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Abstract

Electron spin resonance (ESR), constant photocurrent method (CPM), photothermal deflection spectroscopy (PDS),
Raman and IR spectroscopy have been used to measure microcrystalline silicon films. Besides standard defects with a
g-value of 2.0055, new defects with a g-value ~2.0030 have been created during annealing this material. Proportionality
between the subgap optical absorption and ESR spin density has been observed.

1. Introduction

Since the introduction of entirely hydrogenated
microcrystalline silicon (pc-Si:H) single junction
[1] and amorphous/microcrystalline silicon tandem
cells (micromorph cells) [2], similar materials have
been obtained by several laboratories [3,4]. As the
uc-Si:H is a heterogeneous material, it is important
to determine the properties of this ‘solar grade’
material in terms of microstructure, defect density,
transport and optical properties.

Direct observation of material microstructure
(by transmission electron microscopy) and study
of transport properties is described in other papers
of this issue [5,6]. In this paper, we report on
parallel measurement of electron spin resonance
(ESR) and optical absorption with the aim to
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correlate the measured spin density with the
defect-related subgap absorption.

2. Experimental

Layers of pc-Si were deposited in a capacitively
coupled parallel plate reactor, using the very high
frequency glow discharge (VHF-GD) method
[1,2,4], at an excitation frequency of 110 MHz and
substrate temperature of 250°C [7]. Under ‘device
quality conditions’, the 2-7 pum thick films were
deposited from hydrogen diluted silane on glass
(Schott AF45) and c-Si wafers. Flakes, peeled
from thicker films, were used for ESR measure-
ments.

Transmittance/reflectance  (T/R),  constant
photocurrent method (CPM) and photothermal
deflection spectroscopy (PDS) have been used for
the determination of the optical absorption coef-
ficient as a function of photon energy, «(E). Our



theory for the optical measurement on rough lay-
ers has been applied for evaluation of the true
optical absorption coefficient [§].

A stepwise annealing have been done in an
oxygen-free atmosphere (ultra high purity molec-
ular hydrogen), at temperatures from 380°C to
690°C. IR absorption and Raman scattering have
been used to monitor hydrogen effusion and
structural changes.

3. Results

The typical spin density (g = 2.0055) in our ‘as-
grown’ undoped pc-Si:H is ~10' cm~ as reported
in Ref. [9]. These densities were measured either
several (2-50) days or more than 1 year after the
deposition. The activation energy of the electrical
conductivity was typically between 0.6 and 0.3 eV.
The changes in ESR spectrum with annealing are
distinct, as shown in Fig. 1. Annealing above
400°C creates a new signal with a g-value of
around 2.0030. Further annealing at higher tem-
peratures increases the intensity of the component
with a g-value of around 2.0055 (silicon dangling
bonds [10]).
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Fig. 1. ESR spectra of pc-Si:H in the ‘as-grown’ state (dotted
curve is 100 xexpanded) and after successive anneals in ultra-

pure molecular hydrogen, for a given annealing temperature
and time.

The new g = 2.0030 resonance has usually two
components: the first one is ‘annealing depen-
dent’” and the second, with a smaller g-value
(2.0026), is ‘ambient atmosphere dependent’. In
our ESR system, the pc-Si flakes and powder,
placed inside a silica tube were flushed with ni-
trogen gas. Flushing with N increased this sec-
ond component. When we introduce oxygen
instead of nitrogen into the resonator, this sec-
ond component diminishes, as documented in
Fig. 2.

Structural changes with annealing are detected
in the IR and Raman spectra, as shown in Figs. 3
and 4. In some samples, an increase at the usually
small oxygen band around 1100 cm~! is observed
after the first anneal at 400°C and exposure for a
few days to air. Raman spectra have three com-
ponents (Fig. 4). Integrated absorption in the
480 cm~! band decreases with annealing. Corre-
spondingly, the integrated absorption in the
smaller width 520 cm~! peak increases and in the
500-505 cm~! shoulder stays approximately con-
stant.

Electrical conductivity, which was in the ‘as-
grown’ state ~1076 to 107 Q' ecm™!, decreased
after anneal at 550°C for 24 h to ~107*4 Q™!
cm™!,
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Fig. 2. ESR spectra of another sample after a several successive
anneals in the range 400-550°C. Full curve is the measurement
immediately after placing the sample into resonator, dashed
curve is after 40 min flushing the resonator with nitrogen. The
dotted curve is after 30 min of oxygen flow.
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Fig. 3. IR spectra in the ‘as-grown’ state (1), after successive
anneals for 4 h at 400°C (2), 450°C (3) and 550°C (4).
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Fig. 4. Raman spectra of pc-Si:H in the ‘as-grown’ state and
after successive anneals for a given temperature/time. Decon-
volution of spectrum into three components is also shown.

