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Single-junction microcrystalline silicon ��c-Si:H� solar cells of selected i-layer crystalline volume
fractions were light soaked �AM1.5, 1000 h at 50 °C� and subsequently annealed at increasing
temperatures. The variations of subbandgap absorption during light soaking and during thermal
annealing were monitored by Fourier transform photocurrent spectroscopy. The kinetics were shown
to follow stretched exponential functions over long times such as 1000 h. The effective time
constants appearing in the stretched exponential function decrease with decreasing crystalline
volume fraction as well with increasing annealing temperature. Their Arrhenius-like dependence on
temperature is characterized by a unique value of the activation energy. Furthermore, we
demonstrate that the configuration of the solar cells �p-i-n or n-i-p� does not influence the
degradation kinetics, as long as the average crystallinity of the intrinsic layer is of comparable
value. © 2008 American Institute of Physics. �DOI: 10.1063/1.2844282�

I. INTRODUCTION

Microcrystalline silicon ��c-Si:H� is a promising mate-
rial for cost reduction of thin-film solar cells and modules; it
is, in particular, proposed in association with amorphous sili-
con �a-Si:H� forming thereby the so-called “micromorph”
tandem.1–3 Microcrystalline silicon is not a unique, well-
defined material but a mixture of amorphous and nanocrys-
talline silicon.4,5 One of the key material parameters for the
optimization of n-i-p and p-i-n devices is the i-layer crystal-
linity, defined as the average volume fraction of nanocrystals.
This material parameter can be routinely evaluated from Ra-
man data analysis. In typical microcrystalline silicon as
grown by plasma enhanced chemical vapor deposition
�PECVD�, one of the easiest ways to achieve optimum
i-layer crystallinity is to tune the silane concentration �SC�
=SiH4 / �SiH4+H2� in the plasma gas phase used for the in-
trinsic layer deposition. SC is thus a relevant deposition pa-
rameter for the intrinsic layer fabrication. In the dilution se-
ries of microcrystalline single-junction solar cells studied
here, SC is varied, whereas p- and n-layers are maintained
unchanged over the whole series. The microcrystalline mate-
rial incorporated in such intrinsic layers consists of elongated
nanocrystals �typical diameter around 20 nm� embedded in
an amorphous tissue.4 X-ray diffraction data reveal that,
while the average crystalline volume fraction increases when
SC is reduced, the average nanocrystal size remains almost
unchanged.5 This indicates that it is probably the average
thickness of amorphous material surrounding �and passivat-
ing� the nanocrystals that decreases when the average crys-
talline volume fraction increases.

Initially, �c-Si:H solar cells were presented as being
fully stable under light soaking,6,7 in contrast with a-Si:H
solar cells that suffer from the Staebler–Wronski effect.8 In
a-Si:H devices, this effect results in a typical relative de-

crease of the conversion efficiency by 10%–20% after
1000 h of illumination �AM1.5g spectrum at 1000 W /m2� at
a sample temperature of 50 °C;9 its origin has been attrib-
uted to the creation of metastable defects due to the recom-
bination of excess electron-hole pairs. Indeed, metastable de-
fects can also be generated by charge accumulation10 or by
carrier injection.11

In this contribution, we present a study on degradation
and annealing kinetics of single junction �c-Si:H solar cells
with i-layers of selected crystalline volume fractions. Previ-
ous works demonstrated that some �c-Si:H solar cells
present a milder form of light-induced degradation, depend-
ing on the crystalline volume fraction.12–19 Klein et al.12 re-
ported a relative decrease of the conversion efficiency of up
to 10% after 1000 h of degradation for highly amorphous
�c-Si:H solar cells; we confirmed, by studying dilution se-
ries of �c-Si:H solar cells, that the higher the crystallinity,
the lower the relative drop in efficiency.13 Yan et al. investi-
gated the influence of the illumination spectra on the light-
induced degradation,14 as well as the influence of the electri-
cal bias.15 They initially concluded that the amorphous phase
was solely responsible for the light-induced degradation ob-
served in �c-Si:H. Nevertheless, they lately suggested that
small grains and/or intermediate-range order could as well
play an important role regarding the stability of �c-Si:H
solar cells.16,17

