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Introduction

Preface

This research project has two broad objectives:

We seek a deeper understanding of the open circuit voltage Voc in amorphous silicon based solar
cells, and in particular we wish to determine whether the present open-circuit voltages in these cells
can be increased. We combine experimental studies of device operation with solar cell modeling.

We seek to measure and to understand electron and hole photocarrier drift under electric fields for
the technologically significant forms of amorphous-silicon based materials. We incorporate this
knowledge into solar cell device models in an effort to deepen our understanding of solar cell
operation.

In addition to the support from the National Renewable Energy Laboratory, this research received
support from the Korea Research Foundation and from Korea University for Prof. Lyou’s research leave
at Syracuse University.

Summary

In Phase I of this project we have done significant work on the following topics:

1.

3.

Electroabsorption measurements and built-in potentials in a-Si:H based solar cells and devices. We
have worked on two projects. The more successful has been estimates of V, in cells with a-SiGe:H
absorber layers from United Solar Systems Corp.; this work is in collaboration with Jeff Yang and
Subhendu Guha. We obtain an estimate of V}; = 1.17 V in these cells which is quite convincing.
Additionally we have done extensive measurements on a series of TCO/i/n diodes from Institute for
Energy Conversion at University of Delaware. This work was in collaboration with Steven Hegedus.
Estimates of V,; in these structures were not conclusive and will not be included here.

Solar cell modeling employing the AMPS computer program. We have been successful in installing
and using the PC version of the AMPS modeling program written by Steve Fonash’s group at Penn
State. We have begun operating a simple “AMPS” modeling site
(http://physics.syr.edu/~schiff/AMPS). In our modeling research in Phase I, we have explored the
effect of conduction bandtail width upon 7, computed analytical approximations and the AMPS
program. There are quantitative differences between the two procedures which we discuss. We have
uncovered a V. saturation effect in AMPS modeling which we have not yet explained.

Drift-mobility measurements in a-Si:H made with high hydrogen dilution. We have measured
electron and hole mobilities in several n/i/m cells from Pennsylvania State University with a-Si
absorber layers made under maximal hydrogen dilution; this work is in collaboration with Zhou Lu
and Chris Wronski at Penn State. We find a modest increase in hole mobility in these materials
compared to conventional a-Si:H.

Electroabsorption spectroscopy in solar cells. An unexpected byproduct of our work estimating V;
has been discovery and interpretation of an infrared absorption band near 1.0 eV. We believe that
this band is due to dopants & defects at the n/i interface of the cells. The existence of the band also
has interesting implications for the nature of electroabsorption and for the doping mechanism in 7-
type material. Collaborators in this work include the Steven Hegedus (Institute of Energy
Conversion, Univ. of Delaware), Rafik Middya (Solarex Thin Films Division), Jeff Yang and
Subhendu Guha (United Solar Systems Corp.)
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Fig. 1: Electromodulated reflectance spectra for four nip a-SiGe and a-Si based solar cells with varying absorber
layer bandgaps. The "unprocessed" spectrum illustrates the large interference fringes resulting from
superposition of back-surface reflected light with light directly reflected from the top layers of the cell. The
remaining spectra are the upper envelopes of the unprocessed spectra. 5

Fig. 2: Electromodulated reflectance signal dR/(RJE) as a function of the external electrostatic potential across the
cell. Measurements are shown for several wavelengths along with linear regression lines. 6

Fig. 3: Wavelength dependence of the electroabsorption offset potential ¥V for four pin solar cells (prepared at
USSC) with a-SiGe:H absorber layers of differing thicknesses; the typical optical gap was 1.5 eV. The long
wavelength limit of about 1.17 V is an estimate of the built-in potential; open-circuit voltages ranged from 0.65
- 0.79 V under AM1 conditions. Sample codes (by thickness): (0.25 pm, LINE 10024) (0.50 pm, LINE 10239)
(1.0 pm, L8702) (1.5 pm, L8692). 7

Fig. 4: Comparison of open-circuit Voltages V,. calculated using AMPS PC-1D and Tiedje’s analytical
approximation. The conduction bandtail width was varied as indicated; the other modeling parameters are
described in the text. A uniform photogeneration rate 1.1 x 10*' cm™s™" was used. 9

Fig. 5: AMPS calculations of spatial variation of the valence bandedge and the hole quasi-Fermi level for uniform
photogeneration (1.1 x 10*' cm™s™) and open-circuit conditions. The calculations are associated with the open-
circuit Voltages of Fig. 4 for four conduction bandtail widths; from the lowest to the uppermost curves, the
widths were 20, 30, 40, and 50 meV. The p-layer extends to 20 nm, and the n-layer starts at 520 nm.The
electron quasi-Fermi-level is at 0.0 V throughout the intrinsic layer and n-layers. 10

Fig. 6: Hole photocurrent transients for three fields measured in sample CW 81at 250 K using a 450 nm laser pulse.12

Fig. 7: Temperature-dependent hole drift mobilities for three samples of a-Si:H made with "maximal" hydrogen
dilution. 13

Fig. 8: Hole drift mobilities at 293 K for several varieties of a-Si:H. MD refers to "maximal dilution" samples
prepared at Pennsylvania State University. Hot-wire refers to a prior report of mobilities in a hot-wire sample
prepared at NREL. All mobilities refer to a displacement/field ratio L/E =2 x 10™ cm*/V. 14

