depends on
the temperature as well as the overall depletion width and the time window parameter t (and also
the frequency for the case of capacitance measurements). It will also depend on the ability of the
carriers, once optically excited into the conduction band, to leave the depletion region. Thus K
will depend on the electric field distribution within the depletion region and the electron mobility.
However, all of these factors will be roughly constant (independent of optical energy) for agiven
temperature and applied bias. One should also note that the upper limit of the integral is
determined by the thermal escape depth, Eg, of gap state electrons to the conduction band at the
measurement temperature and time window, t, as given by Eq. (3) with 1/t substituted for w.
That is, the optical transitions from these shallower electronic levels will be missing from the
photocapacitance spectrum because they will have escaped thermaly before the
photocapacitance signal is recorded.

We should stress that the expression given in Eg. (4) represents only one contribution to
the photocapacitance or photocurrent signals. A similar expression [giving a quantity we might
|abel PpV(EOpt)] must be included to take into account transitions from the valence band into
empty gap states. The leading constant will then be replaced by Kp(T) which contains
information about how easily the optically excited holes will leave the depletion region.

There are actually two other sub-band-gap optical processes that must be considered as
well. First of al, an electron from the valence band can be excited into an empty gap state that is
close enough to Eg that it will subsequently thermalize into the conduction band. This will occur
on the timescale of our measurement if it lies within an energy Eg of conduction band mobility
edge, and can be represented by the integral

Ec
v A/ 2
PY (Eo 1) =Ko (M) Offilexif)"a(E) gy (E- Eqy)dE
Ec- Eeo

)

With such aprocessthereisalso a hole left in the valence band. And, there will be an analogous
integral expression for PpC resulting from optical transitions from deep in the mobility gap to the
conduction band such that the hole that is |eft in the gap will thermalize the valence band on the
measurement timescale.
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FIG. 4. Schematic diagram of the

types of optically initiated deep (1) (2) (3) (4)
defect transitions. As discussed in
the text, these contribute differently
to the photo-capacitance and the
transient photocurrent signals. Here
optical transitions are indicated by
wavy lines and thermal transitions
are indicated by solid vertica lines.
Horizontal arrows indicate electron
and hole transport out of the
depletion region. The dashed
horizontal lines for the hole motion
illustrate the fact that holes are more g
likely to be retrapped before

escaping the depletion region. <+ ¢ <40
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A schematic diagram indicating these four types of processesin given in Fig. 4. Without
additiona information it is obvious that a single type of sub-band-gap spectrum will not allow
one to distinguish the above possible contributions responsible for the observed signals. For
example, PDS measurements are totally insensitive to the subsequent motion of carriers and
therefore have absolutely no way to distinguish between such different types of transitions.
Some proponents of the CPM method argue that at low temperatures one can generally neglect
the contribution of minority carrier motion to the current signal. However, one still has no way to
separate the contributions to the electron current from the types of processes labeled (3) and (4)
in Fig. 4. Indeed, the contribution of processes of type (3) has often been completely neglected
in the analysis of CPM spectrathat have appeared in the literature.

Our studies, which compare the photocapacitance and photocurrent spectra resulting
from the same set of electronic transitions, provide one of the few methods to identify the
different types of transitions in Fig. 4 since these contribute differently for a photocapacitance as
opposed to a photocurrent spectrum. Many examples of photocapacitance and photocurrent
spectra are given in the next Section. We also discuss the procedure followed to analyze these
spectrain terms of the types of transitions shown in Fig. 4.



14
4.0 ELECTRONIC PROPERTIESOF THE UNI-SOLAR a-Si,GeH ALLOYS
41 DEEP DEFECT PROPERTIES AND DEGRADATION

As described in Section 2, we examined nine a-Si,Ge:H aloy films deposited by the rf
glow discharge method onto heavily p* doped crystalline silicon substrates at United Solar
Systems Corporation.[1] Seven of these samples were close to intrinsic, although two samples,
referred to as n-type, were found to have Fermi levels 50 to 100meV shallower than the most
intrinsic samples. The two remaining samples were intentionally doped with 2Vppm PH; and
6V ppm BF;, and will be referred to as the n- and p-type samples, respectively.

All samples were annealed at 460K for one hour before the initial series of measurements
(state A). To study the degraded state, samples were light soaked with an appropriate long pass
filter to achieve uniform carrier generation rates. Light exposure on aSi,Ge:H alloys was at
6W/cm? for 70 hours with the samples immersed in methanol to maintain a surface temperature
below 65°C (state B).

As described in Section 3.2 above, the DLCP method provides our best quantitative
estimate for the overall density of deep defects. Figure 5 presents the deep defect densities for 8
of our samples determined by this method (the p-type sample is omitted) for both states A and B.
Except for the n-type sample we find defect densities at or slightly below 1~ 10" cm™ for al of
the 35at.% Ge samples, and these increase by roughly afactor of 2 after light soaking. The n-type
and the 50at.% Ge sample defect densities are closer to 10" cm™ and increase only by a factor of
1.3. These defect densities are lower than most others reported in the literature in this
composition regime, and are roughly comparable to those of the photo-CVD aSi,GeH dloy
samples obtained from the University of Delaware we had reported a few years ago [14].
However, we note that the spatial uniformity of the Uni-Solar samples revealed by the DLCP

measurements (see Fig. 1) are significantly better than for the photo-CVD samples.

. 2 Vppm PHs
intrinsic v-type |n-type

| —a— == annealed

1017 f—o— light-soaked

FIG. 5. Bar graph indicating
the magnitudes of the DLCP
determined TH1 band for 8
aS,GeH samples in the
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FIG.6. Pars of photocapacitance and photocurrent spectra for three aS,Ge:H
samples containing 35at.% Ge. (a) n-type doped, (b) p-type doped, and (c) intrinsic.
The thin lines through the data points are fits using the types of defect optical transitions
indicated below each set of spectra. The densities of states used to fit these spectra are
shown in more detail in Fig. 7.

Next, we recorded transient photocapacitance (TPC) and transient junction photocurrent
(TPI) spectra for each of these samples at several temperatures in both the annealed and light
soaked states. Asdescribed in Section 3.3 above, and in the literature [15,16,17], the TPC method
records the residual charge change due to weak optical excitation within the depletion region on
the measurement timescale (400ms in our case). Because transitions to the maority band
increase the depletion capacitance, while transitions to the minority band decrease the depletion
capacitance, the TPC spectraindicate the difference between these two types of transitions. On
the other hand, the current due either to majority or minority carriers has the same sign so that
the TPI spectrarevea the sum of the two types of transitions. Taken together, these two types of
spectraindicate whether defect transitions involve the majority or minority carrier bands.

Figure 6(a) shows TPC and TPI spectra for the 2 Vppm n-type doped sample. A dc
potential of 3 volts was applied to place the substrate p'n junction into reverse bias. Here the
spectra are fit using only a single defect sub-band with electronic excitations to the conduction
band. This sub-band should correspond to D™ centers because these dominate at even moderate
n-type doping levels. Because only an electron current results from the optical transitions of this
defect sub-band, both the TPI and TPC spectra are seen to overlap perfectly outside of the band
tail regime. On the other hand, within the band tail region, each optical transition results in one
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conduction band electron plus one valence band hole. This leads to a distinct decrease in the
TPC relative to the TPI spectrum due to the motion of the hole. The magnitude of this decrease
actually depends on the relative carrier mobilities and has been used to estimate the hole nt
product in severa previous studies.[17-20] Estimates of the hole mt products for the present
series of sampleswill be described in Section 4.2.

Figure 6(b) showsthe optical spectrafor the 6 Vppm p-type doped sample. Here we also
find only a single defect sub-band of optical transitions is needed to fit the spectra. This now
corresponds to D* defects. This sample incorporates a thin layer of n* aSi:H on top of the film
and the band bending in the major depletion region is at the top junction and is downward.[21]
Therefore, it is now the majority hole current induced by the optical transition that is responsible
for the TPl and TPC signals (thisis confirmed by the sign of the TPC signal). The perfect overlap
of these two spectra outside the band tail region verifies that there is only a single type of defect
transition involved.