Smirnov et al.18 showed that the decrease of photocon-
ductivity observed in �c-Si:H films under light soaking is
associated with the creation of metastable defects, similarly
as in the case of a-Si:H. We made further observations on
light-soaked single-junction �c-Si:H solar cells:13,19 we
noted an increase of defect-related absorption, as monitored
by the value of the absorption coefficient at 0.8 eV
���0.8 eV�� evaluated by Fourier transform photocurrent
spectroscopy �FTPS�.20 We suggested that light-induced de-
fects could be spatially located at the surface of thea�Electronic mail: fanny.meillaud@unine.ch.
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nanocrystals.19 Indeed, based on well-known observations
made on a-Si /c-Si heterojunction solar cells,21,22 we pro-
posed that the amorphous phase is necessary in the intrinsic
layer in order to passivate the defects present at the surface
of the nanocrystals. We focus here on the kinetics of defect
creation and of thermal annealing for light-induced defects.
We will show that the general trends of our experimental
observations can qualitatively fit into a description already
proposed for bulk amorphous silicon; this description is
based on the assumption that defect creation and annealing
are both mediated by the dispersive diffusion of hydrogen.

II. EXPERIMENTAL

Single-junction �c-Si:H solar cells of selected i-layer
crystalline volume fractions were deposited by very-high fre-
quency PECVD at 200 °C in both p-i-n and n-i-p configu-
rations, on glass coated with 600 nm thick sputtered-etched
zinc oxide �ZnO�.23 The doped layers have thicknesses in the
order of 20–30 nm, whereas the i-layer thickness is about
2 �m. Each series was deposited in a double-chamber sys-
tem in order to avoid any contamination of the intrinsic layer.
About 2.4 �m of low-pressure chemical vapor deposited
ZnO was used as back �front� contact for the p-i-n �n-i-p�
solar cells. Each solar cell has an area of about 0.25 cm2.
Whereas deposition conditions for the doped layers were not
modified, the intrinsic layer crystallinity was varied, for each
device, by setting the silane concentration used for its depo-
sition to a different value. The doped layers are deposited
with very low silane concentrations and possess a crystalline
volume fraction larger than 70% �this value is measured by
Raman on doped layers deposited on ZnO�.

The solar cells were light soaked under AM 1.5g-like
spectrum �1000 W /m2� at 50 °C under open-circuit condi-
tions up to 1000 h. All samples were characterized by FTPS,
IV, and external quantum efficiency �EQE� measurements
after subsequent light-soaking time steps �i.e., after 20 min,
1 h, 5 h, 20 h, 50 h, 100 h, and 1000 h of light soaking�.
After 1000 h of light soaking, the solar cells were annealed
for 10 h at increasing temperatures �100, 130, 160, and
180 °C� under nitrogen flow. After each annealing, the cells
were removed from the oven, measured at room temperature
by FTPS and IV /EQE, and subsequently annealed at a higher
temperature. During each 10 h annealing, the defect-related
absorption was measured stepwise after 2 and 5 h at room
temperature. Such annealing sequences up to 180 °C were
sufficient to get back to initial defect-related absorption val-
ues, as well as to initial solar cells performances �see Ref. 13
as well�.

