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Abstract We report on light-induced electrical and macroscopic changes in hydrogenated polymorphous
silicon (pm-Si:H) PIN solar cells. To explain the particular light-soaking behavior of such cells — namely
an increase of the open circuit voltage (Vo) and a rapid drop of the short circuit current density (Jsc) —
we correlate these effects to changes in hydrogen incorporation and structural properties in the layers
of the cells. Numerous techniques such as current-voltage characteristics, infrared spectroscopy, hydrogen
exodiffusion, Raman spectroscopy, atomic force microscopy, scanning electron microscopy and spectroscopic
ellipsometry are used to study the light-induced changes from microscopic to macroscopic scales (up to tens
of microns). Such comprehensive use of complementary techniques lead us to suggest that light-soaking
produces the diffusion of molecular hydrogen, hydrogen accumulation at p-layer/substrate interface and
localized delamination of the interface. Based on these results we propose that light-induced degradation
of PIN solar cells has to be addressed from not only as a material issue, but also a device point of view. In
particular we bring experimental evidence that localized delamination at the interface between the p-layer

and SnO2 substrate by light-induced hydrogen motion causes the rapid drop of Js..

1 Introduction

Hydrogenated amorphous silicon (a-Si:H) is widely
used as an absorber layer for thin film solar cells. It has
generated tremendous scientific and technical interest for
two reasons: firstly, a-Si:H has several interesting mate-
rial properties that have opened up many opportunities
for semiconductor device applications, such as a high ab-
sorption coefficient and a high optical bandgap. Secondly,
the glow discharge deposition technique, also referred to
as plasma enhanced chemical vapor deposition (PECVD),
has enabled the production of a-Si:H films at a low tem-
perature (~200 °C) over large areas (~several m?). This
low process temperature allows the use of a wide range
of low cost substrates such as glass, metal and polymer
foils. In addition, a-Si:H can be easily doped and alloyed
by adding the appropriate gases to a source gas, usu-
ally silane. However, it also displays a serious technical
drawback, the so-called Staebler-Wronski effect (SWE) [1].
Indeed, were it not for their light-induced degradation,
numerical simulations have predicted that a-Si:H based
single junction solar cells could realistically display up to
12% conversion efficiency [2], thus competing with mul-
ticrystalline silicon solar cells. Generally, SWE is synony-
mous of light-induced creation of metastable defect states,
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which work as recombination centers, and it mostly affects
the intrinsic layer of PIN solar cells. Therefore, in order
to overcome the light-induced degradation, the efforts to
improve the stability of a-Si:H involved the development
of various types of intrinsic materials using hydrogen di-
luted silane gas mixtures such as microcrystalline silicon
(ue-Si:H), protocrystalline silicon (pe-Si:H) [3] and poly-
morphous silicon (pm-Si:H) [4]. This last material is char-
acterized by the formation of silicon nanocrystals in the
plasma, which contribute to deposition along with SiH,
radicals. This results in a nanostructured material whose
amorphous phase has a medium range order and is more
relaxed than that found in standard a-Si:H [5,6]. The vol-
ume fraction of small crystallites in this material is less
than 10% [7]. Contrary to pc-Si:H, pm-Si:H films can be
made thick enough to be used as an absorber layer of thin
film solar cells because the microstructure of pm-Si:H does
not depend on the thickness of the film or on the nature
of the substrate, as its deposition mechanism mainly re-
lies on the silicon nanocrystals synthesized in the plasma,
so the nanocrystals distribute to all over the film thick-
ness. Moreover, such deposition conditions coincide with
those which result in a higher deposition rate compared
to a-Si:H [8]. Through spectroscopic ellipsometry, Ruther-
ford Backscattering and ERDA measurements, it has been
shown that pm-Si:H films are denser than a-Si:H films,
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in spite of their high hydrogen content, in the range of
15—20% [7]. The peculiar structure of pm-Si:H results in
a low defect density (of the order of 10 cm™3eV~! at
Fermi level as measured by SCLC and modulated pho-
tocurrent) and higher resistance to light-soaking than a-
Si:H [8-10]. In particular improved hole transport appears
to be a key point for the application of this material in
solar cells [11].

In this work, we focus on the metastability of pm-Si:H
PIN solar cells compared to a-Si:H ones. Our results show
that pm-Si:H PIN solar cells have reduced SWE, but show
strong changes in their structure, which take place at the
early stage (~two hours) of light-soaking. In particular,
we aim at explaining the increase in open-circuit volt-
age (V,.) and fast decrease of short-circuit current den-
sity (Js¢) in pm-Si:H PIN solar cells and establish a rela-
tionship between these changes in the electrical properties
and structural changes related to hydrogen diffusion to the
substrate/p-layer interface and local delamination of the
interface during light-soaking.

2 Experiments

The PIN solar cells were deposited at 175 °C by the
radio-frequency (RF, 13.56 MHz) glow discharge PECVD
method in a multiplasma-monochamber reactor [12]. Stan-
dard a-Si:H was obtained by the dissociation of pure
silane at low pressure (50 mTorr) and low RF power
density (5 mW/cm?). Intrinsic pm-Si:H films were de-
posited under carefully controlled plasma conditions us-
ing hydrogen-diluted silane gas mixture. In this work, our
pm-Si:H layers were deposited at high pressure of 2 Torr
and RF power density of 30 mW /cm?. The solar cells had
the following structure: glass/textured SnOs:F /p-type hy-
drogenated amorphous silicon carbon (a-SiC:H)/a-SiC:H
buffer /intrinsic layer/n-type a-Si:H/Al contact. The area
of the cells was 0.126 cm?. a-Si:H and pm-Si:H PIN layer
stacks were also deposited on Corning Eagle glass, flat
TCO and highly resistive (>10* Qcm) FZ c-Si sub-
strates for more comprehensive studies. The thickness of
p and n doped layers were about 170 and 130 A respec-
tively, and the intrinsic layer thickness varied from 2000
to 5000 A.