Figure 6(c) shows a typical spectra for a 35 at.% Ge intrinsic sample. Here things have
obviously become more complex. Indeed, we now need two bands of defect transitions to fit the
spectra. One corresponds to optical transitions which remove an electron from a defect sub-band
into the conduction band, while the other corresponds to transitions which insert a valence band
electron into an unoccupied defect sub-band. We have previously denoted these two bands of
optical transitionsas“OP1” and “OP2", respectively.[19,22] Like the case for the n-type film, the
major depletion region for the intrinsic samples is at the substrate junction with an upward band
bending. Also, because the Fermi level is dightly closer to the conduction band, the opticaly
induced current at threshold will be totally due to electrons excited out of defect levels.
Therefore, the TPC and TPI spectra should be strictly proportional at these lowest optical energies
and so we overlap them in this region. While the optical transitions for the OP1 sub-band will
continue to contribute equally to the TPC and TPI spectra, the hole current arising from OP2 sub-
band of optical transitions will contribute oppositely to the TPC and TPI signals. Thisresultsin
the large separation of the two spectra at intermediate optical energies.

The intrinsic sample spectra actually exhibit a separation that is larger near 1.1eV than in
band tail region (above 1.3eV). As we have discussed previously [16,17,19,22], this implies that
the valence band electrons inserted into the OP2 defect sub-band are not released for times longer
than the measurement time window (0.4 sec ). Thus we had hypothesized that the responsible
defect sub-band for OP2 would more likely correspond to D* (rather than D°) Ge dangling bonds
since these would have a large thermal barrier for re-emission of the electrons being optically
inserted from the valence band.
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The optical defect transition bands for the three samples of Fig. 6 are summarized in Fig.
7. We can see clearly that the OP2 sub-band is nearly identical in energy to the D* defect sub-
band in the p-type sample and this confirms its identification with this sub-band. Therefore,
these optical spectra clearly demonstrate that there are significant positively charged defects in
intrinsic glow discharge aSi,Ge:H aloys. Because of charge neutrality, there must also exist a
similar density of negatively charged defect states in these intrinsic samples. However, the OP1
sub-band of the intrinsic samples has a different shape and energy position compared to the D
defect sub-band in the n-type sample. Therefore, the OP1 sub-band is probably not a reliable
indicator of the magnitude of the D™ defect sub-band (that is, it more likely involves transitions
from a superposition of the D~ and D° sub-bands).

Figure 8 displays the changes that occur to the TPC and TPI spectra upon light soaking
for theintrinsic sample of Fig. 6(c). Although the spectra have a markedly different appearance

FIG. 8. The transient 1 Rl SN
ph otocapacitance and i LIGHT SOAKED STATE
photocurrent spectra for  SAMPLE 6365
the annealed and light el
soaked state of the
intrinsic  35at.% Ge
sample of Fig. 6(c). The
solid lines drawn
through the data points
represent the results of a
model calculation
incorporating two optical
bands for the deep
defect transitions:. OP1
and OP2, as shown in 10
Fig. 9.
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compared to the state A spectra, most of thisis caused by the lower hole mobility which results
in a smaller separation between the two types of measurements (see Section 4.2). Indeed, the
defect structure deduced from fitting the spectra after light soaking (Figure 9) is essentially
unchanged except for the magnitudes of the deep defect transitions. The result of this fit shows
that both bands of optical transitions, OP1 and OP2, increase by factors between about 2 and 3
after degradation. In Table VI we summarize the magnitudes for OP1 and OP2 deduced by
fitting the TPC and TPI spectra in both states A and B for all of the aSi,Ge:H samples in this
study. (The defect densities obtained for TH1 deduced from the DL CP measurements have also
been included.)

Although we have identified OP2 with the D* sub-band of defect states, we noted that
OP1 did not seem to correspond to a particular defect sub-band. Indeed, in Fig. 10 we have
plotted the ratios OP2/OPL1 for the intrinsic and n-type samples before and after light soaking.
These ratios indicate that there is no simple correlation between the magnitudes of these two sets
of defect transitions. On the other hand, a clearer relation exists between OP2 and the
magnitudes of the TH1 transition revealed by the DLCP method. The DLCP measurement
detects the thermal emission of trapped charge to the majority carrier band so that, in intrinsic
and n-type samples, the responsible deep defects must contain at least one electron. Moreover,
because electrons bound to D™ defects are more easily thermally emitted, TH1 is more likely to be
weighted toward the D™ defect density. Indeed, the defect densities plotted in Fig. 5 indicate that,
for the 35at.% Ge samples, the TH1 density increases as the n-type doping level increases. From
Table VI we also see that the OP2 density determined by the TPC and TPl methods exhibits a
decreasing trend with increasing n-type doping, again consistent with our identification of OP2
with the D" defect sub-band.
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TABLE VI. Defect sub-bands densities of aSi,Ge:H aloys determined by C-T-w, DLCP,
junction transition photocapacitance and photocurrent methods before and after light soaking.
The errors which come from the simulation for estimating OP1 and OP2 are about +4at% and

+8at% respectively.
Sample Ge State | Ec-Eg TH1 OP1 OoP2
(type) content (eV) (10%/cm®) | (10"%cm®) | (10"%cmd)
6230 20at.% A 0.73 24+0.3 0.64 1.88
(intrinsic) B 0.75 6.5+0.6 1.46 3.62
6286 30 at.% A 0.70 6.0£0.3 1.99 5.18
(intrinsic) B 0.75 13.7+0.9 6.63 754
6558 35at.% A 0.71 6.3+0.4 4.38 4.42
(intrinsic) B 0.73 14.0+1.2 791 7.73
6565 35at.% A 0.75 6.0£0.3 2.56 4.82
(intrinsic) B 0.75 145+1.2 7.32 8.93
8257 35at.% A 0.66 8.0+0.4 3.86 1.34
(n-type) B 0.75 18.6+0.9 4.15 3.93
8330 35at.% A 0.65 10.7+0.1 2.29 1.25
(n-type) B 0.69 204+1.3 4.07 4.05
8258 35at.% A 0.56 60.0+£2.5 43.8 0.00
(n-type) B 0.64 90.2+6.0 69.9 0.00
(p-type) | 35a.% A >0.80 Ya 0.0 21.0
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FIG. 10. Ratios of the magnitudes of the two
defect bands, OP2/OPL, derived from analysis
of the optica spectra Note the fairly
substantial variation of this ratio depending on
the sample and metastable state. This argues
against a simple identification of the OP1 band
in terms of a specific defect sub-band.
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FIG. 11. Ratios of the magnitude of the OP2
(D") band to TH1, the DLCP determined
defect density. The nearly constant ratio for
the intrinsic samples, and the decreasing ratio
for the n- and n-type samples, strongly
suggests that TH1 is closely associated with
the D™ sub-band.

In Fig. 11 we plot the ratio of OP2/TH1 for all the samples and see that it is nearly
identical for all intrinsic samples in the annealed state and also in the light soaked states. This
correlation between the TH1 and the OP2 defect sub-bands strongly suggests that the TH1 defect
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sub-band indeed corresponds to D™ centers by charge neutrality. Also, we see that the OP2/TH1
ratios become smaller for the n-type samples as would indeed be expected for the D*/D" ratios.
Finally, the D*/D" ratios should increase in the n-type samples after light soaking and thisis also
indicated. All of these results strengthen our argument that TH1 defect sub-band corresponds
closely to D™ centers while OP2 corresponds to D* centers. Also, since the DLCP measurements
provides an absolute value for the defect density while the optical measurements depend on
estimates of optical cross-sections, this identification provides a better calibration of the actual
defect densities in these samples That is, the densities listed for OP2 should probably be divided
by roughly afactor of 6 to 8 to match the values of TH1 in the most intrinsic samples.

Thus we believe we have obtained quite strong experimental evidence for the existence of
significant densities of charged defects in device quality aSi,Ge:H dloys. This realization must
significantly alter any future analyses of aSi,Ge:H based photovoltaic devices. However,
because our methods do not provide a clear signature for the density of neutral defects, we do not
yet have a good estimate for the ratio of charged to neutral defects. Experiments to compare
ESR measurements with the results of the above types of studies are planned for the near future
to pin down thisratio.

Finaly, we note that when these types of measurement methods were previously applied
to amorphous silicon samples (a-Si:H), they did not yield any such evidence for charged
defects.[15,17] Moreover, comparison studies between ESR and capacitance studies in aSi:H
have indicated fairly consistent agreement between densities of deep defects.[23] This tends to
suggest a predominance of neutral defects in intrinsic aSi:H. Thus there appears to be a
fundamental difference between a-Si:H and the aSi,Ge:H alloys. This may be due to the lower
correlation energy for Ge vs. Si dangling bonds, or to larger potential fluctuationsin the aloys.

4.2 RELATION BETWEEN MINORITY CARRIER TRANSPORT AND DEEP DEFECTS

In this Section we shall examine the relationship between the hole transport
characteristics, obtained using two different experimental methods, and the deep defect densities
obtained from the measurements described above. In addition to the deep defect densities there
are two other pieces of information that can be obtained from the sub-band-gap
photocapacitance and photocurrent spectra.  First, one obtains the bandtail slope or Urbach
energy. This is an important quantity which may indeed affect the effective hole mobilities.
However, for the current series of samples, the Urbach energies are nearly equal. Therefore, this
is not a quantity which could account for any significant differencesin minority carrier transport.