Simultaneously, with the hydrogen effusion, the
optical absorption coefficient a(E) changed, both
in the above-gap and in the defect-related, subgap
spectral region. It can be seen from Fig. 5 that with
annealing up to 550°C the true «(E) increased in
the region 1.2 to 2.2 eV. In the subgap region, o(F)
changed over several orders of magnitude with
annealing (Fig. 5). At photon energy 0.8 eV, far
below the indirect gap energy, the o(E) increased
from the range of 0.06-0.3 to 50-120 cm™!, after
anneal at 550°C for 24 h. If we compare the true
optical absorption coefficient (0.8 eV) with the
ESR spin density of all the ‘as-grown’ samples, a
spin density of 2 x 10'® cm~! corresponds to the
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Fig. 5. Optical absorption coefficient spectrum o(E) as a
function of photon energy E for pc-Si:H in the ‘as-grown’ and
successively annealed state. Measurement has been done by
CPM and T/R except the data marked by PDS. True o(E) has
been evaluated with the help of our theory. Single crystalline Si
data (c-Si) are shown for comparison.

%(0.8 eV) = 0.12 cm~!. This correspondence is an
approximation because there is scatter in the data.

4. Discussion

Raman spectrum and IR absorption monitored
structural changes and hydrogen effusion. Raman
spectrum can be decomposed into three compo-
nents. The 480 cm~! component (FWHM about
65 cm™!) is the same as in amorphous silicon
(a-Si:H). The peak at 520 cm~! (FWHM 10 cm™)
is nearly two times broader than that of high tem-
perature CVD silicon on saphire and dominates the
spectrum. The shoulder around 500 cm~' has been
attributed to crystalline grains 2-3 nm size [11]. The
area below the 480 cm™! peak is typically 20% of
the total area under all bands. The amorphous
fraction in the material has to be less because of
difference in Raman cross-section of c-Si and
a-Si:H and other contributions to this line [12,13].

During annealing in molecular hydrogen
atmosphere, changes occur in all the spectra.



Hydrogen leaves the material and new Si dangling
bonds are created. Hydrogen desorption can be
seen in Fig. 3 at the ~630 cm™! peak, at the dou-
blet between 800 and 900 cm~! and the peak of
2100 cm™!, typical for pc-Si [14]. On the other
hand the peak at ~1980 cm™!, originally masked
by the 2000 cm™! peak remains unchanged.

Our experimental results support the following
‘3-phase-model’ for pc-Si:H: The first (largest)
phase consists of large crystalline nanometer sized
grains [5]. The Raman band at 520 cm™' is due to
this phase. The second phase has a ‘medium dis-
order’ and is a disordered surface layer of grains.
Gas adsorption, desorption, and surface recon-
struction affect the ESR after effusion of a part of
hydrogen from a surface of grains with annealing
at 400°C or higher. Resonances with g-values
around 2.0055 are assumed to be related to Si
dangling bonds in differing environments. Signal
around g = 2.0030 needs further study. An oxi-
dation (at the air ambient, after the first anneal)
can passivate the surface defects (dangling bonds)
similar to hydrogenation. Ambient nitrogen gas
removes some adsorbed oxygen. The third phase is
a residual tissue of amorphous hydrogenated sili-
con. It’s amount decreases by annealing.

Optical properties in the above-gap region can
be explained within this model with the effective
medium approximation. Larger optical absorption
coefficient o (in comparison with crystalline Si) in
the region above 2 eV is mainly due to the third
phase. The increase in the 1.3-2 eV region is due to
the second phase. Hydrogen atoms leave the sur-
face of crystallites and surface states are created.

Comparing defect-related optical absorption
and ESR data we observe in the ‘as-grown’ state a
scatter of true «(0.8 eV) but always a similar
g =2.0055 signal, which never decreases below
1 x 10'® ¢m™3, similarly as reported in Ref. [9].
This signal may be partly due to some ‘back-
ground ESR signal’. On the other hand, (0.8 eV)
after the final annecaling is always close to 100
cm~!, but the spin concentration differs by one
order of magnitude. Spin concentration does not
increase as much as (0.8 eV) with annealing. The
dangling bond occupation may play a role, as
deduced from the electrical conductivity changes.
It increases up to four orders of magnitude

following the 550°C/24 h anneal. Hence, a ratio of
doubly (not seen in ESR) to singly occupied Si
dangling bonds has changed due to the Fermi level
shift. Much more work will be necessary to de-
termine a ‘calibration constant’ between ESR and
defect-connected CPM data, similarly as done in
amorphous silicon [15].

5. Conclusions

Besides standard defects with a g-value around
2.0055, new defects (with a g-value around 2.0030)
were created during annealing the intrinsic mi-
crocrystalline silicon. A three-phase model de-
scribes well the structural and optical changes
caused by the annealing. Further work is needed to
correlate more precisely ESR spin density and
subgap optical absorption.
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