To study the macroscopic and microscopic changes in
the layers and devices, a number of characterization tech-
niques were employed. For the light-induced degradation
studies, sets of current-density-voltage (J(V)) measure-
ments at various stages of the light-soaking were per-
formed. The J(V') measurements during the early stages
of light-soaking were taken more frequently than later, in
order to accurately monitor the dynamics during this criti-
cal phase. Between each J(V') measurement, the cells were
light-soaked in the open-circuit condition using an Oriel-
Apex Xe lamp. The cells were both light-soaked and had
their J(V) curves measured under an intense illumina-
tion of 200 mW /cm? (equivalent to 2 suns), to accelerate
light-induced degradation. During light-soaking, the PIN
solar cells were fan cooled to limit illumination induced
heating. The temperature of the PIN solar cells, measured

by PT100 thermometer during light-soaking, stayed under
50 °C.

Structural changes during light-soaking were
characterized through in-situ micro Raman scatter-
ing measurements. A He Ne laser (632 nm) and a
back-scattering collection configuration were used for the
Raman measurements. For the light-soaking, a white light
source with an intensity of 80 mW /cm? was applied from
the glass side. The test was done for both a-Si:H and
pm-Si:H PIN layer stacks on Corning Eagle glass, and
the study on the pm-Si:H PIN was done twice to check
its reproducibility. During light-soaking, Raman spectra
were measured every five minutes, and for the second
pm-Si:H PIN test, the measurement was done every two
minutes.

In-situ surface morphology characterization during
light-soaking was obtained from AFM measurements.
Tapping mode was used to prevent the cantilever from
dragging across the surface and resulting in surface dam-
age, as well as providing higher resolution. The samples
were exposed to light from the n layer side, with an inten-
sity of 150 mW /cm?. The scan rate was chosen to be slow
because the surface displays low roughness and small fea-
tures. Scanning area size was varied from 500 x 500 nm?
to 2 x 2 um?. Sets of AFM images were analyzed by sur-
face grain extraction, from which the surface grain size
and distribution were obtained. In addition, a set of pm-
Si:H PIN layer stacks co-deposited on various substrates
such as Corning Eagle glass, textured SnOy:F (Asahi-U),
and flat ZnO:Al, was light-soaked for longer periods (up to
100 h under 100 mW /cm?) and the changes in their topol-
ogy were characterized by scanning electron microscopy
(SEM) and atomic force microscopy (AFM). Veeco’s Di-
mension 5000 was used for AFM, and Hitachi 4800 was
used for SEM.

Another important feature in the evolution of film and
device properties under light-soaking is the behavior of
the hydrogen they contain. To study the characteristics
of Si-H bond breaking and subsequent dangling bond re-
combination as a consequence of light-soaking, infrared
absorption was measured for both a-Si:H and pm-Si:H
solar cells. Infrared spectra in transmission mode were
measured with a Nicolet 6700 Fourier transform infrared
spectrometer on samples grown on (100) highly resistive
(>10* Qcm) FZ c-Si substrates. Its resolution was set to
4 cm™!. The transmission spectra, resulting from the av-
erage over 32 scans, were normalized to the transmission
of the c-Si substrates. As a complementary study for in-
frared absorption, hydrogen exodiffusion experiments were
performed on pm-Si:H PIN stacks. During these experi-
ments, the base vacuum was 10~7 mbar and the heating
rate was 10 °C/min. The effused hydrogen was detected
by a quadruple mass spectrometer (QMS), and recorded
in a continuous manner with the increase in temperature,
to obtain the hydrogen exodiffusion spectrum. For this
study, a pm-Si:H PIN solar cell was prepared on Corning
Eagle glass substrate and then cut into three pieces: one
as a control, a second one light-soaked for one hour, and
a third one light-soaked for 20 h.
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Fig. 1. Evolution of a-Si:H and pm-Si:H PIN solar cell (a)
power conversion efficiency (b) normalized Ji. (c) normalized
Voe and (d) normalized Fill Factor during light-soaking under
an illumination of 200 mW /cm?.

To characterize the variations in the material proper-
ties during light-soaking, spectroscopic ellipsometry was
performed on a pm-Si:H PIN solar cell deposited on flat
glass. The cell was light-soaked for 200 min and five SE
spectra were taken during this period. The resulting spec-
tra were modeled using the Tauc-Lorentz dispersion model
and the material parameters were obtained from the mod-
eling [7].

3 Results

3.1 Evolution of the solar cell parameters as a function
of light-soaking time

Figure 1 shows the power conversion efficiency, normal-
ized Js., normalized V. and normalized Fill Factor of PIN
solar cells as a function of light-soaking time. One can see a
clear difference in the light-induced degradation behavior

of the pm-Si:H and the a-Si:H PIN solar cells. The conver-
sion efficiency behavior shows that the pm-Si:H solar cell
is more stable than that having a-Si:H as intrinsic layer.
However, the pm-Si:H solar cell shows a rapid efficiency
drop at the early stages (about first two hours) of light-
soaking. The J,. of the pm-Si:H solar cell (Fig. 1b) shows
a faster initial drop followed by a phase of more moderate
degradation at longer light-soaking times, while the a-Si:H
solar cell demonstrates a monotonic degradation and no
clear distinction into such “phases”. The faster initial de-
crease of Jg. is the major contribution to the initial effi-
ciency degradation of pm-Si:H solar cell, and it differs in
character from the classic stretched exponential behavior
observed in a-Si:H. The difference in behavior between the
two types of cells is also striking for V,. (Fig. 1c), which
increases for the pm-Si:H cell, whereas it drops for the a-
Si:H solar cell during light-soaking. This behavior cannot
be explained by heating of the cells. Indeed if this were
the case, then we should observe a decrease in V,. and an
increase in Jg.. Therefore, the increase of V. provides a
strong indication that heating effects are negligible dur-
ing light-soaking, in agreement with the Pt-100 thermo-
resister probe measurement indicating that the temper-
ature of the PIN solar cells stayed under 50 °C during
light-soaking. It is important to note that the data in Fig-
ure 1 were continuously recorded during the light-soaking,
without turning off the lamp. Further results on the ir-
reversibility of pm-Si:H solar cells characteristics will be
presented in a forthcoming publication.

