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In this work, the authors demonstrate a fabrication methodology for obtaining a thick (~250 nm)
high Ge content SiGe-on-insulator (SGOI) film. About 800 nm thick low Ge content (~25% ) SGOI
film was fabricated by intermixing SiGe and Si through thermal annealing of a superlattice
comprising of 60 periods of Sij,;Ge 3 and Si on silicon-on-insulator (SOI) substrate. A combination
of oxidation and annealing processes was used to condense and diffuse the Ge through SiGe film to
obtain thick Sij,GegOl. It is also found that the oxidation termination is due to residual stress in
the thick SGOI layer. The transmission electron microscopy measurements showed that the
Sip,Gey gOI film exhibits a single crystalline nature with an orientation that is the same as the
starting SOI. X-ray diffraction measurements confirmed that the in-plane strain of the SGOI layers
is compressive or nearly relaxed. © 2007 American Institute of Physics. [DOI: 10.1063/1.2737818]

Si/Ge heterostructures on SiGe-on-insulator (SGOI)
substrates are promising templates for high-speed electronic
devices, Si-based optoelectronic integrated circuits' (OEICs)
and Ge metal-oxide-semiconductor field-effect transistors.”
High Ge content SiGe is also a suitable material for infrared
photodetectors due to its compatibility with Si technology; it
has a narrow band gap with a much larger absorption coef-
ficient in the infrared region than that of Si. Thus, OEIC
optical devices can be monolithically integrated with the
SiGe high-speed electronic devices on SGOI substrates. Te-
zuka et al.’ reported the SGOI fabrication technique based
on Ge condensation through the selective oxidation of Si of
deposited SiGe on silicon on insulator (SOI). It has become a
popular technique to fabricate substrates for complementary
metal-oxide semiconductor (CMOS) technology as the com-
position, the strain, and thickness can be effectively con-
trolled as compared to other techniques.3 Koh et al. used a
thin condensed SGOI as a template for the growth of thick
SGOI to fabricate OEIC devices.' In this juncture, we made
an effort to fabricate thick SGOI by condensation itself so
that graded layer could be avoided. It is also desirable to
investigate the material structures and the strain characteris-
tics of thick single crystalline SGOI layer prepared by Ge
condensation. This could result in high Ge content templates
for optoelectronic device application. However, there are
challenges related to the formation of high Ge content SGOI
or germanium-on-insulator films.*”’

It is possible to achieve a uniform thin layer of high Ge
content SGOI with appropriate oxidation/annealing steps.5
For optical application, 0.1 to 0.4 um of high Ge content
SGOI-based layers are needed, depending on the incident
light direction and wavelength. The fabrication of high Ge
concentration thick SGOI films can only be achieved by first
fabricating a thick layer of SiGe with nominal Ge (~25%)
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followed by condensation to get a high Ge content SGOI
film. To get such a thick film, in this work, we introduced a
method of intermixing the Siy-Ge3/Si superlattices (SLs)
by means of the annealing process. Then, it was used to
fabricate high Ge content SGOI film. The strain characteris-
tics in these SGOI films are investigated using x-ray diffrac-
tion technique.

Figure 1 shows the schematic representation of SL struc-
ture, thick SGOI layer, and the final layer after condensation.
Since the target is to achieve thick SiGe film with >80% of
Ge content, a very thick starting layer (800 nm) with about
25% Ge concentration is preferred prior to condensation. To
obtain a high quality thick crystalline layer, 60 periods of
Sip70Geg30/Si SLs are first grown on thin SOI wafer using
an ultrahigh vacuum chemical vapor deposition system (Fig.
2). The SOI overlayer thickness was around 35 nm and the
buried oxide thickness was 1450 A. The high resolution
transmission electron microscopy (HRTEM) images of SLs
[Fig. 2(a)] show the thicknesses of SiGe and Si within the
period to be about 12 and 3 nm, respectively. The preoxida-
tion of SLs for 15 min was carried out to avoid Ge loss
during subsequent annealing. About 5 h of annealing the SLs
resulted in an ~800 nm thick SGOI film with ~25% Ge
concentration, as shown in Fig. 2(c). About 10 000 SCCM
(SCCM denotes cubic centimeter per minute at STP) of oxy-
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FIG. 1. Schematic representation of (a) SiGe/Si SLs deposited on SOI, (b)
the thick layer of SGOI, and (c) condensed S(gG,OL

