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SUMMARY

Our goal is to help the U. S. amorphous silicon PV industry to achieve the U.S./DOE PV
Program milestone of 12% stable efficiency modules by 1998.

We have concentrated on determining the factors conwrolling the SWE in a-Si:H p-i-n solar cells,
and on the correlation of the material properties to the cell preparation conditions such as the
effect of hydrogen-dilution.

During the contract year, April 1, 1995 - June 30, 1996, the a-Si:H p-i-n solar cells made with
and without hydrogen-dilution at Solarex were systematically studied by electroluminescence
(EL) measurements; we have started the internal electric field profile E;(x) measurements in p-i-n
structures by a null-current method; we studied DOS profile in p-i-n devices; and the hydrogen
distribution in hot-wire a-Si:H films are being studied by nuclear magnetic resonance (NMR).

The a-Si:H material photoelectric properties have been characterized by |t product and the
density of defect states (DOS). Unfortunately, these parameters do not correlate well with cell
performance. We have developed electroluminescence (EL) spectroscopy to measure the defect
energy profile and to characterize SWE in real solar cell structures, and to correlate with the cell
performance as well. The temperature and applied voltage dependence of both the EL efficiency
and the EL energy spectrum were investigated before and after light soaking, and the results will

be given in section I. We found that the hydrogen-dilution modifies the localized state

distribution in the i-layer. especially to narrow the defect energy distribution and then to improve
the cell performance.

Section II shows the results of DOS by comparison studies of post-transient-photocurrent and EL
specoscopy.

In section III we present our results of electric field profiling studies in p-i-n structures.

Section IV explores the microstructure origin which leads to more stable new a-Si:H materials.
We have carried out proton NMR and Multiple-Quantum NMR studies on hot-wire samples.
The results show the hydrogen distribution on hot-wire samples.

Our research last year has resulted in nine publications, one to be published and one submitted
paper, and the submission of five quarterly reports, one final subcontract report, one annual
technical report, and reports for the team meetings.



INTRODUCTION

This report describes the research performed during Phase II of a three-phase, three year project
under NREL Subcontract No. XAN-4-13318-09.

One of the biggest problems for the widespread use of hydrogenated amorphous silicon
(a-Si:H) based solar cells is the so-called Staebler-Wronski effect (SWE).! This reversible light-
induced degradation of the photovoltaic properties has been the focus of intense research for well
over a decade. Up to now, the understanding of the metastable changes in the defect states in
terms of their physical mechanism, the kinetics, the linkage with the atomic microstructure etc.,
is still poor.2 This is especially true in device structures. However, most agree2-3 that: (1) an
increase of the total density of neutral dangling bonds (DB), that is observed to often scale

inversely with the carrier mobility-lifetime product pt; (2) hydrogen is involved in some way.
The questions are (1) why do the kinetics of the photodegradation show "fast" and a "slow"

defects49 in solar cells? and (2) what is the linkage between hydrogen microstructure and
metastability? This information is lacking. Understanding these linkages would be an important
ingredient in understanding the actual degradation mechanism.

The purpose of our research is to address the above questions through studies of EL, electric field
profiles on p-i-n solar cells, and of the proton NMR on new materials.

1) Electroluminescence (EL)

EL is a result of carrier radiative recombination in the intrinsic-layer of the p-i-n solar cells. The
emission photon energy depends on the carrier distribution in the localized states. By studying
the EL spectra and their temperature dependence we can determine the energy distribution of
both the tail states and defect states, while degradation of EL spectrum as a function of light-
soaking time will reveal the kinetics.

2) Transient photocurrents (TPC)

TPC can probe both shallow and deep traps. Post-transit TPC is a tool to study the energy profile
of defect states which is involved in the SWE.

3) Electronic Profiling

The electric field profile varies depending upon where recombination takes place. We have
completed the equipment set-up and started the measurements in a-Si:H solar cells:

4) NMR

Since Si-H bonds play an important role in the metastability, we have studied local Si-H bonding
configurations by NMR to find why the new hot-wire material does show better stability.



RESULTS
I. Electroluminescence (EL)
L1 Introduction

The performance of a-Si:H solar cells is believed to be determined, to a large extent, by the
density of gap states (DOS) in the intrinsic i-layer. Several techniques are available to
characterize the DOS in a-Si:H films. However, the electronic parameters in the films, such as

mobility-lifetime product, ut, and DOS obtained from constant photocurrent method (CPM)

measurements do not correlate well with cell performance.® Therefore, a suitable technique to
measure recombination and DOS in real solar cells is needed. EL spectroscopy measurements
were carried out for this purpose.

