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Relationship between the optical absorption and the density of deep gap
states in microcrystalline silicon

Stefan Klein,a� Friedhelm Finger,b� Reinhard Carius, Thorsten Dylla, and Josef Klomfass
Institut für Energieforschung—Photovoltaik, Forschungszentrum Jülich, 52425 Jülich, Germany

�Received 27 June 2007; accepted 26 September 2007; published online 19 November 2007�

We have measured the subgap optical absorption of undoped microcrystalline silicon samples with
photothermal deflection spectroscopy and compared it with the spin density measured by electron
spin resonance. The material was prepared using the hot wire chemical vapor deposition technique
with a broad range of deposition parameters, yielding materials with a wide variety of structural,
optical, and electronic properties. A nearly linear correlation between the spin densities and the
subgap absorption coefficient at photon energy of 0.7 eV over three orders of magnitude indicates
that the optical absorption in this region is due to the dominating paramagnetic defects, likely
dangling bonds. However, the structural composition of the material, determined by Raman
spectroscopy, has also some influence on the optical and electronic properties, which leads to some
deviation from a straightforward relationship between optical absorption and spin or defect density.
© 2007 American Institute of Physics. �DOI: 10.1063/1.2815645�

I. INTRODUCTION

The obvious structural defect in amorphous and microc-
rystalline silicon �a-Si:H and �c-Si:H� is the dangling bond.
It is widely accepted that dangling bonds are the cause for
the dominating electronic defect in the mobility gap in
a-Si:H and this defect is to a large extent responsible for the
charge carrier properties via recombination and trapping1.
The dangling bonds in a-Si:H are identified by electron spin
resonance �ESR� measurements which detect the dangling
bond in a singly occupied, neutral charge state. In �c-Si:H
the situation is more complicated as the dangling bond type
defect could be located in different local environments of the
material, crystalline, and amorphous regions and grain
boundaries. Nevertheless also in �c-Si:H there is a good
correlation between spin density and the material quality,
which has been successfully used for material and device
development.2 But measurement of these dangling bonds in
a-Si:H and �c-Si:H by electron spin resonance can be la-
borious and afflicted with some uncertainty. Alternative,
easier to use methods for determination of the defect density
are therefore looked for. For a-Si:H this was achieved by
finding a linear correlation of the spin density with the opti-
cal absorption coefficient � in the subgap region.3,4 Thus, the
measurement of � provides an easier method to access the
material quality. In particular, photothermal deflection spec-
troscopy �PDS� with its dynamical range of more than five
orders of magnitude of absorption coefficient is suitable for
such measurement.3 PDS detects optical transitions between
all defect states independently from the transport properties
which is an advantage over photoconductivity spectroscopy,
which is also frequently used to measure optical
absorption.5,6 A similar correlation between below-band gap

optical absorption and defect density was observed for poly-
crystalline silicon.7 For the to date intensively investigated
�c-Si:H such a relation was proposed,8–11 but has yet not
been shown convincingly by systematic experimental data.
The heterogeneous structure of �c-Si:H might be one reason
for the difficulty in finding a similar correlation there.
�c-Si:H is a composition of amorphous and crystalline re-
gions with grain boundaries and voids. The crystalline re-
gions consist of columnar grain clusters which are built up
from small crystallites.12,13 The size of the crystallites and
the columns depends on the deposition conditions. The struc-
tural composition affects the optical and electronic properties
of the material. A typical optical absorption spectrum of
�c-Si:H is shown together with the spectra of a-Si:H and
c-Si in Fig. 1�a�. Between photon energy of 1.1 and 1.6 eV
the optical absorption of �c-Si:H is similar to crystalline
silicon. At higher photon energies �E�1.7 eV� amorphous
material fractions lead to an enhanced absorption, scattering
at the surface and at grain boundaries can also increase the
absorption.14 At low photon energies near the crystalline
band edge, the absorption is enhanced due to band tail states
and defects like, e.g., dangling bonds lead to absorption be-
low the band gap. It is this region which is the matter of
concern here. However, it can be expected that the contribu-
tions of defect or tail state absorption of the various structure
phases overlap in a yet unknown way. Therefore, whether a
simple relationship between this subband gap absorption and
defect density in �c-Si:H exists and whether these defects
are relevant for the charge carrier transport properties needs
experimental verification, in particular in view of the wide
range of structure compositions of the �c-Si:H material.