Various hypothesis have been proposed to explain
the increase in V,.: (i) the activation of boron in the
p-layer of the solar cells during light-soaking [4,13-18], (ii)
light-induced changes in the intrinsic mixed-phase mate-
rial [19-21] and (iii) decrease in valence band tail and state
re-distribution at p/i interface [22]. Most of those studies
deal with solar cells based on a-Si:H materials deposited
by dissociating silane-hydrogen gas mixtures, while our
standard a-Si:H was deposited by dissociating pure silane.
Therefore, the physical origin of the V. kinetics of the a-
Si:H solar cells in the literature can differ from that of our
standard a-Si:H PIN solar cells. Besides, common physi-
cal origin in the discussion of the V. increase is hydrogen
motion, and it is rather related to the highly hydrogen
diluted silane gas mixture of pm-Si:H deposition. Another
interesting point on the V. increase in the literature is
that none of those studies addressed comprehensive study
with kinetics of Js.. It has also been reported that a-
Si:H shows very fast creation of charged gap states during
light-soaking which could be related to the fast degrada-
tion kinetics of the pm-Si:H cell [23], but midgap state
creation should lead to a decrease in V. in addition to
that of the overall efficiency. Therefore, we consider that
fast state creation is insufficient for the explanation be-
hind the particular degradation of pm-Si:H solar cells and
that other phenomena must be involved. To better under-
stand the light-induced changes reported in Figure 1, a
set of complementary techniques was used to characterize
the changes in the structure of the films during or after
light-soaking.
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Fig. 2. Raman spectra evolution during light-soaking (LS) of (a) pm-Si:H, (b) a-Si:H PIN solar cells and (¢) Raman spectrum
of as-deposited pm-Si:H PIN solar cell and its deconvolution. Note that spectra evolution data are presented for LS times up to

30 min.

3.2 In-situ Raman studies

Figures 2a and 2b show the evolution during light-
soaking of the Raman spectra of the a-Si:H and pm-Si:H
PIN stacks on glass, for which the spectra have been nor-
malized to the intensity of the TO mode. In contrast with
a-Si:H PIN stack, the Raman spectra of the pm-Si:H PIN
displays a peak shift during light-soaking, as well as a
small broadening, and these two changes were observed in
multiple samples. To quantify these changes, TO peak po-
sition and RMS bond angle deviation, §6, were determined
through deconvolution of the measured spectra. Figure 2c
shows the Raman spectrum of as-deposited pm-Si:H PIN
stack and its deconvolution. The Raman spectra of both
pm-Si:H and a-Si:H consist of a broad peak located at
around 480 cm ™!, which corresponds to the TO mode in
the amorphous phase, and the LO and LA modes are addi-
tionally observed at lower wave numbers around 330 cm !
and 440 cm ™!, respectively [24-26].

The half width of the TO band (I") is a sensitive mea-
sure of local disorder, and correlates with rms deviations

in the bond angle (66) from the ideal tetrahedral bond an-
gle of 109.4°. The shift of the peak position can be treated
as a measure of the average strain resulting from built in
stress. To minimize the influence of the weak vibrational
modes, LA and LO, one can perform a best fit on each
spectrum from 250 to 550 ecm ™! by three Gaussian curves
and a straight base line [24]. The RMS bond angle devi-
ation was deduced using the following formula, proposed
by Beeman et al. [27,28].

I' =154 646.

Figure 3 shows the TO peak position and §6 change dur-
ing light-soaking. One can clearly see that the TO peak
of pm-Si:H PIN shifts towards lower wavenumbers dur-
ing light-soaking, whereas the two a-Si:H PINs show no
change. Since the shift of the Raman peak towards lower
wavenumbers could be due to local heating from laser ex-
citation, the pm-Si:H PIN was allowed to cool in the dark
for 20 min after light-soaking. However, the peak posi-
tion remained same, as shown in Figure 3a. Physically, a
phonon is a quantized mode of vibration occurring in a
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Fig. 3. Evolution of (a) TO peak position and (b) RMS bond
angle deviation as deduced from Raman scattering measure-
ments during light-soaking. On some samples we have checked
that these material properties did not change after turning off
the light.

rigid crystal lattice, such as the atomic lattice of a solid.
The Raman spectra peak shift towards lower k£ can be re-
garded as a consequence of increasing the inter-atomic dis-
tance, that is, tensile stress. On the other hand, it should
be noted that for all the samples, the TO band position
in the as-deposited state is above at 480 cm™! which can
be related to compressive stress in the as-deposited films.
However, while the peak position does not change for the
a-Si:H PIN stack, it shifts to low wavenumbers for the pm-
Si:H case during light-soaking. It can therefore be stated
that the cells are under high compressive stress, as is usu-
ally the case for plasma deposited silicon thin films [29].
In other words, the peak position evolution from higher
k to lower k (towards 480 cm™!) suggests a relaxation
of compressive stress during light-soaking for the pm-Si:H
films.

