-

P
brought to you by .. CORE

View metadata, citation and similar papers at core.ac.uk

provided by Xiamen University Institutional Repository

Chin. Phys. B Vol. 23, No. 4 (2014) 048109

Non-homogeneous SiGe-on-insulator formed by germanium
condensation process”

Huang Shi-Hao(#% {¥7f5), Li Cheng(ZF /)", Lu Wei-Fang(/5 I.75), Wang Chen(F 22),
Lin Guang-Yang(#£Y:#%), Lai Hong-Kai(#i#T#1), and Chen Song-Yan(Ff¥A %)

Department of Physics, Semiconductor Photonics Research Center, Xiamen University, Xiamen 361005, China
(Received 14 July 2013; revised manuscript received 24 October 2013; published online 20 February 2014)

Ge condensation process of a sandwiched structure of Si/SiGe/Si on silicon-on-insulator (SOI) to form SiGe-on-
insulator (SGOI) substrate is investigated. The non-homogeneity of SiGe on insulator is observed after a long time oxidation
and annealing due to an increased consumption of silicon at the inflection points of the corrugated SiGe film morphology,
which happens in the case of the rough surface morphology, with lateral Si atoms diffusing to the inflection points of the
corrugated SiGe film. The transmission electron microscopy measurements show that the non-homogeneous SiGe layer
exhibits a single crystalline nature with perfect atom lattice. Possible formation mechanism of the non-homogeneity SiGe
layer is presented by discussing the highly nonuniform oxidation rate that is spatially dependent in the Ge condensation
process. The results are of guiding significance for fabricating the SGOI by Ge condensation process.
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1. Introduction

Si/Ge heterostructures on SiGe-on-insulator (SGOI) or
Ge-on-insulator (GOI) structures are one of the most promis-
ing substrates for advanced heterogeneous integration of vari-
ous functional devices including Si-based optoelectronic inte-
grated circuits and Ge metal-oxide-semiconductor field-effect
transistors.[!=>] To date, there have been two key methods
to fabricate SGOI or GOI substrate, one is the wafer bond-
ing technology,[®! and the other is germanium condensation
technology.!”! Actually, the latter way is a promising approach
compatible with complementary metal-oxide semiconductor
(CMOS) technology. Germanium condensation process in-
volves a selective Si oxidation of a SiGe layer epitaxially
grown on a silicon-on-insulator (SOI) wafer in a dry atmo-
sphere at high oxidation temperature.

Although much work on germanium condensation pro-

8-13] the behavior of the se-

cess has been reported already,[
lective oxide of silicon process still needs further study, such
as the formation of non-homogeneity SiGe layer in germa-
nium condensation process. Balakumar ef al.l'1:16] observed
the SiGe amorphization during the undesired consequence of
lowering of oxidation temperature for Ge condensation and
the amorphous/crystalline SiGeO formation with/without in-
termittent SiO, etching during the Ge condensation. Gunji
et al.!”) found that the strain relaxation of the SiGe layer oc-
curred due to both intrinsic stacking fault formation and bi-

axial stress-driven buckling of the SiGe layers through vis-
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cous flow of the overlying and underlying SiO, layers dur-
ing high temperature oxidation and annealing. In our earlier
reports,[1820] we investigated the strain relaxation in ultra-
thin SGOI substrates fabricated by multistep Ge condensation
method and the GOI substrate with large biaxial tensile strain
was successfully fabricated. However, the mechanism of the
non-homogeneous SiGe layer formation in the Ge condensa-
tion process remains elusive.

In this paper, we report on the non-homogeneous SGOI
fabricated by Ge condensation technology. The surface mor-
phology, strain relaxation, and crystallinity of the film in
the Ge condensation process are systematically characterized.
Possible formation mechanism of the non-homogeneous SiGe
layer is presented.

