
Applied Surface Science 256 (2010) 3299–3302
Effect of strain relaxation of oxidation-treated SiGe epitaxial thin films
and its nanomechanical characteristics
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A B S T R A C T

In this study, we examined the effect of high-temperature oxidation treatment on the SiGe epitaxial thin

films deposited on Si substrates. The X-ray diffraction (XRD), atomic force microscopy (AFM), and

nanoindentation techniques were employed to investigate the crystallographic structure, surface

roughness, and hardness (H) of the SiGe thin films, respectively. The high-temperature oxidation

treatment led to Ge pileup at the surface of the SiGe thin films. In addition, strain relaxation occurred

through the propagation of misfit dislocations and could be observed through the cross-hatch pattern

(800–900 8C) and SiGe islands (1000 8C) at the surface of the SiGe thin films. Subsequent hardness (H)

measurement on the SiGe thin films by continuous penetration depth method indicated that the

phenomenon of Ge pileup caused a slightly reduced H (below 50 nm penetration depth), while

relaxation-induced defects caused an enhanced H (above 50 nm penetration depth). This reveals the

influence of composition and defects on the structure strength of high-temperature oxidation-treated

SiGe thin films.
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1. Introduction

Many investigations on the field of SiGe thin films have been
executed in recent years because, due to the lattice misfit between
Si and Ge atoms [1–3], SiGe thin films on Si substrate can provide a
suitable site for the growth of tensile-strained Si overlayer. In this
overlayer, the carrier mobility has direct proportion to the degree
of strain, that is to say, high Ge content of strain-relaxed SiGe thin
films can serve as ‘‘virtual substrate’’ and is efficient for higher
device performance of MOSFET and/or photodetectors [4,5].

The conventional method for obtaining high Ge content of
strain-relaxed SiGe virtual substrate is to fabricate compositionally
graded films, which possess low density of threading dislocations
[6–8]. However, long time consuming in the fabrication process
due to films thickness in the micrometer range and low thermal
conductivity-induced self-heating effect would cause higher cost
and lower thermal impedance [9]. Another pathway toward the
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formation of the virtual substrate is high-temperature treatment-
induced strain relaxation in inert gases or vacuum environment.
During this process, the SiGe thin films could relax if the thermal
budget is enough to overcome the relative activation barrier.
Besides, the required thickness of the SiGe thin films is only located
at the metastable range and is thinner than that of graded one.
Nevertheless, this method accompanies with interdiffusion at
SiGe/Si interface, which would decrease the Ge content and then
degrade the performance. Therefore, both these two methods have
a serious bottleneck for throughput.

Recently, high-temperature oxidation treatment on the SiGe
thin films offers a suitable manner for virtual substrate. There are
several reports on the mechanisms and kinetics of this oxidation
process. Yin et al. [10] utilized dry oxidation to increase Ge
content and found that the strain relaxation was carried out in
the form of SiGe islands instead of dislocations. Cai et al. [9] also
used dry oxidation method on strained SiGe thin films and found
that the surface roughness and the threading dislocation
densities are kept low during the whole oxidation processes.
Zhang et al. [11] proposed that the competition between Ge
accumulation and diffusion led to different strain relaxation
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Fig. 1. The XRD rocking curve for 200 nm of the SiGe thin films deposited on Si

substrates at various oxidation temperatures: (a) no oxidation, (b) 800 8C for 0.5 h,

(c) 900 8C for 0.5 h, and (c) 1000 8C for 0.5 h.
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behaviors by wet oxidation. In brief, Ge atoms not only
accumulate at the surface of SiGe thin films because of selective
formation of SiO2 but also diffuse toward substrate due to high-
temperature treatment, which results in compositionally grade
effect [9]. Therefore, it offers an effective manner to form an ideal
virtual substrate.

Consequently, this reveals the variation of strain and distribu-
tion of Ge content in the SiGe thin films after high-temperature
treatment. However, it usually accompanies with generation of
defects and inhomogeneous composition in the thin films, which
would lead to varied structure strength. The stress generated
during device manufacturing process would cause damage to
heterostructure and then degrade device performance. Therefore,
it requires better understanding of mechanical characteristics in
order to evaluate the yield reliability and device performance
[12,13].

The crystal structure, surface morphology, and nanomechanical
characters of the SiGe thin films during oxidation treatment at
different temperatures have been studied in this article. The result
shows that not only high Ge content and strain relaxation were
formed but also relative varied structure strength was revealed
through Berkovich-induced deformation of the SiGe thin films.

