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The model of solid phase crystallization of amorphous silicon
under elastic stress
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Solid phase crystallization of an amorphous silicon~a-Si! film stressed by a Si3N4 cap was studied
by laser Raman spectroscopy. Thea-Si films were deposited on Si3N4 ~50 nm!/Si~100! substrate by
rf sputtering. The stress in ana-Si film was controlled by thickness of a Si3N4 cap layer. The
Si3N4 films were also deposited by rf sputtering. It was observed that the crystallization was affected
by the stress ina-Si films introduced by the Si3N4 cap layer. The study suggests that the elastic
stress increases with crystallization due to the smaller elastic modulus ofa-Si with respect to
crystalline silicon~c-Si!. It is most reasonable to think that the elastic stress does not relax and that
the elastic energy increased with crystallization because the elastic modulus ofa-Si is smaller than
that ofc-Si. The experimental data was fitted by this model and the difference of the enthalpyDHac

betweena-Si andc-Si which is the latent heat of crystallization obtained by the fitting showed good
coincidence with the previously reported value. ©2000 American Institute of Physics.
@S0021-8979~00!07606-4#
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I. INTRODUCTION

Polycrystalline silicon~poly-Si! is an important materia
in the fabrication of very large-scale integrated circu
~VLSI! and driving circuits for liquid crystal displays. Soli
phase crystallization of amorphous silicon~a-Si! is one
method to form a poly-Si film. Therefore, it is very importa
to have clear understanding of the mechanism in crystall
tion from a-Si to poly-Si, in order to control properties of
poly-Si film such as grain size, electric resistance, and th
mal conductivity. However, the mechanism of crystallizati
of a-Si is not yet clear. Especially the effect of stress
crystallization of a-Si films has not been understood, a
though very large stress is introduced between thea-Si film
and the glass substrate which is used due to difference in
thermal expansion coefficient between Si and glass. St
discussed in previous reports is a plastic one though the l
stress ina-Si film on a glass substrate is an elastic on
Therefore, it is important to clarify the effects of elast
stress on crystallization and to control it.

We have reported that the elastic stress ina-Si sup-
pressed crystallization ina-Si films with the Si3N4 cap
layer.1 This phenomenon was opposite to that of the stra
anneal method. A model to explain crystallization und
elastic stress is required. The model of phase transforma
induced by stress requires the assumption that the stres
laxes with phase transformation and the stress can be
garded as a driving energy. Metal was used as a samp
the research of the strain-anneal method and this assum
is well satisfied when the introduced strain is a very la

a!Electronic mail: ykimura@riec.tohoku.ac.jp
b!Electronic mail: katouda@ele.kochi-tech.ac.jp
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plastic one more than;1%. However, botha-Si and crystal
silicon ~c-Si! are nonmetallic and the introduced stress w
elastic and very small. Therefore, the above assumptio
not satisfied for crystallization froma-Si to poly-Si. It is
more appropriate to assume that the introduced stress
not relax with crystallization and to regard the stress as
cause of suppression of crystallization in this condition.

In this work, the elastic stress ina-Si was controlled
with a Si3N4 cap and crystalline fractions were estimat
from Raman spectra of poly-Si. The experimental data w
fitted by our proposed model and the difference of the
thalpy betweena-Si and poly-Si obtained by the fitting usin
our proposed model was compared with values reported
others.

II. THEORY

Helmholtz free energy in which strain energy is tak
into account,F is given by Helmholtz free energy withou
strain,F0 and strain energyEstrain

F5F01Estrain. ~1!

The absolute value of the difference of betweenc-Si and
a-Si, DF is

DF5uFc-Si2Fa-Siu5DF02DEstrain, ~2!

whereFa-Si andFc-Si are Helmholtz free energies ofa-Si and
c-Si, respectively,DF0 is the absolute value of the differenc
of Helmholtz free energy in which strain energy is not tak
into account, andDEstrain is the difference of strain energ
betweenc-Si anda-Si

