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Abstract

Reversible and irreversible changes due to long term air and short term de-ionized water (DIW) or pure
0Xygen exposure were investigated in about 1 pm thick hydrogenated microcrystalline silicon (pc-Si:H) films
deposited on rough glass substrates, thereby comparing highly crystalline with compact material. Time and
temperature dependent dark conductivity, steady-state photoconductivity, the steady-state photocarrier grating
and dual-beam photoconductivity methods have been used to study the effects. Standard measurement
procedures defined previously have been carefully applied to record the changes after different treatments using
the steady-state methods under light. After long term air exposure of highly crystalline pc-Si:H films, a thermal
annealing step leads to an increase in dark conductivity (cp) and steady-state photoconductivity (oyn) as well as
to a significant increase in the sub-bandgap absorption. These effects are likely due to a reversible recovery from
surface adsorbents in a porous microstructure after air exposure resulting in surface charge and Fermi level shifts
in agreement with earlier results. Compact pc-Si:H films showed only marginal effects upon an annealing after
long term air exposure suggesting much reduced susceptibility to surface adsorbent induced Fermi level shifts.
Five hours exposure to de-ionized water at 80 °C caused more than an order of magnitude increase in op and oy,
and a substantial decrease in the sub-bandgap absorption spectrum in highly crystalline as well as in compact pic-
Si:H films. In addition, minority carrier diffusion lengths measured by the steady-state photocarrier grating
method improved significantly. The changes after exposure to water were not reversible upon our standard
annealing procedure. Exposure to high purity oxygen gas at 150 °C resulted in similar effects like the exposure to
DIW. Also here the changes in material properties were not reversible upon annealing. Results are discussed in
terms of adsorption and chemical reactions on surfaces in the porous highly crystalline material versus the
materials with more compact structures. Results are compared to earlier observations and consequences for

device application will be indicated.
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1 Introduction

Hydrogenated microcrystalline silicon (uc-Si:H) has been investigated over the last three decades and
applied successfully in photovoltaics and microelectronics (e.g. thin-film transistor devices [1-3]. While in the
past photovoltaic applications of pic-Si:H were mainly for thin-film silicon based solar cells [4], recently pc-Si:H
and related alloys are also of considerable interest for Si wafer based heterojunction solar cells[5-7] . For these
device applications long term electronic and mechanical stability is of high importance and observations that pic-
Si:H can show strong instability or metastability effects upon storage at ambient with exposure to atmospheric
gases are of concern and several reports on a number of phenomena have been published already starting with

the first communications on pic-Si:H [8].

Microcrystalline silicon (also known as nanocrystalline silicon) is a wide range of mixed phase material
consisting of an amorphous silicon phase or better disordered phase, a micro (-nano) crystalline phase and voids.
The structural composition can be adjusted during the deposition process and the range of possible
nanostructures seems to be independent of the deposition method used. Electronic defects mainly exist in the
disordered regions between crystalline grains, along the grain boundaries and on the surface of such grains [for a
summary see Shah [4]]. Hydrogenated microcrystalline layers which are prepared using decomposition of pure
silane diluted strongly in hydrogen with “plasma enhanced” or “hot wire" chemical vapour deposition (PECVD
or HWCVD) can have a wide range of dark conductivities over several orders of magnitude even without adding
any intentional doping. Suggested reasons for this are variations in the structure compositions, doping effects of
build-in impurities like oxygen or nitrogen [9,10] surface charge on inner and outer surfaces induced by
adsorption and oxidation or a combinations of these effects. Reliable determination of the type of majority carrier
(n- or p-type) in undoped pc-Si:H material by Hall effect or thermo power measurements is not available,
however, it is plausible to assume and it is in agreement with numerous experimental observations that such
material is usually n-type and the described variation in the dark conductivity can be related to Fermi level shifts
in the upper half of the band gap. We will assume the same interpretation for our experiments described in the

present study.

Metastability and instability effects in undoped pc-Si:H such as variation of their electrical properties
upon exposure to ambient atmosphere or alternatively to pure oxygen or water have been already studied in some
detail. In the first reports by Veprek et al. on fairly conductive highly crystalline pic-Si:H material prepared with

a chemical transport process [8] several orders of magnitude decrease in dark conductivity upon exposure to air



or high purity oxygen was found. Those authors also reported on changes in the spin density measured by
electron-spin resonance (ESR) — both reversible and non-reversible. Two decades later the topic was
reinvestigated in the context with the application of pc-Si:H absorber layers in thin film silicon based solar cells
with material prepared by PECVD or HWCVD. Depending on the type and usage of the pc-Si:H material such
as degree of crystallinity, presumed porosity as measured e.g. by the degree of oxygen in-diffusion, thickness of
the layer, single layer on substrate vs. layer built into a solar cell, etc., a variety of reversible and irreversible
effects were identified [11-23] not always fitting into a single conclusive picture. As an approach for a better
understanding of the microscopic effects it was attempted to relate changes in the electronic dark conductivity
and possible shifts of the Fermi level with (i) the density of occupied defect states measured with
photoconductivity spectroscopy and (ii) minority-carrier diffusion length investigated via the steady-state-

photocarrier grating (SSPG) technique.

This is also the approach followed in our present comparative study of reversible and irreversible effects
in highly crystalline silicon films as well as intrinsic compact pc-Si:H layers as reference samples. In contrast to
the majority of previous reports where the sample thickness was in the range of a few hundred nm, here we
investigate relatively thick layers deposited on a rough glass substrate, having the thickness consistent with the
absorber layers in the state-of-the art solar cells [24]. In addition, we compared the changes in the highly
crystalline silicon layers prepared at low (around 0.08 nm/s) and high (1.57 nm/s) deposition rates. We
investigated the changes in electrical and opto-electronic properties of uc-Si:H films after long term (2 years)
exposure to ambient air and short term rapid degradation (five hours) achieved by exposure of the samples to
DIW and oxygen. No measurements were performed right after the deposition of the samples and during the long
term storage in laboratory ambient. The samples were characterized by the time and temperature-dependent dark
conductivity, steady-state photoconductivity (SSPC), steady-state photocarrier grating (SSPG) method and dual-
beam photoconductivity (DBP) technique, providing detailed insights into the changes in the sub-bandgap
absorption and the minority-carrier diffusion lengths of uc-Si:H layers upon the degradation procedures used

here.



