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Reversible and irreversible effects after oxygen exposure in
thick (>1 �m) silicon films deposited by VHF-PECVD on glass
substrates investigated by dual beam photoconductivity1

Gökhan Yilmaz, Hamza Cansever, H. Muzaffer Sagban, Mehmet Günes, Vladimir Smirnov,
Friedhelm Finger, and Rudi Brüggemann

Abstract: Metastability and instability effects due to oxygen exposure in thick intrinsic hydrogenated microcrystalline silicon
films deposited by very high frequency plasma enhanced chemical vapour deposition on smooth glass substrates were investi-
gated using temperature-dependent dark conductivity, steady state photoconductivity, and sub-bandgap absorption measure-
ments obtained using the dual beam photoconductivity (DBP) method. No significant changes in dark conductivity and
photoconductivity were detected even after long-term air exposure of samples in room ambient as well as after oxygen exposure
when samples were characterized in oxygen ambient. However, characterization of the oxygen-exposed state in high vacuum
caused an increase in dark conductivity and photoconductivity as well as a significant decrease in the sub-bandgap absorption
coefficient spectra in the low energy region in samples with IC

RS � 0.40. These changes are partially irreversible for samples
IC
RS � 0.80 and mostly reversible for compact materials with significant amorphous fraction. No detectable metastable changes

occurred in microcrystalline silicon samples with IC
RS � 0.40 as well as in pure amorphous silicon.

PACS Nos.: 73.61.Jc, 73.63.Bd, 73.50.Pz, 72.80.Ng.

Résumé : Nous utilisons la conductivité en obscurité, la photoconductivité stationnaire et des mesures d’absorption sous la
bande interdite obtenues de la méthode de photoconductivité à deux faisceaux (DBP), afin d’étudier les effets stables et
métastables de l’exposition à l’oxygène de films de silicium microcristallins hydrogénés épais déposés par plasma à haute
fréquence augmenté d’un dépôt de vapeur chimique sur un substrat de verre lisse. Nous ne détectons aucun changement de la
conductivité en obscurité ni de la photoconductivité, même après une longue exposition à l’air à température ambiante, aussi
bien qu’après exposition à l’oxygène où les échantillons sont examinés dans une atmosphère d’oxygène. Cependant, étudier sous
vide les échantillons exposés à l’oxygène donne une augmentation de la conductivité en obscurité, aussi bien que de la
photoconductivité, en même temps qu’une diminution significative de l’absorption sous la bande interdite dans les échantillons
avec IC

RS � 0.40. Ces changements sont partiellement réversibles pour les échantillons avec IC
RS � 0.80 et majoritairement

réversibles pour les matériaux compacts avec une fraction amorphe importante. Nous ne détectons aucun changement méta-
stable dans les échantillons de silicium microcristallin avec IC

RS � 0.40 ni dans le silicium complètement amorphe. [Traduit par
la Rédaction]

1. Introduction
Single junction and multijunction thin-film silicon solar cells

are generally deposited on rough light-scattering substrates with
absorber layers of undoped hydrogenated amorphous and micro-
crystalline silicon (�c-Si:H) layers with thickness about 1 �m or
higher [1, 2]. Long-term stability of such solar cell structures is
mainly determined by the properties of absorber layers as well
as interfaces and contacts. Amorphous silicon absorber layers
strongly suffer from the metastability called the Staebler–
Wronski effect [3]. Solar cells having �c-Si:H absorber layers with
significant crystalline volume fraction were demonstrated to be
immune to the Staebler–Wronski effect [1]. However, such �c-Si:H
layers were reported to exhibit different types of instability and
metastability phenomena under air or oxygen exposure [4]. The
former is due to irreversible formation of Si–O bonds on the grain
boundaries as identified by infrared spectroscopy. The latter is the

reversible adsorption of oxygen, which strongly decreases electri-
cal conductivity by several orders of magnitude and increase the
electron spin resonance spin density [4]. Two decades later, it was
shown that two different metastable changes in dark conductivity
exist in microcrystalline silicon, where �Dark generally decreases
in highly crystalline materials (called type I) and it increases in
more compact materials (called type II) with significant amor-
phous fraction as samples are exposed to air or oxygen [5]. Corre-
sponding electron spin resonance investigation carried out using
powder samples indicated irreversible changes in spin density in
highly crystalline materials with IC

RS � 0.70 after oxygen treatment
at 80 °C. However, no significant change in electron spin reso-
nance spins was detected in compact samples with IC