Fig. 9: The two panels show the electromodulated reflection spectra for a-Si:H based nip diodes from United Solar
Systems Corp. The upper panel illustrates the dependence upon the amplitude of the electric field modulation
assuming a uniform field across the undoped intrinsic layer. Both the sub-bandgap and interband
electromodulation is essentially linear in electric field. The lower panel illustrates the dependence upon the
mean, unmodulated external electric field across the diode; the sub-bandgap electromodulation is independent
of the unmodulated field, whereas the interband electromodulation depends linearly upon it. 17

Fig. 10 Normalized electromodulated transmittance 07/(TJE) for two Schottky diodes from the Institute of Energy
Conversion amorphous silicon {IEC (a)} and microcrystalline silicon {IEC (W)} n" layers, and for one pin solar
cell from Solarex Thin Films Division (SLX). For each sample results for several DC biases are presented;
from the topmost curve of each family the mean fields were (IEC(a) - 1.5, 4.5, and 3.6 x 10° V/m, IEC () -
13.4,7.6,and 3.6 x 10° V/m, SLX 10.0 and 20.0 x 10° V/m). 18

Fig. 11: Schematic illustrating the optical transitions in an n-type a-Si:H layer involved in the model proposed for
reverse-bias electromodulation; note in particular the 0.8 eV transition from the well-localized D™ (negatively
charged dangling bond) center to a nearby, relatively extended bandtail state, as well as the unidentified 1.1 eV
transition. 19




Electroabsorption measurements and built-in potentials

Introduction

The built-in potential V},; across a solar cell is among its most important device parameters. For
amorphous silicon-based solar cells, there is at best only a semi-quantitative knowledge of V.. The two
most promising approaches for estimating ¥}, are electroabsorption measurements,' which infer V,; from
the dependence of optical absorption upon electric-field, and low-temperature saturation of the open-
circuit voltage V., which may be identifiable with V.2 Neither method has proved to be ideal in previous
work. The interpretation of electroabsorption depends upon the distribution of the internal electric field
between the intrinsic and p* layers of a cell, which greatly complicates estimation of V. The low-
temperature saturation method of course depends upon a particular assumption about the electrical
properties of a cell at low temperatures which is also difficult to justify conclusively.

Most prior work on ¥, has emphasized amorphous-silicon solar cells with “standard” a-Si:H absorbers
(optical gaps about 1.75 eV). In the present work we present electroabsorption measurements on cells
with narrow bandgap absorbers based on a-SiGe:H alloys. This work is of course a potentially useful
extension of the earlier measurements, since there is (to our knowledge) no experimental information on
Vy;: in cells incorporating a-SiGe. Perhaps equally important, our results indicate that electroabsorption
measurements in solar cells with a-SiGe:H absorber layers largely avoid the interpretive difficulties
associated with cells with a-Si:H absorbers. For the latter, the p* and intrinsic layers have comparable,
but quantitatively different, electroabsorption spectra. This complicates estimation of V3;. For cells with
a-SiGe:H absorber layers, the electroabsorption signal is much more completely dominated by the
behavior of the a-SiGe:H absorber layer, leading to a more direct estimate for V.

We find for a series of cells with varying a-SiGe:H absorber layer thicknesses that V;,;=1.17 V. This
value is substantially larger than the typical open-circuit voltages (0.7 V) measured under solar
illumination in these cells. It suggests that V}; is not a substantial limitation to V,. for cells with "narrow
gap" absorbers.

Samples and Spectroscopic Details

UNI-SOLAR Thickness | Ve FF Optical

Code (nm) V) Gap (eV)
(nominal)

LINE 10012 #22 | 220 0.955 |0.705 | 1.7

LINE 10011 #32 | 150 0.794 | 0.63 1.55

LINE 10009 #33 | 150 0.699 | 0.558 | 1.50

LINE 10024 #22 | 140 0.65 0.549 | 1.45

LINE 10239 280 0.700 | 0.488 | 1.50

L 8692 1500 - - 1.50

L 8693 1500 - - 1.50

L 8702 1000 - - 1.50

Table 1: Properties of eight Uni-Solar samples used in the present study. All of these cells have
the structure ss/n'/ilp"/TCO (ss: stainless steel, TCO: transparent conductive oxide); n" layers
are a-Si:H:P, p" layers are pc-Si:H:B.



The present work was done on two series of a-Si:H based nip solar cells prepared at United Solar
Systems Corp.. Sample information is summarized in Table 1. The substrate material for these cells is
stainless steel. All cells used comparable a-Si:H n" and pc-Si:H p " layers; samples varied in the thickness
and bandgaps of the intrinsic absorber layers. For all but one of the samples, the absorber layer was based
on a-SiGe:H alloys; one sample used unalloyed a-Si:H.

The actual measurement performed on these cells was electroreflectance. We used a beam from a
monochromator to illuminate the specimen; the light reflected from top contact of the sample was
detected using either a Si or an InGaAs diode detector. The reflectance was modulated by the reverse
bias voltage across the cell. Since these cells have a top, anti-reflection coating, relatively little of the
illumination is reflected from the first interfaces. For longer wavelengths, most of the illumination travels
across the absorber layer. A substantial fraction (we estimate about 0.4) is reflected at the back stainless-
steel contact. This back-surface reflected light travels back up through the absorber layer and exits the
sample, following a path similar to that of directly reflected light. The Osaka University group, which did
the pioneering work on V,; estimation using electroabsorption,’ dubbed this detection arrangement as
"back surfaced reflected electroabsorption” (BASREA), since the intensity of the back-surface reflected
beam is modulated by electric-fields through the electroabsorption effect. Of course the amplitude of the
back-surface reflected beam interferes with the directly reflected beam, which may complicate optical
analysis in some cases.