2. Experimental procedures

SOI wafer with a 50-nm top Si layer and a 375-nm BOX
layer, fabricated by SIMOX technology, was cleaned using a
standard RCA cleaning procedure before being loaded into the
ultrahigh vacuum growth chamber. Before growing, the sub-
strate was baked at 850 °C for 30 min to deoxidize. A 15-nm
Si buffer layer was grown on the SOI substrate at 600 °C, fol-
lowed by about 100-nm Sip s3Geg.4» epilayer with a 5-nm Si
cap layer to avoid the formation of GeO, mixed (Si,Ge)O;, or
Si0,-GeO, during the first oxidation stages.”!! The degree
of strain relaxation of the as-grown sample is 68% determined
by Raman spectroscopy and double-crystal X-ray diffraction
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measurement. Then the epitaxially grown wafer was cleaved
into several pieces and oxidized or annealed in the conven-
tional tube furnace in a pure O, or N, environment. The
schematic diagram of the Ge condensation process is shown
in Fig. 1. The typical samples with various Ge content values
in the Ge condensation processes were denoted as samples A,
B, C, and D. The oxidation and annealing temperature were
both chosen to be below the melting point of Si;_,Ge,. Sam-
ples underwent the initial cyclic oxidation (30 min)/annealing
(30 min) process at 1050 °C for 4 cycles, denoted as sample
A. The second cyclic oxidation (30 min)/annealing (30 min)
was performed at 1150 °C for 4 cycles, denoted as sample B.
After that, the temperature was reduced to 900 °C with 12 and
18 cycles of oxidation/annealing (denoted as samples C and
D), respectively. The strain status and Ge content values in
the SiGe layers were evaluated by Raman spectroscopy. The
surface morphologies of the samples with the oxide removed
were analyzed by atomic force microscopy (AFM).
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Fig. 1. Schematic diagram of the Ge condensation process. The oxida-
tion and annealing temperature are both under the melting point of the
Si;_,Gey layer.

3. Results and discussion

Raman spectra are employed to evaluate the values of Ge
content and strain in the SiGe layers. Figure 2 shows a se-
ries of the Raman spectra for various oxidation and anneal-
ing times, using a 532-nm laser as excitation source. There
are four distinct peak positions: Si—Si mode in Si substrate at
~520.6 cm™!, Si-Si mode in the SiGe layers at ~ 500 cm™!,
Si-Ge mode in the SiGe layers at ~ 400 cm™!, and the left-
most peak corresponding to the Ge—Ge mode in the SiGe lay-
ers at ~ 300 cm~!. For sample A, after being oxidized and
annealed at 1050 °C, there are a weakly defined peak belong-
ing to the Ge—Ge mode in the SiGe layer and two other clear
peaks due to the Si—Si and Si—Ge peak modes, in addition to
the strong Si—Si mode in Si substrate. As the Ge condensation
proceeds, the signals of Si—Si modes in the SiGe layer begin
to decrease and the peak of the Ge-Ge mode near 300 cm ™!
becomes stronger, while the peak of the Si-Ge mode in the

SiGe layer increases with oxidation time at the beginning and
then decreases when the Ge content value is higher than 0.5.
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Fig. 2. (color online) A series of the typical Raman spectra for differ-
ent oxidation and annealing times, using a 532-nm laser as excitation
source.

From the Raman spectra, the values of Ge content and
strain in the SiGe layers can be determined: (i) when the in-
tensity of Si—Si peak in the SiGe layer is larger than those of
Si—Ge and Ge—Ge peaks and it is suggested that Ge content
value should be less than 0.5 in the SiGe layer, the values of
Ge content and strain in the SiGe layers are evaluated from the
peak positions of Si—Si and Si—Ge modes in the SiGe layers

from the following equations: (2%}

wsi_si = 520.6 —62x — 815¢,
Wsi_Ge = 400.5+ 14.2x — 575¢14, (1)

where @s;_s; and @s;_ge are the Raman shifts of Si—Si and Si—
Ge peaks in the Si;_,Ge, layer respectively; x and €;; are the
values of content and in-plane residual strain in the Sij_,Ge,
alloy, respectively. (ii) When the intensity of Ge—Ge peak in
the SiGe layer is much stronger than that of Si-Si peak, in-
dicating that Ge content is larger than 0.5, the values of Ge
content and strain in the SiGe layer can be calculated from the
ratio of the integrated intensity between the peaks of Si—Ge

and Ge-Ge modes in the Sij_,Ge, layers by the equation!??!
IGe—Ge _ Bx ’ )
ISifGe 2( 1-— x)

where Ige_ge and Is;_ge are the intensities of Ge-Ge and Si—
Ge mode fitted by Gaussian distribution, respectively. The co-
efficient B is determined to be 1 for our Raman experimental
setup at 532-nm excitation wavelength using the XRD data
available from a number of samples as shown in our previous

18.23] The calculated results indicate that the values of

reports.[
residual strain in the SiGe layer in all of the oxidized samples
are nearly zero, which implies that the SiGe layer is nearly
fully relaxed in the Ge condensation process.

In Fig. 3, the scatters with errors of £0.01 are the sum-
mary of Raman measurements of the dependence of the optic

mode frequency on the content x in the Si;_,Ge, layer, and
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the solid lines represent the content x-dependent frequencies
for the three optic modes in the fully relaxed Si;_,Ge, alloy
system reported in Refs. [24] and [25]. It is revealed that the
SiGe layers are already fully relaxed in the Ge condensation
process, which coincides with the calculated results as sug-
gested previously.
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Fig. 3. (color online) Composition x-dependent frequencies for the
three optic modes in the SiGe layer on SOI. The solid lines represent
the fits of the data points in the fully relaxed Si;_,Ge, alloy system as
reported in Refs. [24] and [25].