2. Experimental procedure

The samples used in this study were prepared by a standard
Radio Corporation of American (RCA) clean and a HF:H2O (1:50)
bath for 15 s. p-Type Si(1 0 0) wafers were introduced into load-
lock chamber of ultra-high vacuum chemical vapor deposition
(UHV/CVD) system. The expected thin films were obtained
according to the following three steps: (i) A 5-nm-thick Si buffer
layer was deposited on the Si substrate at 500 8C for 15 min from
pure SiH4 (in 100 sccm) gas. (ii) A 200-nm-thick Si0.8Ge0.2 thin
films was deposited at 500 8C from pure SiH4 (in 100 sccm) and
GeH4 (in 10 sccm) gases and the vacuum was achieved at
10�7 mbar. (iii) In the oxidation process, the SiGe thin films are
endured thermal treatment at different temperatures (800, 900,
and 1000 8C) for 30 min ex situ in furnace in atmosphere
environment.

The crystal structures of as-deposited and oxidation-treated
SiGe thin films were measured by X-ray diffraction (XRD,
PANalytical X0Pert Pro Inc. Singapore, with Cu Ka; l = 0.154 nm).
3D surface morphology of the SiGe thin films was observed by
atomic force microscope (AFM, Veeco D5000) in tapping mode
after the top oxide removed by buffered oxide etchant (BOE).
Besides, AFM can measure surface roughness in the form of root-
mean-square (Rms).

The subsequent hardness (H) of the SiGe thin films was
measured by using a Nano Indenter XP instrument (MTS operation,
Nano Instruments Innovation Center, TN, USA). The instrument
was calibrated by using a standard fused silica sample prior to the
beginning of indentation. A diamond Berkovich indenter tip (tip
radius �50 nm) was used in the nanoindentation measurements,
which suggests that plastic deformation can be generated at very
small load. H, the resistance to local plastic deformation, can be
determined by using the Oliver and Pharr analysis [14] and has
been conventionally obtained by measuring the load (P) and the
projected contact area (Ac):

H ¼ P

Ac
(1)

Ac and contact depth hc have relation Ac ¼ 24:56h2
c [15].

Continuous contact stiffness measurement (CSM) mode, which
was executed by superimposing small oscillations on the force
signal to record stiffness data along with load and displacement
data dynamically, is useful to obtain the continuous variation of H
relative to penetrating displacement. Therefore, H can be
calculated at every data point acquired during the indentation
experiment. After that, ten indents were made on samples to
minimize the deviation of the results. Besides, the nanoindenta-
tions were sufficiently spaced (50 mm) to prevent from mutual
interactions. Before the beginning of each indentation, the drift
rate was preset to <0.05 nm/s.

3. Results and discussion

The XRD rocking curve is useful for analyzing the quality
of epitaxial thin films. Fig. 1 exhibits the XRD spectra of
the (0 0 4) rocking curves for (a) as-deposited sample and
oxidation-treated samples at (b) 800, (b) 900, and (c) 1000 8C,
respectively. From as-deposited sample, the two peaks at the
position of 69.126 and 67.906 are silicon substrate and the SiGe
thin films, respectively. The obvious oscillation characteristic of
the curve, which is called thickness fringes, means that the
atoms are arranged in an ordered form. It also suggests that the
as-deposited sample exhibits good crystal quality [16]. Besides,
the composition and thickness of the SiGe thin films can be
calculated from the fringes [17]. Hence, the ratio of Si to Ge (4:1)
and the thickness of 200 nm are confirmed, indicating that the
SiGe thin films are in a metastable state and kept in full strained.
The angular separation between Si and SiGe peaks decreases
with increasing oxidation temperature. It is suggested that
strain relaxation occurred and the Ge mole fraction decreases
due to interdiffusion at SiGe/Si interface [18]. Moreover, the fade
out of the fringes can be attributed to strain relaxation and
interdiffusion-induced broadened interface. Compared to origi-
nal SiGe peak, there are new small broad peaks appeared at
lower angles in curves of oxidation-treated samples. It has the
similar tendency to that described by Ref. [19]. This phenome-
non was due to Ge pileup at the surface of SiGe during oxidation
effect [20] and therefore the phase of SiGe containing high Ge
content was observed.

In order to obtain ideal device performance, high degree
of strain relaxation, low root-mean-square (Rms) roughness,
and reasonably low level of surface defect density of the SiGe
thin films are required [21]. Fig. 2 shows AFM measurement of
3D surface morphology. The as-deposited sample (Fig. 2(a))
exhibits flat surface (Rms is 0.5 nm) and almost no surface



Fig. 2. AFM images of surface topography of samples at various oxidation temperatures: (a) no oxidation, (b) 800 8C for 0.5 h, (c) 900 8C for 0.5 h, and (c) 1000 8C for 0.5 h.

