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Summary

One objective of this work is to develop improved understanding of carrier collection and open-
circuit voltage limitations of a-Si:H-based solar cells. These limitations will be described in
terms of transport properties and recombination losses via midgap and tail-state defects. The
other objective of this work will verify or disprove the role of hydrogen diffusion as the cause of
the metastability. The work will emphasize the investigation of amorphous semiconductor
materials and devices known to produce state-of-the-art stabilized device efficiencies, including
those deposited by new deposition techniques.

During the first 2 months of Phase I, our laboratory had been innovated. After we moved back,
we have successfully upgraded our measurement systems by installing better equipment and
LabVIEW software. A grating spectrometer (SPEX TRIAX-180) instead the manual filters has
been used in EL spectroscopy (section V shows preliminary results of the spectra); a Keithley
6512 programmable electrometer and a wide-temperature-thermal stage (MMR 78 K- 580 K)
have been used in conductivity/photo-conductivity temperature dependence measurements.

In cooperation with Prof. Kong in Beijing, we have characterized of H-bonding and its light-
induced changes by using IR and differential IR (DIR) techniques in less-stable and more-stable
films. The results will be given in section I. For the less stable film, the IR spectrum is centered

at 2040 cm-!; for the more stable samples it is 2000 cm-!. For the less-stable sample, there is a
simultaneous decrease near 2040 cm-! and an increase near 1880 cm-1. Light-induced H-bond
redistribution could be the origin for such changes. For the more-stable samples, i.e. the hot-
wire and the H-diluted GD films, the DIR absorption near 2000 cm-! increases upon light
soaking. One possibility is the change of the oscillator strength caused by the change of local
charge distribution.

In cooperation with Dr. Wu in our dept., we have characterized H-motion by using NMR. The
results will be given in sections II. The dipolar relaxation time T, of the clustered H is slightly

shorter but the T, of the isolated H is 4 times longer in HW film than that in GD films. We

further studied high temperature NMR to clarify the H motion. Preliminary results show, in
addition to the generic broad and narrow lines in all a-Si:H, a very narrow line (less than 1 kHz
wide) is identified as the temperature is raised. This very narrow line is particularly visible and
sensitive to temperature in hot-wire a-Si:H.

In cooperation with Prof. S. Nitta in Japan, we have completed a study about the stress of hot-
wire a-Si:H. The results will be given in section III. It is clear that the less Si-H bonds the lower
compression in the hot-wire films. A photoinduced increase of the compression in the order of

10-4 of the initial value was found in all the a-Si:H films including GD and hot-wire a-Si:H. The
question is: does the photoinduced volume expansion relate to the SWE? By measuring the
optoelectronic properties, we show that these changes are not directly related. In the films

deposited at Tg <360 °C, a factor of 4-6 photodegradation of the PC was obtained, but there was

no obvious degradation of the PC for the films deposited at 360 < Tg < 440 °C; whereas, the
photoinduced stress were the same. In addition, we found that the surface roughness rather than
the bulk defects were responsible for the high PDS sub-band gap absorption signal in the hot-
wire a-Si:H films.

By using the transient-null-current method, we have measured the internal electric field profiles
Ei(x) near the p/i interface. The results will be given in section IV. we have studied two groups
of solar cells: (a) a-Si:H p-i-n solar cells with varied i-layer thicknesses, and (b) a-SiGe:H cells
with varied Ge content. From the group (a) samples, our results indicate that for the same
quality materials, the thinner the i-layer, the stronger the electric field strength obtained. For the

1



group (b) a-SiGe:H cells, as the Ge content changes from 55 to 40 %, E, increases from 9.3x104

to 1.2x105 V/em. This is because of a larger optical gap in the a-SiGe:H i-layer with less Ge
content.

Further effort will be concentrated on hydrogen motion in relation to SWE by NMR under high
temperature and light illumination, and on the material issue in relation to cell performance by
EL, PL, and E;(x) for GD and hot-wire CVD samples.

Our research for Phase I has resulted in the publication of 6 papers (see publications) and the
submission of three Quarterly Technical Progress Reports, one Annual Report, and this Annual
Technical Progress Report, as well as reports for the team meetings.



Introduction

The central unsolved problem in the study of hydrogenated amorphous silicon (a-Si:H) is the
metastability. Although both the material stability and the device performance have been
improved step-by-step, the microscopic origin of such metastability is still unclear. Recently,
Branz at NREL suggested a H-collision model for the light-induced metastability.[1] This new
model explains most of the photo-induced-degradation dynamics including low temperature
metastable defects creation. On the other hand, Carlson et al at Solarex has shown that the
annealing recovery of the degradation could be accelerated by the application of a strong reverse
bias.[2] They suggested that the local motion of protons near silicon dangling bonds results in
the acceleration recovery. Both the above models suggested that H motion is crucial for the
photodegradation. Can we observe this microscopic local motion? Can we link the H motion
with the macroscopic metastability? These are the major issues of our research program. The
results are given in sections I, II, and III.

The other issue is to improve understanding of carrier collection and open-circuit voltage
limitations of a-Si:H-based solar cells. These limitations will be described in terms of transport
properties and recombination losses via midgap and tail-state defects. We carry out internal field
profile determinations using the null-current transient measurements for groups of cells with
varied (a) Ge content and (b) i-layer thickness. The experimental knowledge of the internal
electric profile will then be compared with the results from computer modeling, as well as the
cell characteristics such as V. and J-V. The results are given in section IV. We also continue
luminescence measurements and report the progress in Section V.