In Figs. 1�b� and 1�c� ESR spectra of undoped a-Si:H
and �c-Si:H are shown. The a-Si:H signal is an almost
symmetric line with a Gaussian-type line shape. �c-Si:H
frequently shows a more pronounced structure. The g value
of the resonance center in both materials is slightly but dis-
tinctly different. Both spectra are taken on powder samples.
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The signals appear as if arising from isotropic defects. A
strong defect- or better g-tensor anisotropy would result in a
pronounced powder pattern for the powder samples. For
amorphous silicon this is not observed. It is argued that the
powder pattern is overlapping with inhomogeneous broaden-
ing due to structural disorder which results in a more or less
isotropic signal.15 For �c-Si:H one can describe the ESR
signal as a superposition of several, at least two, resonances
due to dangling bond type defects in different
environments.16–18 The identification and location of the pos-
sible different defects is still a matter of debate. See ex-

amples of spectra deconvolution in Fig. 1�c�. But the distinct
signal feature has been interpreted also in terms of an aniso-
tropic defect.19,20 For our study we shall not distinguish be-
tween these different interpretations and we will calculate the
spin density from an integration over the entire signal in
�c-Si:H.

We present and discuss the results of a systematic com-
parison of previously published data21,22 of the spin density
and subgap absorption of �c-Si:H for a variety of �c-Si:H
samples with a different crystalline volume fraction prepared
by hot wire chemical vapor deposition �CVD�.21,22 In all
cases the optical and the spin data are taken on codeposited
material. As a conclusion, we propose that subband gap op-
tical absorption detected with photothermal deflection spec-
troscopy can be used to evaluate the defect density in
�c-Si:H with appropriate caution.

II. EXPERIMENT

The samples used for our measurements were thin films
of �c-Si:H prepared by hot wire chemical vapor deposition
�HWCVD� using a tantalum wire arrangement.21,22 The films
were deposited from a silane/hydrogen mixture with various
silane concentrations SC= �SiH4� / �SiH4+H2� at filament
temperatures of TF=1650−1800 °C. 2−3 �m thick films
were prepared on glass substrates for PDS measurements and
on aluminum foil for the ESR samples. The powder used in
ESR measurements was obtained from the Al foil by a HCl
etch and sealed in He atmosphere after they were rinsed in
de-ionized water and dried at ambient. The ESR spectra were
taken in the X band at room temperature; spin densities were
derived from a numerical integration of the experimental
spectra and compared with a spin standard.23

PDS measurements were performed at room temperature
using CCl4 as the deflection medium. Monochromatic light
from a halogen and xenon lamp was used for illumination;
the deflection was measured with a semiconductor laser in
lock-in technique. The transmission of the sample was mea-
sured simultaneously. Interference fringes due to multiple re-
flections in optically homogeneous films can be removed by
a modified evaluation procedure based on the Ritter–Weiser
formula.24 However, fringes that are modified due to inho-
mogeneities of the absorption coefficient in the growth direc-
tion cannot be removed.25 In addition, the contributions of
the substrate absorption which overlap with the below-band
gap absorption of the �c-Si:H can be separated using the
phase shift between probe beam and signal. Raman spectra
were measured directly on the Al-foil samples with an exci-
tation wavelength of 647 nm. The integrated intensity ratio
IC

RS= IC / �IA+ IC� was determined by deconvoluting the spec-
tra into two Gaussian peaks at 500 and 520 cm−1, attributed
to the crystalline phase and a Gaussian peak at 480 cm−1,
attributed to the amorphous phase.12 All samples have an
intrinsic character, as indicated by low dark conductivities of
2�10−6 S /cm and below.21,22

III. RESULTS

Figure 2�a� shows the optical absorption spectra of
�c-Si:H films prepared with different SC at TS=250 °C.

