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Effects of elastic stress introduced by a silicon nitride cap on solid-phase
crystallization of amorphous silicon
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Effects of stress on solid-phase crystallization of amorphous silicon (a-Si! were studied by laser
Raman spectroscopy. Compressive stress was introduced ina-Si with a Si3N4 cap. The speed of
crystallization decreased with the increase of the stress while it increased again with an additional
cap of SiO2 on a Si3N4 cap. A SiO2 cap introduced tensile stress in ana-Si film and relaxed
compressive stress by a Si3N4 cap. The reason why crystallization ofa-Si is suppressed is that the
stress is elastic and that it does not relax with crystallization. ©1999 American Institute of
Physics.@S0021-8979~99!07014-0#
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I. INTRODUCTION

Polycrystalline silicon~poly-Si! is an important materia
in very large-scale integrated circuits~VLSI! and in an ap-
plication to liquid crystal displays with driving circuits
Solid-phase crystallization of amorphous silicon (a-Si! is
one of the methods to form a poly-Si film. It is very impo
tant, therefore, to make clear the mechanism of crystall
tion from a-Si to poly-Si in order to control properties of
poly-Si film such as a grain size, electric resistance, and t
mal conductivity. However, the mechanism of crystallizati
of a-Si has not been understood clearly yet, especially si
the effect of stress on crystallization of ana-Si film was not
known at all. Very large stress is introduced in a poly-Si fi
on a glass substrate that is used in liquid crystal displays
to the difference of the thermal expansion coefficient
tween Si and glass. It has been reported that crystallizatio
a-Si started at the interface between ana-Si film and a sub-
strate and that one of the driving forces of the crystallizat
is stress due to the difference of a thermal expansion co
cient betweena-Si and a glass used as a substrate.1 On the
other hand, there have been reports that nucleation start
the surface of ana-Si film when it was kept clean.2,3 We also
have reported that crystallization started at the surface
a-Si film and that larger stress was accumulated at the in
face betweena-Si and a fused silica substrate than at t
surface.4 Laser Raman spectroscopy is one of the best m
ods to characterize crystallinity of a material because
phonon frequency measured by it is sensitive to the pro
ties of the material such as the state or structure; tha
amorphous or crystalline. In this study, crystallization of
a-Si film with stress controlled by the thickness of a silic
nitride ~Si3N4) cap or that of a silicon dioxide~SiO2) cap

a!Electronic mail: ykimura@ee.t.u-tokyo.ac.jp
b!Electronic mail: katouda@ele.kochi-tech.ac.jp
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was characterized by laser Raman spectroscopy in orde
make clear the effect of stress on crystallization of ana-Si
film.

II. EXPERIMENT

Stress cannot be estimated from the extra shift of a
man frequency from poly-Si because the extra shift depe
not only on stress but also on the grain size and the crys
line fraction. Therefore, stress introduced into poly-Si by
dielectric cap is assumed to be one accumulated in a sin
crystal Si~100! on which a dielectric film is directly depos
ited by the rf sputtering method. It was characterized by la
Raman spectroscopy based on the extra shift of a Ra
frequency.

The sample used for study of crystallization had a str
ture SiO2/Si3N4/a-Si/Si3N4/Si~100! and Si3N4/a-Si/
Si3N4/Si~100!. Dielectric films, such as Si3N4 and SiO2 and
an a-Si film were deposited by the rf sputtering method
room temperature on a Si~100! substrate. The thickness of
Si3N4 film on Si~100! and that of ana-Si film were 50 nm
and 1.5mm, respectively. For the samples without a SiO2

cap, the thickness of a Si3N4 cap was varied from 50 to 100
nm and for those with a SiO2 cap, the thickness of a Si3N4

cap was fixed at 750 nm and that of a SiO2 cap was varied
from 200 to 600 nm. All samples were annealed at 500
for 6 h in Ar1H2 ~6%! in order to stabilize films and were
annealed at 750 °C in the same atmosphere in order to tr
form a-Si into poly-Si. Dielectric caps on ana-Si film were
removed after all annealing.

The crystallinity was characterized also by laser Ram
spectroscopy. Raman spectra were obtained using a tr
monochrometer JEOL JRS-400T. The wavelength of
probe light was 514.5 nm. A Si3N4 cap and a SiO2 cap were
removed before the measurement of laser Raman spec
copy because a Raman peak ofa-Si is so weak and broad
that it cannot be measured without removing a Si3N4 cap
which absorbs the probe light.
8 © 1999 American Institute of Physics
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As shown in Fig. 1, the crystalline fractionx of poly-Si
was obtained from a Raman spectrum using the express

x5
I p

I p1gI a
, ~1!

where I p and I a are the areas of the peaks of poly-Si a
a-Si, respectively, andg is the ratio of the scattering cros
section.g is a very important factor to estimate the cryst
line fraction from a Raman spectrum but it varies with gra
size. It has been reported that the value ofg is 0.88 when a
grain size is small or when crystalline fraction is small.5 In
this study the early stage of crystallization is discuss
Therefore, 0.88 was used as the value ofg. I p and I a were
obtained by means of the least squares method assuming
the shape of a poly-Si peak was Lorenzian and that of
a-Si peak was Gaussian.