2 Experimental Details

Microcrystalline silicon films about 1 um thick were deposited by very high frequency (VHF) PECVD
from a mixture of silane and hydrogen gas on rough glass substrates at 200°C. The H, flow was kept constant at
200 sccm and the SiH, flow was adjusted to obtain different crystallinity of the samples. The highly crystalline
films were prepared under both high plasma excitation power conditions (200W) yielding high deposition rate
(DR) of 1.57 nm/s and also low power conditions (20W) at low deposition rate of 0.08 nm/s. Using rough glass
substrates allows us to investigate sufficiently thick samples (up to 1500 nm thickness) which would otherwise
peel off from the smooth glass substrate after the various treatment steps — in particular after prolonged exposure
to water. Such highly crystalline samples are considered to have a pronounced porosity susceptible to in-
diffusion of atmospheric gases. For comparison we also prepared material with medium crystallinity with similar
thickness as reference samples with a likely much more compact structure on both rough and smooth substrates
(reference samplel and sample2). For the smooth substrate, a thin (20 - 30 nm) SiOx interlayer was deposited
prior to the deposition of the pc-Si:H layer. Such thin SiO, layers were shown to improve adhesion of typically 1
pum thick pec-Si:H films considerably while not affecting the electronic and optical properties measured on those
samples on a glass substrate [22]. The preparation conditions and properties of all samples investigated in this
work are presented in Table 1.

Table 1. Summary of the deposition parameters and some material properties for the samples used in this

investigation. Substrate, thickness, deposition rate, gas flows, Ic*° as Raman intensity ratio and E, as dark
conductivity activation energy of the samples are presented.

Sample ID Substrate | t (nm) | Dep. Power | H, SiH, I | Ea(eV) Ea (eV)
(W) Flow Flow (%)
Rate (sccm) | (scem) Before After
(nm/s) treatment treatment
High Crys- Rough 1127 | 1.57 200 200 8 75 0.33 0.20
tallinel glass (slightly n-
type) (DIW)
High Crys- Rough 735 0.08 20 200 4 83 |0.24 0.22
talline2 glass (slightly n-
type) (DIW)
Compactl Rough 1057 | 0.20 20 200 11 54 | 0.49 0.23
(Reference glass (intrinsic)
sample 1) (DIW)
Compact?2 Smooth 1109 | 0.52 25 95 5 69 0.57 0.40
(Reference glass (intrinsic)
sample 2) (G2)




Temperature- and time-dependent dark conductivity, op, Steady-state photoconductivity (SSPC)
[25], opn, Steady-state photocarrier grating (SSPG) method [26] and dual-beam photoconductivity (DBP)
technique [27] were used to detect the reversible and irreversible changes created by (a) long term exposure to
room ambient and (b) five hours de-ionized water (DIW) treatment at 80°C. Within 10 minutes after water
treatment, the sample surface was dried using nitrogen gas to remove the water droplets, followed by sample
transfer to a vacuum cryostat chamber for conductivity measurements. The reference sample2 on the smooth
glass was alternatively exposed to high purity oxygen gas for five hours under positive pressure (>1 atm) while
the sample was heated at 150 °C in the cryostat in order to compare the oxidation effect with that of DI water
treatment. Since the photoelectrical and transport properties of microcrystalline silicon films vary considerably
with material composition (e.g. the ratio of crystalline and amorphous components as well as cracks and voids),
Raman spectroscopy is frequently used to characterize microcrystalline silicon. In this work, the Raman intensity
ratio (ICRS) has been used for the semi-quantitative evaluation of the crystallinity and material composition of
the studied films. Raman spectra were measured with a laser excitation wavelength of 488 nm and a spectrum of
a reference fully amorphous sample was subtracted from the measured spectrum. The ICRS value is then defined
as the ratio of the integrated crystalline intensity to the total integrated intensity, as described by Kéhler et al.[28]

Standard measurement procedures defined in Figure 1 were carefully applied for reliable
characterization of reversible and irreversible changes, which was based on the recording of time-dependent dark
conductivity until it reaches a steady-state value, as "sample in high vacuum™ after each treatment procedure and
as annealing continues. Then, steady-state measurements of SSPC, SSPG and DBP were performed in order to
detect the changes in the conductivities, minority-carrier diffusion lengths as well as the sub-bandgap absorption
spectrum. SSPC and SSPG measurements were performed using He-Ne laser light with different intensities.
DBP measurements were carried out using ac monochromatic light with energy between 0.6 eV and 2.2 eV and a
red dc bias light with different intensity [27]. Silver parallel electrodes were evaporated on the samples with
0.05 cm width and 0.5 cm length and a dc voltage in the Ohmic region of the current-voltage curve was applied
between the electrodes during the measurements.

Relative DBP spectrum, Ypgp = ouc(hv)/Flux(hv), of thin amorphous silicon films deposited on the
smooth glass substrate is directly proportional to the absolute optical absorption coefficient, a(hv), spectrum at
energy region below the bandgap [29]. In order to obtain a(hv) related to the defects states in the bandgap, Ypgp
is normalized to the absolute a(hv) spectrum obtained independently from the transmission and reflection (T&R)

of the same sample at a single energy around the bandgap. In this approach, interference fringes of Y pgp must be



eliminated appropriately [30). Alternatively, the fringe free absolute a(hv) of the sample deposited on the
smooth glass substrate can also be calculated indirectly by using the Ypgp and optical transmission spectrum, T,
both having characteristic interference fringes of the sample, through the optical equations provided by Ritter
and Weiser [31]. Then the a(hv) at the lower energy region will be a direct consequences of the optical transition
of electrons from occupied defect states to the conduction band edge as reported previously [27]. A simple
approach to get a qualitative information about the density of occupied defects states in the bandgap of the thin
silicon films is to monitor the changes in the a(hv) values at a single energy taken in the sub-bandgap region
[32]. Alternatively, the guantitative information about these defects states was either obtained by a numerical
modeling of the a(hv) spectrum based on a detailed carrier generation and recombination Kinetics [27] or by

using a deconvolution of the a(hv) spectrum as presented by Niu [33].

Standard Measurement Procedure to Study Metastability/Instability Effects
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Fig. 1. Schematic diagram of the standard measurement procedures used to investigate reversible and
irreversible effects due to air, DIW and oxygen exposures of thick microcrystalline silicon films.

However, the highly crystalline thick silicon films used in this investigation were deposited on rough
glass substrate and therefore the optical transmission spectrum could not be measured due to optical scattering.