Technical Progress

I. LIGHT-INDUCED CHANGES OF SI-H BOND ABSORPTION IN A-SI:H FILMS
STUDIED BY DIR

1.1 Introduction

Both H-dilution of the conventional glow discharge (GD) and the hot wire CVD deposition
technique made devices will exhibit improved stability. These new developments offer a unique
opportunity for investigating the detailed involvement of hydrogen in the metastability of a-Si:H
by comparing device-quality samples with different degrees of metastability. Hydrogen bonding
configurations in a-Si:H have been studied by IR absorption. The sensitivity of the commercial
IR spectrometer, including Fourier transform IR, is too low to detect any hydrogen-bonding

concentration change less than 1021/cm3 in a few um thick a-Si:H film. Light-induced changes
in IR spectra were first reported by Carlson et. al. using multiple passages of light through a-Si:H

films deposited on prisms [3]. The detected change in IR absorption near 2000 cm-! was about
1-2%. However, the films employed in their experiment were contaminated by oxygen. More
recently, R. Dawich et al. [4] reported evidence for participation of atomic hydrogen in the light-
induced metastability by FTIR measurement at 6 K on poor-quality a-Si:H. They observed an

increasing and then a recovery of the bending band ~ 870 cm-! as well as that of the band at ~
1720 c¢cm-1, which they attributed to the formation of three center Si-H-Si bonds under
illumination. Until recently, there was no reliable technique which has high enough sensitivity to

detect the metastable changes of H configurations in device-quality a-Si:H. The invention of the
differential infrared absorption (DIR) technique [5] has changed this situation. Using DIR, Kong

et al. found [5] that the IR absorption around the wave number 2000 cm-! in a device quality GD
a-Si:H increases with light-soaking time; this change is reversible upon annealing. It is our goal
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to compare subtle features of H environments between the a-Si:H samples with varied
photoinduced metastability.

1.2 Samples and Experimental Conditions

a-Si:H films were deposited on an intrinsic crystalline Si wafer (p>100 Q-cm) by both glow
discharge(GD) and hot-wire (HW) CVD at Solarex and the National Renewable Energy Lab

(NREL), respectively. The defect density is < 1016 cm-3. In order to eliminate interference
effects, the silicon wafer was single side polished and the a-Si:H film was deposited on the rough
side. The sample preparation conditions, thickness, and hydrogen content are listed in Table .
Both infrared (IR) and differential infrared (DIR) absorption spectra were measured by a home-

made spectrometer. The measurements were focused on the wave number range from 1800 cm-!
to 2300 cm-! where the characteristic peak of the Si-H stretching vibration mode is located. The
initial state of the sample was reached by 160°C annealing in a vacuum to remove surface
adsorption and metastable defects in the a-Si:H film. Then the measurements were carried out

after step-by-step light-soaking. Finally, the sample was annealed at 200 °C in vacuum for one
hour to remove the photo-induced defects in the a-Si:H film.

Table I Sample preparation conditions and parameters for DIR studies

Sample | Deposition|  Substrate Growth rate|[ Film thickness|H content,
ID method | (emperature(°C) Gas (A/sec) (um) Cy (at.%)
SLX, 1| GD-CVD 200 pure silane 4 ~5 12-15
SLX,2| GD-CVD 200 10:1 H-diluted 1 ~4 8-10
NREL,3[ HW-CVD 410 pure silane 8 ~7 ~1

The light-induced changes of the Si-H bonds were detected by the specially-designed differential
Infrared (DIR) method. In the DIR spectrometer, radiation from an infrared light source is
focused on the slit of the monochromator by a reflecting mirror through an IR filter. The
monochromatic light passes through the sample and is focused on an IR detector. The sample is
mounted in a position where it can rotate about its own axis. The signal collected by the detector
is sent to a lock-in amplifier with its reference synchronized to the sample rotation. The
sensitivity of DIR is about two orders of magnitude higher than the commercially available IR
instruments. This allows us to detect the subtle change of the IR absorption which corresponds
to Si-H bond concentration of 1018-1019 cm-3 in 5 pm thick a-Si:H film. Before light soaking,
the lock-in amplifier reads zero since no spatial inhomogeneity modulation is present. Then, half
of the film is exposed to light and changed to a metastable state B; the other half stays in the
annealed state A. If the light-induced metastable change is accompanied by a change in the IR

absorption Aa., the IR signal will be modulated because of the difference in the IR absorption

between the two halves of the a-Si:H film. Consequently, the signal due to Aa can be read from
the lock-in amplifier. Great care was taken to keep the sample position unchanged after each
successive step of illumination.



1.3 Results

[.3.1 IR spectra

The vibration absorption spectra and the normalized curves between 1800 and 2300 cm-! for
samples #1, #2, and #3 are shown in Fig. 1(a) and 1(b), respectively. In Fig. 1 (a) the area of the
IR spectra is approximately proportional to the total hydrogen content, Cy. Hence, the ratio of
hydrogen content is 15 : 7.5 : 2 in the non-diluted, H-diluted, and HW samples. This ratio agrees
somewhat with the Cy ratio in Table I that were measured from the area of the IR spectra near
630 cm-!. In Fig. 1 (b), one can see that the peak position and lineshape of the IR spectra are
different from each other. Each of the spectra can be resolved into two Gaussion functions as
listed in Table II. We call the band near 2000 ¢cm-! the main band and the one near 2100 cm-!
the subsidiary band. For the non-H diluted #1 GD film, the main band is centered at 2042 cm-!
and the other at 2082 ¢cm-1. The ratio of peak areas of the subsidiary band to the main band is
more than 1. For the H-diluted #2 GD film, the main band is centered at 2006 cm-! and the
other at 2083 cm-! and the main band dominates (75%) the spectrum. For the #3 HW film, the

main band is centered at 2000 cm-! and the other at ~2066 cm-!. The ratio of the subsidiary
band to the main band is (43%) less than 1.