III. RESULTS AND DISCUSSION

Figure 2 shows Raman shift for a Si~100! substrate in
which stress was accumulated by a Si3N4 film or a SiO2 film
at a room temperature. Raman shift of the reference wh
was a stress-free Si~100! substrate without dielectric films

FIG. 1. Definition of the crystalline fractionx. A typical Raman spectrum
of p-Si consists of two peaks: one due to the crystal and the other du
a-Si. A crystalline fractionx is defined byI p /(I p1gI a), whereI p and I a

are the area of the peak due to crystal anda-Si, respectively, andg is the
ratio of the scattering cross section.

FIG. 2. Raman shift of a Si~100! substrate stressed by a Si3N4 film or a SiO2

film.
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was 520.5 cm21. Raman shift for a Si~100! substrate with a
Si3N4 cap was larger than that for the reference and
creased with the thickness of a Si3N4 cap. A Si3N4 cap an-
nealed at 500 °C introduced compressive stress into
Si~100! substrate at room temperature and the quantity of
stress was independent of annealing at 750 °C following
nealing at 500 °C. When the thickness of a Si3N4 cap was 1
mm, stress in a Si~100! substrate estimated from an ext
peak shift was 1.173109 dyn/cm2, which was 2 orders
larger than that estimated by the bimetal model assum
that the stress was caused by a difference of the ther
expansion coefficients between a Si3N4 cap and a Si sub-
strate. The compressive stress by a Si3N4 cap was indepen-
dent of temperature because it was not due to the differe
of the thermal expansion coefficient, but was due to the
trinsic stress in a Si3N4 cap.6

Raman shift for a Si~100! substrate with a SiO2/
Si3N4~750 nm! cap decreased with the thickness of a Si2

cap. A SiO2 cap relaxed stress introduced by a Si3N4 cap
because the nature of stress by a SiO2 cap is opposite to tha
by a Si3N4 cap, that is, stress by a SiO2 cap is tensile and tha
by a Si3N4 cap is compressive.

Figure 3 shows the Raman spectra froma-Si films with
only a Si3N4 cap. The samples were annealed at 750 °C fo
min after annealing at 500 °C for 6 h. The spectrum cons
of two peak. One was around 520 cm21 corresponding to
crystalline Si(c-Si!. The other was a broad peak around 4
cm21 corresponding toa-Si. Obviously, the intensity of the
Raman peak fromc-Si decreased with the thickness of
Si3N4 cap. Figure 4 shows the crystalline fraction vers
annealing time which was obtained from Raman spectra.
a-Si film with a thin Si3N4 cap crystallized faster than tha
with a thick Si3N4 cap. A value of crystalline fraction satu
rated finally to almost the same one for all samples and
value did not depend on the thickness of the Si3N4 cap,
although the absolute value contained some errors bec
the value of scattering cross section depends on the grain
of poly-Si.

to

FIG. 3. Dependence of the Raman spectrum from a poly-Si film with
Si3N4 cap on the thickness of a Si3N4 cap.
cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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Figure 5 shows Raman spectra from the samples wi
SiO2 cap which was deposited on a Si3N4 cap of 750 nm. An
intensity of Raman peak from poly-Si increased with t
thickness of a SiO2 cap and the speed of crystallization su
pressed by a Si3N4 film was recovered again. When it wa
assumed that the suppression of the crystallization b
Si3N4 cap would be due to sputtering, the effect of a Si2

cap must be the same as that of a Si3N4 cap. However, the
effect of a SiO2 cap on a Si3N4 cap was opposite to that of

FIG. 4. The crystalline fraction of poly-Si vs annealing time.

FIG. 5. Dependence of the Raman spectrum from a poly-Si film wit
SiO2/Si3N4~750 nm! cap on the thickness of a SiO2 cap.
Downloaded 16 Mar 2012 to 222.229.65.52. Redistribution subject to AIP li
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Si3N4 cap. Therefore, the suppression of crystallization b
Si3N4 cap was due to compressive stress introduced into
a-Si film.

We need to distinguish between elastic and plastic st
in discussing effects of strain on crystallization. Strain in th
work is elastic while strain which has been considered
promote crystallization is plastic. We propose in this pap
that elastic strain, which is introduced in this work, does n
relax with phase transformation while plastic strain relax
with phase transformation and promotes crystallization. E
tic modulus ofc-Si is larger than that ofa-Si.7,8 Therefore,
elastic strain which does not relax causes an increas
strain energy with phase transformation, assuming that st
shows no change with phase transformation when crysta
fraction is small. Consequently the difference of free ene
betweena-Si andc-Si decreases with strain in ana-Si film.
As a result, crystallization was suppressed.

IV. CONCLUSION

Effects of stress on solid-phase crystallization in ana-Si
film was studied by laser Raman spectroscopy. We fou
that compressive stress suppresses the speed of crysta
tion which can be controlled by a simple method in whi
compressive stress is adjusted by controlling a thickness
Si3N4 cap or SiO2 cap on ana-Si film. A Si3N4 cap intro-
duced compressive stress and a SiO2 cap introduced tensile
stress That is, a Si3N4 cap on ana-Si film suppresses crys
tallization while another SiO2 cap on a Si3N4 cap recovers
the speed of crystallization suppressed by a Si3N4 cap. The
reason why stress suppresses crystallization of ana-Si film is
that introduced strain is elastic and that it does not relax w
crystallization. Elastic strain that does not relax causes
increase in strain energy with phase transformation beca
elastic modulus ofc-Si is larger than that ofa-Si7,8 and the
difference of free energy betweena-Si andc-Si decreases
As a result, elastic stress suppresses crystallization.
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