RS � 0.50 [5, 6].
Investigation of metastability and instability effects using photo-
conductivity methods like steady-state photoconductivity, steady-
state photocarrier grating method, transient photoconductivity,
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and sub-bandgap absorption spectroscopy techniques, such as pho-
tothermal deflection spectroscopy, constant photocurrent method,
and dual beam photoconductivity (DBP), require samples depos-
ited on smooth glass substrates. Adhesion of silicon layers on
smooth glass substrates with thickness larger than 1 �m is a major
problem due to poor adhesion as a result of internal stress in the
films. For this reason, most of our earlier results on the metasta-
bility due to atmospheric exposures have only concerned thin
silicon layers of a typical thickness less than 0.3 �m [5–10]. As it
is generally found that �c-Si:H has a considerable change in its
structural properties as a function of thickness, it is of interest to
what extent properties of such thin films represent bulk proper-
ties of material of more than 1 �m as used in solar cells. To improve
film adhesion and allow deposition of thick microcrystalline silicon
films, rough glass substrates have been used to investigate the
metastability phenomena in the bulk materials [10]. However,
most optical methods cannot be applied reliably in such films due
to the strong light scattering of the rough substrates.

In the present study, a new approach has been used to deposit
microcrystalline silicon films thicker than 1 �m on smooth glass
substrates by using very thin a-SiOx (10–30 nm) interlayers depos-
ited on the substrate before silicon deposition. The a-SiOx layers
improve film adhesion considerably. On the other hand, the SiOx
films are highly transparent in the optical wavelength range of
interest so they have negligible effect on the data in our experi-
mental methods, in particular steady-state photonconductivity
and defect spectroscopy with the DBP method. Sub-bandgap ab-
sorption coefficient spectra obtained using DBP are a powerful
tool to investigate the changes in the occupation of defect states
in the light-soaked and annealed states of a-Si:H films [11] and are
also very sensitive to study bulk defects in �c-Si:H films [12]. Pre-
liminary results obtained with the DBP method indicated that
reversible and irreversible changes created by water and (or) oxygen
exposure can be detected by the changes in the sub-bandgap absorp-
tion coefficient spectrum [13].

Applying the DBP method together with temperature-dependent
dark conductivity and steady-state photoconductivity measure-
ments we studied reversible and irreversible effects due to oxygen
exposure in the bulk of thick microcrystalline silicon films with
varying microstructure grown on SiOx adhesion layers on smooth
glass substrates.

2. Experimental details
Thin (10 – 30 nm) a-SiOx layers were deposited by e-beam as-

sisted evaporation on the smooth glass substrates. Undoped
intrinsic silicon films thicker than 1 �m were deposited using
very high frequency – plasma enhance chemical vapor deposi-
tion (VHF-PECVD) under varying silane concentrations at sub-
strate temperature 200 °C on these SiOx covered smooth glass
substrates. Crystalline volume fraction, IC

RS, of the samples was
determined from Raman measurements. Material with crystalline
volume fraction between 0% (amorphous) and 86% (highly crystal-
line) were deposited and investigated. It is assumed that material
with high crystallinity (>60%) has a pronounced porosity and is
possibly more affected by atmospheric gas in-diffusion, while ma-
terial with lower crystallinity is likely more compact [5, 6]. Silver
coplanar electrodes were evaporated on the samples with 0.5 cm
length and 0.5 mm separation. A collimated He–Ne laser light
source was used to measure steady-state photoconductivity,
�photo, under Ohmic DC bias. The intensity of light was reduced
using neutral density filters. A standard measurement procedure
[14] based on real-time monitoring of dark conductivity, �Dark, was
used to obtain steady-state level of �Dark in the annealed and
oxygen exposed states before applying the steady-state methods.
The DBP method with different DC bias light intensities and opti-
cal transmission simultaneously measured from the back of the
sample were used to calculate absolute absorption coefficient
spectra of the samples by using Ritter–Weiser optical equations [15].
Homogeneously absorbed red light obtained using a long pass
filter with � > 650 nm was used as DC bias light. Samples were

Fig. 1. Time dependence of the dark conductivity for 1.268 �m thick microcrystalline silicon with IC
RS � 0.86 for different experimental condition:

(1) air exposed sample measured in vacuum; (2) annealed1 state measured in vacuum (gray); (3) oxygen exposed measured at 353 K in O2 ambient;
(4) oxygen exposed measured at 300 K in O2 ambient; and (5) oxygen exposed measured at 300 K in vacuum, for which time scale starts from zero.
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exposed to laboratory atmosphere in dark for more than a year
and to a controlled high-purity oxygen gas atmosphere in a cryo-
stat for several days. Temperature of the samples was increased to
80 °C during oxygen treatment. Annealing took place at 430 K in
vacuum and in dark. All probe measurements were performed at
300 K in exposing gas ambient as well as in high vacuum of 2–3 ×
10−6 mbar as �Dark remained constant, where the percent change
in �Dark, ��Dark, was within less than 10% during the several hours
of measurements.