DEstrain5Estrain
c-Si 2Estrain

a-Si . ~3!
7 © 2000 American Institute of Physics
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DF is the driving energy of crystallization under stres
DEstraincan be positive, which means thatDF is smaller than
the driving energyDF0 under no stress condition. The cry
tallization occurs slowly when the introduced stress does
relax. WhenDF is larger thanDF0 the introduced stres
relaxes similar to the case of strain-anneal method bec
relaxation of stressEstrain

c-Si 50, that is,DEstrain,0.
The nucleation rateṄ and the growth rate of a nucleusu

are given as follows, respectively:

Ṅ}expS 2
Fa1DFr*

kBT D ~4!

u}expS 2
Fa

kBTD H 12expS 2
DF

kBTD J , ~5!

whereFa is the activation energy for the transfer of Si atom
from amorphous phase to crystal phase andFa

@Estrain. DFr* is the energy necessary for the radius o
c-Si particle to grow larger than the critical radiusr * , and it
is expressed as follows when the shape of ac-Si particle is a
sphere,

DFr* 5
16ps3

3DF2.
~6!

In the assumption that the nucleation rateṄ and the growth
rateu are constant, the relation between crystallization timt
and crystalline fractionx is described by

x512expS 2
gṄu3

4
t4D , ~7!

where g is the shape factor (4/3p when the shape is a
sphere!. This is known as Johnson-Mehl’s expression.2–5 It
must be noted that this assumption is satisfied at the e
stage of crystallization because the effective growth rat
small at this stage and the grains are in contact with e
other. gṄu3/4 gives the crystallization speed at the ea
stage of the crystallization.gṄu3/4 is given by the gradient
when x axis is ln(12x) and y axis is t4 and is expressed
using expressions~4!–~6!,

gṄu3

4
}expS 2

16ps3

3DF2kBT
D H 12expS 2

DF

kBTD J 3

. ~8!

III. EXPERIMENT

The absorption coefficient of light of an as-deposit
Si3N4 cap layer changed during annealing suggesting that
as-deposited Si3N4 cap layer is unstable. The Si3N4 cap layer
was expected to be stable in order to control the stress ina-Si
films. Therefore, all samples were annealed at 500 °C for
in Ar1H~6%! before crystallization at 750 °C. The Si3N4 cap
layer annealed at 500 °C for 6 h was stable and the follow
annealing at 750 °C did not change the absorption coeffic
of the Si3N4 cap.1

It is difficult to characterize stress based on a Ram
spectrum from a poly-Si film because Raman shift depe
not only on stress but also on grain size and crystallin
Therefore, in order to characterize stress introduced b
Downloaded 16 Mar 2012 to 222.229.65.52. Redistribution subject to AIP li
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Si3N4 cap, the samples without thea-Si layer were prepared
by rf sputtering and the structure was Si3N4/Si~100!. Stress
introduced by a Si3N4 cap was estimated from the extra pe
shift which was the difference between the Raman peak
sition of a stressed Si~100! substrate and that of a stress-fr
Si~100! substrate about 520.5 cm21. The peak shift to a
higher wave number shows that compressive stress is in
duced while the peak shift to a lower wave number sho
that tensile stress is introduced. In the case of Si~100!, the
relation between an extra peak shiftDV @cm21# and stresst
@dyn/cm2# is t522.49DV, where t,0 means that the
stress is compressive andt.0 means that the stress is te
sile.

The stress introduced in thea-Si films was controlled by
the thickness of the Si3N4 cap layer. The structure of sample
was Si3N4/a-Si~1.5 mm!/Si3N4~50 nm!/Si~100!. All layers
were deposited by rf sputtering at room temperature. T
thickness of a Si3N4 cap on ana-Si film was varied from 50
to 1000 nm. The samples were annealed at 500 °C for 6
Ar1H~6%! and thena-Si was transformed into poly-Si by
further annealing at 750 °C in the same atmosphere.
crystallinity was characterized by laser Raman spectrosco
The wavelength of the probe light was 514.5 nm. The Si3N4

cap was removed before the measurement of laser Ra
spectroscopy because the Raman peak froma-Si is weak and
broad. As, otherwise the Si3N4 cap would absorb the prob
light.

As shown in Fig.1, the crystalline fractionx of poly-Si

FIG. 1. Definition of crystalline fractionx. A typical Raman spectrum from
poly-Si consists of two peaks, that is, one due to the crystal and the o
due toa-Si. A crystalline fractionx is defined byI c /(I c1gI a) whereI c and
I a are areas of the peaks due toc-Si anda-Si, respectively, andg is a ratio
of the scattering cross section.