Second, the ratio between the bandtail signal for the photocapacitance and photocurrent
signals provides a measure of the escape probability of the optically induced free holes from the
depletion region. This is because the hole currents add to any electron currents caused by the
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optically induced release of trapped carriers, but subtract from the resultant charge changesin the
depletion region, as monitored by the photocapacitance technique. Thus the ratio between the
two is directly related to the hole mt products. Because of the long time scales of this
measurement method thet obtained is specifically a deep trapping time.

As discussed in Section 4.1 above, we align the two types of spectra at the lowest optical
energies. This makes sense referring back to Fig. 4 since, at the lowest optical energies, we expect
only to be able to excite a single carrier type [transition (1) in Fig. 4]. Thus the two types of
spectra can be calibrated by matching them to each other in this energy regime. Referring to the
spectrain Fig. 6, we then observe that the ratio of the photocapacitance and photocurrent signals
in the bandtail region (optical energies greater than about 1.2 eV) differ only by a constant factor.
This happens because optical excitation near the optical gap leads to the generation of free
electrons and holes in roughly equal numbers. [See transitions (3) and (4) in Fig. 4] If both types
of carriers were to escape the depletion region with equal probability, the net charge change, and
hence the transient photocapacitance signal, would be nearly zero. However, the transient
photocurrent signal would be enhanced. In genera, then, the degree of suppression of hole
escape will decrease the relativeratio, R, of the photocapacitance to the photocurrent signals, and
thisratio can be used to determine the retrapping distance of the liberated hole, and hence (nt)y,

As presented in detail elsewhere [14,15,16], we have derived an explicit expression for
() in terms of R and the charge density, N4, in deep depletion of our sample. This latter
guantity is obtained experimentally by our drive-level profiling measurements in the limit of
increasing temperature (that is, it is equal to the magnitude of TH1). We obtain [24]

M = —log[(R+1)/2R ©)

Je!N+

We can illustrate the use of this formula for the data exhibited in Fig. 6(c). The ratio for optical
energies above hn= 1.3eV isroughly constant at R = 0.05, and our drive level measurements
give N4 =6x1015cm3. Hence we obtain (nt),=2x 109cm2/V. Note that the value we
obtain depends on the measurement temperature but reaches a limiting value as temperature is
increased. Itisthislimiting value that we report. Indeed, our (nt)y, evaluation is quite consistent
with trapping time derived ()}, products determined by other methods [25].
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FIG. 12. (a) Dependence of the hole nt products deduced from the analysis of the
photocapacitance/photocurrent ratios on alloy composition. (b) The variation of (nt),
multiplied by the corresponding negatively charged defect densities [that is, (), TH1].
Note the nearly constant value, independent of alloy composition, doping, or metastable
State.

In alike manner we have determined (it )y, for most of our other a-Si,Ge:H samples. The
dependence of this quantity on Ge content, X, is displayed in Fig. 12(a). [20] We clearly observe
a monotonic decrease in ()}, as the n-type doping or the Ge fraction is increased. It is aso
dramatically decreased following light induced degradation. Since the density of defects
increases under the same conditions, the observed decrease in (nt), may ssmply reflect the
increased likelihood of deep trapping due to the extra defects. Moreover, it is more likely that the
holes will be trapped in the negatively charged defects which, we have argued above, are most
closely correlated with TH1. Thusin Fig. 12(b) we plot the product (nt),TH1. Indeed, we then
observe a nearly constant dependence independent of Ge content, doping, or metastable state.
This is particularly true for the highest defect samples. The observed deviations for the lower
defect samples suggests there are other factors that also influence the hole nt products in those
cases.

To further test the relationship between minority carrier transport and defect density, we
also examined two additional Uni-Solar samples of different Ge fractions, 0.20 and 0.35, that
were deposited simultaneously on conducting and insulating substrates. The conducting
substrate samples were used for defect density measurements based on our junction capacitance
measurements. Specifically, sub-band-gap (photocapacitance) measurements were carried out to
determine the Urbach energies and to provide one estimate of the deep defect density. The
DL CP measurements provided a second measurement of the deep defect density. For the films
on the insulating substrates, dark and photoconductivity aswell as SSPG measurements were
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TABLE VII. Properties of two aSi,Ge:H aloy samples grown at Uni-Solar in both their
annealed (state A) and degraded conditions (state B). The deep defect density is that
determined by drive-level capacitance profiling measurements. The values for hnt and
ambipolar diffusion lengths were obtained from photoconductivity and SSPG measurements,
respectively.

Gefraction | STATE E. Urbach | TH1 defect OP1 defect hm Lano
0 . _3 . _3

(at.%0) (V) (?n %;37) density (cm™) | density (cm™) (cm? VY A)

20 A 0.8 48 5x 10% 1.3x 10'° 1.6x 10° 650

20 B 0.75 48 1.8x 10'° 2.75x 10'° 24x 107 550

35 A 0.63 51 1.9x 10'° 6.6 x 10% 7.1x 107 540

35 B 0.70 51 3.05 x 10% 8.2 x 10 6.6 x 10° 460

carried out to determine values the activation energy of dark conductivity, Eg, the mobility-
lifetime products, hnt, and the ambipolar diffusion lengths, L,y All of the above quantities
were determined in a dark annealed state (state A) as well as the light-soaked state (state B). The
results are given in Table VII. In addition, the values obtained for the ambipolar diffusion length
and the deep defect density obtained from the DL CP measurements are displayed graphically in
Fig. 13.
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If, as suggested above, the quantity limiting the hole transport is the negatively charged
deep defect density, then L4 should be proportional to the inverse of the square root of the
DLCP determined defect density, TH1. The implies that the quantity L.,  TH1Y? should be
nearly constant. Thisquantity is plotted in Fig. 14.

The nearly constant value for the higher defect density cases confirms that the TH1
determined (negatively charged) defect density is indeed the dominant factor limiting L .., for
these aSi,Ge:H aloys. For the 20at.% sample in state A, however, the relatively lower value of
Lamo~ TH1Y? indicates that other factors aso play asignificant rolein limiting L anp.

Finally, we note that, unlike the ambipolar diffusion lengths, the photoconductivity
determined hm values are not so easily attributed to any of the defect densities we have
determined. Further more detailed studies are now being planned to try to elucidate the
connection between the hnt values and the electronic structure in the mobility gap.

5.0 CATHODIC AMORPHOUSSILICON-GERMANIUM ALLOYS
5.1 MOBILITY GAP STRUCTURE AND DEEP DEFECT

As described in Section 2, we examined two series of aSi,Ge:H aloy films deposited by
the cathodic glow discharge method at Harvard University onto heavily p* doped crystalline
silicon substrates. The first series consisted of five samples with Ge fractions in the range 57at.%
to 100at.% in increments of 7 to 15at.%. The second series all had Ge fractions near 67at.% but
had varying degrees of contamination with an intentional air leak. The results from this second
series of samples are described in Section 5.2.

We first carried out drive-level capacitance profiling measurements at 100Hz for a series
of temperatures between 290K and 350K to determine the mid-gap defect densities in these
cathodic samples. In Fig.15(a) we display typical drive-level capacitance profiling data for the
sample with x = 0.57.  Unlike the Uni-Solar aSi,Ge:H samples, the drive-level density, Np,,
exhibited very little temperature dependence. For comparison, we plot in Fig. 1(b) the
temperature variation of Np,_ for the Uni-Solar sample in a smilar composition range (x = 0.5).
There are, we believe, two reasons that Np, might be temperature independent for the cathodic
samples. First, the bulk Fermi level E-© 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 Np, already has its maximum value at 320K. Second,
there may be a narrow defect band lying at or above E:O. In that case the capacitance profiling
would only show us the portion of the defect band lying below ELO. Thus, the increment of Np.
with temperature would be extremely small. Either of these situationsimply that we may only be
profiling alimited region of the total deep defect band.
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FIG. 15. (@) Temperature independent drive-level density of a cathode deposited sample, (b) an
example of the temperature dependent drive-level density of a Uni-Solar sample.

In Fig. 16 we plot the measured values of Np[_ vs. the Ge content determined for these
cathodic alloys aong with results from our early studies of photo-CVD aSi,GeH samples
obtained from the Institute for Energy Conversion (Delaware) [14] and for the Uni-Solar glow
discharge samples described in Section 4. For both these previous series of samples we believe
that the limiting value of Np_ is indeed providing us with an accurate estimate of the total
density of the mid-gap defect band. Although Np|_ for the cathode deposited glow discharge
samples is observed to increase with germanium content in a fashion similar to both the IEC and
Uni-Solar samples, its value is almost one order of magnitude lower than the trend line at high

Ge composition indicated for the other aSi,Ge:H samples.

