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a  b  s  t  r  a  c  t

The  SiGe  heterostructures  can  play  a role  that  drastically  enhances  the  carrier  mobility  of SiGe  heterode-
vices,  such  as strained  Si metal  oxide  semiconductor  field  effect  transistors.  However,  it  is  difficult  to
access  the  both  issues,  that  is, the  propagation  of  the  dislocation  and  thermal  reliability  of  annealed
SiGe  films.  In  this  study,  we  used  ultrahigh-vacuum  chemical  vapor  deposition  to grow Si0.8Ge0.2 films
(ca.  200  nm  thick  for heteroepitaxy)  epitaxially  on  bulk  Si.  The  samples  were  subsequently  furnace-

◦

eywords:
iGe
ltrahigh-vacuum chemical vapor
eposition

crystallized  at temperatures  of  800,  900,  and  1000 C. We  used  nanoscratch  techniques  to determine  the
frictional  characteristics  of  the SiGe  epilayers  under  various  ramping  loads  and  employed  atomic  force
microscopy  to  examine  their  morphologies  after  scratching.  From  our  investigation  of  the  pile-up  phe-
nomena,  we  observed  significant  cracking  dominating  on both  sides  of the  scratches  on  the  films.  The
SiGe  epilayers  films  that  had  undergone  annealing  treatment  possessed  lower  coefficients  of friction,

esista
FM
anoscratch

suggesting  higher  shear  r

. Introduction

SiGe is an outstanding semiconductor material because of its
ttractive characteristics [1–3]. High Ge-content strained SiGe-
n-Si is a useful channel material in high-mobility SiGe-channel
-type metal oxide semiconductor field-effect transistors [4–7].
he performance of Si very-large-scale integration (VLSI) chips
s improved considerably through the application of SiGe het-
rostructures; as a result, much effort is being exerted in this field,
anging from material growth to device design. SiGe heterostruc-
ures will undoubtedly be implemented in some important VLSI
ystems. Nevertheless, the growth of SiGe on bulk Si remains a
hallenge because of the 4% lattice mismatch between Si and Ge
nd because of the onset of misfit dislocation formation above the
ritical thickness [8,9]. As a result, strain relaxation-induced crystal
efects, such as misfit dislocations and threading dislocations from

nterfaces [10,11], can occur, thereby worsening the mechanical
haracteristics of the SiGe epilayers. The presence of high-quality
iGe is an important issue affecting the reliability of device appli-

ations; crystal defects are to be avoided [12,13].

Although SiGe grown epitaxially on bulk Si typically has a differ-
nt lattice parameter from that of the substrate, such films undergo
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elastic deformation, according to Poisson’s ratio, to accommodate
the lattice mismatch on both the film and the substrate. Because
of the strain in the film, the elastic energy increases linearly upon
increasing the film thickness. The critical thickness [14] is the film
thickness over which the introduction of misfit dislocations into
the film becomes energetically favorable. More unstable struc-
tures are formed when the films are thicker; indeed, when the
film thickness reached 500 nm,  large numbers of dislocations occur
even when the treatment temperature is below the deposition
temperature. In a previous study [15], we evaluated the nanotri-
bological properties of 500-nm-thick SiGe films after annealing
treatment. In that study, the SiGe epilayers were in a metastable
state because their thickness was  greater than the critical thick-
ness; indeed, during low-temperature thermal treatment, strain
relaxation occurred when the thickness was  greater than 300 nm.
In general, SiGe epilayers exhibit poor interfacial adhesion and are
susceptible to debonding, resulting in low reliability during their
manufacture. Indentation systems are suitable tools for measuring
the mechanical properties—including adhesion—of these films to
their substrates [16–21].  Several factors, including the degrees of
sliding and abrasive wear, the sliding load, the sliding speed, and
the surface roughness, can all impact the wear values of thin SiGe
epilayers.
In this study, we employed ultrahigh-vacuum chemical vapor
deposition (UHV/CVD) to deposit SiGe epilayers, which we
then subjected to annealing. We used atomic force microscopy
(AFM) and nanoscratch techniques to characterize the surface

dx.doi.org/10.1016/j.apsusc.2011.12.101
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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ig. 1. 2-D AFM images of scratch tracks on the (a) as-deposited SiGe thin film and
nd  (d) 1000 ◦C ex situ in a furnace under N2 for 30 min. All of these samples had be

orphologies and tribological properties. We  found that studying
he nanotribological behavior is a convenient tool for determining
he adhesive or cohesive strength of 200-nm-thick SiGe epilayers.