Under forward bias, electrons and holes are injected into the i-layer from opposite sides of the
diode. The steady state forward current is a recombination limited current. EL is the result of
excess electron-hole radiative recombination in the i-layer. At low temperature, the tail-to-tail
transition gives the main-band luminescence, ELy,. At room temperatures, the tail-to-defect
radiative recombination gives the defect-band luminescence, EL4. Since electron mobility-
lifetime product is larger than the hole's, Ty >> lpTp, the electron current dominates the
forward current. The generation rate of EL, g, is defined as the number of injected electrons that
recombine with holes per cm3, per second. It can be expressed in terms of the density of forward
bias current,’

g = JpleL(t/tg) = JEL/epuyta Vi, (1.1)

where e is the charge of an electron, L is the thickness of the i-layer, (T/tg) = WTE/L = uyt, Vi is
the gain factor, and V; is the voltage across the i-layer. The EL quantum efficiency, Ig1 /g, then
can be expressed as

I
Ny = —J%xeuntnE. (1.2)

It is well known from photoluminescence (PL) studies! that at low temperature (T<100 K) the
dominant recombination in a-Si:H is the radiative transition between band tail states. The
efficiency of the tail-to-tail radiative recombination is thermally quenched as the temperature
increases. In a simple thermal quenching model 8 with exponential tail states goexp(-E/kTg),
when the luminescence efficiency is y1 <<1, the temperature dependence of yr, is described by

YL = YoeXP(-Ep/KTy) = yoexp(-T/Ty) (1.3)

where Ep = kTIn(vo7;) is a demarcation energy and the slope T; = T/Inv,t. All states deeper
than Ep will have a high probability of radiative recombination, whereas shallower states will be
excited to the mobility edge and will diffuse away to a nonradiative center. A slope of 20 - 25 K
in PL intensity vs. T curves was found and attributed to the width of the valence band tail T =

500 K by using an average lifetime T; =10-3 s in a-Si:H films. In order to obtain the valence

band tail slope from the luminescence thermalization processes, one must keep a constant
generation rate. According to Eq. (1) the generation rate will be unchanged under constant

voltage condition. A small thermal activation energy of u,T, product can be taken into account
later.



In PL at low temperatures, the radiative transition from the band tail to the defects, on the other
hand, is 4 orders of magnitude weaker than the main-band luminescence with a weak
temperature dependence. Hence, the defect PL band only has been observed in either high-defect
or doped materials at low temperatures.? Generally, at room temperature the PL efficiency is
reduced by about four orders of magnitude compared to the value at 50 K and is barely
detectable in intrinsic a-Si:H samples. We will see that the advantage of EL is the relatively
strong defect luminescence signal that allows us to study the defect energy profile at room
temperature.

Yang and Chen at Solarex found that "fast" and "slow" defects co-exit in solar cells made with
pure silane; cells made with H-dilution appear to have a great predominance of "fast" defects,
resulting in a much faster saturation of photodegradation.4> Several laboratories report that the
a-Si:H solar cells with H-dilution have better performance after light-soaking than those without
H-dilution. To understand the role of hydrogen-dilution in metastability, the carrier
recombination process and the nature of localized states are crucial. We use EL spectroscopy to
measure the energy profile of the localized states and their photodegradation kinetics in a-Si:H
solar cells made with and without H-dilution.

1.2 Samples and experimental conditions

a-Si:H p-i-n solar cells were made by d.c. glow discharge by the team members at Solarex.4->
The 5,000 A thick intrinsic layer material in the solar cells was made of either hydrogen-diluted
silane or pure silane, denoted as p-ig-n and p-i-n, respectively. The sample preparation
conditions and cell perfformance are listed in Table I. The substrate surface was textured to avoid
interference fringes. The top contacts were Al, andthe area was 0.1 to 03 cm2. The two types of
cells studied have similar initial energy conversion efficiencies, but under AM1.5 light soaking
the p-ig-n cells stabilized after about 100 h while the p-i-n cells did not stablize until after
1000 h.4> Several cells were measured for each type of device to ensure good reproducibility.

For Jr and EL measurements, a micro-refrigerator stage was used to maintain the cell in the
temperature range of 80 K to 350 K. The applied voltage was obtained from a programmable
pulse generator. 10 Hz repetition rate and 10 ms pulse width were typically used. The Lock-in
technique was used to collect the EL signal. The contribution of thermal radiation to the signal
was less than 2% of the total signal. The emitted photons were dispersed in a monochromator
and detected by a liquid-nitrogen-cooled Ge detector. The response curve of the detector and the
system optics was calibrated by using a linear response detector. A scheme of the EL set-up is
shown in Fig.1. A sample stage is described in Fig. 2. To minimum the tray resistance/
capacitance a Ohmic contact is needed for both EL and transient measurements. More detail
about the experimental conditions can be found elsewhere.10-14,16

Table I Sample Preparation Conditions and Cell Performance

Cell LD. | Thickness| Structure| Mode of | Voc Jsc Fill [Efficiency
A) [Deposition | (volt) | (mA/cm?) | Factor %
SIXl | 500 | pign | Hdbmon | 0888 | 143 | 0686 | 87
SIXx | 500 | pin |puestme | 0862 | 142 | 0684 | 84
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1.3 EL results
EL efficiency temperature dependence of p-ig-n and p-i-n cells
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Fig. 3 Temperature dependence of effective EL efficiency, EL/Jg, under 2V, 3V
and 4V for 0.5 pm thick a-Si:H (a) p-ig-n, and (b) p-i-n cells.
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cells. The solid and open triangles are the measured data, EL, and
EL4 data were obtained by specwum deconvolution.