3.3 In-situ AFM studies

Figures 4a—4d show examples of AFM images taken
in both the as-deposited and light-soaked states for both
a-Si:H and pm-Si:H PIN stacks on glass. For both a-Si:H
and pm-Si:H PIN layer stacks we observe a grain struc-
ture related to the surface roughness of the samples. In-
deed, based on the Raman spectra shown in Figure 2, the
grains are amorphous. The Watershed image processing
segmentation algorithm was used to extract information
about the surface grain area [30,31] by splitting the im-
ages into grains, based on the topology of the image. Fig-
ure 4e summarizes the surface grain size change during
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Fig. 4. AFM images of pm-Si:H and a-Si:H solar cells on Corn-
ing Eagle glass before (a, ¢) and after (b, d) light-soaking, and
(e) mean surface grain area evolution during light-soaking, as
extracted from AFM images. Note that no evolution is ob-
served for the a-Si:H film, and that the evolution for the pm-
Si:H cell stops when the light source is off.

light-soaking analyzed from surface grain extraction. One
can see that the surface grain area of pm-Si:H PIN in-
creases as a function of light-soaking time, and this ex-
pansion stops if light-soaking is stopped, which is to say
that the surface expands while light-soaking occurs, and it
remains expanded once light-soaking stops. For the a-Si:H
PIN, no significant change was observed. As in the case of
the Raman measurements, these results were reproduced
in multiple trials.

To eliminate the effect of image drift on the AFM scan
during light-soaking, individual grain sampling was per-
formed on a selected set of grains. As shown in Figure 5a,
a region was first chosen from the AFM images that re-
mained within the field of measurement during the light-
soaking, and eight surface-grains from within that region
were analyzed. The surface of each grain was extracted
by the Watershed algorithm. Figure 5a shows an example
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Fig. 5. (a) Demonstration of zone selection for AFM images
to follow changes in area of individual grains, and (b) average
surface area evolution of selected grains during light-soaking of
pm-Si:H film.

from cropping a sample region, and Figure 5b shows the
average area of the eight selected grains as a function
of light-soaking time. In spite of the small sample size,
the manual grain extraction shows the same trend as the
statistical group behavior of surface grains in Figure 4e.
Therefore, one can conclude that the “swelling” behavior
of the surface grains is not due to an image drift effect,
but due to light-soaking induced changes on the thin film
topology.

3.4 Infrared absorption studies

Figure 6 shows the absorbance spectra in the stretch-
ing region of a-Si:H and pm-Si:H PIN stacks on FZ

c-Si substrates extracted from infrared transmission. The
stretching region of infrared absorption consists of two
peaks centered at 2000 ecm~! and 2090 em~! [32]. The
2000 cm~! mode is commonly associated with isolated
Si-H groups in the bulk, related to the saturation of the
dangling bonds during growth [33], while the 2090 cm ™1
mode is attributed to clustered monohydrides and/or di-
hydrides. Furthermore, there is a third peak, which is
detected in pm-Si:H PIN samples, centered at around
2030 cm~!. The stretching mode at 2030 cm™' has
been interpreted as clustered Si-H groups in the form
of platelet-like configurations [34]. Therefore, this com-
ponent could come from Si-H bonds at the amorphous-
crystalline interface at nanocrystals surface in pm-Si:H.

Infrared absorption behavior during light-soaking is
quite distinct for those two materials. a-Si:H PIN shows
slow but steady reduction of its stretching modes ab-
sorbance during light-soaking. It is believed that Si-H
bonds are broken under illumination, creating dangling
bonds. However, in pm-Si:H PIN case, there is an increase
in its stretching modes absorption at the early stages (up
to five hours) of light-soaking. The absorption starts to
decrease after light-soaking for 20 h, but the absorption
is still higher than as-deposited state. The result shows
a good agreement with literature [35]. Few more tests
were done for the reproducibility, and the initial absorp-
tion increase was found to be reproducible. Multiple in-
frared transmission spectra were taken to check the error
range, which was found to be in +0.1% of its absolute
transmission. Thus the error range is much lower than
the change in transmission caused by light-soaking, which
is more than 40.5%. Therefore, one can conclude that
there is very small change in total amount of Si-H bonds,
both in a-Si:H and pm-Si:H PIN layer stacks, but there
is reproducible consistency in their behavior. That is, ini-
tial increase of infrared absorption band of pm-Si:H PIN
layer stack contrary to a-Si:H, which shows monotonous
decrease.

3.5 Hydrogen exodiffusion studies

Figure 7 shows the Hy partial pressure detected dur-
ing exodiffusion, normalized to the volume of the sample,
as a function of temperature of pm-Si:H PIN layer stack
on glass. The exodiffusion spectrum of the as-deposited
pm-Si PIN shows two distinct peaks at around 350 °C
and 500 °C along with hydrogen spikes at low temper-
ature around 250 °C. The peak at 350 °C is associated
with the presence of weakly bonded hydrogen, which char-
acterizes pm-Si:H [34, 36], or it is also considered to be
molecular hydrogen in the material [37,38]. At 500 °C,
hydrogen from isolated Si-H bonds effuses, leaving behind
dangling bonds [39]. In addition, it should be noted that
the low temperature peak at 350 °C can be also come
from the fact that we are analyzing a PIN stack instead
of just an intrinsic layer. As a matter of fact, it has been
shown that there is a quite different effusion behavior be-
tween p/i and n/i layer stacks. The p/i structure shows
the low temperature effusion peak at 300 °C, while n/i
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Fig. 6. Absorbance spectra of stretching modes of (a) a-Si:H and (c¢) pm-Si:H PIN layer stacks on intrinsic FZ wafer and their
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(black), after one hour of LS (red), after 5 h (blue) and after 20 h (green).

structure shows shift of the effusion peak to higher tem-
perature of 450 °C [40]. There are few possible reasons
to have a low temperature peak in the structure with p-
layer at bottom. Boron doped a-SiC:H layers are porous,
and have a high diffusion coefficient of hydrogen [41], so
atomic hydrogen could incorporate if another layer is de-
posited on top of the boron doped a-SiC:H layer. There-
fore, molecular hydrogen could already exist in p-layer or
p-layer/substrate interface. More detailed comprehensive
view with the other results will be dealt in the discussion
section.