I�V� measurements were performed using a WACOM
sun simulator �AM1.5g spectrum, 1000 W /m2� and a Fou-
rier transform infrared Nicolet 8700 spectrometer was used
to measure the absorption spectra of the cells between 1.6
and 0.8 eV.20 The spectra were calibrated at 1.35 eV by set-
ting the absorption coefficient of the �c-Si:H cells equal to
that of crystalline silicon �=235 cm−1�. The implicit assump-
tion underlying this calibration procedure is that defect-
related absorption ��0.8 eV� originates from the crystalline
phase of the mixed-phase microcrystalline material.24

Bi-facial micro-Raman spectroscopy was performed
with a 18 mW HeNe laser excitation beam �633 nm� using a
long focal length objective for the measurements on the glass
side.25 Micro-Raman spectroscopy was used to evaluate the
average crystallinity factor �c for the intrinsic layer. Three
Raman peaks were measured and deconvoluted as Gaussian
peaks: one at 480 cm−1 �TO mode in amorphous silicon�, one
at 510 cm−1 �nanocrystals�, and the third one at 520 cm−1

�TO mode in bulk crystalline silicon�. The zinc oxide layers
present in the solar cell do not affect the Raman spectra for
�c-Si:H as no strong Raman mode is observed between 460
and 560 cm−1 under the measurement conditions used here.
The top n-side �bottom p-side� Raman crystallinities are de-
fined as

�c�t,b� = Ic�t,b�/�Ia�t,b� + Ic�t,b�� = �I510�t,b� + I520�t,b��/�I480�t,b�

+ I510�t,b� + I520�t,b�� , �1�

where Ii is the integrated Raman intensity area under the
peak centered at i �cm−1� and t stands for top and b for
bottom configuration of the measurement. In all the devices,
�ct is systematically larger �relative +10% –20%� than �cb.
This is an indication of a Raman crystallinity increasing from
the p-side within the i-layer, as usually observed in our mi-
crocrystalline devices �see, e.g., Ref. 26�.

The average crystallinity factor �considered here� �c is
then calculated as �c= ��cb+�ct� /2. Considering the light
penetration depth �c-Si:H for a wavelength of 633 nm that
is equal to �500 nm, approximately 1 �m of the intrinsic
layer is investigated.

III. RESULTS

In order to follow the degradation kinetics of our
�c-Si:H solar cells, sequential measurements of subbandgap
absorption were carried out at increasing time intervals for
the 1000 h long AM1.5 light-soaking process. We define the
relative variation of defect-related absorption as

���0.8 eV��t� = ���t� − �initial�/�initial, �2�

where �� is presented as a function of light-soaking time in
Fig. 1 for p-i-n and n-i-p dilution series of single-junction
�c-Si:H solar cells.

A relative increase of defect-related absorption is ob-
served with light-soaking time for all samples, in both p-i-n
and n-i-p configurations. In agreement with previous
observations,13,19 the solar cells incorporating an intrinsic
layer of lower crystallinity degrade more than the devices
incorporating i-layers of higher crystallinity. Furthermore,
the results of Fig. 1 show that the solar cell configuration
�n-i-p or p-i-n� does not affect the degradation kinetics, as
long as the average i-layer crystallinity is of comparable
value.

The relative increase in defect-related absorption over
long times �quasisaturation values of defect-related absorp-
tion are reached after about 500 h of light soaking� can be
well fitted with a stretched exponential functionl,
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���0.8 eV��t� = ��ss�0.8 eV� − �initial�0.8 eV�
�initial�0.8 eV� �

��1 − exp	�−
t

�
��
� , �3�

where �ss is the quasisaturation value of the defect-related
absorption, �initial the initial value, � and � the dispersion
parameter and the effective time constant, respectively.

From the fits of the degradation kinetics presented in
Fig. 1, we establish a value for the dispersive parameter �
�0.60, independent of �c, whereas � increases with crystal-
linity from ��7�104 s for �c�15% to ��1.2�106 s for
�c�70%. The relative increase of defect-related absorption
with light-soaking time is thus observed to be slower in
�c-Si:H than in a-Si:H, with, also, a larger value of � ��
�0.60 instead of 0.45�.27

The relative decrease of ��0.8 eV� with annealing time
can as well be fitted with a stretched exponential function, as
shown in Fig. 2 for the n-i-p dilutions series. The fit param-
eters � and � are very similar for both series ��5% �.