The temperature dependence of the EL efficiency, EL/Ir under applied voltages of 2V, 3V and
4V are shown in Figs 3a and 3b for the p-ig-n and p-i-n cells, respectively. The EL and If are
the total emission and total current measured in the unit of mV and mA, respectively. So the
sample area factor was canceled out. One can see that there is a maximum of EL/If at 130, 140,
and 160 K in the p-ig-n cell, and 120, 150, and 170 K in the p-i-n cell under 2, 3, and 4 V
applied voltage, and then decreases somewhat exponentially as the temperature increases. We
will not discuss the low temperature region but concentrate on the middle region in which we can
obtain information of the localized states in the i-layer. In Figs. 4a and 4b the EL/Ig vs. T data
above 160 K are re-plotted, and the contributions from both the main band EL, and defect band
EL g4 are indicated for the p-ig-n and p-i-n cells, respectively. The symbols of the solid and open
triangles are the measured data from the p-ig-n and p-i-n cells. EL, and ELg data were obtained
by spectrum deconvolution at 140 K, 200 K, and 250 K.10 The dotted and solid lines show the
best fit by using the functions expressed under the Figures. First, one can see that the slope of
the EL main band ELp, vs. T curve is deeper with Tt = 29 K in the p-ig-n than that of T, =37
K in the p-i-n cell. This indicates a narrower valence band tail in the p-ig-n than that in the p-i-n
cell according to Eq. (1.3). Second, the EL defect band EL4 shows the same weak temperature
dependence in both cells, but the relative intensity of the ELg to EL , is higher in the p-ig-n cell.
It could be due to more radiative recombination via the defect states in the H-diluted p-ig-n cell
than that in the non-diluted p-i-n cell. Because the dangling bond states act as either a non-
radiative or a radiative recombination center depends on the environment. The detail mechanism
needs to be studied.

EL intensity as a function of forward current density

Another way to study the recombination mechanism is to measure the EL efficiency as a function
of the generation rate. As shown in Eq. (1.1), the generation rate of EL is related to the carrier
transport in a manner of g = JEL/(eutE).7 At a constant temperature we can use the forward
current density Jr as a measure of the generation rate . We found a power-law dependence of EL

intensity on Jg, Igr o< JY, in a-Si:H p-i-n diodes when the injection current density is larger than

0.5 mA/cm2. An exponenty> 1 at low temperatures and y= 1 at room temperature was found.
Figs. Sa and 5b show the EL intensity as a function of forward current density at several
temperatures for the p-i-n and p-ig-n cells, respectively. There are low- and high- injection

regimes in the Iy vs. Jg curves. We have shown, in previous work 11 that when the current

density is below 0.5 mA/cm?2, the average separation of the injected carriers is larger than
500 nm, so the tunneling rate would increase with an increase of the carrier density in this
nongeminate recombination processes. We pay attention to the high injection regime here. The

exponent y as a function of temperature is plotted in Fig. 6 for both the p-i-n and p-ig-n cells.

One finds that the 7y value follows the same line in the whole temperature region in these two

types of cells. This implies that the recombination mechanism has not been changed by H-
dilution.
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EL spectra from p-i-n and p-ig-n cells
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Fig. 7 EL spectra of a-Si:H p-i-n cells made with and without H-dilution in the
initial state A (a) at 90 K under 4.2 V, and (b) at 300 K under 0.8 V.
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One used to see a featureless photoluminescence band from a-Si:H films.® A featureless PL

band has also been observed in these p-ig-n and p-i-n cells.12 However, the EL spectrum
lineshape has shown features in thin a-Si:H p-i-n cells. Figs. 7a and 7b show the EL spectra for
the same group of cells as in Figs. 3-6 measured at 90 K with 4.2 V, and 300 K with 0.8 V bias
voltage at initial state A, respectively. We observed the main-band luminescence domination at
90 K and the defect band domination at room temperature. In order to compare the lineshape,
the spectra were normalized to the same height in Fig. 7a. It is clear that the EL main band from
tail-to-tail transition shows a narrower shoulder in the low energy side in the p-ig-n cell than that

in the p-i-n cell. If the EL band width is due to the energy distribution of band tail states,? the
results indicate a narrower band tail in the p-ig-n cell than that in the p-i-n call. This is
consistent with the above results in Figs. 4a and 4b that show a narrower valence band tail in the
hydrogen-diluted cell. More interestingly, in Fig. 7b the defect band for the cell made with H-
dilution is dominated by a single peak at ~ 0.9 eV and the cell made without H-dilution has a
much more pronounced second peak at ~0.75 eV. Even though the line shape at the low energy
side below 0.7 eV is uncertain because of the cut-off energy of the Ge detector, the double-peak
feature in the non-diluted cell is clear. It is understandable that during the i-layer growth the
hydrogen-diluted reaction gas with slow growth rate gives more chance to form strong Si-H
bonds by breaking the weak Si-Si bonds. As a consequence, a narrower band tail, in other
words, a larger band gap is obtained in H-diluted cells. This could result in a slightly larger Vo
in the solar cell performance. On the other hand, the elimination of the ~0.75 eV low energy
defect states by H-dilution can be due to the improvement of the quality of the interface region
near p/i junction. This is crucial for the improvement of the stability because of the ~ 0.75 eV
defect related with the "slow" metastable defect in the cell.4> We have found!3 that the near
interface region dominates the defect luminescence.