The most striking result in Figure 7 is that the peak at
350 °C disappeared after light-soaking for one hour. This
change is reproducible and is also observed on the sam-
ple light-soaked for 20 h. It is in fact surprising because
not only the change is very abrupt, but also such change
is much stronger than the change in infrared absorption
study in previous section. Reminding that only bonded
hydrogen is detected by infrared spectroscopy, the origin
of the peak at 350 °C should be molecular hydrogen in
microvoids or at p-layer/substrate interface. Furthermore,
the signal at 400 °C increased after light-soaking. It is con-
sidered to be related to the initial increase of stretching
modes absorbance in previous section (Fig. 6). It implies

— As deposited
—— LS 1 hour
——— LS 20 hours

H Partial Pressure (a. u.)

0 100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 7. Hydrogen exodiffusion results of co-deposited pm-Si:H
PIN solar cells for three light-soaking (LS) states : as-deposited
(black), after one hour of LS (red), and after 20 h (blue). Note
the disappearance of the peaks around 350 °C even after 1 h
of LS.

that a portion of molecular hydrogen in 350 °C peak may
have converted into bonded hydrogen. After light-soaking
for 20 h, the signal at 400 °C is still higher than its initial
value, even if the high temperature signal (~500 °C) shows
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Fig. 8. Evolution of (a) pseudo-dielectric function of a pm-Si:-H PIN layer stack on Corning Eagle glass at various stages of
light-soaking, as measured by spectroscopic ellipsometry, and of material parameters as extracted from the measured spectra:
(b) optical bandgap FEopt, (c) density parameter A, (d) disorder parameter C, and (e) surface roughness.

obvious reduction. In order to have more detailed infor-
mation, the exodiffusion results were deconvoluted into
five Gaussian peaks, and the results of such analysis are
summarized in Table 1. The exodiffusion result of the as-
deposited sample is characterized by five peaks at 320 °C,
353 °C, 469 °C, 516 °C and 591 °C. Note that the spikes
were not taken into account in the deconvolution. Table 1
shows that the area of the peak at 460 °C increased after
light-soaking for one hour, while the two low tempera-
ture peaks (320, 353 °C) disappeared. This gives support
to the fact there is not only diffusion of molecular hy-
drogen, but also reconstruction of Si-H bonding during
light-soaking [36], and molecular hydrogen should play an
important role in this process [42].

Last but not least, unusual sharp spikes are observed
at low temperature (as low as 50 °C) for the light-soaked
samples. The detection of these low temperature spikes in
the light-soaked samples suggests that a portion of molec-

ular hydrogen (350 °C peak) is also transformed to be mo-
bile during the light-soaking and accumulates at internal
cavities or at the film/substrate interface. This hydrogen
can easily escape during macroscopic cracking events and
introduce sharp and rapid increases in hydrogen partial
pressure at even lower temperature than 350 °C in the
exodiffusion experiments [37].

3.6 Spectroscopic ellipsometry studies

Figure 8 shows the imaginary part of the pseudo-
dielectric function of the film measured by spectroscopic
ellipsometry, as well as the material parameters deduced
from modeling the pm-Si:H PIN stack on glass. Let us re-
call that E,p,: is the optical bandgap, whereas A and C
are parameters related to the density and the disorder,
respectively [7,43]. It is interesting to note that most of
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Table 1. Peak positions and integrated areas extracted from exodiffusion results of Figure 6. Data are presented for co-deposited
pm-Si:H cell layer stacks after three light-soaking conditions (as-deposited, 1 h, and 20 h).

As-deposited

Light-soaked 1 h

Light-soaked 20 h

Peak position (°C) Area (a.u.) Peak position (°C) Area (a.u.) Peak position (°C) Area (a.u.)
320 2.43
353 2.32
469 9.06 464 12.1 457 9.44
516 2.99 507 2.59 509 1.98
590 2.23 596 1.18 584 1.35
Total 19.03 15.87 12.77

the changes occur during the initial stages of light-soaking,
especially during first 100 min. The zoom of the high
energy part of the ellipsometry spectra (Fig. 8a) shows
that during the first 40 min of light-soaking there is a
strong decrease in the amplitude of €5, which can be ac-
counted by an increase of the surface roughness of the
films (see Fig. 8e), consistent with published results [44]
and AFM images (Figs. 4 and 5). At longer times, light-
soaking mainly results in a shift of the absorption edge
(low energy part in the zoom of €2) to lower energy. This
shift is associated with the decrease of the E,p,: (Fig. 8b).
There are two possible reasons for the decrease in E, ;. It
could refer that Si-H is breaking as a consequence of light-
soaking, even if our infrared spectroscopy shows initial in-
crease of Si-H bonding absorption, yet E,,; showed a bit
delayed decrease comparing to the other material param-
eters. The other reason can be the inter-atomic distance.
In-situ Raman and AFM revealed that light-soaking in-
troduces stress-relaxation, which also implies that inter-
atomic distance gets larger after light-soaking. Less split-
ting of orbital energy (band gap) is then expected from
larger inter-nuclear distance of atoms. Decrease of the den-
sity parameter A suggests that the sample is getting more
porous. Such porosity could connect the stress relaxation
detected by Raman and AFM measurement to the hydro-
gen cavity formation in exodiffusion study (sharp low tem-
perature peaks). Furthermore, increase in surface rough-
ness could be also connected to the macroscopic change
observed by AFM.