In this case, �� decreases with annealing time according
to

���0.8 eV��t� = ��ss�0.8 eV� − �initial�0.8 eV�
�initial�0.8 eV� �

��exp	− � t

�
��
� . �4�

Equation �4� is verified here for annealing temperatures rang-
ing from 373 to 453 K �see results of Fig. 3 for the highly
amorphous n-i-p sample�. Again, we obtain values for the
dispersive parameter � that are independent of �c �� ranges
from �0.69 at Ta=373 K to �0.82 at Ta=453 K� as well as
values for the effective time constant � that increase with
increasing crystallinity �see Fig. 4�. Furthermore, as verified
in Fig. 4, � may be expressed as a function of the annealing
temperature through the expression

� = �0 exp� Ea

kTa
� , �5�

with Ea the activation energy and Ta the annealing tempera-
ture.

According to Eq. �5�, the data of Fig. 4 yield a value for
Ea �as given by the slope of the fit�, which is equal to 0.5 eV
and which is independent of the i-layer crystalline volume
fraction. This value for Ea is smaller here than the published
values for amorphous silicon ��1 eV�.28,29

Since the kinetics of ��0.8 eV� during light soaking and
thermal annealing of the single-junction �c-Si:H solar cells
presented here and the kinetics of dangling bond creation and
annealing in a-Si:H can similarly be fitted with stretched
exponential functions, we suggest that a similar microscopic
mechanism is underlying both processes in these two mate-

FIG. 1. Relative increase of defect-related absorption as a function of light-
soaking time for single-junction �c-Si:H solar cells �n-i-p: empty dots and
p-i-n: full rhombs�, with i-layer Raman crystallinity factors �c ranging from
15% to 70%. The dotted lines are fits according to Eq. �3�.

FIG. 2. Relative decrease of defect-related absorption as a function of an-
nealing time for n-i-p solar cells, with Raman crystallinity factors �c

�15% to �c�70% at an annealing temperature of 373 K. The dotted lines
are fits according to Eq. �4�.

FIG. 3. Relative decrease of defect-related absorption as a function of an-
nealing time for the highly amorphous n-i-p solar cell ��c=15% � for an-
nealing temperatures from 373 to 453 K. The dotted lines are fits according
to Eq. �4�. After each 10 h annealing at a given temperature, annealing is
restarted again at higher temperature as indicated by an arrow for the first
and second annealings �end point at 373 K corresponds to starting point at
403 K�.
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rials. As a consequence, Eq. �5� should also be valid for light
soaking at 323 K. Accordingly, an activation energy equal to
0.4 eV is found here for defect creation using data of Fig. 1
and Eq. �3�.

IV. DISCUSSION

Since the primary observations of the Staebler–Wronski
effect, several models have been proposed to describe the
kinetics of light-induced defect creation and annealing in
amorphous silicon.27–34 Even though the models differ in
some aspects, it is commonly accepted now that the diffusion
of hydrogen within the amorphous material somehow trig-
gers the creation and annealing of dangling bonds. Disper-
sive diffusion of hydrogen is thus the limiting step in the
creation and annealing of defects, a mechanism which results
in stretched exponential kinetics. As shown above, in the
case of microcrystalline silicon as well, both defect creation
and annealing kinetics can be fitted over long times with
stretched exponential functions. Nevertheless, larger values
of the dispersive parameter ���0.70�0.10�, longer effec-
tive time constants � as well as lower activation energies
�Ea�0.4–0.5 eV� are obtained here, as compared to typical
values for a-Si:H. Furthermore, the increase of � with in-
creasing crystallinity �see Fig. 4� is another original observa-
tion. The description of dispersive diffusion of Hydrogen in
a-Si:H �Refs. 31–34� may be described using the paradigm
model of dipole relaxation by Shlesinger and Montroll35 In
this model, the event �annealing of a dangling bond, assumed
to sit at the origin of an infinite space lattice� is triggered by
the arrival at that point of any of the �initially� uniformly
distributed Hydrogen on the lattice. By assuming a power
law like pausing time distribution for hydrogen motion, the
survival probability of the dangling bond at the origin fol-
lows a stretched exponential decay. Thus, in analogy with
a-Si:H, we can speculate that the stretched exponential in-
crease of surface defects during light soaking, as observed
here, could result from bond breaking at the nanocrystals
surface. Note that if any bond breaking occurs in the amor-
phous phase, it is not detected by FTPS at 0.8 eV according