Electromodulated reflectance spectra OR/(ROE) measured for the four thinnest cells are presented in Fig.
1. OF is the amplitude of the field modulation across the cell's absorber layer; all spectra were measured
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Fig. 1: Electromodulated reflectance spectra for four nip a-SiGe:H and a-Si based solar cells with
varying absorber layer bandgaps. The "unprocessed" spectrum illustrates the large interference
fringes resulting from superposition of back-surface reflected light with light directly reflected
from the top layers of the cell. The remaining spectra are the upper envelopes of the unprocessed
spectra.



under 2 V reverse bias. One of the spectra is "unprocessed" and shows the extent of the interference
fringes. The remaining spectra are the upper envelopes of the fringes, one of which corresponds to the
unprocessed spectrum. Despite the ambiguities associated with the fringes, it is fairly evident that the
peak of the spectra track the bandgaps of the absorber layers in the cells fairly well. The strengths of the
electroabsorption spectra scale with the absorber layer thickness fairly well.

Built-in Potential Estimates

The essential measurement from which we estimate built-in potentials is the dependence of the
electromodulation signal upon the DC potential drop V across the cell. Electroabsorption is quadratic
with electric field in a-Si:H. Electromodulation essentially measures a derivative of the field-dependence,
leading to the linear dependence upon V. We illustrate measurements for one sample in Fig. 2. The slope
of the regression lines indicates the strength of the electroabsorption; the voltage-axis intercept Vj is
related to the built-in potential V,; across the cell. The wavelengths selected for these measurements are
those corresponding to maxima in the electromodulated reflection signal.

As is evident from Fig. 2, there is some dependence of 7, upon photon energy. This dependence
precludes an immediate idenification of ¥, with V. For the present measurements, it appears that a fairly
simple effect is responsible. In Fig. 3 we illustrate the spectrum of ¥, for four samples with similar
bandgaps and varying thicknesses. For the three thicker samples there is a common low energy limit of
about 1.17 V. We believe that this value can be interpreted as V; for these cells. The thinnest sample,
which also had a slightly lower bandgap, has a slightly smaller value in this limit.

T T T T T T
60x10-12 .
—e— 731nm
—0— 736nm
12 v— 742nm |
50x10 v 767nm
—=— 831nm
S 40x1012 -
E
% 30x10-12
x
& 20x102 A
10x1012
0x100
T T T T T T -
-4 -3 -2 -1 0 1 2
DC Voltage (V)

Fig. 2: Electromodulated reflectance signal OR/(ROE) as a function of the external electrostatic
potential across the cell for sample code L8702. Measurements are shown for several wavelengths
along with linear regression lines.



For all four samples there is a transition to a substantially larger value for V at shorter wavelengths. The
thickness-dependence of the transition suggests that this effect is due to the change in the spatial origin of
the electromodulation signal. For longer wavelengths the signal is sensitive to back-surface reflection of
the incident light: interband optical absorption is fairly negligible. For shorter wavelengths interband
absorption becomes much stronger, and the electromodulation signal is dominated by light reflected at
the top of the cell. Indeed it is possible that the signal in this short-wavelength limit is dominated by the
electroabsorption effect of the p” layer, since at the shorter wavelengths the electroabsorption strength is
larger in the wider bandgap p* material than in the narrower bandgap intrinsic material. The most
satisfactory view we have found is that this short-wavelength value for Vjindicates the scaling of the
field at the p/i interface. The numerical value for 7, may be useful as a constraint on model calculations,
but otherwise does not appear to be directly interpretable.

Discussion

The value V},; = 1.17 V we propose for cells with narrow bandgap (1.50 eV) absorbers is larger than the
value Vj; = 1.05 V which we have previously inferred for otherwise comparable cells with “ordinary”
(1.75 eV) a-Si:H absorbers.' It is somewhat smaller than our estimate ¥,; = 1.25 V for cells with a-Si:H
absorbers made with high hydrogen dilution. We have somewhat more confidence in the present
measurements, for which we have not applied any corrections for the competition of the
electroabsorption in the p* and intrinsic layers: there is relatively little overlap between electroabsorption
bands for a narrow bandgap intrinsic layer and a microcrystalline p-layer.

This variability is at least mildly surprising. Since the » and p layers of all of these cells are made with
essentially the same recipes, and since one’s first estimate for V; is simply the difference between the
Fermi levels in these two doped layers, one might expect no variation due to changes in the the intrinsic
layer separating the two doped layers. We have previously suggested that interface dipole effects reduce
the built-in potential below the value which would be inferred from the properties of free-standing n" and

20—~ —e— 140 nm Y—v —
—o— 280 nm v v
v— 1000 nm
18~ ¢ 1500nm Vv -
g 1.6 — —
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Fig. 3: Spectrum of the electroabsorption offset potential V), for four nip solar cells (prepared
at USSC) with a-SiGe:H absorber layers of differing thicknesses; the typical optical gap was
1.5 eV. The low energy limit of about 1.17 V is an estimate of the built-in potential; open-
circuit voltages ranged from 0.65 - 0.70 V under AM1 conditions. Sample codes (by
thickness): (140 nm, L10024) (280 nm, L10239) (1000 nm, L8702) (1500 nm, L8692).



p" layers. We still consider this entirely plausible; in addition to the electroabsorption measurements,
there are several estimates of interfacial band offsets which, in our estimation, suggest interface dipole
effects. Nonetheless it is only fair to note two difficulties. First, there is no obvious logic to the
variability of V; for cells with varying absorbers. Second, the Urbana-Champaign group has failed to
detect significant dipole formation in Kelvin probe studies of interfaces between doped and intrinsic
layers formed using magnetron sputtering.*
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Computer Modeling Studies
Modeling Web Site

We have created a web-site to support a-Si:H solar cell modeling research:
http://physics.syr.edu/~schiff/ AMPS. This web-site contains three main types of information:

1. A journal containing comments based on our experience with AMPS PC-1D.

2. AMPS parameter files used in our research, along with discussions of the parameter choices. In this
report, we refer the reader to these web-pages for further discussions of parameters used in our
research.