3
S
S

D W R W N
o O o o O
S o o o O

Absorption coefficient (cm)
=
S

<
o
N

| | | |
1800 1900 2000 2100 2200 2300

(b) #1

—_
jd
S

—_
[\

Normalized absorption peak
[} (=} (=} —
IS =N o
I I I I

<
)
\

| L L ThAMS

00 /M ——— ==
1800 1900 2000 2100 2200 2300

A

Wave number (cm ™)

Fig. 1 (a) Absorption of hydrogen bond stretching mode near 2000 cm-
1 for three a-Si:H samples, and (b) the normalized curves of (a).



Table II Gaussion function deconvolution of the IR spectra

Sample ID [ Absorption [[ Peak Width Height Peak area | Ratio of the
band position peak area
(cm-1) (cm-1) (cm-1) (cm-2) (%)

SLX#1 |mainband |[2042 114 371 53163 47
subsidiary | 2082 202 236 59541 53
SLX#2 | mainband | 2006 75.5 389.5 36838 75
subsidiary || 2083 98.8 98.6 12216 25
NREL#3 | main band |[2000 78.6 105 10361 57
subsidiary || 2066 106.7 59 7887 43

1.3.2 DIR spectra

The light-induced changes of the hydrogen bond absorption were unable to be detected by
conventional IR spectroscopy but were detected by the DIR method. A few curves of the DIR

spectra of sample #1 are show in Fig. 2. One can see a decrease of the absorption near 2040 cm-!
where the center of the IR spectrum is as shown in Fig.1(a); meanwhile, an increase centered at

1880 cm-! is observed. The DIR spectra of sample #2 are shown in Fig. 3. We found an

increase of the absorption near 2000 cm-!. This is consistent with the results by Zhao et al.[5]
for H-diluted GD a-Si:H films. Figure 4 shows the DIR results for the HW sample #3. One can

see that the light-induced DIR signal increases near 2000 cm-! with behavior similar to that of
sample #2 as shown in Fig. 3.
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Fig. 2. Light-soaking effect in a non-H-diluted GD a-Si:H film studied by DIR absorption
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Fig. 3. Light-soaking effect in an H-diluted GD a-Si:H film studied by DIR absorption
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Fig. 4 Light-soaking effect in a HW a-Si:H film studied by DIR absorption

1.4 Summary and Discussion

Three device-quality a-Si:H samples with defect density < 1016 cm-3 were studied. According to
photoconductivity measurements, these three samples show varied degrees of photo-induced
degradation: higher for non-H-diluted sample #1, and less for H-diluted sample #2 and HW
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sample #3. The total H content in these samples varies between 2-15 at.%, i.e. 1021-1022 ¢cm-3
hydrogen in the network. In order to find the correlation between hydrogen incorporation and
the stability, we have measured the IR absorption and its light-induced changes. For sample #1
with 15 at.% H, we found that the IR spectrum is centered at 2040 cm-! instead of 2000 cm-!.
This agrees well with the IR data measured by the sample supplier at Solarex. For the more
stable samples #2 and #3, the IR spectra are centered near 2000 cm-!. These also agree well with
the IR data measured by the sample suppliers at Solarex and NREL. There were no measurable
light-induced changes of the IR absorption measured by IR spectrometer for all three samples.
However, by using the DIR technique, we have observed the photoinduced changes of the IR
absorption. From the experimental results shown in Figs. 2, 3 and 4, we found 0.5-1%
photoinduced changes of their IR absorption upon 90 mW/cm-2 light-soaking as follows: (a) for
the less stable sample #1, there is a simultaneous decrease in the DIR absorption near 2040 cm-!
and an increase of absorption near 1880 cm-1. Light-induced H-bond redistribution [1,4] could
be the origin for such changes. At this point, we are not sure whether the Si-H trapped in
microvoids or the SiH, species are responsible for the 2040 cm-! peak. The band at 1880 cm-! is
likely related to a-Si:H stretch mode at antibond sites [6]. (b) for the more stable samples #2 and
#3, the DIR absorption near 2000 cm-! increases upon light soaking. If there was an increase of
the density of the Si-H bonds upon light-soaking, it would imply the creation of 1019-1020 ¢m-3
of metastable Si-H bonds. The other possibility is the change of the oscillator strength caused by
the change of local environments (e.g., local charge distribution) of the Si-H bonds. On the other
hand, a photoinduced volume expansion (in the order of 10-4, see section III in this report) was
observed that should correlate with the photoinduced DIR increase. However, it can not explain
the big (0.5-1%) photoinduced changes of the IR absorption.