FIG. 16. . 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 [14], glow
discharge samples produced at
USSC [19,20], and the cathodic
glow discharge samples
produced at Harvard. The solid
symbols are the experimental
defect densities determined by
DLCP, the open symbols are the
defect density estimated from
sub-band-gap optical spectra
The dashed lines are the predict-
ed dependence using the spon-
taneous bond breaking model,
assuming Ey is53 meV and DE is
0.3eV for the IEC and USSC
samples, and assuming E is 45
meV with a larger value of DE
(0.38eV) for Harvard' s samples.
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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.
17 we compare three photocurrent spectra for the Harvard samples with three such spectrafor the
Uni-Solar samples. First we note very similar Urbach slopes for both series of samples. We aso
note the obvious difference in optical gaps due to the different composition ranges for the two
sets of samples. However, the Harvard samples have somewhat larger optical gaps than would fit
the seriesfor the Uni-Solar samples extrapolated to higher Ge content. There is also a significant
difference in the shape of the mid-gap absorption due to the deep defects. As we will discuss
shortly, this comes about because the cathodic a-Si,Ge:H defect band has a lower optical energy
threshold to the conduction band than the Uni-Solar aSi,Ge:H samples.

Another major difference in the optical spectrais apparent in Fig. 18 where we compare a
pair of photocapacitance and photocurrent spectra for one Uni-Solar sample (with x=0.50) with
one cathodic a-Si1-xGey:H sample (with x=0.57) measured under identical conditions. In all of
the Uni-Solar samples we observe a significant deviation between the photocapacitance and
photocurrent spectra obtained at higher temperatures similar to that shown in Fig. 18(b). Aswe
discussed in Section 3.3 and elsewhere [11,16], the deviation in the bandtail region is due to
contribution of hole processes which decrease the relative magnitude of the photocapacitance
signal. The additional larger deviation near 1.0eV is due to the excitation of vaence band
electronsinto an unoccupied defect level (OP2) within the mobility gap. In contrast, in Fig. 18(a)
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FIG. 17. Transient photocurrent sub-
band gap spectra for 3 of the Harvard
cathodic glow discharge aS,GeH
samples (open symbols) together with
the spectra of 3 of the Uni-Solar
aS,GeH samples (solid symbols).
Note that both sets of samples exhibit
similar Urbach slopes. However, also
note that the deep defect band has a
somewhat different appearance for the
two sets of samples.
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FIG. 18. Pairs of photocapacitance and photocurrent transient spectra for two aSi,GeH
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.

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 nt products for the
cathodic aSi,Ge:H samples are significantly lower than for the Uni-Solar samples.

This interpretation, however, is abit of an oversmplification. In Section 4.2 we presented
amore detailed analysis by which one can estimate the hole nt products from the ratio, R, of the
photocapacitance to the photocurrent signals in the bandtail energy region. Thisis given by Eq.
(6). A close examination of the data for the two samplesin Fig. 18 indicates that the ratio, R, in
the bandtail region (near 1.2eV) between the photocapacitance and photocurrent signals is
roughly 0.1 for the Uni-Solar sample vs. 0.6 for the Harvard sample. The charge density in deep
depletion, which is given to us directly from our measurement of Np| , is 5x 1016 cm-3 and
6 x 1015 cm-3 for the two samples, respectively. Thus we obtain values of (i), from Eq. (6) of
2.3x 1010 cm2/V for the Uni-Solar 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 uncertainty, the nt products for Harvard samples appears to be
guite comparable to those for the Uni-Solar aSi,Ge:H samples.

However, such aresult is nonetheless surprising. The nt products that we obtain from
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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
isredly nearly an order of magnitude lower, then nt products should be correspondingly greater.
Indeed, in Section 4.2 we showed that the product (nt)LNp is nearly constant in the Uni-Solar
samples. It was also found to be nearly constant in our previous studies of photo-CVD
aS,Ge:H material over an very large range of Ge concentration [14]. Therefore, the comparable
values of (m)n for smilar Ge content for the cathodic alloy samples really does suggest a
fundamental differencein their properties compared to other types of aSi,Ge:H material.

Figures 17 and 18 taken together display the sub-band-gap spectrafor four of the cathodic
aS,GeH samples studied. In al cases there is only a very small difference between the
photocurrent and the corresponding photocapacitance spectra. Assuming constant optical matrix
elements for bandtail transitions and the deep defect band related transitions we are able to fit the
spectrafor the cathodic samples using a single Gaussian deep defect band and a valence band tail
of constant slope. (We assumed a constant density of states for the conduction band.) Examples
of these fits are shown by the thin solid lines drawn through the data points for each curve in
Figs. 17 and 18. The Urbach energies deduced in this manner are found to be quite small for
these samples, lying closeto 45meV in al cases. (For the pure aGe: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, s, of 0.2eV, lying about 40meV above the mid-gap energy for each
sample.
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In Fig. 19 we plot the energy positions of this single optical defect band along with the
two optical defect bands obtained from fitting the optical spectrafor the Uni-Solar samples. (The
results for our previous series of the IEC photo-CVD samples have also been included.) Aswe
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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 Uni-Solar samples and the energy positions are somewhat
shallower than those of the IEC and Uni-Solar samples.

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 atotal defect density to the optical defect band. We assume that the density
of valence bandtail statesis the same for all these samples since they al exhibit the same Urbach
tail slope and use a value of 2~ 1021 cm-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
10%° cm™. 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[23,27]. The results of this estimate from the optical spectraare included in Fig.
16. 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 aSi,Ge:H samples from the other sources.

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. 16). Such atrend is consistent with the "spontaneous bond breaking"
model [28] which has been used successfully to predict the dangling bond defect density in the
aS,Ge:H samples from the other sources (see the dashed line in Fig. 16) [14,22]. 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,
Ey, and the demarcation energy, Eqp, relative to the valence band mobility edge. Specificaly, if
the valence bandtail is described by:

Ntail(E) = N” exp(-(E-E")/Ey), (7)
where N* @1021 cnr3 is the density of states at E* » Ey, + 0.15eV, then the number of defects
created during growth will be:

Np = éb Ngit (E)dE = E,N” exp(- (Egp - E )/ Ey) €3)
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The value of Egp is obtained by subtracting an energy of order the defect half-width ( the
standard deviation, s, of the Gaussian distribution describing the defect band) from the energy
position of the defect band. From Fig. 19 we can deduce that the defect position vs. Ge content
obeys the relation Ep-Ey = Egpt/2 - 50meV for the IEC and Uni-Solar samples, and Ep-Ey =
Eopt/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(DE/ E,) exp(- (Eqp / 2E,)) )

where DE isequal to E* - Ey, plus a quantity proportional to the width of the defect band, plus
the offset between the defect position and midgap. We found a good agreement with the values
of the optical estimates using a DE of about 0.38eV, which is dightly larger than its value for the
IEC and Uni-Solar samples (in those cases DE is about 0.3eV). This difference of about 80 meV
for DE comes from the different energy positions of the defect band in the mobility gap between
the cathode deposited samples and the Uni-Solar (and 1EC) samples. We plot the measured vs.
the calculated values for Np in Fig. 20, and also have included the predicted trends as the dashed
linesin Fig. 16. Itisclear from Fig. 20 that the optical estimates of cathode deposited sampleslie
on the same trend line as the IEC and Uni-Solar 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 agiven Ge content, and their lower Urbach energies.

FIG. 20. Measured vs.
caculated values of deep
defect densities for aSi,Ge:H
alloy samples from various
sources. The measured
values plotted were obtained
from drive-level capacitance
profiling except for the
cathodic samples where they
were estimated from the sub-
band-gap optical spectra. The
caculated  values  were
obtained from Eq. (9).
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Summarizing our experimental results regarding the states in the mobility gap of the
Harvard cathodic a-Si,Ge:H aloys, we have found that the main features include: (1) avery 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
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angle X-rays scattering (SAXS) studies on the cathode deposited alloy samples[29].
52 RELATION BETWEEN MINORITY CARRIER TRANSPORT AND DEEP DEFECTS

To investigate the relationship between transport properties and the deep defects in the
cathodic PECVD a-Si,Ge:H aloys, we examined a second series of such samplesin collaboration
with Paul Wickboldt, Dawen Pang, and William Paul of Harvard University (Paul Wickboldt is
currently employed at Lawrence Livermore Nationa Laboratory). For these studies four samples
were deposited simultaneously on p* crystalline Si and 7059 glass substrates with intentional air
contamination levels at 0, 2ppm, 10ppm, and 75ppm. All were deposited to yield a Ge fraction
of 67at.%. More details concerning the properties of these samples, including the SIMS
determined oxygen and nitrogen impurity levels of these four samples, have been given in
Section 2. In Table VIII we list the transport properties determined for these samples including
the activation energies, Es, of conductivity, the photoconductivity determined hnt values, and
the ambipolar diffusion lengths determined by SSPG measurements. These dark conductivity,
photoconductivity, and SSPG measurements were performed by our collaborators at Harvard on
the 7059 glass substrate samplesin the dark annealed state (state A) of each sample.