3. A calculator implementing Tiedje’s approximate calculation of the open-circuit voltage for
amorphous semiconductor solar cells.

The web-site is intended to complement the web-site http:/www.psu.edu/dept/ AMPS maintained by
Steve Fonash’s research group at Penn State University, which developed the AMPS modeling programs.

Tests of AMPS vs. Tiedje’s Model

One major objective of our research is to develop a better understanding of the open-circuit voltage in
amorphous silicon based solar cells. Certainly the simplest picture for V. in amorphous semiconductors
is that proposed in 1982 by Tom Tiedje. Tiedje suggested that the fundamental exponential bandtails in
amorphous semiconductors would represent the ultimate limit to open-circuit voltages in working cells.
He neglected other defects, and developed a relatively simple calculation for V,. based on quasi-Fermi
level positions in the bulk semiconductor under illumination. Tiedje’s work now seems remarkably
prescient: the open-circuit in amorphous-silicon based solar cells is relatively independent of defect
densities.

As an initial project, we chose to make a comparison of open-circuit voltages calculated using Tiedje’s
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Fig. 4: Comparison of open-circuit Voltages V,. calculated using AMPS PC-1D and Tiedje’s
analytical approximation. The conduction bandtail width was varied as indicated; the other
modeling parameters are described in the text. A uniform photogeneration rate 1.1 x 10*' cm™s™
was used.



approximation and AMPS PC-1D. We have experimented with several sets of parameters. In this report
we compare calculations using a set of intrinsic layer parameters devised to be consistent with electron
and hole drift-mobility measurements. The parameter set does not include any deep levels in the intrinsic
layer. Doped layer and contact parameters are largely taken from the set “pin_a-Si.AMP” included with
the PC-1D AMPS version distribution set; the p-layer of this set is intended to model a-SiC:H:B p-layers,
and the n-layer models a-Si:H:P. The valence bandtail width was set to 50 meV and the mobility-gap was
set to 1.80 eV. Further discussion of these parameters may be found on the web at
http://physics.syr.edu/~schiff/ AMPS/SU_Parameter Suggestions.html.

We chose to explore varying the conduction bandtail width upon the open-circuit voltage; this exercise
should help decide how much the increasing conduction bandtail width in a-SiGe:H alloys affects open-
circuit Voltages in narrow bandgap cells. A comparison of the AMPS and the analytical calculation is
presented as Fig. 4 for cells with a 500 nm thick intrinsic layer and a constant volume generation rate of
about 1.1x10*' cm™s™'; the conduction bandtail widths were varied from 20 meV to 50 meV as shown.
The corresponding spatial profiles for the hole quasi-Fermi level and for the valence bandedge from the
AMPS PC-1D calculations are presented in Fig. 5; to read these profiles one must know that the electron
quasi-Fermi-level is located at 0.0 eV throughout the intrinsic and n-type layers.

These calculations raise several issues. We defer discussion of the quantitative discrepancy between the
analytical and AMPS calculations, and instead commence with a discussion of the AMPS open-circuit
Voltages and the associated profiles. The electron quasi-Fermi-level £ is not shown, but was constant at
0.0 eV across the intrinsic and n-layers. A constant £y is one’s first expectation for results at open-circuit
Voltage, since it suggests that electron currents are negligible. Similarly, the hole quasi-Fermi-levels Ej,
are essentially constant for the 30, 40, and 50 meV widths. For these bandtail widths the open-circuit
Voltage computed by AMPS PC-1D does agree well with the level of £y, in agreement with the
assumption of the analytical calculation equating V. = Eg;-Ej,.

A close examination of the hole quasi-Fermi level for a 20 meV conduction bandtail width in Fig. 4
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Fig. 5: AMPS calculations of spatial variation of the valence bandedge and the hole quasi-Fermi
level for uniform photogeneration (1.1 x 10*' cm™s) and open-circuit conditions. The
calculations are associated with the open-circuit Voltages of Fig. 4 for four conduction bandtail
widths; from the lowest to the uppermost curves, the widths were 20, 30, 40, and 50 meV. The p-
layer extends to 20 nm, and the n-layer starts at 520 nm.The electron quasi-Fermi-level is at 0.0
V throughout the intrinsic layer and n-layers.
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shows a distinct spatial variation near the p/i interface. It is this effect which causes the “saturation” of
V.. for smaller bandtail widths in Fig. 5: V,. may be equated for these simulations with the value for Ej,
in the p-layer, so the fall of Ej, to lower values in the i-layer is not reflected. What surprises us is that this
effect sets in at much lower values for V,. than V};, which was near 1.6 V for this calculation. We have
not yet understood this effect.