Light-induced effects on EL defect-band

In order to find the role of hydrogen dilution in metastability of a-Si:H solar cells, we emphasize
the studies of EL in a-Si:H p-i-n solar cells made with hydrogen dilution in comparison with that
without hydrogen dilution. The photodegradation kinetics of the forward current and EL were
measured up to 1000 h light-soaking under AM1.5 light.

As we know that the defect-band luminescence domination at room temperature, especially at
low applied field, that provides direct information on the defect energy profile as discussed
above. It is very interesting to study the evolution of the defect properties as the material is
being light-soaked. We have exposed both types of cells to 200 mW/cm? white light through the
p-layer. The light-soaking condition used was similar to the performance photodegradation
studies of the same types of solar cells.#> All the parameters of Jg, Igr /I and the EL specwum
were measured following step-by-step light soaking. We found slight changes in Jg, Ig1 /IF data
but clear changes in EL defect spectrum. In Fig. 8 we show EL4 spectra at 0.8 V, 300 K, at
various stages of light-soaking for the cell made without H-dilution. The right side figure is the
enlarged part of the defect band. As the solar cells are being light-soaked, the intensity of the EL
main-band (1.1-1.2 eV) decreases and that of the defect-band increases due to the increase of the
density of defect states. The ~0.75 eV defect band continues to grow after the ~0.9 eV band
saturated. One can see clearly that the ELg lineshape changes with prolonged light-soaking.

11
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Fig. 8 EL spectra of cells made without H-dilution under 0.8 V at 300 K at various stages of
light-soaking. The right side figure is a enlarged part of the defect band.

To investigate the creation kinetics for individual components in the defect band, we have
analyzed the intensities of the two peaks at ~0.9 eV and ~0.75 eV, respectively. The results are
plotted in Figs.9a and 9b for cells made with and without hydrogen-dilution, respectively. As
shown in Fig. 9a, the intensity of the dominant peak at 0.9 eV for the p-ig-n cell increases first,
but rapidly stabilizes after only ~10 hours of light-soaking. No significant change in the low-
energy shoulder can be resolved for this type of cell. In contrast, for the non-diluted p-i-n cell as
shown in Fig. 9b, the peak at 0.75 eV is much more pronounced and the intensity for both
components increases significantly with light-soaking. More interestingly, while the 0.9 eV peak
also stabilizes after 10-100 hours of light-soaking, the 0.75 eV peak continues to rise and no sign
of saturation is seen even beyond 1000 hours of light-soaking. These observations for both types
of cells could be entirely consistent with the results of the solar cell degradation studies 5:¢ if we
assume that the 0.9 eV and 0.75 eV peaks in the defect band are associated respectively with the
"fast" and "slow" defects identified from cell degradation kinetics. Thus, the EL measurements
have not only confirmed the existence of the two kinetically different defect states in certain
a-Si:H, depending on the deposition condition, but also provided their unique energy
characteristics in the electronic energy bandgap.

Considering the defect spectrum EL4(hv) from both the p-i-n and p-ig-n cells contains two
components peaked at 0.9 eV and 0.75 eV, respectively. In Fig. 9 we show the intensities of
these defect luminescence components at ~0.9 eV and ~0.75 eV as a function of light-soaking
time for (a) p-ig-n and (b) p-i-n cell. The defect-band ~0.75 eV in the p-ig-n cell is very weak as
shown in Fig.7, the light-induced change is unresolved. Therefore, only the ~0.9 eV band is
shown in Fig. 9a for the p-ig-n cell.
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a function of light-soaking time for (a) p-ig-n and (b) p-i-n cell.
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I. 4 Conclusions
The main conclusions that we draw from these EL studies are:

(1) We observed that the carrier recombination mechanism in the i-layer has not been changed by
hydrogen-dilution in a-Si:H p-ig-n solar cells, while the band tail width is narrowed and the
~0.75 eV defect luminescence is eliminated by hydrogen-dilution. The slope of the EL
efficiency vs. T curve was 29 K, and the defect luminescence band was dominated by a single
peak at ~ 0.9 eV for the cell made with H-dilution; while a slope of 37 K, and a dual-peak defect
band at ~ 0.9 eV and ~ 0.75 eV were observed for the cell made without H-dilution. We have
demonstrated that the results from EL measurements correlate well with the solar cell
parameters. The present study confirmed the existence of the "fast" and "slow" defects in a-Si:H
and identified their energy positions within the bandgap as a ~0.9 eV and a ~0.75 eV defect
band. Our results also reinforced the notion that H-dilution eliminates the microstructure which
causes the creation of "slow" defects and hence stabilizes rapidly under light illumination.

(2) The photodegradation kinetics of the defect band suggests that the~0.9 eV and the ~0.75 eV
defect band in the EL spectra are actually those identified independently as "fast" and "slow"
defects, respectively, from photodegradation studies of solar cells prepared under the same
conditions.

(3) Our results indicate that not only the total density but also the energy distribution of the
defects are crucial in determining the optoelectronic properties including the stability of
amorphous silicon based materials. We have found that the energy profile of the defects depends
on fabrication. Therefore, the reproducible results in this work do not mean that the EL spectrum
lineshape from a-Si:H p-i-n cells made at the other factories will be the same as in this report,
even though both the materials may have the same total density of defect states.