II. H MOTION STUDIED BY DIPOLAR ORDER RELAXATION IN A-SI:H FILMS
II.1 Background

It has been found that hot wire a-Si:H is very different from the conventional GD materials, in
particular, the H microstructure as detected by nuclear magnetic resonance (NMR) including
Multiple-quantum NMR (MQ NMR).[7] We have demonstrated that the more stable a-Si:H
network is highly inhomogeneous containing highly ordered regions and regions with lower
degree of order. The best hot wire a-Si:H samples contain only 1-3 at.% H with less SWE than
GD a-Si:H which requires about 8 - 10 at.% H to optimize its properties. On the other hand, the
creation and removal of light-induced defects of a-Si:H are closely linked to the hydrogen
dynamics [8,9]. An understanding of H dynamics on a microscopic scale is essential for the
understanding of light-induced metastability in a-Si:H.

One of the differences between the NMR study of hydrogen motion and that of hydrogen
diffusion is that NMR detects both localized and delocalized motions. Furthermore, NMR is
able to detect separately the motions associated with the isolated and the clustered hydrogen.
Another advantage of NMR is its ability to probe atomic motions over a broad range of
timescales. According to diffusion measurements[9], the jump rate leading to diffusion is very
small even at elevated temperatures (less than 1 Hz). Since light-induced metastability occurs
even at 2 K and can be recovered upon annealing below 200 K [10], diffusion of the majority of
H atoms seems to be irrelevant at such low temperatures. Local H motions, which may not
necessarily lead to long range diffusion, could be involved in the process of light-induced
metastability. Deuterium NMR and dipolar order relaxation studies in GD a-Si:H [8,11] have
provided some evidence for the existence of a significant amount of relatively mobile H (over
15% of the H content); H, molecules trapped in nanovoids have been suggested as the origin.
We will present some further evidence indicating the existence of some mobile hydrogen; in this
regard, it will be shown that significant differences exist between GD and hot wire a-Si:H films.



11.2 Experimental and Results of Dipolar Order Relaxation

Figire 5 shows the Jeener-Broekaert pulse sequence. Pulse width = 1 and 0.5 ms, (for H=9.4 T)
T=135, 10, 100 ms are used. To explore the local motion for both clustered and isolated 'H, we
measure the echo height for a fixed 7, as a function of decay time t. The dipolar order relaxation
times of the clustered and isolated !H are given in Figs. 6 and 7 for the GD and HW films.
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Fig.5 The Jeener-Broekaert pulse sequence.
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Fig.6 Dipolar order relaxation for a hot-wire film. T =15, 10 us for broad line
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The results of the data fitting are given in Figs. 8-11. In Figs 9 and 11, one obtains the dipolar
relaxation time T1p by using a function f{(t)e< exp(-t/T1p) from the early decay data.
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Fig.8 Compare dipolar order relaxation in HW and GD films.
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Fig. 10 Dipolar order relaxation of isolated 1H, fitted by f(t) = exp(t*¥/T1p) in GD and HW a-Si:H.
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I1.3 Summary of Dipolar Relaxation Data

From early dipolar relaxation time (< 20 ms) we deduced the T1p by fitting the data to f(t)e<
exp(-t/T1p). At room temperature, the T;p, of the clustered H is slightly shorter but the T,
of the isolated H is 4 times longer in HW film than that in GD films. The results may
indicate that the local motion of the isolated H is much slower in HW compared to that in GD
film. High temperature NMR studies are necessary to clarify the 1H motion.

Table III Dipolar relaxation time in the DG and HW films

Tip clustered 'H isolated 'H
Sample (broad lines) (narrow lines)
GD 20 ms 8.5 ms
HW 14 ms 35.0 ms

1.4 High Temperature (room temperature to 200 °C) NMR

So far, no 'H NMR study of hydrogen motion at temperatures above 60 °C has been reported.
High temperature NMR is applied to investigate the hydrogen dynamics and microstructure of
a-Si:H. A home-made high temperature NMR probe was used in the temperature range from

room temperature to 200 °C. Preliminary results show an indication of hydrogen motion from
room temperature to 150 °C (below 150 °C, the change of the proton spectrum with temperature
is completely reversible; whereas, above 150 °C, the !'H effusion occurs). In addition to the

generic broad and narrow lines observed in all a-Si:H, a second narrow line (less than 1 kHz
wide) is identified as the temperature is raised. This very narrow line is particularly visible and

sensitive to temperature in hot-wire a-Si:H.
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ITII. SWE AND THE STRESS OF HOT-WIRE A-SI:H

1I1.1 Introduction

Correlation between stress and SWE in a-Si:H have been studied by several groups.[12-14]
Stutzmann [12] found that the number of metastable defects was proportional to the total stress
in the film. On the other hand, Guha et al. [13] observed no correlation between
photodegradation and stress; that is, the SWE was the same in both zero- and highly stressed
films. The previous technique, however, was unable to measure the photo-induced change of the
stress. Recently, using a newly developed technique with much higher sensitivity, a subtle
increase of film stress was found in glow discharge (GD) a-Si:H films upon light soaking.[15]
Their results indicated a photoinduced structure change with similar dynamics to the SWE. On
the other hand, hot-wire (HW) a-Si:H with 2-3 at.% H has shown improved electronic stability.
It is therefore interesting to study the film stress and its possible relation to the SWE behavior in
the HW materials in comparison with the GD a-Si:H. We cooperated with Prof. S. Nitta's group
at Gifu University, Japan and Qi Wang et al at NREL to complete a study of photo-induced
stress and the SWE in hot-wire a-Si:H films, and presented a paper in the NCPV Program
Review Meeting [16], concluding that there is no relationship between stress and light-induced
degradation.