3.7 Long term changes in surface morphology
for stacks on transparent conductive oxides

In the previous sections, changes in film morphology
during light-soaking were observed for the films deposited
on glass or crystalline silicon wafer. We turn now to light-
soaking effects on the same PIN layer stacks deposited on
transparent conductive oxide substrates. Figure 9 shows
SEM and AFM images of the surface of pm-Si:H PINs
on flat ZnO:Al both before and after light-soaking for
16 h. Images throughout the entire 1 x 1 square inch sub-
strate were acquired on the as-deposited state and af-
ter light-soaking. While the as-deposited sample shows
no clear feature except surface roughness (Fig. 9a), the
light-soaked sample shows that the surface morphology is
strongly modified (Fig. 9b). A large number of both dark

¢

Fig. 9. SEM images of pm-Si:H PIN solar cell surface when de-
posited on flat ZnO:Al : (a) as-deposited, and (b) light-soaked
(LS) for 16 h. (inset, ¢) AFM image of surface shown in (b).

objects and mound-like objects is observed and the forma-
tion of holes takes place all over the surface. The depth
of the holes and height of the mounds are estimated from
the cross section of the AFM images (Fig. 9¢). The depth
of the holes varies from 30 to 400 nm, which means that
some of the holes correspond to a complete peeling off
of the pm-Si:H PIN layer. The height of the mound-like
objects is of the order of about 100 nm. For the mound
like objects, it is clear that they are not dust or particles
because of their surface topology is similar to that of the
rest of the surface, as well as the fact that they are not
seen in the as-deposited state. In addition, not only cir-
cular shaped holes, but also many irregular shaped holes
are found in SEM images. It implies that the macroscopic
changes are similar to the buckling observed when films
are annealed at high temperature [34,40,45,46].

Because the above results could be due to the use of
flat ZnO:Al, we performed another light-soaking test on
a pm-Si:H PIN layer stack deposited on a textured Asahi
(SnO4:F) substrate, which is usually used for PIN solar
cells. The PIN layer stack was light-soaked for 100 hours,
and again many irregularly shaped large holes were found.
Figure 10 shows an AFM image of one of these holes. One
can see that the size of the hole is larger (~20 pm) than
the ones in Figure 9 (~few pm), and its depth corresponds
to the film thickness (about 400 nm), suggesting that the
film has completely peeled off. Furthermore, many small
sized holes (~few pum) are also seen in Figure 10, similar
to those observed on flat ZnO:Al (Fig. 9b). As mentioned
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Fig. 10. (a) AFM image of a pm-Si:H PIN on textured Asahi
substrate after 100 h of light-soaking and (b) cross-sectional
profile measurement through center of hole showing a depth of
almost 400 nm.

in the paragraph above, it is believed that the formation
of those irregular shaped holes and mounds is linked to
the relaxation of the high compressive stress in the as-
deposited films.

4 Discussion

With the experimental results presented above, we now
aim to understand the particular evolution of the pm-Si:H
solar cell parameters (V,., Js.) shown in Figure 1. In-situ
Raman and AFM measurements reveal that light-soaking
plastically relaxes mechanical stress. Light-soaking also in-
troduces large structural changes resulting in the diffusion
of molecular hydrogen, as deduced from infrared absorp-
tion, exodiffusion and spectroscopic ellipsometry studies.
For a long exposure time, light-soaking leads to the for-
mation of holes — where the film completely peels off — and
mounds, which form with a height up to half of the film
thickness.

One could argue that the presented results can be led
by illumination induced local heating. However, three ob-
servations suggest this is not the case. First, heating of
the PIN solar cells by illumination was suppressed by fan
cooling. As mentioned above, the temperature stayed un-
der 50 °C even at 2 suns of illumination (well below the
deposition temperature of 175 °C). Second, we have ob-
served increasing V,. and decreasing Js.. The opposite

would be seen if pm-Si:H cells were heated. At last, Ra-
man measurements show that the TO peak remained in
same position even after cooling down for 20 min. There-
fore, we conclude that the macroscopic changes presented
here do not rely on heating, but on illumination.

Based on our experimental study, the collected results
can be summarized as follows:

1. Light-soaking introduces a fast decrease in Js. and an
increase of V,. on pm-Si:-H PIN solar cells (Fig. 1).

2. In-situ Raman measurements (Figs. 2 and 3) reveal
that light-soaking relaxes the compressive stress in the
as-deposited pm-Si:H PIN, and such relaxation is con-
nected to surface expansion as detected by in-situ AFM
measurements (Figs. 4 and 5).

3. Infrared absorption and exodiffusion studies (Figs. 6
and 7) demonstrate that light-soaking induces strong
changes on the hydrogen distribution in the material. In
particular, the disappearance of the exodiffusion peak
at 350 °C, the increase in infrared stretching modes
absorbance, as well as the increase in the exodiffusion
signal at 400 °C and the arise of low temperature sharp
spikes after light-soaking. These results suggest that
molecular hydrogen in the pm-Si:H PIN stack (350 °C
peak in exodiffusion) effuses out during light-soaking,
and a portion of the effused hydrogen is converted into
bonded hydrogen and into hydrogen filled cavities, in
particular at the substrate/p-layer interface.

4. Spectroscopic ellipsometry studies (Fig. 8) also provide
evidence of macroscopic changes of pm-Si:H PIN solar
cell through the evolution of the density parameter A
and the increase of surface roughness.

5. The SEM and AFM results (Figs. 9 and 10) reveal vis-
ible macroscopic changes due to light-soaking, which
manifest through the formation of macroscopic holes
and mounds.