Effect of Conduction Bandtail Broadening Upon V¢

We now return to the quantitative comparison of the analytical and AMPS calculations for V.. The
analytical calculation is probably not very accurate for larger conduction bandtail widths (45 - 50 meV)
since the calculation exploits the assumption that the conduction bandtail is distinctly narrower than the
valence bandtail. Similarly, the saturation of V. for smaller conduction bandtail widths in the AMPS
simulation represents some sort of contact effect which we don’t understand; it is likely that the
analytical calculation may give a better estimate of the limit to ¥, due only to the intrinsic layer. We
speculate that the straight line interpolating between the two calculations may represent the “true” limit
to V,. set by the intrinsic layer.

If we accept this interpolation, we can conclude that V,. declines by approximately AE, /2e as the
conduction bandtail width £ is increased. Amorphous silicon-based solar cells have been studied with
absorber-layer bandgaps E¢ from (roughly) 1.85 eV to 1.45 eV; remarkably, the variation in V. is
essentially the same as that of Eg/e, falling from 1.05 to 0.65 V over this same range of absorber layer
gaps. This 1:1 variation is very surprising, since both the defect density and the conduction bandtail
width £, are known to increase as bandgaps diminish. We can, however, now largely exclude the
increase of £ . as a significant effect. The present studies suggest only a diminishment by 0.015 V in V,
due to a increase in £y, from 20 meV to 50 meV, which is insignificant in comparison to the 0.4 V
change in the gap energy.
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Drift Mobilities in a-Si:H Made at Maximal Hydrogen Dilution

Thin-film silicons made using silane gas diluted with hydrogen have structures ranging from amorphous
to microcrystalline; a transition occurs as the hydrogen dilution is increased." Amorphous silicon layers
made at the maximal dilution for which an amorphous structure is retained have several interesting
properties. First, they tend to have slightly larger optical bandgaps than lower-dilution amorphous
materials, which makes them potentially useful for preparing high V¢ cells. Second, there is some
evidence that maximal-dilution materials have better stabilized electronic properties than low-dilution
materials. These properties must of course be considered in the context of the lower deposition rates for
layers as hydrogen dilution increases.

We have measured hole mobilities in three a-Si:H samples made at high dilution by Prof. Christopher
Wronski's research group at Pennsylvania State University. The a-Si:H layers are deposited on SnO,-
coated glass (Corning 7059). The structure of the samples is glass/SnO,/a-Si:H:P (n+)/a-Si:H (i)/Ni. The
a-Si:H layers were deposited using a Tek-Vak MPS 4000-LS multi-chamber PECVD system. The
intrinsic-layer deposition was done using a substrate temperature of 200 C and a hydrogen/silane ratio of
10:1. (200 C, R=H,/SiH4~=10:1). The n+ layer was 35 nm thick and has an activation energy for electrical
conduction of 0.25 eV. A top semi-transparent Schottky barrier was formed by thermal evaporation of Ni
onto the intrinsic layer immediately following a short etching with buffered hydrofluoric acid; small,
circular Ni electrodes of area 0.02 cm® were formed; the thickness of the Ni films was 15 nm. Three
different samples were prepared over several months; the sample codes and their thicknesses are (CW81
- 1.1 microns, PSU 020299R — 1.5 microns, PSU 031599R - 1.47 microns).

In Fig. 6 we show hole photocurrent transients in sample CW81. The transients have the features
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Fig. 6: Hole photocurrent transients for three fields measured in sample
CW 8lat 250 K using a 450 nm laser pulse.
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required for extraction of drift-mobilities. At shorter times there is an "envelope" which is common for
the several voltages; this is a consequence of linear or "Ohmic" transport of holes. Although not shown
here, the total charge measured by integration of i(z) is essentially the same for each transient, so one is
confident that the interpretation of the transients in terms of a drifting distribution of photogenerated
holes is valid. At longer times transients have a steeper descent which is caused by hole sweepout. The
corresponding transit times occur earlier for the higher field transients.

Transients such as these can be readily used to extract drift-mobilities characteristic of a specific ratio
L/E of hole displacement L and field E; we usually use L/E =2 x 10° ¢cm?/V for comparing differing
materials. In Fig. 7 we show the temperature-dependence measured for three samples of H-diluted a-Si:H,
along with a regression fit from hole measurements in conventional a-Si:H.> All samples are noticeably
above the regression line, indicating improved values for the hydrogen-diluted samples.

In Fig. 8 we present a comparison of our mobility measurements at 293 K for a variety of species of a-
Si:H. Note that all samples of maximal dilution a-Si:H measured to-date have enhanced hole mobilities
(up to fivefold) compared to our measurements on conventional, low-dilution a-Si:H. We have previously
reported a comparably large hole mobility in some hot-wire deposited a-Si:H.? On balance it now seems
plain that improved hole mobilities are achievable in a-Si:H.

We have not yet made a serious effort to extract fitting parameters for the standard, exponential bandtail
multiple-trapping model for the drift-mobilites in H-diluted a-Si:H. We presume that the bandtail width is
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Fig. 7: Temperature-dependent hole drift mobilities for three samples of a-Si:H made with
"maximal" hydrogen dilution.

slightly smaller for the hydrogen-diluted material.
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Fig. 8: Hole drift mobilities at 293 K for several varieties of a-Si:H. MD refers to "maximal
dilution" samples prepared at Pennsylvania State University. Hot-wire refers to a prior report of

mobilities in a hot-wire sample prepared at NREL.> All mobilities refer to a displacement/field
ratio L/E =2 x 10™ cm*/V.
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Sub-bandgap interfacial electroabsorption in amorphous silicon

We have measured the sub-bandgap electroabsorption spectra in several amorphous silicon pin and
Schottky barrier diodes under reverse bias. While the spectra do vary, for several samples we find a sharp
feature at 0.8eV and a less prominent band at 1.1 eV. We present a model for this electroabsorption
based on optical transitions near the interface of the n-type and undoped layers of the diodes; an unusual
feature is that the optical spectrum appears to be a direct map of the energy distribution of deep levels in
the n-type material, as opposed to a convolution of defect and extended-state bands. We associate the 0.8
eV band with the D level (negatively charged dangling bond) based on previously published properties;
we have not identified the defect responsible for the 1.1 eV feature. We use the method to compare
interfaces between doped layers in one series of samples.