II1.2 Samples and Experimental

I-um thick a-Si:H films were deposited by HW CVD at substrate temperatures from 280 °C to
440 °C onto the following substrates: (a) crystalline silicon for IR absorption; (b) 2 mm x 20 mm
x 100-um-thick fused-quartz strip for stress, and (c) 7059 glass for conductivity measurements.
Both the mechanical stress and the optoelectronic properties before and after light-soaking by a

300 mW/cm?2 white light were measured.

1I1.3 Results

3
10 | | | | | |
1o e -
s w
g 107 |- e 400°CH
A i aa0cc S00°C
-6
> 10° —
=
S 107 280°C ||| -
g
g 10°L -
@)
0 440°C
107 -360°C —
4007 320°C
10710 i s ! ! !
10" 10° 10" 10> 10° 10* 10° 10°
Time (sec)

Fig. 12 Photoconductivities as a function of light-soaking time for the five hot-wire samples
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We used the photoinduced changes in the photo-and dark- conductivities to study the SWE in
hot-wire films. In Fig. 12 we show the conductivity values before and after illumination, and
record the photoconductivity decay as a function of light-soaking time. We see that the
photoconductivity decreases for the films deposited at Tg = 280 and 320 °C, but no obvious

change occurs for the films deposited at Tg>360 °C up to 15 h. by 300 mW/cm? light-soaking.

More information about the photo-induced electronic defect states can be obtained from the
position of the Fermi level. To examine this, the temperature dependence of the dark
conductivity was measured from room temperature up to 150 °C. We found that the activation
energies changed from 0.60 to 0.83 eV, and from 0.82 to 0.9 eV upon light-soaking for the films
deposited at the Ty of 280 °C and 320 °C, respectively. For the film deposited at 360 °C, the
activation energy did not change. Small increases (from 0.76 to 0.79 eV and from 0.71 to 0.75
eV) were observed for the films deposited at 400 °C and 440 °C. Again, in agreement with the
photoconductivity results, we found that the photo-degradation effect is very small in the hot-
wire films deposited > 360 °C.

We have reported the initial stress of the a-Si:H films as a function of both the substrate
temperature T and the total hydrogen content Cy. The maximum initial compressive stress
~ 425 MPa corresponds to the lowest Tg = 280 °C and the highest Cy = 8 at%. As T increases,

both Cy and the compressive stress decrease. The minimum compressive stress = 74 MPa occurs
at the highest deposition temperature (Tg = 440 °C) and the lowest Cy (< 1 at.%). In Fig. 13, we

show the photo-induced changes of the stress by using the same 300 mW/cm? light-source.
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Fig. 13 Photo-induced changes of the stress in HW film deposited at 320 °C.

The low-case lines in Fig. 13 show the results of the photo-induced changes in the stress after
first and second hour light soaking. The high signals during light-soaking result from
temperature effect. The photo-induced changes can be recovered to their initial values by
thermal annealing at 200 °C for 1 h.

We compare the above two kinds of photoinduced changes in the following. Fig. 14(a) shows
that for all of these five hot-wire a-Si:H films, the photo-induced increase of the stress is on the

order of 10-4 of the initial stress. The amount of the photo-induced change is the same as that
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found in GD films.[15] In Fig. 14(b) we see the photoconductivity decrease in a factor of 4-6 for
the films deposited at Tg = 280 and 320 °C, but there is negligible change for the films deposited
at T¢> 360 °C. Therefore, the photo-induced volume expansion is not correlated to the SWE!
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Fig. 14 The initial (®) and photoinduced changes (o) of (a) the compression, and (b) the
photoconductivity for five hot-wire a-Si:H films deposited at varied temperature.
Data in fig. 4(b) are from Fig. 3.

II1.4 Sub-band Gap Absorption Measured by PDiand the Surface Morphology
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Fig. 15 (a) Sub-band gap absorption and the absorption edge measured by PDS, and (b)
correlation of PDS (solid triangles) with AFM (open circuits) data shows the
subgap absorption signal is due to surface roughness for the HW a-Si:H films. For
reference, the sub-band gap absorption from a PECVD sample is also indicated.
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Several techniques have been used to study the defect density of states and the absorption edge in
a-Si:H films, such as the constant-photocurrent method (CPM), junction capacitance and
transient photo-capacitance spectroscopy, and photo-thermal deflection spectroscopy (PDS).
The CPM and capacitance results showed good agreement in that the density of defect states is <

1016/cm3 for HW a-Si:H films with Cy in the range of 2-8 at. %. In Fig. 15(a) we present the

first PDS results on HW a-Si:H films made at substrate temperatures from 280 to 440°C. We
found that the sub-band gap absorption from PDS is one to two orders of magnitude higher than

the CPM and capacitance results. Unexpectedly, the 360°C film shows the highest sub-band gap
absorption which could correspond to a defect density = 1018/cm3 by using the relation Nq =

7.9x1015Jaiex dE. Since we have had very reproducible results from the CPM method which
have been calibrated using electron spin resonance (ESR), we know the defect density is <

1016/cm3 for the film deposited at 360°C. A possible reason for this discrepancy could be the
high sensitivity of the PDS technique to surface effects such as surface roughness, and that the
absorption could be enhanced absorption in the bulk due to total internal reflection of the light at
the rough surface.

