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Abgtract : One group of SC films are grown on sliconrorrinsulator (SOI) substrates with a series of slicon-over-

layer thickness. Raman scattering spectroscopy measurement clearly indicates that a systematic trend of resdual

stress reduction as the silicon over-layer thickness decreases for the SOl substrates. Strain relaxation in the SC epi-

layer is explained by force balance approach and near coincidence lattice moddl .

Key words: Raman; strain relaxation; force balance principle; near coincidence lattice model

PACC: 3220F; 6855

CLC number : TN304 2*4 Document code: A

1 Introduction

Due to its specia properties related to the
wide bandgap ,SCisamong the best candidatesfor
high-power , high-temperature , and high-frequency
electronics applications. One of the potential ap-
proaches for the growth of epitaxial 3CG-SC is to
use slicon as substrate ,taking advantage of itslow
cost and compatibility with the modern CMOS
technology. However , the large lattice mismatch
and thermal mismatch constitute major obstacles
for the growth of high quality heteroepitaxial 3C
SCfilmswith less strain on S substrate.

Slicon oninsulator (SOI) substrate has been
proposed as a promisng complicate substrate for
3G SC deposition' . The basicideaisto grow SC
on thinfilm S ,phydcally isolated from the bulk S
substrate by buried oxide (BOX)™ *. It is expec-
ted that the midit strain can therefore be trans
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ferred from the top epitaxial layer to the under-
neath sliconover-layer (SOL) thin film according
to the principle of strain partitioning™ . The thin-
ner the SOL layer is,thelessthe top epitaxial layer
will be strained. Experimental observation of strain
reduction in SC on SOI has been a controversal
topic” ,with convincing results reviewed in recent
publications*® . The ideal stuation is that the
whole SOL layer be converted into SC during the
carbonization process. Until now ,few reports have
been published about such case where the SOL lay-
er and BOX layer were consumed completely after
carbonization. Whether this kind of SC/'S (be
cause the SOL and the BOX layer have disap-
peared ,the samples have a SC/ 9 structure) isthe
same as SC grown on S substrate or not hasyet to
be researched.

In this paper ,we investigate the special situar
tion. One group of SOI substrates with a series of
slicorrover-layer thickness were used to grow SC.
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The disappearance of the SOL and BOX layers was
achieved by an extra high temperature heat after
the normal carbonization process. S substrate was
used for comparison. The resdual strainin the SC
films was measured by Raman scattering spectros
copy. Force balance approach and near coincidence
lattice model were used to explain the strain relax-
ation in the large lattice mismatch system of SC
and S.

2 Experiment

Commercial onraxis (001) S and (001) SOI
wafers were used for the SC growth. The SOI sub-
strates had 140nm/ 800nm SOL/BOX. A thinner
compliant substrate was expected to achieve more
strain transfer from the epilayer'® . Different SOL
thicknesses were achieved by chemical etching (HF

HNOs =1 1). SOl wafers with 36nm and
13 5nm SOL were obtained. SC grown on S sub-
strates had al so been prepared for comparison.

Heteroepitaxial growth was performed in a
homemade horizontal low-pressure chemical vapor
deposition (L PCVD) ' reactor at apressureof 2 6
x 10" Pa usng S Hs and C: Hs as the precursors. To
ensure comparative studies,samplesfrom the same
group were placed side by sdein the growth cham-
ber ,and substrate holder was rotating during the
growth.

The growth conditions were as follows:the S
surfaces were pre-carbonized by heating the sub-
strates from room temperature to 1100 for 3min.
After carbonization ,the substrates were heated at
1220
The growth temperature,C/ S ratio ,and hydrogen

for another 3min under H:flow of 3L/ min.
flow were 1200 ,4 ,and 3L/ min ,respectively. The
growth period was 1h and the sample thicknesses
were approximately 1. 1 m.

The epilayers were characterized usng X-ray
diffraction (XRD) ,AFM ,TEM ,and Raman meas
urements. XRD measurements were performed
with a sngle-crystal X-ray diffractometer (Rigaku-
2400) . The surface morphology of the sample sur-

faces after carbonization was analyzed by using a
NanoScope aD3000 AFM with contact mode. A
Philips CM200 super-twin field emisson gun
(FEGQ TEM was aso employed to observe micro-
structures of the SC films with point-to-point res
olution of approximately 0. 24nm. High resolution
TEM (HRTEM) examination was performed on
JEM-2010. Raman measurements were performed
with a multichannel modular triple Raman system
(JY-T64000) with confocal microscopy. A solid
state diode laser at 488nm (Verdi-2 from Coherent
Company) was used as an excited source. The out-
put power of the argon ion laser was maintained at
100mW and focused onto the samples through an
Olympus microscope with a 100X objective lens.
The spot diameter of the focused laser beam on the
sample was approximately 1 m. All measurements
were taken at room temperature. The JY- T64000
was calibrated usng a Hglamp and a 100 slicon
reference sample. The resolution of the instrument
was approximately 1. 8cm ' ,but the peak postion
could befitted to within 0. 2cm™*.