FIG. 2. Raman shift of Si~100! substrate stressed by a Si3N4 cap.
cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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was obtained from a Raman spectrum using the follow
relation:

x5
I c

I c1gI a
, ~9!

whereI c and I a were the areas of the peaks of poly-Si a
a-Si, respectively andg is the ratio of the scattering cros
section.g varies with grain size and it is a very importa
factor in estimation of the crystalline fraction from a Ram
spectrum. It has been reported that the value ofg is 0.88
when grain size is small or crystalline fraction is sma6

which corresponds to the early stage of crystallization. T
early stage of crystallization is discussed in this stu
Therefore, 0.88 was used as the value ofg in this work. I c

and I a were obtained by means of the least squares me
assuming that a poly-Si peak and ana-Si peak were Loren-
zian and Gaussian, respectively.

IV. RESULTS AND DISCUSSION

Figure 2 shows Raman shift for Si~100! substrates
stressed by a Si3N4 film or a SiO2 film at a room tempera-
ture. Raman shift of the reference which was a stress-
Si~100! substrate without a Si3N4 cap was about 520.5 cm21.
Raman shift of Si~100! substrate with a Si3N4 cap was larger
than that of the reference and increased with the thicknes
a Si3N4 cap. The stress in Si~100! substrate estimated from
an extra peak shift was 1.17d3109 dyn/cm2 when thickness
of a Si3N4 cap wasd mm. This value was 2 orders of mag
nitude larger than that estimated based on the bimetal m
assuming that the stress was caused by difference of the
mal expansion coefficient between a Si3N4 cap and Si~100!
substrate. The compressive stress by a Si3N4 cap was inde-
pendent of a temperature because it was not due to differ
of the thermal expansion coefficient but was due to the
trinsic stress in a Si3N4 cap.7

It is considered that the introduced stresst in an a-Si
film was caused by the intrinsic stress in a Si3N4 cap and that
the quantity of the stress was almost the same as desc
above for Si~100! substrate. As shown in Fig. 3, stress
Si~100! substrate decreased rapidly with depth in the ra
of the penetration depth of the probe light~514.5 nm!. The
penetration depth ina-Si is an order of magnitude smalle
than that ofc-Si. Therefore, the stress ina-Si films was
nearly constant within the range of the penetration depth
a-Si. In the measurement forc-Si, information from a region
far from the surface of Si~100! substrate was included wher
stress no longer existed while in the case ofa-Si, information

FIG. 3. The depth profile of stress in Si~100! substrate.
Downloaded 16 Mar 2012 to 222.229.65.52. Redistribution subject to AIP li
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only from vicinity of the surface was included. Therefore,
order to estimate the stress in ana-Si film it is necessary to
correct the value of stress estimated from the measurem
for c-Si and the corrected value of stresst was 2.54d
3109 dyn/cm2 when thickness of a Si3N4 cap wasd mm.
The straine in a-Si films due to a Si3N4 cap of thicknessd
mm is

e5
t

Ka-Si
50.003d, ~10!

whereK is the elastic modulus. When the stress is biaxiaK
is expressed by

K5
E

12n
, ~11!

where E is Young’s modulus andn is Poisson ratio. The
value of Ea-Si for a-Si which contained no hydrogen ha
been reported as (6.262.5)31011 dyn/cm2 and 0.22 was
used forn.8,9 These values were used forKa-Si, as thea-Si
films in this work was deposited by rf sputtering in an A
atmosphere contained no hydrogen.

The density ofa-Si increases with decrease in hydrog
concentration and that ofa-Si which contains no hydrogen i
very close to that ofc-Si.9–11 Thus, volume change with
crystallization is so small that it can be ignored in our e
periment. Correspondingly, when crystalline fraction is ve
small the straine is nearly constant and the difference of th
strain energy betweenc-Si anda-Si DEstrain is given as fol-
lows:

DEstrain5~Kc-Si2Ka-Si!e
2 ~12!

FIG. 4. Dependence of the Raman spectrum of the poly-Si film with a Si3N4

cap on its thickness.

FIG. 5. The crystalline fraction of poly-Si vs annealing time.
cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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50.2d2 @meV# , ~13!

