
229

OPTICAL PROPERTIES OF MICROCRYSTALLINE SILICON

MARTIN INGELS, MARTIN STUTZMANN, AND STEFAN ZOLLNER
Max-Planck-Institut far Festk6rperforschung, D-7000 Stuttgart 80, FRG

ABSTRACT

Optical properties of undoped, microcrystalline silicon are investigated by pho-
tothermal deflection spectroscopy, spectroscopic ellipsometry and Raman scattering. Sam-
ples are prepared by recrystallization of hydrogenated amorphous silicon in the tempera-
ture range 680 - 900'C. The increase of grain sizes with increasing annealing temperature
and the disappearance of amorphous tissue lead to noticeable changes in the observed
spectra. It is argued that much of the pertinent structural information of /c-Si can be
obtained by a suitable combination of optical measurements alone.

INTRODUCTION

Like hydrogenated amorphous silicon (a-Si:H) microcrystalline silicon (pc-Si) ap-
pears to be a promising material for use in large area electronic devices. Both types of
materials can be deposited at relatively low temperatures with the same deposition meth-
ods, e.g. plasma-enhanced chemical vapor deposition, but have quite different electronic,
optical, and transport properties. A detailed understanding of these properties in pc-Si is
complicated by the fact that the amorphous-to-microcrystalline transition occurs gradu-
ally: both, the volume fractions of amorphous versus microcrystalline material as well as
the crystallite size in the pc-fraction are known to vary almost continuously as a function
of deposition parameters such as substrate temperature, hydrogen dilution, gas residence
times in the deposition reactor, etc. [1-3]. Therefore, in general many different experimen-
tal techniques probing structural and electronic properties are necessary for a sufficient
characterization of any given pc-Si sample. Since such a complete characterization is in
many cases not practical, it is useful to try to establish correlations between structural
(Raman, x-ray, TEM) and electronic properties of pc-Si [4,5]. In the following, we will
describe our attempts to test the applicability of such correlations to recrystallized a-Si:H
samples.

EXPERIMENTAL DETAILS

pc-Si has been obtained by annealing a-Si:H samples at different temperatures
between 300 and 900°C. Amorphous silicon samples were deposited by glow-discharge de-
composition of silane at 230°C onto quartz substrates. Two different films thicknesses (0.5
and 1.5 pm) were used to check for possible influences of this parameter on the results.
All samples were nominally undoped. Optical absorption data in the energy range 0.4 -
5.6 eV have been recorded by a combination of photothermal deflection spectroscopy [6],
standard transmission measurements, and spectroscopic ellipsometry [7]. Raman spectra
were obtained with an Ar+ ion laser ( A = 5145 A) and a double monochromator, using a
photon-counting system.

RESULTS AND DISCUSSION

Figure 1 shows a summary of the optical absorption spectra of a-Si:H, a-Si (after
hydrogen evolution at 650°C), p c-Si just after thermal crystallization (685°C), and poly-
crystalline silicon on sapphire (SOS). In the case of high-quality a-Si:H ([H] ; 10 at.%),
the absorption coefficient, a, is high for Aw > 3 eV (a - 106 cm- 1) and connects smoothly
with the exponential Urbach tail region (1.5 eV < lw < 2 eV). For hw < 1.5 eV, the defect
absorption band of the midgap dangling bond defect levels is visible (ND ,t 1016 cm- 3 ).
Upon desorption of the bonded hydrogen, the defect absorption increases by about two
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orders of magnitude (i.e. 1018 cm- 3 ). In addition, the optical absorption in the Urbach
tail region and the visible part of the optical spectrum increases (dashed line in Fig. 1).
After crystallization of the sample at TA = 6850C, the absorption in the visible region of
the spectrum decreases by about a factor of four as the indirect character of the optical
transitions in this energy range is reestablished. At higher photon energies, the absorption
spectra of microcrystalline Si develop the two-peak structure caused by the direct tran-
sitions across the E 1 and E 2 gaps in the Si band structure. However, in this logarithmic
scale there is little difference between the absorption coefficient for hw > 3.5 eV in all four
samples shown in Fig. 1.

The more interesting spectral region below 11w zi 3eV is shown in detail in Fig.
2. The dotted curves indicate the two extreme cases of pure amorphous silicon obtained
by annealing at 675"C, and of crystalline Si. Absorption coefficients for tpc-Si always fall
between these two limits. As the annealing temperature for the pc-Si is raised from 685
to 800'C, the absorption above 1.7 eV decreases slightly, whereas that at lower photon
energies increases again. We attribute the annealing-induced decrease of the absorption
coefficient in the region 1.7 eV < hw < 3 eV mainly to a decrease of the volume fraction of
amorphous inter-grain tissue, which occurs when the microcrystallites grow from typically
80 A diameter just after crystallization to about 130 A diameter after annealing at 900'C
(see below), k-uncertainty due to the finite size of the crystallites appears to be less
important in this energy range (8].