TABLE VIII. Basic transport properties of the air contaminated
cathodic aSi,Ge:H samplesin state A.

Sample A_ir Es hnt Lamb
Number Ac(llron; ﬁ)ure (&v) (cm? VY A)
523 0 0.68 2.3x 10°® 615
525 2 0.64 50x 10°® 550
524 10 0.64 7.7x10°® 459

526 75 0.58 1.7x 10" 339
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TABLE 1X. Defect densities determined from drive-level capacitance profiling (DLCP)
and from fits to the sub-band-gap spectra for both the dark annealed state (A) and the light
soaked state (B). Vaues of the conductivity activation energies determined from ac
admittance measurements and the Urbach bandtail characteristic energy are also listed.

Sample Air State E DLCP Optical Spectra | Urbach
Number | Admixture (eV) | Defect Density | Defect Density | Energy
(ppm) (10" cm®) (arb. units) (meV)
523 0 annealed 0.66 11 15 43
light sopaked | 0.63 21 19
525 2 annealed 0.66 13 19 43
light soaked | 0.60 2.7 3.6
524 10 annealed 0.66 17 2.3 43
light soaked | 0.60 20 2.3
526 75 annealed 0.60 2.3 4.0 45
light soaked | 0.58 3.6 3.7

These samples were then characterized by ac admittance, drive-level capacitance profiling
(DLCP), and sub-band-gap photocapacitance and junction photocurrent spectroscopy at the
University of Oregon. Samples were examined in both the dark annealed state A aswell asalight
soaked state (B) obtained after 250 hours of exposure to light at 1.7W/cm? intensity using a
840nm long passfilter. Table IX lists the conductivity activation energies in both states A and B
obtained from the ac admittance measurements. We note that there is general agreement
between these activation energies in state A and those obtained on the co-planar samples using
dc measurements.

Table IX includes the deep defect densities determined from DLCP measurements for
both state A and state B. It also lists the defect densities obtained from the analysis of the sub-
band-gap photocapacitance and photocurrent spectra, fit to assumed single Gaussian defect
distribution and dominant (valence) exponential bandtail distribution. In each case the deduced
defect band positions (near Ec - 0.87eV) and widths (a Gaussian width parameter of 0.2eV)were
found to be essentially identical for all of the samples. The derived defect densities and the
values of the Urbach energy are listed in Table IX. We note that, in genera, there is good
proportionality between the defect densities estimated from DLCP and the fits to the sub-band-
gap spectra, particularly for the dark annealed states of these samples. We note the relatively
small increase in the deep defect densities indicated particularly from the optical spectra
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estimates. The DLCP data indicate a more consistent increase, but this may be more a result of
the Fermi level shift toward shallower energies after light soaking rather than atrue increase in the
densities of deep defects.

Similar increases in defect density with impurity content have been observed previously
[30,31]. These changes are consistent with models that link defect creation to the Fermi level
position [32]. The detailed mechanism by which oxygen or nitrogen causes this roughly 0.1eV
shift in Er is unclear. It can be speculated that the incorporation of these atoms act in certain
configurations like donorsto transfer electronsto neutral defects. This should result in adecrease
in electron trapping, an increase in hole trapping, and a shallower Fermi energy, in agreement
with theresultslisted in Table VIII.

In particular, the correlation between the ambipolar diffusion lengths and mid-gap defect
density that was identified for the Uni-Solar aSi,Ge:H in Section 4.2 aso appears to be present
for these cathodic alloy samples. In Fig. 21(a) we have plotted the ambipolar diffusion lengths
for the four samples together with the defect densities obtained from the optical spectra (state A
only). If these defects dominate recombination then the former quantity should be inversely
proportional to the square root of the defect densities. Thus, in Fig. 21(b) we have plotted the
ambipolar diffusion length multiplied by the square root of the determined defect density.
Indeed, to within a factor of 1.1, we obtain an essentialy constant value. The deviation at the
larger contamination levels may indicate the influence of the broader valence bandtail width in
these samples. We note that a very similar conclusion is reached if the DLCP determined defect
densities are used in place of those obtained from the sub-band-gap optical spectra.
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FIG. 21. (a) Variation of the ambipolar diffusion length and the defect density determined
from the sub-band-gap spectra vs. the air contamination level in the four aSi,GeH
samples.  (b) Product of the ambipolar diffusion length and the square root of the defect
density (normalized to be unity for the uncontaminated sample). The nearly constant ratio
indicates that the defects dominate the recombination of the holes.
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6.0 PROPERTIESOF THE a-Si:H/a-Si,GeeH HETEROSTRUCTURE INTERFACE

Amorphous silicon (a-Si:H) based multi-junction photovoltaic devices incorporate silicon-
germanium alloys (a-Si,Ge:H) for the bottom and/or middle cell. [33,34] It istherefore quite likely
that the properties of the aSi:H/aS,GeH interface play a key role in determining the
performance and the stability of an individual p-i-n cell.[35] In this Section we present results
from capacitance transient measurements which disclose a significant concentration of hole traps
at this interface. Since hole transport in a-Si:H based solar cells is the limiting factor [36], these
results may be quite significant.

The sample configuration used for these measurements have been given in Section 2. A
total of eight samples were studied consisting of a thinner (3000-5000A) layer of aSi:H next to a
thicker layer of aSi,Ge:H alloy with roughly 35at.% Ge. The opposite side of the a-Si:H layer
was contacted either with a heavily doped p+ crystalline Si substrate or a metal Schottky barrier.
Thus, the resulting a-Si:H/a-Si,Ge:H heterojunction was positioned within 3000-5000A of either
the Schottky barrier or substrate junction so that its electronic properties could be probed
capacitively. The capacitance transient measurements described below were carried out at a
temperature of 370K.

We applied a filling pulse to place the junction nearest to the aSi:H/a-Si,Ge:H interface
into forward bias and then recorded the capacitance transients after restoring the initial reverse
bias. Under these pulsing conditions all the samples, except those in which the interface was
adjacent to the Schottky barrier (i.e., samples 2 and 4), exhibited a particular type of capacitance
transient. Asdisplayed in Fig. 22, the transients can be divided into two time regimes. a short
time regime, in which the capacitance increases with time corresponding to a loss of negative
charge (electron-emission type), and along time regime, in which the capacitance decreases with
time corresponding to again of negative charge (hole-emission type). If thefilling pulse voltage



FIG. 22. Capacitance vs. time
following a 300s long voltage
filling pulse to +0.28 volts
(solid circles) or to zero volts
(solid triangles). The ambient
bias was -3V. The four
transients denoted with open
symbols were again obtained
using a 300s filling pulse to
+0.28 volts, but were immed-
iately followed by a OV wait-
ing period of 15s, 50s, 120s,
and 300s, respectively. The
zero of time for these latter
curves corresponds to the end
of the +0.28 volt filling pulse.
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FIG. 23. Capacitance SAMPLE 6
overshoot vs. the product of
the filling pulse voltage (V,)
and the filling pulse duration
(t,) for sample 6 at 370 K.
Pulse durations covered the
range 10s to 1800s for a fixed
0.4V pulse voltage, and pulse
voltages were varied between
0.3V to 1.6V for a fixed 300s
pulse duration. The ambient

reverse biaswas-1.0 volts.

| ﬁm% ot

i | E O VARYING PULSE DURATION |
e VARYING PULSE VOLTAGE

o i 1 1 1 1 1 1 1 1 ]
0 100 200 300 400 500 600 700 800
[PULSE VOLTAGEIX[DURATION] (V-s)

CAPACITANCE OVERSHOOT (pF)
[, ]

iszero or slightly negative (i.e. still in reverse bias), the long time, hole-emission type behavior is
not observed. This suggests that hole injection from p*-silicon is a necessary condition for the
occurrence of this second type of transient. Also, the absence of the hole-emission type
transients for the forward biased Schottky barrier contacts (samples 2 and 4), where no hole
injection can occur, strongly supports this conclusion. We denote the difference between the
peak capacitance during the transient and the pre-pulse capacitance as the *“capacitance
overshoot”.  Figure 23 plots the capacitance overshoot of sample 6 versus the product of the
filling pulse voltage (V,,) and the filling pulse duration (t;). We see that the overshoot increases
until the V" t, product reaches a value of about 400 V-s and then saturates. Thus, the maximum
number of states/traps that can be filled by the holes is well defined. This alows unambiguous
comparisons between trap densities for different samples.