(4) We conclude that EL is a more sensitive tool to study recombination and localized states in
a-Si:H p-i-n solar cells. EL measurements appear to form a complement to the existing CPM and
PDS techniques to characterize the quality of the intrinsic material (i-layer) and of the correlated
p-i-n cells.
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II. Transient photocurrents (TPC)
II.1 Introduction

To clarify the correlation of the EL defect band to the deep state energy profile, post-transit
photocurrent experiments!4 were carried out in several groups of cells in which the lineshapes of
the EL4(E) were different. The transient photocurrent in the post-TOF time regime, I(t), is
electron-emission limited, and the energy profile of the deep states, N4(E), can be obtained from
I(t)t. More detail analysis can be found in the attached paper.!5 The absolute value of N4(E)
needs to be analyzed more carefully but the profile is assured.

I1.2 Defect energy profile deduces from TPC in p-i-n solar cells

We have found a good correlation between EL4(E) and Ng4(E) profiles. Fig. 10 shows the small-
signal post-transit current results from the same p-ig-n and p-i-n cells as in Fig. 7b. Comparing
the results in Figs. 7b and 10, we conclude first, there is a single-peak band in the p-ig-n cell and
a dual-peak band in the p-i-n cell; second, the features of the energy band are in a mirror
symmetry with the EL4(E) and Ny(E) profiles. This can be understood as the transition path
corresponding to EL4 is the transition between the valence band tail and the DBs but the N4(E)
profiles are due to the electron thermal emission from the DBs to the conduction band edge.
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Fig. 10 The small-signal post-transit current results at room temperature
from the same p-ig-n and p-i-n cells as in Fig. 7.

A correlation between the DOS profile from post-transit current measurements!5 and the defect
EL spectrum was found as shown in Figs. 7b and 8. This confirms the correlation of room
temperature EL spectrum and the defect energy profile, such as the defect band is dominated by a
single peak at ~ 09 eV for the cell made with H-dilution, while a dual-peak defect band at
~0.9 eV and ~0.75 eV above the valence band edge for the cell made without H-dilution.
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LI 3 Conclusions
The main conclusions from these comparison studies of EL spectrum and post-TOF are:

(1) The lineshape of the EL defect band measured at room temperature reflects the defect energy
profile of the i-layer in p-i-n cells.

(2) The low energy luminescence transition path in high quality intrinsic a-Si:H materials is
clarified by our EL/post-TOF studies. It is the transition between the valence band tail to the
defect states.
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I1I. Internal electric field distribution in p-i-n cells

III.1 Null-current method
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density

filter  p-n cell
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pulse generator

Digital oscilloscopg

PC computer

Fig. 11 Block diagram of the transient-null-current experimental apparatus.

Internal electric field distribution is an important parameter for the solar cell design. One needs
to know what is the electric field distribution which affects the quantum efficiency wavelength
dependence. It is also important to determine how the electric field changes upon light-soaking.
We studied the internal electric field profile in p-i-n solar cells by using a transient-null-current
method. According to a early demonstration of a null-current technique in a-Si alloy Schottky
barrier,16 the transient photocurrents generated by a low-intensity pulsed laser at a various
wavelengths were tuned to zero by the forward-bias voltages and consequently the internal
electric field profile can be determined. In the simplest case where the reflection of light is
neglected, the photogenerated electron-hole pair density n(x) is given by

n(x) =a(A)e-oMx L toi s 3.1

where o(A)e-aM)x I, is the generation rate, o(A) is the absorption coefficient, I, is the incident

photon flux of wavelength A, x is the distance from the p/i interface of the cell, and tp] is the laser
pulse width which is less than the carrier's lifetime. Since the p-layer is a wide-gap window, one
accounts the distance x from the p-i interface. The photogenerated electron-hole pairs will be
separated then swept out by the internal electric field E;j(x) to result in a negative transient
photocurrent jpc. The photogenerated peak current just after the excitation is
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where q is the electronic charge, L is the i-layer thickness, and W, l4p are the drift mobilities for
electron and hole, respectively. Since the hole drift mobility in a-Si:H is much less than that of
electron's, the contribution of holes to the transient current can be neglected. One applies a
positive voltage pulse, V,, whose amplitude is adjusted until there is no current due to the laser
light, e.g.

L
Jpce< I [E; x) -V, /Lle- oM)x dx = 0. 3.3)

o

Then, V, at null-current condition can be measured as a function of wavelength A. One can see
in Eq. 3, that the incident photon flux I, has no direct influence to the value of E;(x).
Realistically, an increase of the incident photon flux would change the space-charge distribution
(maybe also the drif mobility) and results in a change of Ej(x). Typically we used a low
excitation level to deduce E;(x). The field profile E;j(x) then can be found by the best fit to the

experimental data according to Eq.(3.3) with a specific absorption coefficient a.(A).
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Fig. 12 Measured currents under applied voltage pulses of 0.1 V and 0.57 V
for laser pulse at A = 630 nm for 0.5 um p-i-n cell. ‘

A dye laser pumped by a pulsed N3 laser was used for the photo-excitation. The width of the
laser pulse tp] is 2x10-10 sec, and the wavelength was in the range of 380 - 640 nm. Neutral

18



density filters. were used to adjust the incident light flux. The solar cells were illuminated

through the p-layer. A HP 8110A 150 MHz pulse generator with 1x10-1! sec resolution was
used to apply a positive voltage pulse with 10 pus width. The trigger times of the laser pulse and
the voltage pulse can be adjusted separately. The measurements were made at room temperature.
A schematic diagram of the experimental apparatus is shown in Fig. 11. To demonstrate the
transient-null-current- measurements, the currents at 0.1 V and 0.57 V applied voltage pulses and

laser pulse at A=630 nm for the p-i-n cell are shown in Fig. 12.