Additionally, interference fringes in the DBP spectrum disappear. Because of that, the absolute a(hv) spectrum



cannot be calculated through the Ritter-Weiser optical equation [31]. In addition, independent calculation of
absolute a(hv) from the T&R measurements used to normalize the relative Y pgp Spectrum can no longer exists.
For this reason, our investigation of reversible and irreversible effects on the gap states due to long term air and
short term DIW treatment was limited to the measurements of the relative sub-bandgap absorption spectrum,
which is the relative DBP yield spectrum, Ypgp. The changes in the density and distribution of gap states after
the treatments are evaluated by comparison of the changes in the Ypgp spectra at sub-bandgap energies of
microcrystalline silicon films. For this purpose, relative Ypgp spectra of different states of the sample are
normalized to a constant number at a single energy in the high energy part of the spectrum, where no changes in
the density and distribution of defect states is expected and all spectra overlap. The differences in Y pgp Spectra at
lower energy part of the spectrum are used for the qualitative comparisons of the changes in defect states created
by different treatments = Similarly, the absolute a(hv) spectra were calculated from the raw DBP and optical
transmission spectra, which show interference fringes, through the optical equations defined by Ritter and
Weiser [31] for the reference sample2 deposited on smooth glass, however, the remaining interference in the
a(hv) spectrum will prevent to derive quantitative information about the defect states. In this case, relative
changes in the a(hv) values at the low energy region will reflect the changes in the defect states created after the
treatments. A home developed computer software was used to collect the data in time- and temperature-

dependent dark conductivity as well as in the DBP measurements.

3 Results

3.1 Dark Conductivity Results

The investigation of reversible and irreversible changes in microcrystalline silicon films, created after
atmospheric exposures, inert gases, oxygen as well as de-ionized water treatments, requires long pre-
experimentation monitoring of the dark conductivity to obtain a reliable record of the effects on the minority and
majority carrier properties measured under steady-state conditions [23]. Probe measurements were performed
once op, remained unchanged with time at 300 K in the high vacuum cryostat with pressure of 1-2 x 10°® mbar.
Thin film semiconductors with (i) low conductivity and possibly (ii) high susceptibility of the surface to
atmospheric adsorbates can show a considerable influence of such adsorbates on the conductivity by surface
band bending resulting in strong variation of the electronic transport at and near the surface which can be a major
contribution for the overall sample conductivity. Therefore, it is common practice to measure such materials in

an inert atmosphere or in vacuum to assure defined and reproducible film surface condition. In case highly doped
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(conductive), bulk materials or samples under additional carrier excitation (illumination) are measured - with
much higher conductivities - this may be done also in ambient. However, this was not the case in our studies.
The percent change in op, Acp ((Acp = (op (Measurement begins) — op(measurement ends)) / op(measurement
begins)) x100%) during several hours of measurements was less than 10% as seen in the figures below. The
sequence of treatments on the samples was the following: The samples had been stored in laboratory atmosphere
in the dark for two years. After this and a first detailed characterizations at 300K, the samples were annealed at
440 K in dark and high vacuum. Then two different methods to create metastabilitiy effects were applied: (i)
De-ionized water treatment at 80°C for 5 hours on samples deposited on the rough glass and (ii) oxygen exposure
to Reference sample 2 deposited on the smooth glass at 150°C for 5 hours. The treatment with oxygen was
preferred for the samples on smooth glass to avoid sample peeling which is frequently observed when such thin
films deposited on smooth glass are immersed into water. Finally, the samples were re-annealed at 440 K to
remove the created metastability effects due either to de-ionized water or oxygen gas. All measurements after
each treatment were performed at 300 K in high vacuum.

In Figure 2, time dependent dark conductivity at 300 K, op(300 K), for highly crystalline silicon films
deposited under high and low growth rates and a compact silicon film with medium crystallinity, the reference
samplel, are presented after each treatment. The time scale starts with switch-on of the vacuum pump,
respectively. Measurements in vacuum after two years of air exposure indicate that op(300 K) reaches a steady-
state level after several hours for both highly crystalline and compact silicon films. Once the steady-state
conditions of dark conductivity are established, samples were carefully characterized using SSPC, DBP, and

SSPG methods in detail as described below.

After characterization of the air exposed state, the samples were annealed in vacuum at 440 K for more
than 10 hours. In this annealing step it is assumed that the material will recover from any metastable surface
adsorption processes. However, possible irreversible processes during the 2 year storage at ambient would not be
identified in this procedure. The time dependence of oy, at the annealing temperature is shown in Figure 3. The
two highly crystalline samples show similar annealing behavior in dark conductivity, which initially increases
during several hours of the annealing and then tends to saturate reaching to a time independent value. Dark
conductivity of the compact reference samplel showed only little change at 440 K. After this annealing step
(called the annealedl state) the samples were slowly and computer-controlled cooled to 300 K. The activation
energy of the dark conductivity (E) was calculated from the slope of an Arrhenius plot as shown in Figure 4. Ex

was 0.33 eV and 0.24 eV for high and low growth rate samples, respectively, and 0.49 eV for the reference
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Fig. 2 Time dependence of op measured at 300 K in high vacuum after long-term air exposure, five hours of
DIW treatment as well as annealed states carried out after these treatments for (a) highly crystallinel sample, (b)
highly crystalline sample, and (c) compact reference samplel, on the rough glass substrate. Same symbols
indicate the same state of each sample. The sample geometry used in this study is also presented in the inset of
Figure 2c.
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samplel. When the temperature of the sample reached the value of 300K, the development of op with time was
further monitored as shown in Figures 2a, 2b, and 2c (filled square of magenta color). op(300 K) decreases
slowly within a factor of 2-3 in 15 hrs before reaching a steady-state value. It was made sure by careful sample-
temperature monitoring that this effect is not due to a further small decrease of the sample temperature. At the
end, op(300 K) in the annealedl state is a factor of 20-30 higher than that of the air exposed state for highly
crystalline samples. In general, more compact samples with lower crystallinity and void/ crack fractions are
expected to be less sensitive to the exposure processes. This is consistent with the assumption that the first
annealing step after long-time air exposure brings the sample back close to its as-deposited state as concerns dark
conductivity in agreement with previous results reported on similar but thinner (200 nm - 400 nm) material
[11,12]. For reference samplel with medium crystallinity, very little effect on op upon annealing after long-time
air exposure is observed. While this looks in agreement with another previous investigation [22], in contrast a
substantial decrease in op(300 K) was reported after annealing of the air-exposed state of thin (200 - 400 nm)

compact samples with similar crystallinity [11,12].
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Fig. 3 Time-dependent op measured at the annealing temperature 440 K after air exposure for highly crystalline
samples and for the compact reference samplel deposited on the rough glass substrate. In the inset, annealing
temperature versus time is shown.
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To address such partly conflicting results by reliable, reproducible and accelerated simulation of the
metastability effects upon exposure of pc-Si:H to ambient atmosphere, we have previously suggested a
measurement cycle with exposure of the sample to de-ionized (DI) water at 80°C for 60 min [19]. In the present
study and based on that approach we have exposed the highly crystalline and compact microcrystalline silicon

films to DI water at 80 °C for an extended time of 5 hours.