3 Resultsand discussion

Figure 1 shows the XRD spectrum for the 3G
SC film on SOI with SOL thickness of 36nm.
Three peaks corresponding to § (200) ,SC (200) ,
and S (400) are observed. Broad features are ob-
served at the bottom of the S (200) peak and the
S (400) peak. This might be related to the lattice
disorder in the strained SOI substrate taking into
account the thinned SOL layer. No other peaks are
observed.

HRTEM was used to analyze the structure of
the interface which is more complicated because of
lattice mismatch. Figure 2 shows the bright-field
(BF) TEM image and the HRTEM image of the
3C-SCfilms grown on SOl substratesfor the same
SC sample used in Fig. 1. Other samples have the
smilar BFTEM and HRTEM images. It is inter-
esting tofindin Fig. 2(a) that the buried SO: layer
disappeared ,and the interface between SC and S
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Fig.1 XRD spectrum of 3G 9C/ SOI film on SOl with
SOL thickness of 36nm

Fig.2 Bright-field (BF) TEM image (a) and HRTEM
image (b) of 3G 9Cfilmon SOl with SOL thickness of
36nm Theinset in (a) is the corresponding selected

area electron diffraction (SAED) pattern from the in-
terface region. In the right top of (b) is the Fourier
trandorm (FT) of HRTEM image.

was wavy. No cavity can be found near the inter-
face. These will be explained later. Micro-twins and
stacking faults (SFs) can be seenin the SC epilay-
er clearly. To evaluate the densty of the micro-

twins and stacking faults,the corresponding sel ect-
ed area eectron diffraction (SAED) pattern from
the interface region is observed and shown in the
inset of Fig.2(a). The well alignment of the SC
diff raction spotswith the S spotsindicatesthat the
epitaxial relationship between the SCfilm and the
S substrate isa most perfect. The weak twin spots
corresponding to the faults and defects observed in
Fig.2(a) demonstrate that the densty of the mi-
crotwins and stacking faultsis rather low.

The HRTEM image in Fig. 2(b) shows the
lattice fringes of S and SC across the interface.
The zig-zag chains are observed between the inter-
face of SC and 9. The array of periodic strain con-
trast along the interface is marked with arrows.
The Fourier trandorm (FT) of HRTEM image in
the right top shows that the spacing of the regions
with perfect lattice matching corresponds to the
5 4-ratio of their lattice constants.

The disappearance of the SOL and the BOX
might be induced by the extra heat ater the car-
bonization process ,because we did not find amilar
phenomenain the case of the normal carbonization
and growth experiments. The SC carbonization
layer was formed by the silicon out-diffuson'® and
carbon indiffusont® . At least 20 % of the surface
is uncovered by SC buffer layer when the SOL
thickness is less than 150nm ,and nearly 50 % is
uncovered when less than 50nm'®' . And the uncov-
ered BOX was exposed to the H. ambient. There-
fore ,the extra heating process can be regarded as
aninsitu H etching™ . The oxide was removed in
theformof SO gas™® ™. The resdua SOL which
might be remaining after the carbonization process
can be decomposed according to the reac
tion[8,13 15] :

S +S0; =390
In addition ,the carborrcontaining gas contributed
to the consumption of the SOz through theinterac-
tion of the S - O - C bonds™ . Finally,SC frag-
ments collapse on the S substrate along with the
consumption of the SOL and the BOX. The wavy
interface in Fig. 2(a) indicates that except for the
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decompostion of the BOX ,the S substrate under-
neath the SOL and BOX layers had been exhausted
to a degree.

Figure 3(a) shows the Raman spectra for the
four samples. The plots have been off set for clari-
ty. Curve a corresponds to SC film on S sub-
strate,and curves b, c,and d correspond to SC
filmson SOI with SOL thickness of 100,36 ,and
13 5nm,respectively. By fitting the TO lines with
the Lorentzian fit function ,we get the TO peaks at
790 9,790 8,791 1 ,and 792 Ocm™* for curves a,
b,c,and d,respectively. There is no obvious peak
shifts for curves a and b consdering the repeat-
ability error of #0. 2cm™*. The LO linesof SClo-
cateat 796cm ‘. The broad peak corresponds to
the second optical Raman phonon of S.
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Fig.3 (a) Raman spectrafor the SCfilms Theplots
have been off set for clarity. Curve a corresponds to SC
filmon S substrate. Curves b, c,and d correspond to
SCfilms on SOl with SOL thickness of 100,36 ,and
13 5nm respectively; (b) Dependence of residua strain
in SCfilmson SOL thickness

The dependence of resdual strainin SCfilms
on SOL thicknessis shownin Fig.3(b). The resd-
ual strain was calculated according to the relation-
ship of Raman shift with hydrostatic strain™".
Peak position (796 2cm ') ™ of free 3G-SC film
was taken as reference. A negative sign corre
sponds to tensle stress. The dotted lineis an expo-
nential fit to the data,in an effort to clearly observe
the resdual strain decrease in SC film along with
the thinning of the SOL thickness. This demon-
strates that these kind of SC/'S samples are not
the same as SC grown on S substrate. The results
can be explained by the force balance approach and
the near coincidence lattice model.