Accordingly, we have examined the film surface morphology by AFM, and have plotted both the
PDS and AFM results as a function of film deposition temperature in Fig. 15(b). The surface
roughness was defined by an average in a scanning area of 1x1 pm?2, and was found to be in the
range of 4-7 nm with an exception of two films deposited on 7059 glass for PDS measurements.
The roughness of these films was found to be 18.98 nm and 13.44 nm for the 360 °C and 400 °C
films, respectively. These are the films with the high PDS sub-band gap absorption. It is clear
that there is a correlation between the PDS and the AFM data, and hence the sub-band gap
absorption signal from PDS is due to surface roughness but not the bulk defect density for the
HW a-Si:H films. As shown in Fig. 15(a), the PDS absorption signal increases exponentially
with increasing photon energy, and the Urbach edge parameter Ey; can be deduced. The value of

Ey is the largest for the 360 °C film, but again, this value is affected by the surface roughness.

We also comment that from the PDS data taken at the higher photon energies we were able to
obtain the optical gap Eopt using a Tauc's plot. we found that Egpt = 1.6 + 0.02 eV for the film

deposited around 360 °C.

II1.5 Conclusions

It is clear that the less Si-H bonds the lower compression in the hot-wire films. We believe that
this is also true in GD films. In GD films as Tg increases from 100 to 250 °C, the fraction of Si-

H bond increases, and then the compression increases.

We observed a volume expansion and an increase of the IR absorption ~2000 ¢cm-! upon light
soaking in all the a-Si:H films regardless of the preparation technique either by hot-wire or by H-
diluted GD.[16-18] Biswas recent showed[19] a change in the oscillator strengths of Si-H

vibrations due to the flipping of H to Si back-bond induced a 10-#-10-3 increase in the 2000 cm-!
absorption. Meanwhile, the distortions of the structure could increase the strain of the network
in the same order of magnitude. The question is: does the photoinduced volume expansion relate
to the SWE? By measuring the PC vs. light-soaking time for the same group of hot-wire films,
we show that these changes are not directly related. This is different from what has been
observed in GD films[15]. In the HW films deposited at Tg < 360 °C, a factor of 4-6

photodegradation of the photoconductivity was obtained, but there was no obvious degradation

of the photoconductivity for the films deposited at 360 < Tg <440 °C. It raises the questions of "
in what condition the HW material is magic?" and how do we define the "magic material"?

16



More characterizations such as sub-band gap absorption are needed in addition to the PC
measurements.

Finally, the surface roughness rather than the bulk defects were responsible for the high PDS
signal in the hot-wire a-Si:H films.

IV.INTERNAL ELECTRIC FIELD PROFILE OF a-Si:H AND a-SiGe:H SOLAR CELLS

1V.1 Introduction

For high efficiency amorphous silicon solar cells, dual- or triple-junction tandem structures are
used. The charge collection of the a-Si:H and a-SiGe:H cells are crucial for the short- and long
wave length performance, respectively. Since the charge collection process in a-Si:H based solar
cells depends upon field-assisted drift in the internal-electric-field, the knowledge of the electric-
field profile is important for device design. One needs to know how the electric field distribution
changes with i-layer thickness and the Ge content, and how this affects the V. and the quantum
efficiency wavelength dependence. By using computer simulation, the relation of the electric
field distribution with V¢ of a-Si based alloy p-i-n cells under steady state light illumination has
been studied by Hack et al. [20] and Fonash et al. [21]. The results show that the electric field
E(x) decays exponentially from the junction interfaces. The value and the decay rates depend on
the space charge density and the carrier's mobility. Assuming the internal field is screened by a
constant midgap state, Ny, and neglecting the free carriers contribution, from the Poisson
equation one obtains the field distribution from the junction interfaces decays exponentially.
Here we consider the field decay from p/i interface as follows:

Ei(x) = EjePx (D

where E, is the field strength at the p/i junction interface, and x is the distance from the interface
in the i layer. B is defined as B=1/L_=VqN /e, where L, is the screening length, the electron

charge q=1.6x10-19 coulomb, and the dielectric constant e=10-12 F/cm. On the other hand, few
experimental results have been published. Among them the transient-null-current method[22] is
an attractive technique because the experimental knowledge of Ej(x) can be obtained in a real
p-i-n cell structure. We present the experimental results of Ej(x) on a-Si:H and a-SiGe:H solar
cells with varied i-layer thickness and Ge content by using the transient null-current method.

IV.2 Sample and Experiment

Samples were made at Energy Conversion Devices (ECD) by plasma-enhanced CVD. Several
structures were studied i.e. a-Si:H stainless-steel/n-i-p/ITO cells with varied i-layer thickness,
and a-SiGe:H ss/n-i-p/ITO cells with varied Ge content. The sample's parameters are listed in
Tables I and II, respectively. A pulsed N laser that pumped a dye laser in a wavelength range of
380-640 nm was used for the photo excitation. Neutral density filters were used to adjust the
incident light flux. The pulse light was illuminated through the semi-transparent ITO and wide-

band gap p-layer on to the intrinsic layer. A 150 MHz pulse generator with 1x10-11 sec
resolution was used to apply a positive voltage pulse V,. The measurements were made at room
temperature. The detailed experimental conditions can be found elsewhere. [23,24]
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1V.3 Results

IV.3.1 Dependence of the Electric Field Profile on i-layer Thickness

Figure 16(a) shows the applied voltage V(L) as a function of the laser wavelength A for the
a-Si:H cells with varied i-layer thickness. The dashed lines are the fitting curves according to
Eq. (1) by using the Fj(x) functions shown in Fig. 16(b). E;j(x) is only shown near the p/i
interface since that is where it is most valid. One can see that V, decreases drastically when A >
475 nm in 0.1 and 0.2-pm-thin cells. We believe this is due to the hole transport evolving when
the photo-excited carriers were generated through the thin i-layer as discussed below. V,
decreases smoothly in 0.4 and 0.5-pum-thick cells. The best-fit parameters are listed in Table I.