FIG. 1. �Color online� �a� Optical absorption coefficient of c-Si, �c-Si:H,
and a-Si:H vs photon energy; �b� comparison of ESR spectra of a-Si:H and
�c-Si:H; and �c� ESR spectra of �c-Si:H with high crystalline volume
fraction and �in gray� two Gaussian lines used for deconvolution.
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The variation of SC results in �c-Si:H films with various
structural composition covering the entire range from highly
crystalline �IC

RS�0.7� to predominantly amorphous material
�IC

RS=0�. The optical absorption follows the behavior as de-
scribed in Fig. 1 and in the literature.8,14,26 At photon ener-
gies smaller than 1.1 eV, states within the band gap, e.g.,
dangling bonds, tail states, or other deep defects, contribute
to the optical absorption of the films. With decreasing crys-
tallinity, the absorption in the high energy region systemati-
cally increases due to the higher amorphous fraction. At the
same time the absorption in the region between 1.1 and 1.7
eV decreases which is the energy range where the crystalline
silicon absorption dominates.22 Below the crystalline band
gap of 1.1 eV, a systematically decreasing absorption with
decreasing photon energy is observed. For most of the
samples this subgap absorption can be well approximated by
an exponential behavior.

The effect of the deposition temperature in the HWCVD
process on the optical absorption in �c-Si:H is shown in Fig.
2�b�. The samples are �c-Si:H films with a crystalline vol-
ume fraction IC

RS�0.5 prepared at different TS in the range
between 185 and 450 °C. The absorption in the subgap re-
gion increases continuously by almost three orders of mag-
nitude as a function of substrate temperature. At higher en-
ergies ��1.6 eV� some nonsystematic variation of the
absorption is observed.

Figure 3 shows exemplarily the ESR spectra of material

prepared in the same run as the films used for the PDS mea-
surement, which are plotted in Fig. 2�b�. All spectra show the
typical asymmetric line shape with contributions at g
=2.0043 and g=2.0052. Also indicated in Fig. 3 are the g
values of the individual spectra, defined as the zero intensity
crossing of the ESR signal.

In Fig. 4 the spin densities NS of a large number of
samples prepared with different substrate temperatures TS

versus the Raman intensity ratio IC
RS are shown. Within the

predominantly crystalline regime �IC
RS�0.4� the spin density

decreases with increasing amorphous phase content and in-
creases again for material dominated by amorphous phase
content �IC

RS�0.4�. Only for the highest TS of 450 °C NS

decreases monotonously, however, at very high values of
NS�1017 cm−3. A systematic decrease of NS with decreasing
TS can be observed independently of the particular structure
composition; NS decreases by almost three orders of magni-
tude to very low values of NS=4�1015 cm−3 observed for

FIG. 2. Optical absorption spectra of �c-Si:H samples measured by PDS.
�a� Films deposited with different silane concentration SC and the indicated
IC

RS values. �b� Films prepared near the �c-Si:H/a-Si:H transition �IC
RS

�0.5� at different substrate temperatures TS.

FIG. 3. ESR spectra normalized to the same peak-to-peak height of the
samples in Fig. 2�b�.

FIG. 4. Spin density NS vs Raman intensity ratio IC
RS for samples prepared at

different TS with various SC. Small symbols indicate samples which pealed
off before PDS measurement. At TS=450 °C different pD were applied dur-
ing deposition.
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material prepared at TS=185 °C and IC
RS�0.4. Such mate-

rial, incorporated in solar cells yields the highest conversion
efficiencies of up to �=9.4%.21 For TS=450 °C and medium
crystallinity, films were also prepared with different deposi-
tion pressures pD between 2 and 10 Pa, leading to an increase
of the NS by more than one order of magnitude.21 Comparing
Figs. 2�b� and 4 some systematic similarities can be ob-
served. Increasing the substrate temperature from 185 to
450 °C not only results in an increase of both the subgap
absorption and NS, also the magnitude of the effects are the
same. With a similar behavior reported for a-Si:H and
poly-Si �Refs. 3 and 7� it is tempting to correlate these two
quantities also for �c-Si:H. The optical absorption within
the subgap region, averaged between 0.65 and 0.75 eV, is
shown in Fig. 5 as a function of the spin density NS for
�c-Si:H for various structure compositions. To see in how
far there is a linear relationship between �0.7 eV and NS simi-
lar to the relationship between defect absorption and spin
density in a-Si:H, we perform a linear fit which is shown as
the solid line in Fig. 5. It approximates the experimental data
fairly well over three orders of magnitude of NS. For the
relationship NS=A�0.7 eV�cm−1� a proportionality constant of
A=3.6�5��1016 cm−2 is obtained between the spin density
and the optical absorption coefficient. Possible reasons for
the deviation from the linear behavior shall be discussed
later.