The force balance principle is put forward to
slve the strain partition between the substrate and
the lattice-mismatched epitaxial layer'™ *!. The e
lastic strain in the epilayer can be calculated by

hs ks
=A
hsks + hkfkf @

where A is the lattice mismatch percentage, hs is
the thickness of the substrate,h isthe thickness of
the epilayer , ks is the efective coefficient of the
substrate ,and k is the effective elastic coefficient
of the epilayer. The lattice mismatch percentage is
20 % for the SC/ 9 system. The values of ks and k
are 7. 48 and 144GPafor S and 3C SC respective
lyt?l

O

It should be mentioned that Equation (1) is
valid only when the thickness of the epilayer isless
than the critical thickness. Until now ,none has re-
ported the experimental or calculated critical thick-
nessfor the 3CGSC/ 9 system. One reason is that
the critical thicknessfor the large lattice mismatch
system is 0 small that it is difficult to determine.
And the presence of double-positioning boundaries
(DPB’ s) and/or stacking faults (SF’ s) ,which
complicates the definition of the Burgers vector ,is
another reason.

Here we estimate the critical thickness accord-
ing to the surface morphology. For film thicknesses
above the critical thickness,growth isin the form
of 3D columnar idands. The edges of these islands
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are possbhle surfaces for didocation termina
tion™ . The AFM image for the SC film on SOI
with 36nm SOL é&fter carbonization is shown in
Fig. 4. Many big and small idand-shaped SC
bumps are observed,indicating the occurrence of
Stranski and Krastanov (SK) growth mode'™ . The
big SC bumps have thickness of about 10nm. The
RM s roughness for an area of 21 m x 21 misfound
to be 5 68nm ,which is much bigger than a single
S-C bilayer. Therefore ,the SC thickness after car-
bonization is above the critical thickness. Here we
assume the critical thickness is the carbonization
thickness ( 10nm)'® although the calculated da
ta may be a little lower.

pm

0.2

Fig.4 AFM image for the SC film on SOI with
36nm SOL &fter carbonization

The resdual elastic strainin the SC layer de-
duced from Eq. (1) is 9 85,4 54 ,and 1 89GPa for
dC on SOl with SOL thickness of 140, 36, and
13 5nm ,regpectively. The data are shown in Fig.5
and marked with open circles. The datain Fig. 3(b)
are also shown here for comparison and marked
with filled squares. The two groups of data become
closer when the SOL thickness decreases. The two
curves crossat SOL thicknessof  10nm or below.
This demonstrates that strain relaxation only dom-
inate when the SOL thicknessis low enough. The
open-circle data is about 10 times of the filled
squared data at SOL of 140nm. However ,the lar-

gest resdua strain difference is only O 2GPa for

the set of filled square data. Other strain relaxation
mechani sms should exist except the force balance
principle. We attribute it to the near coincidence
lattice model** .
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Fg.5 Dependence of resdual strain in SC on SOL
thickness with the theoretica data marked with open
circle and the experimental data marked with filled
square The set of thefilled square datais the same as
those shown in Fig. 3(b) ,and is plotted here for com-
parison.

Near perfect coincidence lattice with a lattice
plane ratio of 5/4 can be observed in the Fourier
trandorm (FT) of HRTEM image in Fig. 2 (b).
The edge type didocations are observed. This kind
of mifit didocations is generated at the interface
during the formation of the 3D critical nuclei. The
large lattice midit strainisrelieved by the regular-
ly arranged midit didocations. The actual lattice
mismatch will be reduced to about O 4 % ,a reason-
able val ue to guarantee the stabilization of epitaxial
growth. The deviation from perfect coincidence is
of great importance because it defines the amount
of resdual strainin the epilayer. Therefore ,the ex-
plaining why the actual residual strain in SC dif-
ferslittle is conducted. The large lattice mismatch
is accommodated mainly through the coincidence
lattice model when the substrate thicknessis above
the critical thickness. In our experiment ,the SOI
substrate with 140nm SOL does not play the role
of compliant substrate compared with the case of S
substrate. And then the smilarity of curves aand b
in Fig.3(a) is understandable.

In our analyss,thermal strain was omitted.
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The therma strain is less than 0. 15GPa for our
growth temperatures'®’ .

4 Conclusion

Heteroepitaxial SC films were grown on SOI

with different SOL thickness. The disappearance of
the SOL and the BOX wasobserved by HRTEM as
the result of an extra high temperature heating &f-
ter the carbonization process. Measurement of Rar
man scattering spectroscopy clearly indicates a sys
tematic trend of resdual stress reduction asthe sl-
icon over-layer thickness decreases for the SOI
substrates. This demonstrates that strain transer
from the epilayer to the underneath SOL occurs
during carbonization process. The large lattice mis
match is accommodated mainly through the coinci-
dence lattice model when the substrate thicknessis
above the critical thickness.
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