The values of Ng in thin cells can not be simply deduced from B=1/L_=VgN /e in thin cells,
because of the strong influence on E;(x) from the n/i junction.

Table IV ss/n-i-p/TCO solar cell performance and the fitting parameters of E;(x)

Sample| i-layer | Vo Jsc FF [ Pmax E, B L, Ng

D thi(cﬁlgss (V) | (mA/cm?) (mW/em?) || (Viem) | (um)-! (um) | (em3eV)-!

L1843 | 0.1 [0945] 867 [070| 573 | 115x105] 112 | 089

[L794 | 02 [0949] 1129 [066| 705 | 530x10%] 257 | 037

[L795 | 04 [0947| 1323 [057 711 | 27x104 | 800 | 0.13 | ax1016
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Fig. 16 (a) Applied voltage V, vs. the laser wavelength A in the a-Si cells, and
(b) the E;(x) functions used for the best fit, shown by the dotted lines in (a).

In Figure 17(a), we plot the cell performance as a function of the i-layer thickness. One can see
that V¢ almost does not depend on the i-layer thickness L, but the short-circuit current Jg¢
increases with increasing L. The overall performance P4y increases first and then is saturated
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when L = 0.2 um, because the combination of the increasing of Jg; and the decreasing of the fill
factor FF. Figure 17(b) shows the internal electric field parameters as a function of the i-layer
thickness L. Both E, and L, decrease with increasing L. Interestingly, V¢ does not depend on
the internal field distribution, no matter how much the internal field distribution (E, and L)
changes with the i-layer thickness.
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Fig. 17 (a) the a-Si cell performance and (b) the internal field parameters as a
function of the i-layer thickness.

IV.3.2. The electric field profile of a-SiGe:H solar cells with varied Ge content
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Fig. 18 (a) Va vs. A for the 0.15 um a-SiGe cells with varied Ge content. The

dotted lines are the fits to the data by using the Ej(x) functions in (b).
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An increased Ge ratio will reduce the band gap of a-SiGe:H materials. We studied the electric
field profile of 0.15-um-thin a-SiGe:H ss/n-i-p/TCO cells with different Ge contents. Figure
18(a) plots the measured V3 vs. A. One can see again that V, decreases quickly when A > 500
nm in the 0.15-um-thin cells. We simulated the data for wavelengths less than 500 nm by using
the functions in Fig. 18(b). The fits to the data are shown in Fig. 18(a) as the dashed lines. The
cell performance, the fitting parameters of Ej(x) and the deduced defect density N{ are listed in
Table II. We can see that the electric field is stronger for the cell with less Ge content. This is
because of a larger optical gap and less defects in the a-SiGe:H i-layer with less Ge content. [8]

Table V. ss/n-i-p/TCO solar cell performance and the fitting parameters of Ej(x)

Sample |V J E L N
Ge:Si oc s¢ FF |Pmax N B 0 d
ID V) |(mA/em2) (Viem) 1 )yt | (um) | (cmPeV)!
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Fig. 19 (a) The cell performance and (b) the internal field parameters as a function
of the Ge content in the a-Si-Ge i-layer.

Figure 19(a) shows the cell performance as a function of the Ge content in the a-Si-Ge:H layer.
One can see that Vo, FF and Py, decrease but Jg¢ increases with increasing Ge content. Figure
19(b) shows the internal field parameters E,, L, and Ng as a function of the Ge content.
Although the values for L, and Ng displayed in figure 19(b) are slightly different for different
samples, they are the same within the uncertainty of the fitting technique - one should consider
the Ny values only as an order of magnitude estimate of the defect density. That is because we

were only able to use four data points in the fit for each sample, excluding the long-wavelength
data as discussed below.
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IV.4 Summary and Discussions

We have studied two groups of solar cells: (a) a-Si:H p-i-n solar cells with varied i-layer
thicknesses, and (b) a-SiGe:H cells with varied Ge content. When using an exponential function

Ei(x)=E ePx to fit the experimental results, we obtained the field strength at the p/i interface Eo,
the screening length L, and the density of defect states Ny in the i-layer. From the group (a)
samples, our results indicate that for the same quality materials, the thinner the i-layer, the
stronger the electric field strength obtained. Whereas V. does not change with the i-layer
thickness, the internal field profile changes. Both theoretical and experimental studies of the
open-circuit voltage, Vo, of a-Si solar cells have found that the value of V¢ not only depends
on the Fermi-level difference of the n- and p-layers, but also on the quality of the p/i interface as
well as the i-layer. Especially, V¢ in some devices is dominated by carrier recombination at the
p/i junction. The demonstration of an independent value of V¢ on the field profile implies high-
quality p/i interfaces in this group of cells. And then both the built-in potential Ep; and the V¢
depend on the Fermi-level difference of the n- and p-layers. An increase in the i-layer thickness
results in an increase of J¢ but a decrease of FF. The latter is due to the thicker the i-layer the
lower the field strength, consequently the less charge collection. Since the critical electric field
strength is &¢ = kT/qLy, for the minority carrier diffusion length L, = 0.25 pm, &c is of the order

of 103 V/ecm.[20] As shown in Fig. 18(b), Ej(x) > 103 V/cm when L < 4000 A which is in
agreement with the device design for high performance solar cells. For the group (b) a-SiGe:H
cells, the electric field is stronger for the cell with less Ge content. This is because of a larger
optical gap in the a-SiGe:H i-layer with less Ge content. One can compare the experimental
results of the internal electric field profile with the cell performance as shown in figs. (2) and (4),
and then deduce useful information for the device design.