The time dependent (300 K) results recorded after de-ionized water treatment (red filled circles) are
also shown in Figure 2. For both highly crystalline samples, in contrast to the air-exposed state, op(300 K)
increased by more than an order of magnitude during the first 10 hours before reaching a time-independent
value. Stabilized op(300 K) after de-ionized water treatment was a factor of 20 and 5 higher than that of the
annealedl state level for high crystallinel and high crystalline2 samples, respectively. Now different from our
expectation op(300 K) did not recover upon annealing after the DI water treatment. The op(300 K) remained

almost unchanged after the second annealing process (called the annealed2 state) carried out at 440 K.

For the compact reference samplel, which did not show any change between the atmospheric gas
exposure and the first annealing step, time dependent op(300 K) measured after de-ionized water treatment also
showed an increase during the first 6 hours before reaching to a stabilized level. op(300 K) of the de-ionized
water treated state was more than two orders of magnitude higher than that of the annealed1l state. Similar to the
highly crystalline samples the conductivity of the reference samplel with medium crystallinity did not recover
after the second annealing process performed at 440 K (Figure 2¢). From the temperature-dependent op(T)
recorded after annealing of the DIW treated state, the slope of the Arrhenius plots yielded activation-energy
values, Ea, of 0.20 eV and 0.22 eV for high crystallinel and high crystalline2, and 0.23 eV for the compact
reference samplel, respectively (Figure 4). Apparently both highly crystalline silicon films and the compact
reference samplel undergo an irreversible increase in dark conductivity after DIW treatment which does not

recover after annealing.

It was shown earlier that DIW treatment and oxygen gas exposure at 80 °C caused similar conductivity
increase on thin (200 - 400 nm) silicon films [20]. Considering that the reference sample2 on a smooth glass
substrate with a thickness of 1.1 um might peel off during the DI water exposure, we have treated this sample in
an oxygen gas atmosphere for five hours at 150°C. A temperature of 150°C was chosen because previous
experiments on similar thick samples ( = 1 pm) with an exposure temperature of 80°C in oxygen have yielded

very little changes in conductivity, DBP and SSPG [22].
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The time dependence of op(300 K) for the reference sample2 is presented in Figure 5. Similar to the
results of the reference samplel shown in Figure 2c, there was no change in op(300 K) upon annealing after
long-term air exposure. In addition, after five hours of oxygen exposure at 150 °C, the op(300 K) measured in
vacuum initially is very similar to the state after air exposure or after the annealingl step. However upon
continuous measurement, op(300 K) increases slowly to reach a time-independent value after more than 1000
minutes. While such an increase in op(300 K) during measurement after oxygen exposure was reported earlier
[22,23], the amount of increase by a factor of 20 from the annealedl state is significantly higher than the results
obtained after oxygen exposure carried out at 80 °C on similar quality thick intrinsic silicon films [22]. After this
increase in op(300 K) upon measurement in vacuum after the oxygen exposure the final op(300 K) state reached
does not change anymore after an additional annealing step. Temperature dependence of op for the reference
sample 2 is shown in Figure 6, where the slope of Arrhenius plot gives an activation energy, Ex = 0.58 eV before

oxygen exposure and 0.40 eV after the annealing of the oxygen exposed state.
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Fig. 5 Time dependence of op measured at 300 K in high vacuum after long term air exposure, five hours of
oxygen gas exposure as well as annealed states carried out after these treatments for intrinsic reference sample2
deposited on the smooth glass substrate.
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Fig. 6 Temperature dependence of op measured in high vacuum after long term air exposure, five hours of
oxygen exposure carried out at 150°C for intrinsic reference sample2 deposited on the smooth glass substrate.

In summary; both reference samples with medium crystallinity and presumed compact structure do not
change their conductivity between long time air exposure and subsequent annealing. Upon treatment in DI water
or alternatively in pure oxygen both finally show a considerable increase in dark conductivity which cannot be

restored by thermal annealing.
3.2 Steady-state Photoconductivity Results

It was presented above that after a long time air exposure of pc-Si:H films (= 1 um thickness) on glass,
thermal annealing leads to an increase in op(300 K) in highly crystalline material whereas medium crystalline
material showed no difference between air exposure and annealing. Further treatment in DI water or oxygen
resulted in a further strong increase in op(300 K) for both types of materials which in all cases was not reversible
by annealing. Assuming that such an increase in op(300 K) is related to a Fermi level shift and as a consequence

to changes in the charge occupation of gap states, one would also expect direct influence on the steady-state

photoconductivity via changes in the lifetime of photo-induced charge carriers [12].
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In Figure 7, the results of steady-state photoconductivity, oy, versus photon flux are shown after the
long-term air exposure, short-term DIW treatment as well as for the annealed states carried out after these
treatments for samples deposited on the rough glass substrate. In the air exposed state, the exponent y of the plot,
opn Versus photon flux, is less than unity and found to be 0.85+0.02 and 0.70+0.02 for high crystallinel and high
crystalline2 samples and 0.65+0.02 for the compact reference samplel, respectively. In the annealedl state, the
exponent y slightly decreased and o, measured at the photon flux of 8.0 x 10" cm?s™ increased by factor of 4
and 2 for high crystallinel and high crystalline2 samples, respectively. Similar to its dark conductivity, o, of the
compact reference samplel showed no change after annealing of the air exposed state. Upon DI water treatment
o,n Measured at the photon flux of 8.0 x 10° cm™s™ increased by a factor of 20 for high crystallinel sample and
a factor of 6 for high crystalline2 sample. A factor of 9 increase in o, was recorded for the compact reference
sample 1. The exponent vy is around 0.63+0.02 for the highly crystalline samples and decreased from 0.65+0.02
to 0.50+0.02 for the compact reference samplel. For all samples the increase in oy, after DIW treatment was not

reversible with thermal annealing.