These results lead us to postulate that light-soaking leads
molecular hydrogen to effuse from pm-Si:H PIN solar
cell, and a fraction of molecular hydrogen (made mo-
bile during light-soaking) forms cavities, probably around
the silicon nanocrystals of the pm-Si:H material and at
the substrate/p-layer interface. This causes the mounding
and peeling behavior observed in the microscope images.
Therefore, the question is whether there is a connection
between the macroscopic changes and the behavior of the
solar cell parameters.

Indeed, there is a general consensus on light-soaking
modifying hydrogen incorporations in a-Si:H. Light-
induced, long-range H motion has been postulated as
the key step in the Branz model of SWE defect forma-
tion [47,48]. According to the Branz model, only a small
subset of the Si-H bonds involved in the SWE contributes
to metastable dangling bond formation, while most of the
broken Si-H bonds are recycled by re-trapping mobile hy-
drogen. This process could be a reason for the molecu-
lar hydrogen diffusion during light-soaking [47-49]. We
therefore postulate that the large structural changes re-
ported above are macroscopic manifestations of molecular
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hydrogen accumulation at the interface between the sub-
strate and the PIN stack.

However, there is still a question remaining about
the fast diffusion of hydrogen. As a matter of fact, it is
reported that hydrogen diffusion in a-Si:H is more mod-
erate than the result presented here [37,48,49]. Neverthe-
less, one can still find the difference in the hydrogen diffu-
sivity between pm-Si:H and a-Si:H, recalling the abrupt
disappearance of exodiffusion peak at 350 °C (Fig. 7)
while infrared absorption measurements show only small
changes in Si-H bond concentration (Fig. 6). Therefore,
such fast hydrogen diffusion cannot originate from Si-H
bond breaking, but from molecular hydrogen in the ma-
terial. As mentioned above, molecular hydrogen could ex-
ist either in microvoids or at the p-layer/substrate inter-
face, and it could have effused out during light-soaking
by stress relaxation observed in Raman and AFM studies
(Figs. 2 and 3). It has been reported that molecular hydro-
gen can diffuse faster in a highly inhomogeneous material
such as pm-Si:H [38]. In addition, such diffusion would be
even accelerated if the material experiences a volume ex-
pansion, providing larger space to hydrogen. As a matter
of fact, there has been a great deal of research on light-
induced volume changes [50]. Various beam bending ex-
periments have been performed using samples consisting
of long and narrow pieces of thin glass or quartz substrates
coated with a-Si:H [51-57]. These results reveal that light-
induced volume expansion follows a stretched exponential
behavior, usually showing saturation at dV/V~ 1073 [29].
This phenomenon has also been connected with hydro-
gen motion, as light-induced volume changes have been
shown to depend on the hydrogen content of the film [29].
“On-the-edge” or mixed phase materials grown under high
hydrogen dilution and having improved order result in so-
lar cells with significantly reduced light-induced degrada-
tion. Interestingly enough, these materials show the fastest
and largest photo-expansion amongst many different a-
Si:H materials [29,58]. Their large photo-induced volume
change prompts comparison to the macroscopic evolution
of our pm-Si:H solar cells. In other words, the volume ex-
pansion of the film is a product of the stress being relieved,
and is particularly important at the p-layer/substrate
interface.

Turning now to the different behavior of the a-Si:H
and pm-Si:H solar cells (Fig. 1), one should also consider
the different processing conditions of a-Si:H and pm-Si:H
materials (notably vastly different hydrogen dilution and
ion-bombardment conditions) which could induce different
modification of the p-type a-SiC:H layer of the solar cells.
Indeed, the deposition conditions of the pm-Si:H layer
could strongly modify the hydrogen content and bonding
configurations in the p-layer, even if the p-type a-SiC:H
layer was deposited under the same conditions for both
the a-Si:H and pm-Si:H PIN solar cells. As atomic hydro-
gen has a high diffusivity in boron doped a-SiC:H [41], it is
even more likely that deposition conditions involving high
hydrogen dilution will modify the p-type a-SiC:H layer
and weaken the interface between the substrate and the
p doped layer. The fact that we study PIN stacks and not

just intrinsic layers may also be the reason for the exod-
iffusion peak at 350 °C (Fig. 7) it has been reported else-
where [40]. Therefore, we suggest that pm-Si:H deposition
conditions may lead to a fragile p-layer/substrate inter-
face, which can be further damaged during light-soaking
of the solar cells. This is supported by the low temperature
sharp spikes in the exodiffusion result (Fig. 7). Indeed,
those sharp spikes evidence molecular hydrogen escaping
from cavities at relatively low temperature. The hydrogen
evolving from these cavities must have been accumulated
during light-soaking. Even if AFM and SEM results in Fig-
ure 9 allow us to detect significant macroscopic changes
only after quite long light-soaking times (16 hrs), small
macroscopic changes could already have taken place at the
early stages of light-soaking, as supported by the in-situ
Raman and AFM studies shown in Figures 3 and 4.

Another interesting aspect of the macroscopic defect
creation can be seen in Figure 10, wherein groups of many
small holes are found in the AFM image along with larger
ones. The size distribution of the holes shows a high den-
sity of small ones (~few pum), and few larger ones (as large
as 20 um). Considering the fact that small holes are locally
grouped, the origin of the large hole might be related to
the grouping of small ones. Assuming that the holes are a
result of local stress relief, a region where small holes are
grouped is most likely less rigid than nearby areas, and
when those areas crack and peel-off during light-soaking,
compressive stress is relaxed. Large cracked holes could be
created through such stress release-crack cycle while more
areas are cracked and peeled-off.