© 2007 American Institute of Physics

Downloaded 09 May 2007 to 137.132.123.74. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.2737818
http://dx.doi.org/10.1063/1.2737818
http://dx.doi.org/10.1063/1.2737818

192113-2 Balakumar et al.

® SiGe=74.1:25.9

0.80 pm

® s5iGe=76.5:23.5
B) =
SiGe: 7327

Si .
SiGe: 71:28=

® SiGe=81:19

FIG. 2. Cross-sectional TEM images of (a) SiGe/Si SLs, (b) HRTEM image
of SiGe/Si SL, and (c) TEM image after 30 min of oxidation and annealing.

gen is used during oxidation and 15 000 SCCM of nitrogen
is used for annealing. TEM analysis confirmed that the bot-
tom part of the layer has less Ge (19%) due to the intermix-
ing of the thicker 35 nm SOI with subsequently deposited
SiGe/Si layers [Fig. 2(c)].

Consequently, oxidation was carried out at 1050 °C for
a total duration of 10 h with intermittent annealing of 1 h for
each hour of oxidation step. Also, in this process, the oxide
formed was etched after every 3 h of oxidation as self-
limiting oxidation was observed once the oxide thickness
exceeds ~1300 A Figure 3(a) shows the cross-sectional
TEM image of thick SGOI layer with 37% of Ge content
after the initial 10 h of oxidation. Further, 20 h of oxidation
at 1050 °C increased the Ge content to 57% with about 5%
gradient across thickness of the film [Fig. 3(b)]. The process
time is longer due to self-limited oxidation at lower concen-
tration of Ge. Once the Ge concentration reaches ~60%,
oxidation temperature was reduced to 1000 °C for better
control of the oxidation process. The oxidation and annealing
were further carried out for additional hours. This increased
the Ge concentration to ~70% in the first 2 h of oxidation/
annealing and beyond this concentration; the intermittent an-
nealing was introduced every half an hour to avoid the inter-
face melting and SiGeO formation.

Further oxidation was carried out at 950 °C (2 h) and
900 °C (1 h) with multiple oxidation steps along with
15 min intermittent annealing to achieve SGOI with Ge con-
tent around 80%. Figure 3(c) shows that the thickness of
Sig,Gey gOl is about 250 nm. This is the thickest layer with
such a high Ge content SGOI reported so far. HRTEM analy-
sis shows a high quality crystalline SGOI with low defect
density. After mixing the SLs, if there is insufficient prean-
nealing, the defect counts were found to be very high, mostly
horizontal line defects and dislocation densities were ob-
served. These huge numbers of defects appeared due to strain
relaxation in the Ge graded layers. In SGOI, mostly 60° dis-
location lines will appear if preannealing is insufficient. In
this work, we studied the effect of condensation on disloca-
tion density with and without preannealing. A preannealing
of 5 h at 1050 °C resulted in a reduction of the dislocation
density and their propagation. The defect formation depends
on layer thickness, Ge concentration, and annealing
temperature.