In the i-layer, the space-charge density is predominantly determined by trapped carriers in the
high concentration of localized states. In order to obtain a reliable value of the internal-electric
field, we consider two critical conditions in this transient-null-current technique. (a) To avoid
the complicated carrier transport processes, such as deep-trapping, recombination, to disturb the
internal-electric-field and the transient current value, we measure the photo carriers which are
separated and swept out immediately by the internal-field. Hence, the time window can be used
after the displacement current (less than 1 ps in our experiments), and before the rise of the
forward-bias recombination current (6-10 ps in our cells depending on applied voltage). The
shorter the delay of the laser pulse from the leading edge of the voltage pulse, the more accurate
the field strength can be observed. A 1 s delay was used in this work. (b) To limit the effect of
photocarriers on space-charge distribution, the total charge collected was 10-10 C per pulse, and a
repetition rate 1 Hz was used to ensure that the diode remained close to its equilibrium state.

Typically, a signal was averaged 128 times for each wavelength. The experimental error was
+0.05 V.

II1.2 Conclusions

During phase II of the subcontract we have completed the set-up and demonstrated that the
internal-electric field profile of a-Si:H p-i-n structures can be measured by the transient-null-
current method.

We have just started to collaborate with Qi Wang and Crandall at NREL to investigate the
internal electric field profile on p-i interface hydrogen-diluted, p-ig-i-n, solar cells which show a
stable Vo upon light-soaking.

The transient-null current method works in the single carrier-space-charge limitation time
regime. This method is suitable for both Schottky structure or a p-i-n structure with a longer
delay of the recombination current than its RC constant time. Since the recombination current
rise time is as short as a few s in a 0.4-0.5 um thick p-i-n cells, it is rather difficult to measure
the signal precisely. One should use either a Schottky structure or a 0.001 -0.002 cm? small dot
of a p-i-n structure.
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IV. New material studied by Nuclear Magnetic Resonance (NMR)

IV.1 Introduction

From the material point of view, intrinsic a-Si:H deposited by the hot-wire (HW) CVD
techniquel7 has shown a significant reduction in the generation of light induced defects
compared to the standard device-quality PECVD a-Si:H. This material has been produced with a
wide range of H contents, but the low H content samples (2-3 at.%) have shown the best
electronic properties and the highest stability.17 Presently, there exists no universally accepted
model for SWE.2 However, most agree that H is involved in some way.2:3 Although some
correlation between the amount of H-related microstructure and the metastability has been
suggested, some high quality plasma-enhanced CVD (PECVD) materials do not show detectable
microstructures by small-angle x-ray scattering (SAXS), and yet they exhibit SWE.18 Hence,
other experimental methods are needed to examine this question.

We carried out the Nuclear magnetic resonance (NMR) measurements on the low H content,
stable HW material. NMR is an ideal method for investigating the H distribution in a-Si:H. Both
clustered and isolated phases of H have been identified in device-quality PECVD a-Si:H films
that contain 8-10 at.% H.19:20 On the average, about 70 % of the H is clustered and gives rise to
a broad resonance line of 25-33 kHz. Clusters containing 5-7 H atoms have been found using
Multiple-Quantum NMR (MQ NMR) in device quality PECVD samples.2! A narrow peak with
a full width at half maximum (FWHM) of a few kHz is also observed in all a-Si:H and is
attributed to more dispersed H atoms.19-21 Attempts have been made to link SWE with this type
of local H environment. Preliminary studies of HW suggested a relationship between clustered
H and SWE.22 Other studies have suggested that the isolated H is the most stable and most

desirable configuration.23-25 We address these issues in light of the present NMR results, which
are strikingly different from those of any a-Si:H material examined to date.

IV.2 Sample and experimental

Two hot-wire a-Si:H samples were made at NREL by E. Iwaniczko and B. P. Nelson on Al foil

wrapped on a stainless steel substrate at 360 °C. No difference in NMR characteristics was
found between these two samples. The Al foil was cleaned first using 2% Micro soap in distilled
(DI) water using ultrasound, followed by DI water, acetone, and methanol to rinse, and finally
isopropanol vapor cleaning and N gas drying. The a-Si:H films were removed by dilute HCI
etching and rinsed by DI water, then vacuum-sealed in 4 mm o.d. ESR quartz tubes.