3. Results and discussion
Time dependence of dark conductivity for 1.26 �m thick micro-

crystalline silicon with IC
RS � 0.86 is shown in Fig. 1 during oxygen

treatment and vacuum development after air and oxygen expo-
sure. Long term air exposed sample in vacuum requires almost
1000 min to get stabilized dark conductivity. After performing the
probe measurements, sample was annealed at 430 K and cooled to
300 K. There was no significant change in �Dark between air ex-
posed (curve 1) and annealed states (curve 2). As high purity
oxygen is purged in the cryostat as sample heated to 80 °C, �Dark

increased drastically due to both temperature and oxygen and
very slowly reached a constant level in O2 ambient. At the end of
60 h exposure, sample was cooled to 300 K in O2 ambient and
�Dark was recorded until a constant level obtained (curve 4). �Dark

after this treatment was very similar to the value after the first
annealing within 10% as seen in Fig. 1. However, �Dark of oxygen
exposed sample in vacuum decreased initially during the estab-
lishment of vacuum, then increased slowly and reached a con-
stant level at the end of 16 h pumping. Vacuum treatment after
oxygen exposure results in an irreversible increase in �Dark within
a factor of two, which is much less than seen in thin samples
under similar conditions [8, 16].

Steady state photoconductivity measurements of the sample
were carried out as �Dark was constant in the annealed and ex-
posed states. A summary of changes in �Dark and �photo is pre-
sented in Fig. 2a for the sample with IC

RS � 0.86. Both results
showed an irreversible increase within a factor of two after
oxygen exposure and following annealing. Similar measurements
were also performed in other thick microcrystalline silicon films.
In Figs. 2b and 2c, the results are shown for the presumably more
compact films with IC

RS � 0.50 and 0.20, respectively. Similar to the
results for the highly crystalline sample there is no change in
�Dark and �photo between the air exposed and the annealed1 states
of both samples. The sample with IC

RS � 0.50 showed a metastable
increase only after vacuum treatment of the oxygen exposed
state. The changes in �Dark and �photo were completely reversible
after annealing. For the sample with even lower crystallinity
(IC

RS � 0.20) the changes in conductivities were very small as shown in
Fig. 2c. It can be inferred from these results that thick �c-Si:H
films with low crystallinity and presumable compact structure are
not affected seriously from oxygen exposure, different from the
findings on thin (<300 nm) sample in earlier studies [5, 7–10],
while thick highly crystalline porous samples still show irrevers-
ible changes of their properties upon exposure to oxygen. The
results are consistent with previous reports on the thickness de-
pendence of changes due to atmospheric exposures, where sensi-
tivity to gas exposure decreased with increasing thickness of the
samples [8].

To correlate the conductivity changes between annealed and
oxygen exposed states, DBP measurements under different DC
bias light intensity were carried out in thick �c-Si:H films. In
Fig. 3, DBP yield spectra of �c-Si:H film with IC

RS � 0.86 are pre-
sented for four different DC bias light intensity in the annealed1
state together with optical transmission spectra of the sample.
DBP yield in the sub-bandgap energy region increase with in-
creased DC bias light intensity due to increased density of occu-
pied defect states in the bandgap as quasi Fermi levels move closer

to the band edges. We have used the DBP yield spectrum mea-
sured with the lowest DC bias light (curve 1 in Fig. 3) to compare
the reversible and irreversible changes in the absolute absorption
coefficient, 	(h
), spectrum between annealed and oxygen ex-
posed states among the samples, which corresponds to the occu-
pied defect distribution below the Fermi level as close as possible
to that in the dark condition. The 	(h
) spectrum was calculated
using the DBP yield and optical transmission spectra shown in
Fig. 3 together with the Ritter–Weiser optical equations [15].

In Fig. 4a, the 	(h
) spectra of �c-Si:H film with IC
RS � 0.86 are

presented in the annealed states as well as oxygen exposed state
measured in high vacuum. The remaining interference fringes in
the 	(h
) spectra are the indication of inhomogeneous absorption
of light in such thick �c-Si:H films. The 	(h
) spectra for air ex-
posed and oxygen exposed state measured in O2 ambient were
almost identical to that of annealed1 state (data not shown for
clarity). However, the 	(h
) spectrum of oxygen exposed state
measured in high vacuum showed a factor of five decrease in the
low energy region of spectrum, indicating a decrease in the den-
sity of electron occupied defect states below the Fermi level. The
change in the 	(h
) spectrum was partially reversible after the
second annealing. However, it was significantly lower than that
measured before the oxygen treatment. Irreversible decrease in
the 	(h
) spectrum corresponds to a decrease in the density of
electron occupied defect states in the oxygen exposed state, which
should eventually increase the majority carrier ��-products and
steady state photoconductivity. This is to some extent confirmed
by the data shown in Fig. 2a.