IV. DISCUSSION

From Fig. 5 we propose an almost linear correlation be-
tween the spin density and the optical absorption below the
band edge. This dependency of �0.7 eV on NS over three or-
ders of magnitude suggest that the dominating paramagnetic
defect, most likely the dangling bond, is the main state con-
tributing to the subband gap absorption. The proportionality
constant of A=3.6�5��1016 cm−2 is similar to the values
previously obtained for amorphous or polycrystalline
silicon.3,4,7

However, there are comparatively small, but systematic
deviations from a linear behavior: On the one hand, for the
highest and lowest spin densities, and on the other hand, for
the different structural compositions within the individual
temperature series. Various reasons, some related to the limi-

tations of the experiments, others due to the physical nature
of the material, account for these deviations. The sample
preparation procedure of the ESR samples, i.e., the etching
with HCl and rinsing in water, can result in a considerable
increase of the spin density of up to a factor of 3 in highly
crystalline samples.17,27 The samples for the optical absorp-
tion measurements were not exposed to such a treatment.
The measured spin densities of the highly crystalline samples
might therefore be higher than in the corresponding PDS
samples. How far the optical absorption is affected, e.g., by
storage in air as well, is not known. Anyway for medium
range crystalline volume fractions no or only minor influence
of the ESR powder samples treatment on the spin density
was observed.17,27

For the low optical absorptions in the subgap region,
contributions from the substrate to the signal cannot be ex-
cluded despite the applied phase correction of the signal
which allows a partial removal of the substrate
contribution.24 This might lead, together with the contribu-
tion of interface defects, to an offset of the absorption coef-
ficient at low NS.

Furthermore, shifts of the Fermi level due to charging
effects at the grain boundaries by adsorbed gases like water
vapor or oxygen can change the occupation of midgap states
in the material.27 For materials with low dangling bond den-
sity, already small amounts of charge are sufficient to signifi-
cantly shift the Fermi level and charge the dangling bonds
into D+ or D− states which are not detectable in ESR. In
defect rich material, on the other hand, a much higher con-
centration of adsorbed donors or acceptors is needed in order
to shift the Fermi level by a relevant amount to charge the
dangling bonds.

Finally, the structural composition of the material will
affect the optical absorption and the dangling bond density.
Variations of the crystallinity come along with changes of the
crystallite size, microstructure, and morphology of the
samples.12 An enhanced optical absorption due to internal
and surface scattering was observed for microcrystalline
silicon.8,9,26 The surface roughness and the distribution of
crystalline regions depend on the deposition conditions and
the crystallinity of the films. For the material prepared at
high substrate temperatures, it is known that they have a
pronounced amorphous nucleation layer even at high
crystallinity.21,22,28,29 The optical cross section of a dangling
bond in amorphous silicon at a photon energy of 0.7eV is
expected to be much lower than in crystalline silicon due to
the lower density of final states. Even if such a-Si:H mate-
rial has a high spin density, this will result in a lower corre-
sponding subgap absorption at this photon energy.

Additionally, the density of states near the crystalline
band gap might be lower in material with low crystalline
fraction and the absorption coefficient is thus reduced. Pho-
toluminescence investigations also show an increase of the
tail state density in highly crystalline material30 which extend
deep into the band gap and consequently contribute to the
absorption. Differences of the transition matrix element in
amorphous and microcrystalline silicon might cause further
deviations. The location of most dangling bonds in the grain

FIG. 5. Subgap absorption �0.7 eV vs total spin density NS. The line indicates
a linear fit to the data. See also Fig. 4 for symbols.
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boundary region2 might lead to similar effects because the
effective density of states there might be significantly lower
than in crystalline regions.

However, despite all these problems, a surprisingly good
linear correlation between the spin density and the optical
absorption below the optical band gap is found, suggesting
that the dangling bond is in fact the main contributor to the
absorption at low energy.

V. CONCLUSIONS

In microcrystalline silicon the subband gap absorption
measured by photothermal deflection spectroscopy and the
spin density measured by electron spin resonance show a
nearly linear relationship over three orders of magnitude
with a proportionality constant of A=3.6�5��1016 cm−2 at
0.7 eV photon energy. This relationship is affected by the
heterogeneous nature of the �c-Si:H structure composition
and the resulting influence on the measured and evaluated
absorption and spin density values. The height of the optical
subband gap absorption can be used as an optimization tool
for preparation processes, however, a fine tuning for low
absorption or spin density values might be difficult.
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