The results of oy, for the compact reference sample2 are presented in Figure 8 after long term air and
five hours of oxygen exposure applied at 150 °C as well as for the annealed states performed after these
treatments. There is little change in the oy, data between long-term air exposed and annealedl states, similar to
the results of the compact reference samplel presented in Figure 7c. However, high-temperature oxygen gas
exposure caused a factor of 6 increase in oy, at the photon flux of 8 x 10" cms™ and the exponent y decreased
from 0.65 to 0.50 after oxygen exposure. Again the annealing2 step after O, exposure does not restore the oy,

value similar to the results after DI water treatment (Figure 7).
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We summarize: Air exposure, DI water or oxygen treatment and subsequent annealing steps on pc-Si:H
films result in for their o, values in qualitatively similar changes as observed for the corresponding op(300 K)
values. The sublinear dependence of photoconductivity on light intensity, the exponent y less than unity, as
observed in this investigation is a direct consequence of the continuous distribution of gap states located in the
bandgap of microcrystalline silicon and can be explained by the model proposed by Rose [25]. When the light
intensity is increased, the electron and hole quasi-Fermi levels are moved towards their respective band edges so
that the higher or lower lying states are thus converted into recombination centers. The increased density of
recombination centers decreases the carrier lifetimes and yields the sub-linear dependence of photoconductivity
on light intensity. Both charge state and number of gap states acting as recombination centers affect both o
values as well as the exponent y. This should possibly show up in defect absorption spectroscopy as well as in
the properties of minority carriers. For this reason, this was also studied on these pc-Si:H samples after the

various treatment steps and will be presented next.

3.3 Sub-bandgap Absorption Results

The sub-bandgap absorption coefficient spectrum obtained from the dual-beam photoconductivity
(DBP) method is a powerful tool to investigate the density and distribution of gap states in amorphous silicon
thin films [27], where the occupation of the gap states can be easily modified by changing the dc bias light
intensity. Examples of the relative DBP yield spectra, Y pgp, having no interference fringes measured for different
dc bias light intensities are shown in Figure 9 for the air-exposed state of the highly crystalline silicon film
deposited on the rough glass under high deposition rate. Similarly, Ypgp spectra of the compact reference
sample2 deposited on the smooth glass substrate are shown in Figure 10. Distinct fringes are seen on the Ypgp
and corresponding optical transmission spectra given in the inset. Ypgp increases in the energy range below 1.2
eV as the intensity of the dc bias light increases for both samples, which is related to an increase in the
occupation of gap states as the quasi-Fermi levels move closer to the band edges [27, 34]. Due to the complexity
of the gap state distribution in the phase mixture material pc-Si:H with possible overlaps of amorphous and
crystalline silicon band structures, any quantitative information about the types, density and energy location of
these gap states cannot be easily obtained from such relative Y pgp spectra, which integrate over the contribution
from the different structure components in pc-Si:H. However, we consider it safe to assume that the Ypgp
spectrum measured under the lowest dc bias light (referred to as lowl dc bias light) corresponds to the optical

transitions between the occupied gap states below the dark Fermi level and the conduction band states. For this
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Fig. 9 Relative DBP vyield spectra, Ypgp, as a function of photon energy measured in high vacuum under
different dc bias light intensities for the high growth rate microcrystalline silicon film after long term air

exposure. The flux of dc bias light in DBP is approximately 3 x 10** em™?s™ for low1, 5 x 10 cm™?s™ for low2
and 5 x 10™ cm™s™ for high dc bias lights.
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Fig. 10 Relative DBP vyield spectra, Ypgp, as a function of photon energy measured in high vacuum under
different dc bias light intensities for compact reference sample2 deposited on the smooth glass after long term air
exposure. The flux of dc bias light in DBP is 3 x 10" cm™s™ for low1 and 5 x 10™ cm™s™ for high dc bias lights.
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reason, the Ypgp(lowl) spectrum measured after different treatments will be used for the qualitative evaluation of

changes in the density of occupied gap states of samples deposited on the rough glass substrate.

As already mentioned, for easier explanation and not in disagreement with other experiments, we will
describe the results in the following with the assumption that our samples are in general n-type with electrons as
majority carriers. In Figure 11, the Ypgp(lowl) spectra measured after different treatments are presented for the
samples deposited on the rough glass substrates. These relative Ypgp Spectra were normalized to a constant value
at the energy of 1.90 eV as described at the end of Experimental Details section. Since none of the treatments do
not change the density and distribution of defects above the bandgap energies, all measurements corresponding
to different treatments do overlap nicely at higher energy part of the spectrum after a normalization procedure as
shown in Figure 11. But significant changes in the sub-bandgap energy region indicates that changes in defect
distributions in the bandgap exist due to treatments. In the annealed1 state, the Ypgp(lowl) spectrum at the lower
energy region at around 0.9 eV increases by a factor of 2 from the air-exposed spectrum for both highly
crystalline samples. For the two reference samples instead there is hardly any difference in the subgap absorption

signal between the air exposed state and the state after annealingl (see also Figure 12).
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Fig. 12 Absorption coefficient spectra obtained from the Y pgp(lowl) and optical transmission spectra measured
in high vacuum at 300 K after long term air exposure, five hours of oxygen exposure applied at 150°C and
annealing carried out after these treatments for intrinsic reference sample2 deposited on smooth glass substrate.
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Upon DIW treatment, the relative Ypgp(lowl) spectra at energy of 0.9 eV for the highly crystalline and
the reference samplel (red filled circles) show a considerable decrease of up to one order of magnitude from the
annealedl spectrum. Finally this state (after DIW treatment) is not reversible with the second annealing step
(annealed2). For the reference sample2 on smooth glass substrate, we are able to determine the absolute
absorption coefficient, a(hv), spectra from the raw Ypgp and optical transmission spectra measured after the
different treatments. Similar observations are obtained for reference sample2 with O, exposure and subsequent
annealing (Figure 12). After O, exposure, the a(hv)(lowl) in the subgap region around 0.9 eV decreases from

annealed1 state and remains there also after annealing2 step.

As a summary, the DBP spectra of the investigated pic-Si:H samples with high and medium crystallinity
show a similar qualitative response on the various treatments (long-time air exposure, DI water or O, exposure,
and annealing) as was observed for dark- and photoconductivity in the sense that highly crystalline samples show
changes in subgap absorption after annealing of the air exposed state and further changes after DI water
treatment. Additional annealing after DI water treatment does not induce further changes. For the medium
crystalline compact reference samples no significant changes were detected between long time air exposure and
the first annealing step, but similar effects on sub-bandgap absorption exist due to DI water treatment (or
alternatively O, exposure) as seen in the highly crystalline samples and similarly no response on an annealing
step after DI water or O, exposure has been detected. It can be concluded that DI water and O, exposure seem to

have similar effects on pc-Si:H reference samples as was also observed for the conductivity results.