Introduction

Electroabsorption is the change in optical absorption due the application of a voltage bias across a
sample. It is thus a form of modulation spectroscopy, and can offer insights not readily available from
more direct optical measurements. Electroabsorption was first developed to study the band structure of
crystalline solids. In amorphous semiconductors electroabsorption measurements corresponding to
interband optical transitions indicate that electric fields warp the wavefunctions of nearly localized
electronic states near mobility edges;' the effect is quadratic in the applied electric field. Investigators
have explored the relationship between electroabsorption and the mobilities that govern photocarrier
transport in the bands,” as well as the possibility of light-soaking effects on electronic states at the
bandedges.”

There has been relatively little work done on electroabsorption corresponding to defect-related optical
properties. The defect-related analog of the interband effect just described would be several orders of
magnitude weaker, since the absorption coefficient for transitions involving mid-band gap states is far
lower than the interband absorption, and would presumably share its quadratic dependence upon electric
field. While this type of electroabsorption has not been observed, defect-related electromodulation was
reported by Eggert and Paul” in forward-biased a-Si:H diodes. In this case, electric-field induced warping
of electronic states is no longer responsible for the electromodulation, and the effect is not quadratic in
electric field. Changes in defect occupancy in the intrinsic layer due to injection of space-charge by
forward bias lead to the readily observable changes in infrared optical properties. The measurements are
closely related to sub-bandgap photomodulation measurements, which have been extensively studied in
the last twenty years.’

In the present work we present measurements of sub-bandgap optical properties in reverse biased diodes;
injection currents are negligible, and hence the Eggert & Paul mechanism is not applicable directly. We
nonetheless find a readily measurable infrared electromodulation band with a prominent maximum near
0.8 eV in several samples. Based primarily on the fact that this band depends linearly upon the electric-
field across the device, we attribute it to changes in infrared absorption due to depletion of bandtail states
near the interface of the strongly doped, #" layer and the intrinsic layer. The linearity of the signal derives
from the linear dependence on reverse bias of the space-charge stored near the two interfaces.

This electromodulation band has several interesting features. First, its principal feature at about 0.8 eV is
fairly narrow (roughly 0.1 e¢V), which we believe to be a direct measurement of the width of the D
(negatively charged dangling bond) band in n-type a-Si:H. This electromodulation feature is quite

similar to the photoluminescence spectrum for n-type a-Si:H. However, we suggest that the optical
transition must be internal to a complex involving a D", as opposed to one involving an unrelated bandtail
level as the final state. We also observe a broader spectral feature at 1.1 eV, which we have not
identified.
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The second interesting aspect of the sub-bandgap electromodulation effect is that the spectral shape and
strength of the band are a diagnostic for the interfaces with doped layers. Indeed the main 0.8 eV feature
is absent in a pin sample from one laboratory; we compare the spectra for cells with amorphous and
microcrystalline 7" layers from a different laboratory. Finally, we speculate about the linear
electromodulation corresponding to interband optical transitions in doped layers; such an effect would
complement the true interband electroabsorption effect, which is quadratic in field. Such a linear signal
may affe6ct 8the analysis of electromodulation effects to obtain built-in potentials across a-Si:H based
devices. *”

Experimental Information

Three different types of sample have been used in the experiments. The first type consisted of Schottky
diodes prepared at the Institute of Energy Conversion; the diodes were deposited in the sequence
glass/SnO2/n+/a-Si:H/TCO. The series included diodes with both microcrystalline and amorphous silicon
n+ layers, and several types of transparent conducting oxide (TCO); the samples used for the present
work had indium tin oxide (ITO) TCOs. The diodes had an absorber layer thickness of 0.50 pm and an
area of 0.40 cm’. The second type of sample consisted of nip solar cells prepared at United Solar
Systems Corp.; these cells were deposited in the sequence stainless-steel/Ag/a-Si:H:P/a-Si:H/pc-
Si:H:B/ITO; the Ag back reflector in these cells has a moderate texture to improve The cells had an
absorber layer thickness of 0.225 pm and an area of 0.25 cm®. The third type of sample consisted of pin
solar cells prepared at Solarex Thin Films Division; these cells were deposited in the sequence
glass/SnO,/a-SiC:H:B/a-Si:H/a-Si:H:P/ITO.

Electromodulation spectra (EA) were measured by applying a sinusoidal bias potential across a sample
and measuring the corresponding modulation of the transmission or reflection of an optical beam. The
beam itself came from a small illuminator/monochromator with 1 nm resolution. The beam intensity was
detected using either a Si or an InGaAs photodetector. We typically used a 10 kHz modulation frequency.
We employed a computer to record the electroabsorption spectrum; the spectra reported here are the
average of many such spectra taken as rapidly as possible. In general the actual spectrum reported is for
the modulation ratio of the optical intensity; the actual amplitude of the modulated detector photocurrent
has been divided by the unmodulated photocurrent. This procedure yields a relative modulation spectrum
8T/T or 3R/R. Some additional details may be found in prior publications from our research group.**’

We comment briefly on the modulated reflection spectra on the nip solar cells prepared on stainless steel
substrates. For longer wavelengths, most of the incident light passes through the top interfaces and
propagates to the rear of the sample, where it is reflected by the silver “back reflector.” For this reason
the “modulated reflection” spectra are sensitive to bulk electroabsorption processes as well as to true
“electroreflectance” effects.