One notices a drastic decrease of V5 when A > 500 nm as shown in Figs. 16(a) and 18(a) in 0.1 -
0.2 um thin cells. We tend to explain qualitatively the effect of hole limitation as follows. The
applied voltage, V,, is proportional to the peak value of the transient photocurrent j,c which
corresponds to the collected photocarrier density per second by the internal field Ei(x). The
photogenerated holes will drift toward the p-side, and the electrons toward the n-side in the
internal electric field Ej(x). When the short wavelength light illuminates from the p-side, the e-h

pairs are generated near the p/i interface due to the shallow absorption depth. The holes will be
swiped out through the thin p-layer quickly and the electrons drift oppositely through the i-layer.
Since the electron mobility is ten times larger than the hole's, they quickly move through the i-
layer. As the wavelength increases, the e-h pairs are generated through the i-layer and then the
hole-limitation effect becomes more and more important. When e-h pairs are generated near the
n/i interface, the holes must travel through the i-layer with a low mobility that becomes the
limitation factor for the photocurrent j,.. However, the above argument can not explain why the
0.1-0.2 um-thin cells exhibit a decrease of V, at shorter wavelengths as shown in Fig. 16(a).
There must be an interface-related reason such as trapped holes near the n/1 interface that result
in a barrier which depresses the carrier transport.

V. EL AND PL SPECTRA IN A-SI:H

Based on the systematical studies of the efficiency, the temperature dependence, and the energy
spectrum of electroluminescence (EL) in a-Si:H p-i-n cells, we have developed a complete model
to explain the EL features as dispersive-transport-controlled non-geminate recombination
processes. The results were given in the last final report.[23] However, most of the EL spectra
were taken by the home-made filter wheels and few of them were taken by a grating
monochromater in other labs. There were only 12-14 data points of a spectrum in the energy
range of 0.6 eV to 1.6 eV, and the filter bandwidth was 80-90 nm. The resolution of the spectra
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was very poor as shown in Fig. 20(a). Therefore, we were looking forward to using a grating
spectrometer to study the spectral lineshape in more detail.

During the last 4 months we have successfully upgraded our EL systems by installing a grating
spectrometer (SPEX TRIAX-180) and the LabVIEW software. As shown in Fig. 20(b) we now
obtain EL spectra not only more precisely but also more efficiently. We have measured EL
spectra from a group of a-SiGe:H cells from U. Toledo. Meanwhile, we use the same system for
PL measurements. We have measured excitation wavelength dependence of PL from a group of
films deposited on varied substrate conditions at United Solar. Both the EL- and PL- data

analysis are being undertaken.
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Fig. 20 (a) The EL spectra taken by the filter
spectrometer from a 0.5 um a-Si:H
p-i-n cell made at Solarex.

(b) The EL spectra taken by the grating
spectrometer from an a-Si:H p-i-n cell
made at Solarex.

FURTHER RESEARCH

(1) Establish the feasibility to detect hydrogen motion in a-Si:H by measuring NMR spectra
above room temperature.

(2) Complete a detailed characterization of H-motion, -bonding, and light-induced changes in
hot-wire material in comparison to glow discharge material.

(3) Study the substrate and the deposition condition effects on the optoelectronic properties of
a-Si:H based film by PL, EL and Ej(x) for GD and hot-wire CVD samples.

(4) Study The transport properties in films from a-Si:H to pc-Si:H.

(5) Study the questions of " in what conditions the hot-wire materials are magic?" and how to we
define the "magic material"? by characterizing the PC, the sub-band gap absorption, and the
position of Fermi level before and after light-soaking in several groups of hot-wire films.
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Abstract

This report describes studies on GD and hot-wire a-Si based samples by UNC-CH during Phase
I. We have characterized H-bonding and its light-induced changes by using IR and DIR. For the

less stable film, there is a simultaneous decrease ~ 2040 cm-! and increase ~ 1880 cm-!; for the

more-stable samples, the DIR near 2000 cm-! increases upon light soaking. NMR dipolar
relaxation time T, of the clustered H is slightly shorter but the T;p, of the isolated H is 4 times

longer in HW film than that in GD films. The results indicate that the local motion of the
isolated H is much slower in HW compared to that in GD film. High temperature NMR results
show a second narrow line (less than 1 kHz wide) as the temperature is raised. In stress
measurements, it is clearly shown that hot-wire films with lower hydrogen content show lower

compression . A photoinduced increase of the compression on the order of 10-4 of the initial
value upon light-soaking was found in all the a-Si:H films whereas the Steabler Wronski
degradation was similar. Hence the volume expansion is not directly related to SWE. Besides,
we have measured the field profile in a-Si:H and a-SiGe:H solar cells, the results were in
agreement with computer simulation.
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