Fig. 2. Summary of �Dark and �photo measured in the air exposed,
oxygen exposed, and annealed states carried out before and after
oxygen treatment for �c-Si:H samples with (a) IC

RS � 0.86, (b) IC
RS �

0.50, and (c) IC
RS � 0.20.
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The effect of oxygen on the 	(h
) spectrum for the low crystal-
linity compact materials are shown in Figs. 4b and 4c for samples
with IC

RS � 0.50 and 0.20, respectively. For the compact sample
with IC

RS � 0.50, the 	(h
) spectrum decreased by a factor of three
after oxygen exposure. The change in the 	(h
) is less than that of
highly crystalline porous sample and totally reversible as shown
in Fig. 4b. The results of �Dark and �photo presented in Fig. 2 also
support the metastable changes for this compact sample. For the
low crystalline sample with IC

RS � 0.20, there was no detectable
change in the 	(h
) spectra after oxygen treatment as consistent
with the results of �Dark and �photo presented in Fig. 2c.

A summary of oxygen-induced changes observed in thick
�c-Si:H films is shown in Fig. 5 as a function of crystalline volume
fraction. It is a general trend that thick (1 �m) silicon samples,
different from the thin (<300 nm) films studied earlier [5, 7–10],
were not affected by the long-term air exposure when the samples
were kept in the laboratory atmosphere. Even after oxygen expo-
sure when samples were characterized in oxygen ambient, very
little change was detected. Surprisingly the effect of oxygen expo-
sure can only be observed as samples were characterized in high
vacuum. For samples with IC

RS � 0.40, �Dark and �photo increased
within factor of 2–10 in the oxygen exposed state. For lower crys-
talline and amorphous silicon samples no change was detected.
The results observed in a-Si:H film are also consistent with the
earlier reports that oxygen does not react as easily with the sur-
face of a-Si:H because of the presence of hydrogen passivating the
defects on the surface (see the review by Fritzsche [18]). Time-
dependent dark conductivity recorded during oxygen exposure
and vacuum development were found to be reproducible for other
thick silicon films as shown in Fig. 1, where a small dip in dark
conductivity existed at the initial stage of vacuum development
for samples with IC

RS � 0.70.
The sub-bandgap absorption coefficient 	(h
) at 0.8 eV shown in

Fig. 5b decreased within a factor of 2–5 for samples with IC
RS �

0.40 in the oxygen exposed state. These changes are mostly per-
manent for the highly crystalline porous sample with IC

RS � 0.86.
Reversible changes dominate in the compact samples. The revers-

Fig. 3. Dual beam photoconductivity yield spectra measured under different DC bias intensities (from (1) the lowest to (4) the highest) for the
1.268 �m thick �c-Si:H with IC

RS � 0.86 in the annealed state. To indicate the relative changes in sub-bandgap energies, the spectra were
normalized in the higher energy region. In the inset, optical transmission spectrum of the same sample is shown.

Fig. 4. Sub-bandgap absorption coefficient spectra calculated using
the lowest DC bias DBP yield and optical transmission spectra of
�c-Si:H films (a) IC

RS � 0.86, (b) IC
RS � 0.50, and (c) IC

RS � 0.20, in the
oxygen exposed state and annealed states.
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ible and irreversible changes caused by the oxygen treatment in
�c-Si:H films thicker than 1 �m indicate that oxygen creates irre-
versible instability effects in highly crystalline porous films. The
reasons are most likely chemical bonding of oxygen on the surface of
crystalline grains [4], which cause a surface charge and resulting
band bending and passivate the defects. Reversible metastable
changes due to adsorption of oxygen are found in the compact sam-
ples with IC

RS � 0.70 [4–8]. Because these changes are rather small
as compared to those observed in thin samples reported in previ-
ous studies for both class of materials [8], it can be inferred that
oxygen cannot penetrate through the bulk of the film and the

observed changes occur mainly at the top surface region of the
samples even for highly crystalline material.

4. Summary and conclusion
We have used thin e-beam evaporated a-SiOx interlayers to im-

prove the adhesion of �c-Si:H films thicker than 1 �m grown by
VHF-PECVD on smooth glass substrates and investigated revers-
ible and irreversible changes in electrical conductivity and sub-
bandgap absorption due to long term air and oxygen exposure. It
was found that oxygen exposure caused an irreversible increase in
�Dark and �photo and a decrease in the 	(h
) spectrum in highly
crystalline porous �c-Si:H, which could be due to oxygen perma-
nently bonded to the surface of columns and grains. The effect of
oxygen exposure for �c-Si:H films with IC

RS � 0.70 is much smaller
and generally reversible. Finally, no significant changes were ob-
served in the low crystalline and amorphous silicon films. Overall
the changes in the observed parameters of thick �c-Si:H films
are rather small compared with earlier results on thinner films,
which could mean that the effect of oxygen takes place only on
the top surface of the films and the films get more compact with
thickness.
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