Kc-Si52.29031012 dyn/cm2 was used in this work.9,12

Thickness of a Si3N4 cap d is converted toDEstrain by this
expression. In this case, it was assumed that the introdu
stress did not relax. This assumption is the difference fr
the earlier model for crystallization under plastic stress a
this leads toDEstrain.0 becausec-Si is stiffer thana-Si
(Kc-Si.Ka-Si). As a result,DF is smaller thanDF0 and
crystallization is suppressed.

Figure 4 shows the Raman spectra froma-Si films which
were annealed with only a Si3N4 cap at 750 °C for 5 min
after annealing at 500 °C for 6 h. The spectrum consists
two peaks. One is around 520.5 cm21 and is due toc-Si. The
other is a broad peak around 480 cm21 which is due toa-Si.
Obviously, intensity of the Raman peak fromc-Si decreased
with thickness of a Si3N4 cap. Figure 5 shows the crystallin
fraction obtained from Raman spectra versus annealing t
The a-Si films with a thinner Si3N4 cap crystallized faste
than that with a thicker Si3N4 cap. The crystalline fraction
curve obtained form Raman spectra was not bound on
Johnson–Mehl expression at the stage where crystalline
tion is large, because the ratio of the scattering cross sec
g depends on grain size of poly-Si and because the John
Mehl expression explains only the early stage of crystalli
tion. Therefore, crystallization speedgṄu3/4 was estimated
from only the measurement points for a small crystall
fraction (x,0.4). gṄu3/4 is given by the gradient whenx
axis is ln(12x) and y axis is t4 as shown in Fig. 6. The
linearity of data was very good and this meant that

TABLE I. The comparison between the value obtained by fitting in t
work and the values measured by other researchers. The order of magn
of the interface energy can be estimated from the difference of sur
energies.

Difference of free
energyDF0

Interface
energys

Surface energy
@erg/cm2#

@kJ/mol# @erg/cm2# Si~111! liquid Si

This work 8.1 476 ——
Reference 9.961.2a or

11.660.7b
380 1240c 860c

aSee Ref. 13.
bSee Ref. 14.
cSee Ref. 15.

FIG. 6. Estimation of crystallization speedgṄu3/4 from crystalline fraction.
Downloaded 16 Mar 2012 to 222.229.65.52. Redistribution subject to AIP li
ed

d

of

e.

e
c-
on
n-
-

e

Johnson–Mehl expression was a good approximation at
early stage. Figure 7 shows the relation betweenDEstraincon-
verted using the expression~13! andgṄu3/4 obtained from
Fig. 6. The solid line was the result of fitting by the expre
sion~8!. The fitting parameters were a proportion constants
and DF0, and the curve fitted the experimental data we
This indicates that the theory is a good approximation
crystallization under elastic stress. The values ofs andDF0

obtained by fitting were 476 erg/cm2 and 8.1 kJ/mol, respec
tively. These values were close to the values measured
other researchers as shown in Table I. The difference of
enthalpyDHac betweenc-Si anda-Si as a reference ofDF0

is shown and it is the same as latent heat of crystallizat
The surface energies ofc-Si and liquid silicon are shown
because data of the interface energys betweena-Si andc-Si
could not been found. The order of magnitude of the int
face energys betweena-Si andc-Si can be estimated from
the difference of these.

The fact that measured data and the result of calcula
showed good coincidence means that crystallization of
a-Si film under elastic stress can be explained by this mo
that elastic stress in ana-Si film does not relax with crystal-
lization and that it suppresses crystallization.

V. CONCLUSION

Solid phase crystallization of ana-Si film under elastic
stress was studied by laser Raman spectroscopy. It was fo
that the speed of crystallization can be controlled by
simple method in which thickness of a Si3N4 cap on ana-Si
film is adjusted. The crystallization was suppressed with
crease of thickness of the Si3N4 cap ona-Si films. It is likely
that the elastic stress in ana-Si film does not relax with
crystallization, which leads to a decrease in the difference
Helmholtz free energy betweena-Si and c-Si, as c-Si is
stiffer thana-Si. As a result, crystallization was suppresse
The calculation by this model showed good coincidence w
experimental results and the fitting parameters were clos
the previously reported values.
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