We can demonstrate that the capacitance overshoot transients are due to traps at the
heterojunction interface. Beyond afew volts of reverse bias, V, the depletion region will extend
through the a-Si:H layer and the aSi:H/a-Si,Ge:H interface into the aSi,Ge:H alloy. Hence,
Poisson’ s equation can be integrated to obtain [ 8]

Qintd 1
Vp = = OXr gy (dx+—"— +— Oxr o g gy (X)X, (10)
e e e

where e is the (average) dielectric constant, x is the distance from the barrier, r (x) is the charge
density, d is the thickness of aSi:H layer, W is the total depletion width (using the abrupt
depletion approximation) and Q; is the aSi:H/aSi,GeH interface charge density. After the
filling pulse is removed the depletion width at time t, W(t), varies from its pre-pulse value, Wi,.
Since the bias voltage is restored to its pre-pul se value after the filling pulse, we have
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DQ (d 1 )

1« 1w
DV, = OZ—QXDI' a-si:n (A + 9 Xr a-Si,Ge:H(X) dx - — 9 Xl a-S,GeH (x)dx, (11)
e e e e

provided we neglect the charge emission within aSi,Ge:H layer. This is reasonable in the long-
time limit in which we observe these transients. |f we further neglect the charge emission within

the aSi:H layer in this time regime, then the first integral vanishes and the interface charge

z

2p2 e € p ¢
density can be written as DQj (1) = e - (12)
2d &c? ¢’

ave

where A isthe active area, r g ., is the average charge density in aSi,Ge:H, and we have used

e eA
the relations C, » — and, C(t) » W’ for the initial capacitance and the capacitance at timet,
W.

respectively. According to this analysis, if the capacitance transients are dominated by the
emission of interface charge, then the right hand side of Eq. (12) should be independent of the
applied bias provided it is large enough to allow complete depletion of the interface traps.

Figure 24(a) provides a comparison of the capacitance overshoots for sample 7 as a
function of time for different values of the ambient bias under otherwise identical pulsing
conditions. The calculated interface charge density from Eg. (12) corresponding to these
transientsis shown in Fig. 24(b). Thevaueofr I ..., for each sample was obtained from drive-
level capacitance profiling [7] within the aSi,GelH layer (in this case r 2§ gy » 2 10°° cm®).
The close overlap of these curves indicates that the charge emission is indeed occurring from
within avery localized spatial region.

A comparison of the interface charge densities for samples 5 and 6 obtained under
saturation conditions is shown in Fig. 25. According to Table I11, these two samples are identical
except for the aSi:H/aSi,Ge:H interface treatment. From drive-level measurements, we find that
the density of states for the aSi,Ge:H layer in both samples 5 and 6 is nearly identical (about
1.5 10" cm™®) while their deduced trap densities are substantially different. Since the only
difference between these two samples was their interface preparation, this verifies that the
observed traps are located very close to the interface. In Table X we have listed the saturation
values of the interfacial trap densities for the samples studied. For samples 1 and 3, the transients
were not recorded under conditions of complete saturation, so the actual trap densities are
probably larger than the values listed in the Table.



FIG. 24. (a). Capacitance
transients for sample 7 using
the same 1.6 volt, 300s filling
pulse, but using different
ambient bias voltages as
indicated.  (b) Calculated
interface trap density derived
usng Eg. (6) for each
transent in (@). The close
overlap of these different
curves confirms that the
dominant traps are confined
to a particular spatial location
(the heterojunction interface).

FIG. 25. Charge transients
deduced from capacitance
transient measurements on

aS:H/aS,GeH hetero-
junction  samples. The
magnitude of the aredl
density of holes traps

depends upon the type of
interface preparation proce-
dure that is employed.
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TABLE X. Summary of deduced interface trap densities for aSi,Ge:H/a-Si:H samples.

#  Sample Configuration Interface Qi (cm?
1 aS:H|aS,GeH Untreated >1x 10"
2 aS,GeH |aS:H Untreated Not observed
3 aS:H|aS,GeH Untreated >4 x 10"
4 aS,GeH |aS:H Untreated Not observed
5 aS:H|aS,GeH Untreated 6x 10

6 aSi:H|aSi,GeH Treated 1.6 x 10"

7 aS:H|aS,GeH Graded (250 A) 1.8x 10"

8 aS:H|aS,GeH Graded (1000 A) 7x 10%

To examine the role of these traps in carrier recombination processes, we modified the
timing sequence of the transients as follows. At the end of the filling pulse, the sample was held
at zero bias for a certain period before the reverse bias was restored to produce the transients.
This allowed an increased density of electrons to be present at the heterojunction interface. The
transients recorded with these pulsing conditions for sample 3 are included in Fig. 22, where the
time at zero bias has been added to the elapsed emission time. The excellent overlap of these
curves indicates that the hole emission kinetics are not affected by the presence of the extra
electrons. This means that the interface states are not acting as recombination centers for
electrons. Also, because the charge emission continues in an identical manner in the absence of
an electric field, this eliminates the possibility that the transients arise from polarization effects.

The transients for sample 8, in which the aSi:H/aSi,Ge:H interface was graded very
gradually over 1000 A, are qualitatively similar to the other samples. However, the capacitance at
long times after the filling pulse does not return to its pre-pulse value even after raising the sample
to higher temperature (~ 420 K). This suggests a metastable change in the state of the sample. If
a subsequent filling pulse is applied, the resultant transient again indicates atrap density the same
as for the prior transients. Since the only difference between sample 8 and sample 7 is the
distance over which the interface is graded, this indicates that such metastable changes in the
charge state of the traps result from the broader spatial extent of the interfacial region in sample 8.
Also, in case of sample 8, the maximum number of traps that can be occupied and subsequently
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emptied is considerably smaller than that in sample 7 (See Table X).

While it is clear that the concentration of these traps is determined by the interface
preparation during growth, we should also note that, in the deposition of al of these films, the
plasma was interrupted between the a-Si:H layer and the aSi,Ge:H layer. It is nonetheless more
likely that these traps are inherent to the interface than aresult of plasma interruption. Since the
holes at these interface traps do not recombine with electrons, devices incorporating these
interfaces may not be too adversely impeded. However, at levels of 10™ cm, trapped interface
charges will significantly alter the electric field profiles in such devices and thus affect the
guantum efficiencies. Therefore, the control of these interfacia trapping states appears to be
essential for device optimization.

7.0 HOT-WIRE DEPOSITED AMORPHOUSSILICON

Severa groups have now reported device-quality a-Si:H films produced by the hot-wire
growth technique.[3,37,38] We characterized the electronic properties of a series of NREL
deposited hot-wire aSi: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 levelsis displayed in Fig. 26. We then followed the same
procedure as described in Sections 4 and 5 for the aSi,Ge:H alloy studies: We fit the sub-band-
spectrato 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 linesin Fig. 26. In
all cases the deep defect band was located at an energy of 0.85eV below Ec with a width
parameter, s, of 0.18eV.



FIG. 26. Comparison of the
transient  photocapacitance
spectra in the as-grown state
for three different substrate
temperatures.  All spectra
were obtained at 340K. The
solid lines indicate spectra
caculated from a density of
states consisting 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 Egq 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. 27. 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. 27. Varidtion of
the optical gaps and the
Urbach  energies vs.
Hydrogen content deter-
mined from the sub-
band-gap photocapa-
citance spectra for the
hot-wire aSi:H samples.
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[ HOT-WIRE AMORPHOUS SILICON

FIG. 28. Drive level 1077 | Drive-lovel Profiles: 340K/10Hz

capacitance  profiling
data for three hot-wire
aSi:H samples before
(solid symbols) and
after (open symbols)
light soaking.  These
data were obtained at
340K using a measure-
ment temperature of
340K. The indicated
drive-level profiling
densities should be
multiplied by a factor of
2 to obtain an estimate

Sty o desp defect 01 0.5 0.9 1.3
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In Fig. 28 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/cmZ 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. 29 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. 26. 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 alarge defect density is certainly not surprising for a sample with less than 1at.%
H. However, it is quite surprising that the sample with roughly 2.5at.% H should exhibit a total
defect density of lessthan 1 x 1016 cm-3,

In Fig. 30 we compare the defect densities for the samples before and after light
degradation. Thisfigure indicates that the stabilized density of deep defectsis actually lowest for
the sample near 2.5at.% even though itsinitial defect density is dightly higher. In general we can
state that the highest H sample actually exhibits properties nearly identical to conventional glow
discharge aSi:H while the hot-wire samples with H levels near 2at.% exhibit dightly superior
properties. alower 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.