The initial infrared absorption increase of pm-Si:H PIN
during light-soaking can be explained in the framework of
Branz model, where mobile hydrogen is emitted by photo-
carrier recombination, creating dangling bond. Created
mobile hydrogen travels around in the material, and it is
captured by another dangling bond and recycled into an-
other Si-H bond [59]. In this cycle, re-trapped hydrogen
is assumed to originate from Si-H bond breaking. How-
ever, if a large amount of mobile hydrogen exists in the
material (for instance molecular hydrogen), and then the
number of hydrogen atoms captured by dangling bonds
can be larger than the number of hydrogen atoms cre-
ated by Si-H bond-breaking. The presence of molecular
hydrogen in pm-Si:H PIN solar cells, suggested by the ex-
odiffusion spectra (Fig. 7) may cause the fast hydrogen
diffusion and initial increase in Si-H bonding (Figs. 6, 7)
during light-soaking. Indeed, our result on hydrogen dif-
fusion after light-soaking of pm-Si:H PIN solar cells is
found to be much more active than that of a-Si:H in litera-
ture [60]. Such an active hydrogen evolution could be also
explained by the existence of molecular hydrogen. Further-
more, a multi-body motion model has been proposed in
which light-induced molecular hydrogen formation medi-
ated by (another) interstitial molecular hydrogen [42]. In
the model, atomic hydrogen comes to passivate a newly
created dangling bond left by another atomic hydrogen
parted from bond centered position, and two hydrogen
atoms form a molecular hydrogen or interstitial hydrogen.
This mechanism of bond centered hydrogen creation and
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Fig. 11. Diagrammatical representation of proposed mechanism for structural defect formation through localized delamination.

See text for description.

annihilation at the very beginning of the light-soaking pro-
cess indicates that bond centered hydrogen could play the
role as an intermediate precursor [35]. It may seem dif-
ficult for molecular hydrogen to spontaneously dissociate
into atomic hydrogen. Indeed, molecular hydrogen in free
space is more stable than Si-H bond. However, the energy
level of molecular hydrogen in silicon is much less stable
than in free space [61,62]. Moreover, the existence of not
only molecular hydrogen, but also diatomic spices in sili-
con has been reported [63] and recent works have reported
on strain-induced dissociation of molecular hydrogen, in
particular at vicinity of strained Si-Si bonds [64,65]. As a
matter of fact, we have shown that light-soaking on pm-
Si:H PIN solar cells is accompanied by a large amount of
stress relaxation, as seen in Figures 2—5.

The structural studies can be gathered to propose the
macroscopic defect creation scenario shown in Figure 11.
In the as-deposited state (Fig. 11a), the pm-Si:H solar cell
has a weak film/substrate interface due to the process con-
ditions of the pm-Si:H intrinsic layer. Then, light-soaking
(Fig. 11b) introduces volume changes and stress relax-
ation, molecular hydrogen in the material becomes mobile
and isotropically diffuses to the film free surface as well as
to the interface with the substrate where it can accumulate
and form hydrogen cavities (Fig. 11c). This delamination
continues to release built-in “compressive” stress of the

film, and the stress relaxation will eventually result in the
formation of mechanical defects such as cracks, mounds
and holes (Fig. 11d), as well as the accumulation of hy-
drogen at the interface. Based on the above scenario we
propose that the unusual evolution of pm-Si:H solar cell
parameters, particularly rapid J,. decrease (Fig. 1), is re-
lated to the diffusion of molecular hydrogen, resulting in
a reduction of active solar cell area due to delamination.
However such delamination can hardly account for the
observed increase in V., which in the literature has been
related to dissociation of B-H complexes [18], hydrogen
evolution from nanocrystals [21], and light-induced defect
states re-distribution at p/i interface [22].

At last, it should be mentioned that a-Si:H also shows
large macroscopic structural changes when annealed at
350 °C [45,46] and irreversible solar cell degradation when
light-soaked under 50 suns at 130 °C [66,67]. These ex-
treme conditions lead to enhanced hydrogen motion at the
origin of the reported macroscopic structural changes in
both films and a-Si:H solar cells. Interestingly, our results
on pm-Si:H solar cells show that such irreversible changes
can take in this material under standard light-soaking
conditions. We attribute this to the peculiar nanostruc-
ture of pm-Si:H which provides good environment for
hydrogen diffusion [36], and to the presence of weakly
bonded hydrogen in the material (see Fig. 7). Therefore,
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one can conclude that the reported degradation kinetics
of pm-Si:H PIN solar cells is an extreme case of a-Si:H
solar cells, which also show hydrogen induced structural
changes under extreme conditions.

5 Summary and conclusions

We have performed a detailed study on light-induced
changes in a-Si:H and pm-Si:H PIN solar cells deposited
on various substrates and characterized these changes by
a wide range of techniques. We have observed that light-
soaking induces an increase of V. and a fast drop of J. in
pm-Si:H PIN solar cells. The changes in solar cell param-
eters are correlated to changes in hydrogen incorporation
and the structural properties of the material, such as stress
relaxation. The experimental results support the hypoth-
esis that light-soaking results in the formation of cavi-
ties at the interface between the substrate and the p-layer
which are progressively filled by molecular hydrogen dur-
ing light-soaking. This process weakens this interface and
causes mechanical defects such as partial delamination,
cracks and holes. This is an often forgotten aspect of the
so-called SWE. Indeed our results show that besides the
creation of electronic defects, macroscopic defects related
to the delamination of the SnOs/p-layer interface and Hy
diffusion should be considered. This is particularly true
in the case of pm-Si:H solar cells, for which a fast initial
drop in Js. has been explained by the delamination of the
interface at the SnOs/p-layer interface.

This work was performed in the TOTAL-LPICM Joint PV
Research Team.
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