Two aspects of the H microstructures which were investigated in our experiments are the cluster
sizes (i.e., the number of H atoms per cluster), estimated by the multiple-quantum NMR (MQ
NMR) technique, and the separation distance of néighboring H atoms, based on intrinsic
linewidth measurements and MQ NMR. A home-built, low 'H background NMR probe was
used for all NMR measurements. Except for a few spectra taken with a Bruker spectrometer at
4.7 Tesla, all NMR results were obtained using a Chemagnetics spectrometer at 9.4 Tesla. The
applied field varied less than 0.05 ppm over the sample volume.
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IV. 3 Experimental results
IR ABSORPTION SPECTRUM

2400 2000 1600 1200 800 400

Wavenumber (cm-!)
Fig. 13 Typical IR absorption spectrum from hot-wire a-Si:H films with 2-3 at.% H.

The IR spectrum of the HW sample consists of two peaks, one at 630 and the other at 2000 cm-1.
It is well-established that this is the signature of the Si-H bonding configuration.26 A typical
HW sample IR curve is shown in Fig. 13. This measurement is significant since it demonstrates
that the clustered H responsible for the broad component of the NMR absorption spectrum,
shown in Fig. 2(a), must occur as monohydride clusters.

NMR ABSORPTION SPECTRUM AND HOLE BURNING

The free-induction decay (FID) is the NMR signal generated by a single strong radiofrequency
(rf) pulse. This pulse provides uniform excitation over the entire spectral width. The Fourier
transform of this signal reveals the NMR absorption spectrum for the spin system. Fig. 14(a)
shows that the NMR absorption spectrum for the HW sample has a narrow component FWHM of
5.7 kHz and a broad component FWHM of 50 kHz. Although the PECVD spectrum also has a
two-component structure, the FWHM of the broad component is only 36 kHz. Furthermore, the
HW narrow component FWHM decreases to 3.4 kHz when the applied static magnetic field is
reduced to 4.7 Tesla. Similar behavior is observed for the PECVD narrow component FWHM,
which decreases from 5.6 kHz to 3.9 kHz under the same conditions. The field dependence of
the narrow component implies that the chemical shift interaction accounts for part of this
linewidth. This hypothesis can be verified as follows.

The technique of hole burning 12 was used to isolate the contribution of the dipole-dipole
interaction to the narrow component of the HW spectrum. This is accomplished using a

sequence of equally spaced identical rf pulses known as a Dante sequence.2? If T is the time
between pulses, & is the time per pulse, and np, is the number of pulses, then the excitation profile
in the frequency domain consists of a set of bands of width 1/T, spaced by 1/t, with relative
intensities modulated by a sinc function envelope having width 1/8 for the principal maximum.
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Here, T is the total time for the pulse sequence, equal to (np-1)t+npd. The effect of this
sequence is to suppress the NMR absorption for a selected frequency range by equalizing the
populations of the Zeeman eigenstates for the spin system. This leaves a dip, or "hole", in the
NMR absorption. The effect is most pronounced when a series of short, low power pulses is
used. The width of the hole cannot be less than the excitation width 1/T. Hence, this technique
is useful only for spectral features broader than 1/T. When local interactions besides the
chemical shift are present, the minimal hole width may exceed 1/T. In this case, the spin system
determines the lower limit for hole width. In particular, when both chemical shift and dipole-
dipole interactions affect the spin system, the minimal hole width is a measure of the dipolar
coupling strength between spins. The parameter values used for the HW hole-burning spectrum

shown in Fig. 14(b) were 7= 200 ps, 6 = 0.5 ps, and np = 80, giving I/T = 0.063 kHz. The
intrinsic hole width is about 0.5 kHz. This represents the contribution of the dipole-dipole
coupling to the total linewidth for the narrow component, and confirms that a considerable
portion of the linewidth is associated with the chemical shift interaction. Furthermore, the broad
component is strongly saturated by the excitation, indicating that the dipole-dipole interaction
accounts for the entire linewidth, and corroborating the observation that the broad component
linewidth is the same at different applied magnetic fields.
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Fig. 14 (a) The !H NMR spectrum of a high stability HW a-Si:H sample with 2 at.% H,
and (b) the hole-burning spectrum of the HW sample. In (a), the open circles

are the measured data and the dotted lines are the fitting functions. In (b), the
FWHM of the hole is about 0.5 kHz.

MULTIPLE QUANTUM NMR

MQ NMR can be used to determine cluster sizes and interatomic spacing.21:27 This technique
creates multiple-quantum coherences that depend sensitively on the size of the H clusters and the
distance between the H atoms in the clusters. These results can be compared with linewidth
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measurements. Whereas the effectiveness of hole burning as a frequency-selective technique is
limited by the dipolar couplings between spins, these couplings are the basis for the multiple
quantum technique. The multiple quantum pulse sequence has no net effect on a spin system
without these couplings, since the net spin rotation induced by the pulses is zero. In the presence
of the dipole-dipole interaction, however, the effect of these rotations is to develop multiple
quantum coherence in a stepwise manner. This is made possible by the internal evolution of the
spin system between pulses, which cannot be described in terms of pure rotations of spins. As a

result, spin coherences with IAMI > 1 are created, even though the selection rule IDMI = 1 for
magnetic dipole transitions may hold for the individual pulses. (M is the total magnetic quantum
number for the spin system). Since M ranges from -N/2 to N/2 for a system of N spin-1/2

particles (e.g., H nuclei), IAMI for pairs of Zeeman eigenstates ranges from O to N. Although

only IAMI = 1 coherences are observable using the NMR detection method, the intensities of
higher-order coherences can be determined indirectly using the following method.