3.4 Minority-Carrier Diffusion Length Results

Minority-carrier diffusion length, Lp, in the bulk of absorber layers in thin film silicon solar cells is one
of the most important parameters for the carrier collection at the contacts and for the overall solar cell
performance. The steady-state photocarrier grating (SSPG) method [26] was used to investigate the effects of
long-term air exposure and short-term DIW and oxygen gas treatments on the minority-carrier diffusion lengths.
In this method, the experimental value B = ln/lincon Was recorded as a function of the experimental grating
period, A, as the angle 6 between two light beams is altered. Here, I, is the ac photocurrent measured between
the contacts as the polarization vectors of the laser beams are parallel and I, is the ac photocurrent as the
polarization vectors of the laser beams are perpendicular. The grating period A is equal to A/[2sin(6/2)], where A
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is the wavelength of the laser light. The A represents the distance between the fringes existing in the gap between
the parallel electrodes of the sample as two coherent light beams impinge on the sample. The ratio  versus the

grating period A was defined in the non-linear equation as
B =1-2 /(1 + 4n’Lp” | A (1)

where the fit parameter ¢ defining the grating quality as ¢ = yyq4y.> (Where v is the exponent of Gpn Versus photon
flux, yq is the dark conductivity reduction factor defined as yq = opn/( opnt op) and vy, is called the grating quality
factor) and the minority-carrier diffusion length Lp is obtained from the best fit to the experimental data using
Equation (1) [26]. The fitting parameter ¢ is typically between 0.3 and 0.8 for the samples deposited on the
smooth glass substrate [35]. However, it decreases to around 0.1 - 0.2 for the samples deposited on the rough

glass substrate due to higher optical scattering [36].

The results of B versus the grating period A in non-linear plots are summarized in Figures 13 a,b, and ¢
for the 3 microcrystalline silicon films deposited on the rough glass substrates. In the air exposed state, the
minority-carrier diffusion length Lp was obtained to be 225 nm and 288 nm for high crystallinel and high
crystalline2 samples and 245 nm for the compact reference samplel. The values of L obtained for both types of
samples are similar to those recently reported on the highly crystalline thick silicon films (>1 um) deposited on a
smooth glass substrate [23]. Corresponding best fit values for the fit parameter ¢ in non-linear equation 1 were
found to be 0.113, 0.173, and 0.210 for high crystallinel, high crystalline2 and the compact reference samplel,
respectively. The lower values of ¢ are consistent with the previous investigations carried out on similar quality
silicon films deposited on rough substrates [36]. The error limits of both fit parameters, Lp and ¢, indicate in
Figure 13 that equivalent good fits for the experimental data points can be obtained within £ 20nm for Ly and
+0.015 for ¢, where smaller values of ¢ results in larger values of Lp, and/or vice versa. In the annealedl state,
Lp decreased slightly by 30 nm and 38 nm for high crystallinel and high crystalline2 samples, respectively,
within the similar error limits of Lp and ¢. For the compact reference samplel, no detectable change was
obtained in both Ly and ¢ upon annealing after air exposure, consistent with the results of op, o, as well as the

relative Ypgp(lowl) presented above.

The effects of DIW treatment on the Ly are also presented in Figure 13. The B vs. A curves show a
considerable change from the data of the annealedl state. The minority-carrier diffusion length Ly improved
significantly from the value of the annealed1 state for all the samples investigated. It increased from 195 nm to
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Fig. 13 Experimental ratio B (symbols) versus grating period A of steady-state photocarrier grating method
measured under dc laser light flux of 6 x 10*° cm™s™ in high vacuum at 300K after long term air exposure, five
hours of DIW treatment and annealing carried out after these treatments, respectively for (a) highly crystallinel
sample, (b) high crystalline2 sample, and (c) compact reference samplel, deposited on rough glass substrate.

Same symbols indicate the same state of each sample. Lines are fits to the data.
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300 nm for high crystallinel sample, from 250 nm to 310 nm for the high crystalline2 sample and 245 nm to 300
nm for the compact reference samplel. Both highly crystalline samples and the compact reference samplel reach
to the similar values of Lp after the DIW treatment. Correspondingly, the fit parameter ¢ shows a further
decrease towards a value of 0.10 after the DIW treatment for all the samples as presented in Figure 13. At this
level of Ly and fit parameter ¢, the accuracy of the fit to the experimental data decreases. The error level of Lp
was estimated to be within + 30 nm and that of ¢ stays the same within +£0.015. Equivalent fits can also be
obtained with even lower values of the fit parameter ¢, such as values between 0.07 and 0.1. But such lower

values of ¢ results in unrealistically high values of Lp.

Annealing after the DIW treatment shows no significant change in the data obtained from SSPG as seen
in Figure 13 and the extracted values for ¢ and Lp remain also unchanged within the same error limit of the
fitting procedure indicated above. Therefore, similarly as observed for op, oy, and the sub-bandgap absorption,
we find for the minority-carrier parameter Ly that it is not restored from its value after DI water treatment with

the annealing2 step.
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Fig. 14 Experimental ratio B (symbols) versus grating period A of steady-state photocarrier grating method
measured under dc laser light flux of 6 x 10™® cm™s™ in high vacuum at 300 K after long term air exposure, five
hours of oxygen exposure applied at 150°C and annealing carried out after these treatments, respectively for the
compact reference sample2 deposited on smooth glass substrate. Lines are fits to the data.
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Furthermore, the fit parameter ¢ also allows us to obtain the grating quality factor vy, by using the
experimental values of the exponent y and dark conductivity reduction factor y4 obtained from the conductivity
results presented above. The values of the grating quality factor y, obtained in this investigation for the highly
crystalline films and the compact reference samplel are in the range between 0.40 and 0.60 as indicated in
Figure 13. These values of y, are lower than those reported for thinner films (200 - 400 nm) deposited on the
smooth glass [35] which can be related to the multiple internal scattering of light in thick (= 1 um ) highly

crystalline films in addition to the contribution of the rough glass substrate [36].

SSPG results for the compact reference sample2 deposited on a smooth glass are shown in Figure 14.
Better accuracy and higher values of both fit parameters, Lp and ¢, were obtained for the reference sample2,
where Lp was found to be 288 nm £2nm in the air exposed state and increased to 300nm + 4nm after the
annealingl step. Correspondingly the fit parameter ¢ decreased from 0.42 to 0.33 upon annealing of two years air
exposure. Such slight improvement in Ly could be due to annealing of metastable defects not caused by the air
exposure since dark conductivity, op(300 K), shown in Figure 5 and 6, is almost identical in both annealedl and
air-exposed states. This effect can be due to annealing of light-induced metastability [37] created in the
amorphous phase of the material during the long term storage of the sample in the laboratory ambient since a

slight increase upon annealing in o, Wwas also measured in the reference sample2 as shown in Figure 8.