Electromodulation Measurements

We first present electromodulated reflectance spectra measured for the nip solar cell from United Solar
Systems Corp. In the upper panel of Fig. 9 we show these spectra measured for three different values of
the modulation field OF = dV/d. The spectrum shows the broad interband electroabsorption peaked near
1.8 eV which has been reported by several previous authors. The electromodulation corresponds to a
decrease in reflectance with a decrease in voltage (ie. an increase in reverse bias). There are additional
bands near 0.8 and 1.3 eV which are the principal subject of this paper. They are of course almost
certainly due to optical transitions involving localized defect states somewhere in the sample. The
oscillatory character of the bands near 0.8 eV and 1.3 eV is most likely an artifact of interference fringes;
the raw transmission or reflection spectra do show extrema near the zero-crossings for these bands.
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Transmittance spectra without these oscillations were obtained using Schottky diode samples, as will be
shown shortly.

There is a clear difference in the effects of electric field for the new bands (at 0.8 and 1.3 eV) vis a vis
the better known band at 1.8 eV. The difference is illustrated in the lower panel of Fig. 9, where we show
spectra for varying DC bias across the sample. For this figure the modulation amplitude was held
constant. The main band near 1.8 eV, which is generally attributed to electric field effects on the matrix
element for valence to conduction band transitions in a-Si:H, is plainly increased by the DC field. This
behavior is consistent with the highly accurate quadratic dependence of interband electroabsorption upon
electric field amorphous semiconductors.

The band near 0.8 eV in particular shows little dependence upon DC bias voltage; this behavior is
consistent with an electromodulation effect that is linear in applied bias voltage. The band at 1.3 eV has a
weak dependence upon DC bias voltage, suggesting that it has contributions both from linear and
quadratic processes.

In Fig. 10 we present the spectra for two Schottky diode samples from the Institute of Energy Conversion
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Fig. 9: The two panels show the electromodulated reflection spectra for a-Si:H based nip diodes from
United Solar Systems Corp. The upper panel illustrates the dependence upon the amplitude of the
electric field modulation assuming a uniform field across the undoped intrinsic layer. Both the sub-
bandgap and interband electromodulation is essentially linear in electric field. The lower panel
illustrates the dependence upon the mean, unmodulated external electric field across the diode; the
sub-bandgap electromodulation is independent of the unmodulated field, whereas the interband
electromodulation depends linearly upon it.
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with varying n" materials (a-Si:H and pc-Si:H). Both samples show a peak near 0.8 eV that appears
comparable to the oscillating band found near 0.8 eV in the nip cell. As in the nip solar cells, the EA
spectrum peaked near 0.8 eV is almost independent of DC bias voltage: the signal depends linearly upon
the bias voltage. Note that the oscillatory behavior for the 0.8 eV band found in the nip cells does not
appear for the Schottky samples; the absence of interference fringe effects of course simplifies the
spectrum enormously. One sees that the two different cells, which have differing " layers, have spectra
which differ modestly in spectrum (note the slight shift of the peak near 0.8 eV for the two types of
sample) and also in amplitude. In the next section we present a model which accounts for these infrared
features in terms of optical transitions in the " layers very near the interface with the intrinsic absorber
layer of the cell.

The lowest family of curves is for the pin solar cell from Solarex Thin Films Division. The 0.8 eV
feature which was prominent in samples from the Institute for Energy Conversion and from United Solar
Systems Corp. is not apparent; there is a weaker, broad feature near 1.2 eV with a negative sign. It is
worth noting that the spectral shape and the sign of this feature is reminiscent of the Eggert and Paul
results obtained with forward bias.

Models for Sub-Bandgap Electromodulation

In this section we discuss the origins of the infrared electromodulation feature near 0.8 eV. There have
been an enormous number of reports for defect states with different spectroscopic methods. Without
reviewing this entire literature, it is clear that defect states located in the bandgap of amorphous silicon
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Fig. 10 Normalized electromodulated transmittance d7/(TJE) for two Schottky diodes from the
Institute of Energy Conversion amorphous silicon {IEC (a)} and microcrystalline silicon {IEC ()}
n' layers, and for one pin solar cell from Solarex Thin Films Division (SLX). For each sample
results for several DC biases are presented; from the topmost curve of each family the mean fields
were (IEC(a) - 1.5, 4.5, and 3.6 x 10° V/m, IEC () - 13.4, 7.6, and 3.6 x 10° V/m, SLX 10.0 and
20.0 x 10° V/m).
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thin films are a plausible origin. Nonetheless, we exclude the most obvious identification for these
features, which is that they correspond to optical transitions of defects in the relatively thick, intrinsic
layer of the cells. Eggert and Paul* proposed this identification for electromodulation spectra they
measured under forward bias using a Schottky diode. The space-charge of electrons injected into the
intrinsic layer under forward bias modifies the occupancy of defects and their associated absorption.
Eggert and Paul concluded that their signal corresponded to a quenching of the absorption due to the
excitation of valence bandtail electrons onto neutral dangling bonds.