® © Hw290
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FIG. 29. Comparison of
the total deep defect
densities obtained both
from the capacitance
profiling data of Fig. 27
(obtained by doubling the
values of the DLCP data
at 340K), and the sub-
band-gap  photocapaci-
tance spectra of Fig. 26.
Note the good agreement
between the estimates
from these two types of
experimental data.

FIG. 30. Comparison of
defect densities before (solid
symbols) and after light
soaking (open symboals).
Note that these data indicate
that the best stabilized
properties are realized for
hot-wire samples containing
lessthan 5 at.% hydrogen.

— . . . .
o 107)
'E - O DLCP
S O OPTICALEST.
=
g 1018
(] g
% T o O °
.% o)
O josf
0 4 ) 12
HYDROGEN (at.%)

1018, R
o= 1017 LIGHT nEG\lenED STATE
= NG
s A/ 0
2 10 Ay o

[
1015
0 4 8 12
HYDROGEN (at.%)

43

Findly, in Fig. 31 we compare the photocapacitance and photocurrent spectra of HW360

in both State A and State B. As discussed in Section 3 and 4 above, whenever there is an

appreciable minority carrier contribution to the motion of charge, the photocurrent signa will be

larger than photocapacitance signal.

proportional to the difference between the electrons and holes that escape from depletion region

This occurs because the photocapacitance signal is

while the photocurrent signal is proportional to the sum. As also discussed in Section 4, we can

estimate a value for the hole mu-tau product, (nt),, from the ratio of photocapacitance signal to

the photocurrent signal in the band tail region [16]. For State A, where thereis aclear difference
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soaked states. Once the two
types of spectra have been
aligned in the low optica
energy regime, their
separation in the bandtail
region provides an estimate
for the nt product of the
hole. The fact that two
types of spectra exhibit very
little separation in State B
thus indicates a low value of
(mt), for this sample in its
degraded state.

FIG. 31. Photocapacitance 1031 3
and transient photocurrent F STATEA - STATEB 5
spectra for sample HW360 af ; i
in its annealed and light- 102 - :
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between the two spectrain the bandtail region we get about 2.4x10° cm?V. However, in state B
the difference between photocapacitance and photocurrent signals nearly vanishes. This
indicates that the hole mobility decreases markedly after the sample has been degraded. This
suggests that, in spite of the quite small increase in deep defect density for the low hydrogen hot
wire aSi:H samples with light soaking, the performance of photovoltaic devices may nonetheless
exhibit serious degradation due to this apparent dramatic decrease in (1m);.

PHOTOCAPACITANCE, PHOTOCURRENT (a.u.)

80 STABILITY OF HYDROGEN DILUTED GLOW DISCHARGE a-S:H

In this Section we present preliminary studies of the effects of hydrogen dilution on the
stability of glow discharge a-Si:H with respect to light-induced deep defect creation. The most
comprehensive set of samples for these types of studies in my laboratory were produced at
Lawrence Berkeley Laboratory (LBL). Therefore, these results are reported first and a
comparison will be made between samples deposited with hydrogen dilution vs. helium dilution
vs. no dilution. Next we report the results for two samples received from Solarex, one deposited
under hydrogen dilution and one deposited with no hydrogen dilution. Finally, we report results
for a series of three samples deposited in-house: one deposition under hydrogen dilution, one
diluted in argon, and one in which the dilutant gas was modulated between hydrogen and argon.
Additional specific information on the growth conditions for all three sets of samples has been
givenin Section 2 above.
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8.1 PROPERTIES OF LBL aS:H DEPOSITED WITH HYDROGEN OR HELIUM
DILUTION

For this first series of samples, we carried out a comparison study between a-Si:H grown
by the glow discharge method either with 100% silane, or with silane diluted in H, or He gas. The
samples were obtained through collaboration with V. Perez-Mendez group at Lawrence Berkeley
Laboratory [39], and further details concerning the growth conditions of these a-Si:H samples are
given in Section 2.5. The purpose of this study was actually two-fold: First we wanted to
evaluate the reliability of our capacitance characterization methods for n-i-p device structures by
directly comparing the results using such a device structures with a single i-layer aSi:H film
deposited on doped crystalline Si with Pd Schottky contacts [denoted below as p*(c-Si)-i-m, our
usual sample configuration for capacitance measurements], and also with a-Si:H deposited on n*
aSi:H on top of Cr coated glass with Schottky contacts at the top surface [denoted as n-i-mj.
Second, we wanted to compare the electronic properties, particularly the stability properties, of

hydrogen diluted, helium diluted, and undiluted glow discharge deposition.
Samples were characterized by drive-level capacitance profiling (DL CP) measurements as

described in Section 3. An example of the profiles obtained for one H, diluted n-i-p sample
(Sample 1) at a series of measurement temperatures is shown in Fig. 32. Typicaly, a good
estimate of the total deep defect density is obtained by doubling the profile value for the 100Hz,
400K case. Such an estimate has been found to agree quite well with ESR spin densities for
a-Si:H samples[23] For this sample, thisimplies a deep defect density of only 9 x 10" cm™. By
the same method, the defect density for the standard sample (undiluted discharge) is determined
to be 3 x 10" cm®, which agrees quite well with previously measured high quality glow discharge
samples.

Next, we repeated measurements on some samples using the n-i-m or the p*(c-Si)-i-m
configurations. A couple examples of such comparisons are displayed in Fig. 33 where we have
plotted the spatially averaged DLCP values at several temperatures for two samples each with
different contacting configurations. In all cases the DLCP values areidentical to within a factor
of 1.25, independent of the contacts. Thus the DLCP defect densities appear to uniquely reflect

the properties of thei-layer in each sample.
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FIG. 32. Example of 100Hz drive-level capacitance
profiling data measured for a series of fixed
temperatures for sample 1. A good estimate for the total
deep defect density is obtained from doubling the drive-
level density for the 400K profile.
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aSi:H films.
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TABLE XI. Carrier mobilities and deep defect densities for samples in their dark anneaed
states. The TOF mobility measurements were carried out at LBL.

Sample Dilutant Gas m (cm?%V) m, (cm?%V) Np (cm™)
1 H, 42 0.013 9x 10"
2 H, 2.8 0.009 1.0x 10
3 H, 2.3 0.006 9x 10"
4 He 1.2 0.003 1.0x 10
5 He 0.7 0.004 22x 10"
6 none 1.0 0.004 2.8x 10"

The electron and hole mobilities were determined for these samples at LBL using the

standard time-of-flight (TOF) technique. A summary of the determined values for m and m, are

listed in Table XI for the annealed state of each of the six samples. The values of defect densities
we determined by DLCP are also included. The DL CP measurements were carried out at 100Hz
at a measurement temperature of 410K. We see that the hydrogen diluted samples show
improved transport properties for both electrons and holes and, correspondingly, a greatly
reduced deep defect density when compared to either the He or standard glow discharge samples.

FIG. 34. Comparison of drive-level determined defect densities for sample 1 and
sample 6 as a function of light exposure. The total defect densities are estimated by
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multiplying these drive-level values by afactor of 1.5.
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Finaly, we compared the light-induced degradation of one hydrogen diluted sample
(sample 1) with the standard sample (sample 6). Both samples were exposed for up to 300 hours
to a 1.9eV red filtered tungsten-halogen light source at an intensity of 3.4 W/cm?. The samples
were immersed in methanol during light soaking to maintain their surface temperatures below
65°C. We display the drive-level profiles obtained at a measurement temperature of 370K and a
frequency of 10 Hz as a function of light exposure in Fig. 34. Here we see a substantially lower
degraded defect density in the hydrogen diluted sample at each exposure, as well as much earlier
saturation in that case. Ultimately, the hydrogen diluted sample exhibits at least a factor of five
improvement compared to the standard glow discharge a-S:H sample. Further measurements
to test the degraded properties of the remaining samples are in progress.