Similarly observed after DIW treatment of microcrystalline samples presented above, significant
changes in both fit parameters, Lp and ¢, were measured after oxygen exposure of the compact reference
sample2. Lp increased from 300 nm to 328 nm and the fit parameter ¢ decreased further to 0.17. At this state of
sample, accuracy of the fit for Lp decreases and equivalent good fits can be obtained within + 20nm as ¢ changes
within the same error limit of + 0.015. After oxygen exposure there is no significant change in Lp upon
annealing of the oxygen exposed state, however, the major change seen in Figure 14 was found to be due to a
significant increase of the fit parameter ¢. It increased from 0.17 to 0.26 within the same error limit of 0.015 after
annealing2 step. In contrast to that observed in microcrystalline silicon films on the rough glass substrate
presented above, the grating quality factor vy, calculated from the fit parameter ¢ and other experimental
parameters of y and y4 shown in the above figures are close to unity, indicating a much better grating quality of

fringes in silicon films deposited on the smooth glass substrate [35].
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Moreover, the irreversible change in Lp after oxygen exposure is consistent with the results of op, o,
and the sub-bandgap absorption of this compact reference sample2. Further it can be inferred that both highly
crystalline silicon films and the compact reference samples deposited on rough or smooth glass substrates exhibit
similar irreversible changes in their electronic properties after either DIW or oxygen gas treatment. The
minority-carrier diffusion length, Lp greatly improves towards a value of 300 nm + 30 nm for all the samples

investigated.

4 Discussions

For thin-film semiconductors with large surface-to-bulk ratio, the effects due to adsorption by
physisorption and chemisorption processes are usually considered by measuring electronic conductivity in
vacuum and possibly after a moderate annealing step to remove surface adsorbents which would influence
evaluation of the conductivity properties of thin semiconductor films. This can be particularly important in case
such a thin film has, in addition, a porous microstructure with openings to the surface — as is the case in some
microcrystalline silicon materials. It is therefore not surprising that puc-Si:H shows reactions on the exposure to
atmospheric gases or liquids as concerns the electronic conductivity or charge carrier properties in general and a
number of metastability phenomena in pc-Si:H have been reported. Explanations have been suggested within the

pictures of physisorption and chemisorption processes.

In addition to reversible adsorption processes, depending on the duration and sequence of the exposure,
the treatment temperature, and the type of reactant (ambient atmosphere, DI water, pure oxygen), we have also
observed non-reversible effects in our studies on pc-Si:H which point towards strong chemical bonds, including
creation or passivation of defects which when located as electronic states in the band gaps will be similar to the
surface adsorption change, charge distribution and band bending. Therefore we can in some cases have

superposition or cross reaction of several effects which will make interpretation more complex.

In the following we will summarize and discuss our observation and we will try to find some common
description for the observed phenomena. And while identification of microscopic origins may remain
speculative, the fact that we measured a number of quantities as a function of surface exposure will be helpful at

least to focus down on possible explanations.
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Due to the complex nature of its microstructure, there is no standard microcrystalline silicon film with
well-defined properties. Additionally, structural evolution with film thickness is frequently observed [38, 39].
There are several structural and physical parameters to be considered when reporting the results on such films,
such as crystalline volume fraction 1c7°, porosity, thickness, substrate type, as well as transport properties, such
as the dark Fermi level position which determines the occupation of defect states by maintaining the charge
neutrality as well as defining the conductivity type of the sample. Among those parameters; crystalline volume
fraction, thickness and the position of dark Fermi level seem to play the major role in determining the

conductivity changes after exposure of microcrystalline silicon to different ambient conditions.

The steady-state methods using light for the probing of the metastable changes require a priori the
establishment of constant dark conductivity at constant probe temperature for the accurate recording of reversible
and irreversible changes in majority and minority carrier properties. In this investigation, we have carefully
applied the standard measurement procedures described in the Figure 1 by monitoring of the dark conductivity as
a function of time as presented in Figure 2 and Figure 5 before using the steady-state methods to record the
changes created by long term air, five hours of DIW and oxygen exposures as well as by the annealing
performed at 440 K after these treatments [23]. Only after this established standard measurement procedure
shown in Figure 2, reliable comparison of the results obtained on different microcrystalline films due to different

treatments can be made.

It was found in the present investigation that highly crystalline about 1 um thick microcrystalline silicon
films deposited on a rough glass substrate have an activation energy of the dark conductivity of 0.33 eV and 0.24
eV for the high crystallinel sample prepared under high growth rate and for the high crystalline2 sample
prepared under low growth rate, respectively. High crystalline silicon films even when deposited under optimum
deposition rates have porous microstructure [38]. As the deposition rate increases, porosity and the fraction of
the cracks/voids increases so that air molecules can easily diffuse through the bulk of the samples. Both
reversible conductivity decreases and irreversible conductivity increases were observed in these highly
crystalline samples. Such results on the same film were not reported before. Reversible conductivity changes
occur due to storage of samples in room ambient, where both op(300 K) and oy, of the air exposed state
increased substantially after annealingl step as shown in Figures 2, 4, and 7. It was speculated that such
conductivity changes were due to the in-diffusion of air molecules, mainly oxygen and H,O, adsorbed physically

on the surface of crystalline grains [14], which induced surface charge on the surface of grains and the Fermi

28



level moved away from the conduction band edge to maintain the charge neutrality. Annealingl step removes
the physically adsorbed oxygen and/or H,O from surface of grains and the Fermi level shifts back towards the
conduction band edge causing an increase of both op(300 K) and o, for these highly crystalline samples as
presented above in Figures 4a and 4b as well as an increase in the density of occupied defect states below the
Fermi level. This is consistent with the results of the sub-bandgap absorption spectra measured under the lowest
dc bias light DBP measurement, where Y pgp(lowl) spectrum of the annealedl state at the energy of 0.9 eV was

higher by a factor of 2 from the air exposed state as shown in Figures 11a and 11b.

The second effect observed in these highly crystalline materials is an irreversible conductivity increase
from the annealedl state after DIW treatment. op(300 K) increased by factor of 20 and 5 for high crystallinel
and high crystalline2 samples, respectively. Such increase in op(300 K) can only be possible if the dark Fermi
level shifts towards the conduction band edge. It was found from the activation energy results of the dark
conductivity given in Figure 4 that the E5, measured after DIW treatment, decreased to a value of 0.22 +0.02 eV
for both samples. Such shift of the dark Fermi level will also increase the photoconductivity and decrease the
exponent y [40] as observed in Figure 7a and 7b. In addition, large increase in oy, should also imply that the
density of recombination centers in the bandgap should decrease after DIW treatment. The results of sub-
bandgap absorption shown in Figures 11a and 11b confirm that almost an order of magnitude decrease in the
Ypep(lowl) spectrum at energy of 0.9 eV was recorded from the annealedl state spectrum for both highly
crystalline films. Such decrease in Ypgp(lowl) indicates that density of occupied defect states below the Fermi
level decreased substantially after DIW treatment and became irreversible after annealing of the DIW exposed
state. A large decrease in the density of occupied gap states below the Fermi level cannot be due to a shift of the
Fermi level towards the midgap since it moved towards conduction band edge. This implies that water molecules
made chemical bonding with the defects on the surface of crystalline grains causing a reduction in the defect

density as well as a shift of Fermi level towards the conduction band edge.