Two different mechanisms are proposed to address self-
limiting oxidation of SGOL* Tezuka et al.’ proposed that it
might be due to residual stress generated by Ge gradient in
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FIG. 3. Sequential TEM images of condensation process for SGOI with (a)
37% of Ge, (b) 57% of Ge, and (c) 80% of Ge.

the SiGe layer and commented that more studies are required
to identify the mechanism. A recent 1rep01rt7 predicted that
self-limiting oxidation is due to the melting of an interfacial
layer that has a high Ge concentration between the surface
oxide and the SiGe layer. In the present study, oxidation was
carried out with 1 h intermittent annealing for every 1 h oxi-
dation to diffuse the Ge towards the bottom of SiGe. How-
ever, we observed that oxidation termination occurred once
the oxide thickness exceeded 1300 A though sufficient inter-
mittent annealing was applied. It is confirmed that the oxi-
dation limiting issue is not due to the high Ge content inter-
facial layer. On the contrary, Ge diffusion at this temperature
across the layer is still not enough to relieve the residual
thermal stress gradient across the thick SiGe (~500 nm). It
also does not allow the Si to appear in the interface to oxi-
dize. In our earlier studies, a thin S ;G ¢OI layer was fabri-
cated with 150 nm SiGe on SOI without intermittent oxide
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TABLE I. Lattice constants and strain values from x-ray data.

Ge composition As annealed ~37% ~46% ~80%
In-plane lattice constant 5.495 5500 5.521  5.527
Out of plane lattice constant (a;) 5.511 5501 5.528 5.628
Relaxed lattice constant (a;) 5.504 5501 5525 5.628
In-plane strain (%) -0.163 -0.01 -0.071 -0.01

etching.5 In that case, oxidation occurred even when the ox-
ide thickness increased to 3000 A on SiGe but the number of
oxygen radicals arriving to the interface was lowered with
the increase of oxide thickness. Hence, the mechanism de-
pends on the SiGe layer thickness, Ge content thermal stress
gradient in the layer, and oxide layer thickness. Further stud-
ies are needed for different SiGe layer thicknesses and dif-
ferent Ge contents at low and high temperatures.

Next, the strain in the fabricated thick SGOI layers was
evaluated using high-resolution x-ray diffraction (XRD)
technique. The high resolution rocking curve and reciprocal
lattice map measurements were performed with line-focused
Cu Ka; radiation (\=1.5406 A). The lattice parameters are
extracted from (004) and (224) reciprocal lattice map as well
as and rocking curve analyses. The extracted lattice param-
eters along the parallel (a,) and perpendicular (c,) directions
were used to calculate the relaxed lattice parameter of SGOI
layers using® the relationship a;=c[1-2u(c,—a,)/(1+v)c,],
where v is the Poisson ratio. The in-plane strain was deter-
mined using the relation &,,=(a,—a;)/a;. All the lattice con-
stants and in-plane strain values of SGOI are shown in Table
L. It is found that the in-plane strain components in all the
layers are compressive whereas the as-annealed superlattices
are more compressive than the condensed layers since 5 h
nitrogen annealing is not sufficient enough to release the
strain. The fluctuation in the strain values is due to the use of
number of Ge condensation/annealing thermal cycles, and
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prolonged annealing relaxed the layers. It is confirmed that
relaxed or compressive layer can be easily fabricated through
the condensation technique with sufficient thermal cycles.
Thus, such a method can be used to fabricate high Ge con-
tent SGOI templates. It is also possible to thin down the
layer by chemical mechanical polishing to the required thick-
ness for use in CMOS platforms.

In summary, about 250 nm thick highly strain relaxed
Sip,Ge( Ol layer is fabricated by a condensation technique
through intermixed SiGe/Si SLs deposited on SOI. The in-
termixing of SiGe/Si SLs by annealing could be the best
way to get a starting thick SiGe layer on insulator. Utilizing
such a thick layer, it is possible to fabricate thick SGOI lay-
ers with more than 80% Ge. Oxidation saturation/termination
is observed due to residual stress in the SiGe layer. The XRD
and micro-Raman scattering studies show the presence of a
much lower in-plane residual compressive strain in such lay-
ers. Such SGOI templates may find applications in photode-
tectors and MOS devices.
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