An interesting point is that the absorption in the subgap region (Pw < 1.3 eV) in-
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creases with increasing annealing temperature. Based on a study of polycrystalline silicon,
it was suggested by Jackson et al. [9], that the subgap absorption, as in amorphous silicon,
is a measure for the density of grain boundary defect states (dangling bonds). However, it
is known that the dangling bond density as determined by electron spin resonance actu-
ally decreases upon annealing of undoped pc-Si. Also, hydrogen passivation is known to
strongly reduce the density of ESR centers in pc-Si [10], but is causes only small changes in
the subgap absorption [9,11]. These results indicate that the connection between subgap
absorption and dangling bond defect density in pc-Si appears to be less straightforward
than originally believed. Apparently there is a large, approximately constant density of
spinless defects which contribute to the subgap absorption.

For a structural characterization of our samples (amorphous fraction, crystallite
size) we have used Raman scattering, and some characteristic spectra obtained before and
after crystallization are depicted in Fig. 3. Up to an annealing temperature of 650°C,
all samples remain amorphous, with little change in the Si vibrational density of states.
The main structural change in this temperature range is the loss of bonded hydrogen,
which gives rise to the broad Raman peak around 2000 cm- 1 . For the sample in Fig. 3•
crystallization occurs at 675°C. However, the silicon optical phonon peak at t 520 cm
is quite broad (FWHM 10 cm- 1 ), and there exists still a noticeable fraction of amorphous
tissue as indicated by the low energy shoulder in the Raman spectrum around 480 cm- 1.
The grain size can be estimated from the width of the phonon peak and the peak position to
about 70 A ± 20 A just after crystallization [12]. Upon annealing at 900*C, the amorphous
fraction disappears almost completely and the phonon peak narrows and shifts towards
higher energies, indicating further growth of microcrystallites to a size of ; 120 A ± 20 A,
in agreement with x-ray diffraction spectra obtained for the same samples. However, the
Raman peak width is still considerably larger than that of the silicon-on-sapphire (SOS)
sample used as a reference for c-Si.

It is known from the literature that the crystallite size in pc-Si can also be esti-
mated from the broadening of the Ei-optical transition at hw ; 3.4 eV [5]. In order to test
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this for the present samples, we have measured the pseudo-dielectric constants ef and C2
by spectroscopic ellipsometry in the energy range 2 eV< Pw <5.6 eV. The results obtained
for the imaginary part f 2(Puw) of the dielectric constant as a function of energy are shown
in Fig. 4. As long as the sample remains amorphous, the 62-spectra consist of a single
broad peak around hw p 3.5 eV. Crystallization of the sample becomes noticeable by a
change to a more structured spectrum between TA = 675°C (amorphous) and TA = 685"C
(pc-Si). In particular, the peaks corresponding to direct optical transitions between the
highest valence band and the lowest conduction band become visible: the EI(E') peak
caused by the almost parallel bands between the F- and the L-point, and the P2 peak
at •Pw • 4.2 eV due to optical transitions at the X-point of the Brillouin zone. With
increasing crystallite size one observes a decreasing width, F, of the El-transition. For
a more quantitative analysis, we have extracted P by fitting the second derivative of the
dielectric function, d 2 2 /d(hw) 2 , to the theoretically expected form for a two-dimensional
critical point in the c-Si band structure [13]

d2E2d(w)2 oC Im {(hw - E, + i)- 2 } . (1)

The obtained values for the peak width P(E 1 ) are plotted in Fig. 5 versus the optical
phonon linewidth, ]PTO, deduced from the Raman spectra. Over the limited range of
crystallite sizes investigated in this study, we find a roughly linear dependence between
the two quantities in Fig. 5, with I(E 1 ) ;: 160 meV for the smallest crystallites just after
crystallization (; 80 Adiameter) and F(EI) - 70 meV for SOS, in agreement with room
temperature values for bulk crystalline silicon [13]. With a suitable calibration, it should
therefore be possible to estimate crystallite sizes in pc-Si solely from optical data obtained
in the spectal region of the El-transition, without the necessity for more direct structural
measurements (Raman, x-ray diffraction, or electron microscopy). However, to this end a
more extensive data base would be desirable.
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