8.2 PROPERTIES OF SOLAREX & Si:H DEPOSITED WITH HY DROGEN DILUTION

We aso carried out one preliminary study of Solarex a-Si:H samples grown with and
without 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. 35 and those from
photocapacitance are shown in Fig. 36. 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 aSi:H film. That is, the Solarex hydrogen diluted material definitely appears to
be more stable against light induced defect formation than conventional glow discharge aSi:H.
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SOLAREX a-SiH SAMPLES
STATEB

FIG. 35. Dirivelevd
deep defect profiles for
two aSi:H samples in
light-degraded  states.
These 500Hz capaci-
tance profiles measured
a 360K should be
multiplied by a factor of
3 to yield an estimate of
the total defect density
[23]. The sample grown
with hydrogen dilution
shows a significantly
lower concentration of
defects.
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83. POSSIBLE MECHANISMS: HYDROGEN DILUTION MODULATION STUDIES

In order to gain some insight into the possible mechanisms responsible for the above
decrease in susceptibility to the light-induced degradation for the hydrogen diluted material we
attempted a somewhat unique approach. We tried to examine the differences in degradation
between hydrogen diluted and normal material within a singlea-S:H film.

To evaluate this kind of approach we deposited three kinds of aSi: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 layersin al for atota growth time of 7 hours and 5
minutes. Thisresulted in a4 mm thick sample, giving a modulation period of about 2300 A.
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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/cm2 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 partialy 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
samplesfor 30 minutes at 520 K (the same temperature for preparing theinitial state A samples).

The spatial dependence of the defect densities were examined by our drive-level
capacitance profiling method. Figure 37 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 samplein 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 amost 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 datain Fig. 37. This behavior is distinct from what we
had observed in the Lawrence Berkeley and 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 higher hydrogen dilution 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 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 sampleisfully 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.
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FIG. 37. Drive-leve capacitance profiling data for three light soaked states (Ieft) 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.

The data presented above are relatively unique in that they allow usto 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.

Such local aspects also seem to dominate the metastable defect creation in the earlier
stages of light soaking. Unfortunately, because the homogeneous Ar and H2 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 exposure. We will be able to test this in more detail in the future by
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utilizing component layers whose susceptibility to light induced degradation 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. Thisisdifficult to understand simply in terms of local or global equilibrium processes. To
account for such aresult 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.[40]
However, if thisisindeed 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 theinitial state. Thisagainimpliesadefinite 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).

9.0 STUDIESOF ELECTRON-CYCLOTRON-RESONANCE DEPOSITED a-Si:H.

Thefinal component in our effort to evaluate new, potentially more stable forms of aSi:H
was a study of a series of severa aSi:H samples produced by an electron cyclotron resonance
(ECR) growth method. These films were deposited at lowa State University (under the direction
of Vikram Dalal) onto stainless steel substrates. All of them incorporated an n* a-Si:H layer at the
substrate contact and each i-layer was roughly 1.5mm thick. Palladium Schottky barrier junctions
were evaporated onto the top surface to allow characterization by our junction capacitance
methods. For this study the methods included drive-level capacitance profiling, to determine
deep defect densities, plus transient photocapacitance measurements, to determine the sub-band-
gap optical spectra. Samples were evaluated in their as-grown condition and also after 50 hours
of light soaking at an intensity of 4W/cm? using red filtered ELH light.
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Figure 38 gives an example of sub-band-gap spectra obtained by our transient
photocapacitance measurements for one ECR sample (deposited using Ho dilution) before and
after light soaking. Such spectra allow us to deduce the characteristic energy of the Urbach edge
(56meV in this case) and also the ratio of deep defect increase due to light induced degradation
(roughly a factor of 2). They can also be used to obtain a rough estimate of the total defect
density; however, a more quantitative value is obtained from our capacitance profiling
measurements. Table XII summarizes the results for the 3 ECR grown a-Si:H samples whose
characterization has now been completed. Two of the samples listed were grown with Ho
dilution and one was deposited with He dilution. All samples exhibited properties comparable to
glow discharge grown aSi:H films, although with somewhat higher degraded defect densities
than hydrogen diluted material obtained by the latter method. We should mention, however, that
because the ECR samples studied were deposited onto textured substrates, there may exist some
uncertainty of the actual sample area. This could result in a substantial overestimate in the defect
densities listed since these vary inversely with the square of the assumed sample areas. Also, the
ECR growth conditions are still being varied to achieve optimum material properties. Therefore,
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TABLE XI1. Summary of preliminary resultsfor ECR a-Si:H film properties.

54

Sample Ey (meV) Es (eV) Es (eV) Np (cm-3) Np (cm3)
(dilution) state A state B state A state B

1779 (Hp) 56 0.61 0.71 3.1+0.2x1016 | 6.5+0.5x1016
1780 (H2) 52 0.66 0.75 2.2+0.2x1016 | 4.8+0.3x1016
1793 (He) 52 0.68 0.76 1.3+0.2x1016 | 3.2+0.3x1016

the results presented in this report should be regarded as only a first look at this potentially
promising new kind of mid-gap amorphous material.

10.0 SUMMARY AND CONCLUSIONS

The work carried out for our NREL Subcontract has been focused on the characterization
and evauation of low gap (a-Si,Ge:H) aloy materials or on issues related to overall stability in the
mid-gap (a-Si:H) materials. In many cases our studies have focussed on such materials produced
using novel deposition methods and/or conditions. We also made a detailed study of the interface
between these two materials in aSi:H/a-Si,Ge:H heterostructures. One series of aSi,GeH aloy
samples and the heterostructure samples were obtained through an ongoing collaboration with
United Solar Systems Corporation, while another series of aSi,Ge:H alloy “cathodic” samples
were deposited through a collaboration with workers at Harvard University. Our studies of the
aSi:H samples, produced under a wide variety of deposition conditions were obtained in
collaboration with researchers at NREL for hot-wire deposited material, with lowa State for ECR
deposited samples, and several sources for aSi:H grown under hydrogen dilution: Lawrence
Berkeley Laboratory, Solarex, as well as some in-house samples. A couple additional series of
hydrogen diluted a-Si:H samples were also obtained; however, these studies are not yet in a
sufficient stage of completion for their inclusion in this report.

First of al, the results from our Uni-Solar aSi,Ge:H studies represent a continuation of
our attempts to fully understand the electronic properties of the device quality low-gap aloys.
Previously we had identified at least one type of defect band transition in these alloys that did not
seem to be present in pure a-Si:H and had hypothesized that it could correspond to a significant
population of D* states in the nominaly intrinsic a-Si,Ge:H aloy material. The light induced
degradation studies also seemed to support this conclusion and, furthermore, indicated that
charged defect ratios can vary significantly after light soaking. Additional studies then examined
the properties of very lightly n- and p-type aSi,Ge:H material. The results on these samples
verified that charged defects are indeed responsible for the different observed defect bands in
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device quality aSi,GeH alloy material. This conclusion undoubtedly will have important
consequences for understanding the transport and degradation processin a-Si,Ge:H devices.

Second, we reported results of our measurements on aSi,Ge:H aloy "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: alarger gap energy for a
given Ge fraction, a different relative energy position of the defect within the gap, and a smaller
Urbach energy. It isasyet 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 (nt)p for these samples than would have been expected given their lower defect
densities. Nonetheless, these cathodic aloys do potentially appear to be quite promising.

Third, we performed voltage pulse stimulated capacitance transient measurements on
aS:H/aS,GeH heterostructure samples to look for carrier trapping states that might be
associated with this interface. We found that, for filling pulses that put the interface into forward
bias, there was a clear signature of trapped hole emission extending over long times.
Furthermore, we were able to confirm that these hole traps were associated specifically with the
interface itself in concentrations of roughly 10" cm. We found that treatment or grading of the
interface modified the concentrations of these hole traps; however, they did not seem to act as
recombination centers for electrons brought into the interface region. Nonetheless, these traps
seem to exist in sufficient dendities to significantly alter the electric field profiles across such
heterojunction structures and, therefore, they are likely to significantly impact the performance of
tandem and triple cells which incorporate such interfaces.

Next, 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 aSi:H. However, asthe H level was
decreased to about 2at.% the electronic properties actually improved: the degraded defect level
was reduced and the Urbach tail was dlightly narrower. These changes were accompanied by
more than a0.1eV decrease in optical gap. Therefore, our studies indicate that hot-wire produced
aSi:H, with H levels between 2-5at.%, should lead to mid-gap devices with superior properties.

Finally, we discussed some results on glow discharge material as well as ECR deposited
aSi:H grown under hydrogen dilution conditions. We confirmed that, in terms of deep defect
creation, such films exhibited improved stability compared to conventional glow discharge



56

material: roughly a factor of three lower deep defect densities than those grown using pure
silane. Furthermore, the hydrogen diluted samples degraded at a Slower rate and saturate at a
significantly lower value (by about a factor of five) than pure silane deposited sample. These
results agree with reports of increased relative stability of cells employing hydrogen-diluted i-
layers. 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 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.
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