In order to further verify the strain relaxation in the SiGe
layer, the surface morphologies of the samples after the re-
moval of surface oxide layer are measured by AFM. For the
as-grown sample, a very rough surface with small SiGe islands
that are distributed randomly over the surface can be observed
due to the fact that the 100-nm Sig s5Geg 4o epilayer exceeds
the critical thickness (~ 25 nm) of Sips3Geg4p on Si. In the
Ge condensation process, the SiGe islands grow and the root-
mean-square (RMS) values of the samples increase linearly
with oxidation time, which is shown in Fig. 4. However, the
cross-hatch patterns, commonly observed in SGOI/GOI sur-
faces, are not observed in the samples by the AFM. It indi-
cates that the strain relaxations in the SiGe layers are mainly
contributed to by the formation of the undulation scale of the
SiGe islands.
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Fig. 4. (color online) Plot of the RMS roughness of the samples versus
oxidation time.

Transmission electron microscopy imaging of the sam-
ple D (see Fig. 5) reveals that the non-homogeneous SiGe

layer is formed in a lengthy Ge condensation process. How-
ever, the clear lattice image with few defects can be observed
in the local high-resolution transmission electron microscopy
(HRTEM) imaging with 25-nm SiGe layer, and the 25-nm
SGOI is uniform with a clear and sharp interface between
BOX and top SiO,. Planar defects, stacking faults and misfit
dislocations, such as microtwins and 60° perfect dislocations,
are not observed within the field of view. It is worth noting
that the top SiO, layer has surface undulation while the SiGe
layer underneath has observable undulation only at the inter-
face between the top SiO, layer and the SiGe layer. What is
more, the thicker the top SiO; layer is developed (marked by
the black double arrow in Fig. 5), the thinner the SiGe layer
underneath is formed. It reveals that the oxidation rate is in-
creased to form a thicker SiO; layer at the inflection points of
the corrugated SiGe film morphology.

Si substrate &

Fig. 5. HRTEM images of the sample D. The 25-nm SGOI is uniform
with a clear and sharp interface between BOX and top SiO;.

With those experimental data, a model of the non-
homogeneous SiGe layer formation process is proposed as
schematically shown in Fig. 6. For an as-grown sample, 100-
nm Sig 53Geg 42 epilayer on SOI wafer is above the critical
thickness (~ 25 nm), the energy of the strain stored in the
film becomes so large that it must be released by modifying
the surface morphology that forms three-dimensional islands.
Considering that the annealing process before oxidation main-
tains a uniform distribution of Ge atoms in the SGOI layer,
it is reasonable to assume that the oxidation rate of the un-
dulation surface is uniform at the first oxidation. However,
for further oxidation, the piling up of Ge atoms at the inflec-
tion points of the corrugated SiGe film morphology is more
likely to happen, and Ge accumulation in these localized re-
gions due to its thinner thickness could lead to a higher Ge
content than in other regions. Then Si atoms diffuse to the
higher Ge content regions (at the inflection points of the cor-
rugated SiGe film morphology) to lower the content gradient
rather than self-limited oxidation which happens in the case of
the flat surface morphology without lateral Si atoms diffusion.
In other words, more Si atoms will be oxidized at the inflec-
tion points of the corrugated SiGe film morphology. Thus at
the inflection points of the corrugated SiGe film morphology,
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the formed SiO; layer will be thicker while the SiGe layer un-
derneath will be consumed and become thinner. Finally, the
non-homogeneous SGOI is formed.
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Fig. 6. (color online) Schematic illustration of the model of the non-
homogeneous SiGe layer formation process.

4. Summary

We investigated Ge condensation process of a sandwiched
structure of Si/SiGe/Si on a silicon-on-insulator (SOI) sub-
strate. The strain relaxation in the SiGe layer is dominated by
the formation of the undulation scale of the SiGe islands in the
Ge condensation process. The non-homogeneous SiGe layer
is formed due to an increased consumption of the Si atoms
at the inflection points of the corrugated SiGe film morphol-
ogy. The non-homogeneous SiGe layer exhibits a single crys-
talline nature with perfect atom lattice by TEM measurements.
This insight establishes a compelling evidence that the non-
homogeneous SiGe layer is formed due to the rough surface
of the sample. The results are important for fabricating the
SGOI and GOI substrates by Ge condensation technology for

the application of Si-based devices.
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