The reversible and irreversible effects observed in the results of conductivities and sub-bandgap
absorption of highly crystalline microcrystalline silicon samples can also be related to the changes in the
minority-carrier diffusion lengths, L Long-term air exposure results in a small amount of increase in Lp for
both samples due to a decreased density of occupied defect states. As presented in Figures 13a and 13b, Lp in the
air-exposed state is 30 nm higher than that of annealed1 state for high crystallinel sample and 38 nm higher for

the high crystalline2 sample. The cycle between air exposure and annealing also demonstrates reversibility in Lp
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measurements in our previous investigations [21, 23]. After DIW treatment, L increased further to a value of
300 nm = 30 nm from the annealedl state level and became irreversible after annealing of the DIW exposed
state. Significant amount of improvement in Lp indicates that the density of recombination centers for the
minority-carrier holes located between the valence band edge and the hole quasi Fermi level decreased by a
detectable amount. This was qualitatively confirmed by the results of the sub-bandgap absorption spectra

presented in Figures 11a and 11b for these highly crystalline microcrystalline silicon samples.

Investigation of reversible and irreversible changes in thick highly crystalline silicon films was extended
to thick compact reference samples with similar thicknesses, which have intrinsic conductivity with activation
energy of dark conductivity larger than 0.49 eV before exposing to DIW or oxygen. Since the best solar cell
efficiency values were reported with such compact absorber layers having mixture of amorphous and crystalline
regions [2, 41, 42], it is scientifically and technologically important to investigate the effects in such thick
absorber layers. In the present investigation, one of the compact reference samples had crystalline volume
fraction of Ic~° = 0.52 and was deposited on the rough glass substrate. The second one was prepared on a smooth
glass substrate with Ic"° = 0.69. As recently reported by Michard et al., thick (~700 nm) compact
microcrystalline silicon films deposited under similar conditions of our compact reference samples do not show
significant in-diffusion of oxygen after six months of storage in air as measured by FTIR and SIMS methods
[43]. The results on thick compact reference samples obtained in this study also showed undetectable changes
between the measured op(300 K), o, SSPG and sub-bandgap absorption results of the annealed1 and long-term
air exposed states as presented above, which are also consistent with our recent report on thick (>1um) intrinsic

microcrystalline silicon films with varying crystalline volume fractions [22].

However, DIW treatment for the reference samplel and high-temperature oxygen gas exposure for the
reference sample2 created the same irreversible conductivity increase in such a short time of five hours. Orders
of magnitude increase in both 6p(300 K) and oy, were observed and that the activation energy of samples Ea
decreased from 0.49 eV to 0.23 eV for the reference samplel and from 0.58 eV to 0.40 eV for the reference
sample2. Such improvement in oy, correlates well with the results of sub-bandgap absorption, where a
significant decrease at the energy of 0.9 eV was observed after the treatment of compact reference samples as
presented in Figure 11c and Figure 12, respectively. The change in sub-bandgap absorption became almost
irreversible after the annealing. Such decrease in the density of occupied defect states below the Fermi level

leads to a significant reduction of the density of recombination centers for the minority carrier holes, which
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finally improved the minority-carrier diffusion length, Lp. Similarly observed in highly crystalline silicon films,
Lp showed an increase towards the value of 300 nm + 20 nm after the treatments and became irreversible after
the annealing2 step for both compact reference samples. The observed improvement especially in the minority
carrier properties suggests a potential application of the approach in photovoltaic devices, where the
improvement in the minority carrier properties may lead to an increase in the conversion efficiency of thin-film

silicon solar cells [44] and the passivation quality of silicon heterojunction (SHJ) solar cells [45].

It can be inferred from the results presented above that high-temperature oxygen exposure and DIW
treatment cause a permanent (irreversible upon annealing at 440 K) effect, which can be interpreted as
passivation of defects by oxidation of the surface, the surface of crystalline grains. These defects (located around
the middle of the bandgap) and the related passivation effect can explain the observed changes of oy, sub-
bandgap absorption spectra obtained by DBP as well as the minority carrier diffusion lengths, L. An irreversible
decrease in the density of defects located around midgap results in a decrease of the sub-bandgap absorption and
an increase in oy and Lp. This oxidation process causes strong chemical bonds so that oxygen cannot be
removed from these bonds by the annealing carried out at 440 K. The removal of oxygen from these bonds can

only be possible by high temperature annealing above 1050°C as reported before [8].

5 Conclusions

The effects of long-time air exposure and five hours of DIW treatment in thick highly crystalline silicon
films as well as in thick compact reference samples were investigated using the steady-state measurement
techniques of SSPC, SSPG and DBP method applied after steady-state of dark conductivity was established. It
was found that long-term air exposure caused a reversible reduction in 6p(300 K) and oy in highly crystalline
silicon films due to a shift of the dark Fermi level towards midgap, which also results in a decrease in the density
of occupied defect states as detected by the DBP method and a slight increase in minority-carrier diffusion
length. This could be due to physical adsorption of oxygen molecules on the surface of crystalline grains, which
is reversible after the annealing step. Thick medium crystalline compact silicon films, the reference samples,
were found to be immune to the long term air exposure and no significant change was recorded in their measured
characteristics after annealing. An irreversible effect was created after five hours of DIW treatment, where both

op(300 K) and o, increased irreversibly more than an order of magnitude in highly crystalline silicon films as
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well as in compact intrinsic reference samplel. The same effect was created in compact reference sample2 by
exposing it to oxygen gas at 150 °C. The activation energy of dark conductivity decreased irreversibly after the
treatments. This irreversible effect was attributed to the chemical bonding of oxygen atoms to the defects at the
surface of crystalline grains and changing the local charge distribution which finally reduces the density of
occupied defects states below the Fermi level as confirmed by a substantial decrease in the sub-bandgap
absorption spectrum as well as a significant improvement in the minority-carrier diffusion length L for all the
samples investigated. This approach could be used for the treatment of absorber layers in solar cells, suggesting a
potential for the increase in efficiency upon improvement of both the majority and the minority carrier

properties.
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