The intensities of MQ coherence orders depend on the preparation time T,, which was varied by

changing the number of cycles I of the basic eight 90° pulses in the preparation and mixing
periods, as illustrated in Fig. 15. The coherence order intensities are reflected in changes of the
FID intensities as a function of the rf phase increment f for the preparation period pulses. In our

experiments, f was incremented in 32 steps from 0 to 3600; the typical pulse width was 1 ms; the
delay time A was 2 ms and the delay time A' was 2A+8. Thus, the preparation time per cycle was

36 us. The entire FID was recorded in the detection period. This allows the determination of
MQ spectra associated with both the broad and the narrow component of the FID absorption
spectrum. The MQ spectra were determined by taking the Fourier transform with respect to
phase of the FID intensities measured at a given decay time for each of the 2 components. Since

an even-order selective sequence was employed,2! the noise level was estimated from the
magnitude of the odd-numbered coherence orders.

For a pair of identical spin-1/2 nuclei with gyromagnetic ratio 7, an analytical expression for the
normalized MQ signal intensity as a function of ¢ can be derived:

<I>¢ = cos2¢ + {1 - 2sin2[2by(3c0s20 - 1)]} sin2¢ , “4.1)
where bn = 27 (9x10% rad s°1) A' n (10-10 mA)3 ()2,

r is the internuclear separation, and Yp is the proton gyromagnetic ratio, equal to

27m(4.26x107) rad s'! Tesla-l. Here, it is assumed that the internal evolution of the spin system
during the individual pulses is negligible. The powder average is proportional to:

< <Iz>0 >powder = 0820 + (1/2) (T /6bp) /2 sin2¢x
[cos(4bp) C( 2(6bp/Tt)1/2) + sin(4by)S(2(6by/1t)1/2)], 4.2)

where C and S are the Fresnel integral functions. This result is relevant for the interpretation of
the narrow component of the FID spectrum. For larger groups of spins, numerical simulations
can be performed.

The behavior of the broad component of the NMR absorption spectrum for the HW sample under
the sequence in Fig. 15 is shown in Fig. 16 for various preparation times Tp. The highest-order
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coherence continues to increase as 7Tp is increased, indicating a large number of strongly dipolar

coupled spins. According to the MQ spectrum for the longest Tp, this number must be at least 14.
In contrast, the highest-order coherence developed for the broad component of the PECVD

spectrum is DM = 6, even for the longest Tp . This result suggests that this component is due to
isolated clusters containing no more than 7 H atoms each.2!

90°

Tp=36 us
preparation mixing )
| h Tp=72 us
| | | 1ms | detection ]

I, cycles of Tp=144 ps
| L 4

X -X =X

X ., X X -X X 216 s
' ' ) ' A: I l N S|
8 A 8 8 A 8 8 A 8 8 A 85 1 ) 1 ) 1 ! 1 1 1
1 ! 02 4 6 81012141

DM (coherence order)

o>

Fig. 16 MQ spectrum for the broad
component in the hot-wire
sample

Fig. 15 Pulse sequence for MQ NMR

IV. 4 Conclusion

The microstructures of 2-3 hydrogen at.% hot-wire CVD a-Si:H films were characterized by 1H
Nuclear Magnetic Resonance. Significant differences were found between the hydrogen
distribution in these samples and that in conventional plasma-enhanced CVD samples. Among

“other things, the broad resonance line in the hot-wire a-Si:H is 50 kHz wide, which is much
broader than that observed 25-35 kHz in PECVD a-Si:H films. Moreover, a 0.5 kHz resonance
absorption hole width due to intrinsic dipolar interactions is obtained using the hole-burning
technique. Surprisingly, approximately 90 percent of the hydrogen atoms give rise to the 50 kHz
line and only a very small percentage of the hydrogen atoms give rise to the much narrower
resonance line.

This result demonstrates very clearly that small H clusters with large numbers of H atoms are the
typical microstructure of the high stability HW a-Si:H materials. However, the nature of these H
clusters needs to be clarified.

Our MQ NMR results, together with previous works, show that the clusters contain no more than
7 H atoms in PECVD a-Si:H, whereas much larger H complexes occur in HW a-Si:H. These
results indicate that multi-vacancy "defects" may be present in HW a-Si:H and these "defects"
play an essential role in the relaxation of the a-Si:H network.
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Further effort

We have completed the Phase II of the research program and met the project goal. This has been
accomplished by the EL spectroscopy and the transient current technique. In addition, we have
found the unexpected hydrogen distribution of the hot-wire materials by NMR and MQ NMR
techniques without financial support from NREL/DOE. Efforts will be continued to cooperate
with team members, especially members from the PV industry to study the factors governing the
SWE in a-Si:H solar cells. We will pay more attention to the EL measurements, which give
more directly useful information to this subject, and to the internal electric field profile of p-i-n
structures. The NMR measurements, which give structural information on the new hot-wire
materials are important. We would like to continue the work if we can find financial support.
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