Injection of charge into the intrinsic layer is negligible for the reverse-bias conditions in our samples, and
we seek a different mechanism than that of Eggert and Paul. We can also exclude the “field-warping” of
bandedge states which accounts for interband electroabsorption; although this type of defect
electroabsorption no doubt occurs, it would be unlike our measurements. First, the effect should be far
weaker than the interband electroabsorption, whereas our infrared electromodulation measurements are
only about tenfold weaker than the interband effect. Second, for this mechanism the infrared
electromodulation should share the quadratic dependence upon electric-field of the interband process,
and our measurements do not.

Although the linear dependence of the 0.8 eV peak on electric field is reminiscent of effects for
crystalline solids,' the model we favor involves the space charge modulation CoV in the n” layer by the
applied bias; C is the capacitance of the device, which we measured and which was essentially the same
as the geometrical capacitance expected if the intrinsic layer were a simple dielectric. Reverse bias
reduces the occupancy of states in the conduction bandtail of the " layer. Such depletion will increase
the rate at which electrons in relatively deep D™ (or other defect) levels can be optically excited into

E,

Fig. 11: Schematic illustrating the optical transitions in an n-type a-Si:H layer
involved in the model proposed for reverse-bias electromodulation; note in
particular the 0.8 eV transition from the well-localized D™ (negatively charged
dangling bond) center to a nearby, relatively extended bandtail state, as well
as the unidentified 1.1 eV transition.
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bandetail states in localized-localized transitions. We illustrate this model in Fig. 3. The 0.8eV transition
is the transfer of an electron from a negatively-charged dangling bond D’ to a level located near the Fermi
energy of the n” material. The model is essentially the inverse of an established model for
photoluminescence in strongly n-type a-Si:H.""

We describe this model using the following expression for the change in transmittance for light passing
through the depletion region:

where Opp is the cross-section for excitation of an electron from a D" level to a level just above the Fermi-
energy, C is the capacitance per unit area, and dV is the modulation Voltage. A typical value for CoV/e is
10" cm™ in our measurements. Typical signals JI/7 are about 107, from which we infer a cross-section
of 107'° cm®. This value appears reasonable.

We next discuss the relative narrowness of the spectrum near 0.8 eV. In the model just described, the
final states involved in electromodulation are near the Fermi energy of the n" material; they are not
spread throughout the conduction band of the material as for most other forms of sub-bandgap
spectroscopy. The spectrum should thus reflect the energy-spectrum of D™ levels directly.

We have considered two possible identities for the final state of Fig. 11. The one which is most
consistent with prior work on luminescence is to assume that the level is a bandtail state which happens
to be close to a D" level. We exclude this identification using the following argument. If there is
significant electromodulation from induced absorption of electrons in D" levels to otherwise random
bandtail states near the Fermi energy, then one should observe a much stronger electromodulation from
induced absorption of valence band electrons. Such a strong interband electroabsorption which is linear
with applied field is plainly not observed (cf. Fig. 9).

The second identity corresponds to the less conventional assumption that the optical transition in Fig. 3
actually corresponds to an excitation of an intimate, dangling-bond/dopant pair: D™P," + hv - D0P4O .
Depletion of electrons from the n” layer presumably increases the density of neutral pairs, and reduces
the density of negatively charged pairs D_P4O . If this identification is accepted, a corresponding
modification of models'' for photoluminescence in n-type a-Si:H would also be required:

D°P) — D™P; +hv would be the transition corresponding to the 0.8 eV luminescence band. The

density-of-states of bandtails in n-type a-Si:H certainly includes contributions from dopants as well as
intrinsic states, but has not been more quantitatively established.'"'?

The identification of the 1.1 eV band in Fig. 2 is not clear. We do not think that this feature would have
been discernible with better known sub-bandgap spectroscopic techniques such as the constant
photocurrent method or photothermal deflection spectroscopy: it is the use of a modulation technique
which sharpens the spectra associated with various defects, and permits them to be distinguished. There
have been many proposals for other defects in a-Si:H besides the standard triad of D-centers, conduction
and valence bandtail states. Bond-centered hydrogen and other defects known in crystalline silicon are
obvious candidates, but have remained unconfirmed. We cannot exclude that the 1.1 eV band should be
associated with one of these.

If we accept the model for the infrared electroabsorption band based on space-charge modulation near the
n/i interface, then we should be able to use these spectra to help understand this region. In this regard we
first note that Eggert and Paul did not find prominent infrared features when they measured
electromodulation under reverse bias; we believe that both the weakness of their reverse-bias signal, as
well as the absence of the 0.8 eV feature for samples from Solarex, reflects differences between the n"
materials involved in the various cells. Given these differences, we do find it surprising that the
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amorphous and microcrystalline #n” materials used for preparing the Schottky barrier samples yielded
such similar spectra in Fig. 10. The spectra suggest that the actual difference in n” material at the n/i
interface may not be as great as characterizations based on thicker films might suggest.

We chose to neglect the countercharge modulation near the second interface of the intrinsic layer. The
neglect is consistent with the observation of similar infrared features for the nip solar cells and the
Schottky min devices, since only the n" layers are common elements in the two types of devices.
Nonetheless some electroabsorption originating from space-charge modulation of the p* layers in nip
solar cells must also be present. We speculate that the 1.2 eV feature observed with reversed sign in the
Solarex pin solar cell may be a characteristic of the a-SiC p* layers in these cells. We are unable to
account for the negative sign of this feature using the relatively simple Fermi-energy modulation model
we have described.
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