to our calibration procedure.24 However, complementary ex-
perimental techniques such as, e.g., electron spin
resonance,36,37 electrically detected magnetic resonance,38 or
photoluminescence spectroscopy39 allow the identification of
dangling bonds in different structural environments as well
as anisotropic defects. These techniques could help elucidate
the respective roles of hydrogen diffusion, dangling bonds in
the amorphous phase, and defects at the nanocrystals surface
on �c-Si:H stability.

From our FTPS data, we can speculate that the surface
bond-breaking mechanism could be triggered by dangling-
bond diffusion, mediated by hydrogen dispersive motion
through the amorphous layer as present between the nano-
crystals. In this case, the thickness of this layer is critical for
the kinetics of light-induced degradation in �c-Si:H. De-
pending on the detailed microstructure of the material, the
mechanism of defect diffusion through the amorphous layer
could relate the kinetics of degradation to the average crys-
talline volume fraction of �c-Si:H. It is not clear, however,
whether one should consider �a� the a-Si:H material as an
infinite reservoir of defects, in which case the H-mediated
diffusion of defects could be considered as the limiting step
for surface defect creation, or whether �b� it is the slow in-
crease of defects within the amorphous material combined
with their diffusion toward the nanocrystals surface that re-
sults in the observed kinetics of defect creation. In both pic-
tures, a dangling bond “hitting” the surface of the nanocrys-
tals after a random walk with a power-law distribution of
pausing time would result in the creation of an additional
surface defect. Such model has not been developed yet and
the experimental data presented above certainly need further
interpretation. Identification of the microscopic nature of
light-induced defects �both within the amorphous phase and
at the nanocrystals surface� in �c-Si:H with complementary
experimental techniques would certainly help to elucidate the
mechanism describing the metastability of �c-Si:H. Further-
more, hydrogen diffusion coefficients should be measured in
our microcrystalline devices and compared to reported val-
ues for amorphous silicon,34 polymorphous silicon,40 and
polycrystalline silicon,41,42 where diffusion is linked to grain
boundaries.

V. CONCLUSIONS

The study of light-induced degradation kinetics and of
thermal annealing kinetics of �c-Si:H single-junction solar
cells incorporating i-layers of different crystallinities has
been presented. Here, we demonstrate that degradation and
thermal annealing kinetics for �c-Si:H can be fitted with
stretched exponential functions, as in the case of a-Si:H.
However, the degradation and thermal recovery kinetics pre-
sented here for �c-Si:H devices are slower than in bulk
a-Si:H layers, with corresponding larger values of the fit
parameters �i.e., larger dispersive coefficient � and effective
time constants ��. Both fit parameters are shown to depend
on the crystalline volume fraction of the photoactive i-layer
material. In order to gain additional insights into the exact
mechanism responsible for light-induced degradation
�c-Si:H devices, further developments are needed of a

FIG. 4. Effective time constant � for defect annealing as a function of the
reciprocal of the annealing temperature for the four n-i-p samples. The
dotted lines are fits according to Eq. �5� with Ea=0.5 eV.
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model based on the dispersive diffusion of hydrogen that
takes into account the detailed microstructure of �c-Si:H.
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