Fig. 3. The H of the SiGe thin films samples at various oxidation temperatures: (a) no

oxidation, (b) 800 8C for 0.5 h, (c) 900 8C for 0.5 h, and (c) 1000 8C for 0.5 h.
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defects appearing on it. While the SiGe thin films endured
oxidation treatment at 800 and 900 8C for 30 min, cross-hatch
pattern emerged from the surface (Fig. 2(b) and (c)), indicating
that strain relaxation occurred. Cross-hatch pattern is known to
be caused by misfit dislocations traveling at SiGe/Si interface
[22]. In addition, Chen et al. [23] suggested that cross-hatching
is not related to composition fluctuation regardless of the stress
undulation associated with strain relaxation in the SiGe thin
films. The cross-hatch morphology arises from vertical lattice
relaxation induced by piled-up misfit dislocations in the SiGe
buffer layer and substrate. Due to the generation of cross-hatch
pattern, the Rms of oxidation-treated samples at 800 and 900 8C
are 1.2 and 2.5 nm and are slightly higher than that of as-
deposited one. The surface morphology has different variation
while 1000 8C oxidation treatment for 30 min was carried out
(Fig. 2(d)). Except for above mentioned phenomenon, a dense
network of SiGe islands populated the surface and relative Rms is
2.1 nm. Tételin et al. [24] pointed out that strain relaxation leads
to formation of islands on the SiGe strain thin films surface
while oxidation temperature is above 900 8C. They also
demonstrated that these 3D islands are because of the fact
that Ge segregated on the surface of SiGe thin films and this
phenomenon conforms to XRD analysis in our study. Besides, the
nucleation of islands was driven by misfit-dislocation strain.
There are almost no etch pits observed from all the AFM
morphologies of treated samples, implying that fewer threading
dislocations occurred during high-temperature oxidation treat-
ment [25]. From above observation, we suggest that the strain
relaxation occurred in the form of generating misfit dislocations
and islands, which leads few increase in Rms.

Nanoindentation technique is powerful in probing the
deformation behaviors of thin films. In this experiment, the
SiGe/Si heterostructures with/without oxidation treatments
were investigated from continuous penetration depth by means
of CSM in nano-size. Fig. 3 shows the H of the SiGe/Si
heterostructures as functions of the indentation at 200 nm,
following the method proposed by Oliver and Pharr [14].
The hardness increases with the indentation depth up to
25 nm, which can be attributed to the transition between
purely elastic to elastoplastic contact whereby the hardness is
actually the contact pressure. Comparing with as-deposited
sample, the lower H measured from oxidation-treated ones at
depths below 50 nm may be caused by the Ge pileup at the
surface of SiGe. Tsui et al. [26] demonstrated that since the force
of the indenter is compressive and acts perpendicularly to the
surface, compressive strain should increase the H by diminish-
ing the shear stresses beneath the indenter. In this case,
oxidation treatment-induced high Ge content would easily lead
to strain relaxation. In other words, compressive strain
decreases rapidly at surface of the SiGe thin films and therefore
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the H became lower compared with as-deposited one. In
addition, Ge is softer than Si, which leads to an unstable
microstructure. The H became constant after indentation
depth exceeding 25 nm. Therefore, the average H was deter-
mined by averaging measurements at indentation depths
from 100 to 200 nm, considering the adequate depth to achieve
a fully developed plastic zone. Following the above method, the
average H are 14.5 � 0.6, 15.0 � 0.6, 16.1 � 0.4, and 16.2 � 0.5 GPa
for as-deposited sample and samples oxidized at 800, 900, and
1000 8C, respectively. The result shows that the strength of SiGe/Si
heterostructure can be enhanced through oxidation treatment. Ref.
[27] has the similar trend and shows that dislocations occurred in
the SiGe thin films accompany with the enhancement in
mechanical resistance against elastic and elastoplastic deforma-
tions. Consequently, we suggest that high-temperature oxidation
treatment leads to strain relaxation in the form of misfit
dislocations, which can increase hardness. The effect of defects
and composition of the SiGe thin films on H was revealed.

4. Conclusions

The XRD, AFM, and nanoindentation techniques have been used
to investigate the crystalline nature, surface features, and
nanomechanical properties of the SiGe thin films with high-
temperature oxidation treatment.

From the XRD analysis, not only strain relaxation but also Ge
pileup at the surface of SiGe thin films occurred while the
oxidation treatment was executed. Besides, strain relaxation can
be reflected on the misfit dislocations-induced cross-hatch
pattern (800–900 8C) and SiGe islands (1000 8C) which result
from Ge segregation at the surface. It is obviously observed that
the smooth manner (Rms is 0.5 nm) gradually roughens from 800
to 1000 8C (Rms are from 1.2 to 2.1 nm). Results from
nanoindentation exhibited that below the indentation depths
of 50 nm, the H of oxidation-treated samples was lower than
that of as-deposited one. This phenomenon was attributed to the
condensed Ge on the surface of the SiGe thin films. However, we
observe that the misfit-dislocation propagation plays a critical
role in H (indentation depths excess 50 nm) of the SiGe/Si
heterostructures with high-temperature oxidation treatment. It
demonstrates that the reliable mechanical properties as well as
surface phenomenon by means of nanoindentation method in
the SiGe thin films.
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