. Experimental procedure

Samples were prepared beginning with a standard Radio Cor-
oration of American (RCA) clean and washing for 15 s in a HF:H2O
1:50) bath; the p-type Si(1 0 0) wafers were then introduced simul-
aneously into the load-lock chamber of the UHV/CVD system. The
eposition process involved three steps: (i) a 3-nm-thick Si buffer

ayer was deposited on the Si substrate at 500 ◦C for 30 min  from
ure SiH4 (in 85 sccm) gas at a rate of deposition of 0.1 nm/min; (ii) a
00-nm-thick Si0.8Ge0.2 epilayer was deposited at 500 ◦C for 70 min

rom a mixture of pure SiH4 (in 85 sccm) and GeH4 (in 15 sccm) at

 rate of deposition of 2.8 nm/min under a vacuum of 10−7 mbar;
iii) the SiGe epilayers were subjected to thermal treatment (800,
00, or 1000 ◦C) ex situ in a furnace under N2 gas for 30 min. The
) SiGe thin films that had been subjected to thermal treatment at (b) 800, (c) 900,
jected to ramping loads of 1000, 2000, and 3000 �N to obtain the surface profiles.

details of the UHV/CVD growth process of such samples have been
reported previously [21].

To identify the nanotribological properties of the samples, an
atomic force microscope (Digital Instruments Nanoscope III) and
a nanoindentation measurement system (Hysitron) were used to
perform the nanoscratch tests, in which a ramping load (1000, 2000
and 3000 �N) was applied at a constant scan speed of 2 �m s−1 to
the annealed samples. Surface profiles before and after scratching
were obtained through tip-scanning at a normal load of 0.02 mN.
After scratching, the wear tracks were imaged by AFM.

3. Results and discussion

The nanoscratch technique has been employed widely to inves-
tigate the nanotribological properties of thin films. Such tests have

revealed that film’s hardness can be enhanced through strain relax-
ation after thermodynamic treatment or that films that are more
susceptible to plastic deformation are influenced by dislocation-
induced additional strain. We  used AFM to analyze all of our
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ig. 2. Typical profiles of the COF plotted with respect to the scratch duration. The
btain  the surface profiles.

amples under ramping loads of 1000, 2000, and 3000 �N. Fig. 1(a)
isplays images of SiGe epilayers grown directly on the Si(0 0 1)
ubstrate at room temperature (RT). From the ramping load scratch
ests (see the image in the inset), we found that the film failed
mmediately upon increasing the applied load. Fig. 1(b)–(d) present
mages of the SiGe epilayers annealed at temperatures of 800,
00, and 1000 ◦C, respectively. Nanoscratch testing caused mate-
ial pile-up to occur at the end and sides of each scratch track.
he scratching of the samples at a load of 1000 �N was low rel-
tive to those at 2000 and 3000 �N; indeed, scratch tracks were
ot evident [Fig. 1(a)–(d)], presumably because of elastic reaction
esulting from elastic deformation between the groove and film.
he start point (SP) and end point (EP) of the tip is marked for each
ample subjected to ramping loads of 2000 and 3000 �N. From

 detailed investigation of SiGe epilayers, He et al. [22,23] found
hat 200- and 500-nm-thick Si0.8Ge0.2 epilayers exhibited compa-
able behavior. Fig. 1 reveals, however, that the transition from
urely elastic to elastoplastic contact occurred only upon initially
pplying a ramped force of 2000 �N; total plastic contact occurred
nly slightly. In this scenario, we suggest that a slightly machined
urface without cracks might be induced from the ductile-regime
achining part (elastoplastic deformation) of the scratch track.

in et al. [24] also reported the observation of elastoplastic con-
act. AFM images clearly revealed that the degree of pile-up and
he depth of the groove along the z-direction both increased upon
ncreasing the sliding distance.
Fig. 2 presents typical profiles of the coefficient of friction (COF)
lotted with respect to the scratch duration, obtained as the ratio
f the in situ-measured tangential force to the applied ramping
oad (1000, 2000, or 3000 �N), and the degree of annealing. We
les had been subjected to ramping loads of (a) 1000, (b) 2000, and (c) 3000 �N to

observe stable profiles of the COF for each ramping load of the
SiGe epilayers at RT. Notably, the � profiles of the SiGe epilayers
oscillated relatively irregularly, due to strong bonds and cohesive
failure from the period of transition of the SiGe epilayers annealed
at 800 ◦C; quite regular oscillating profiles, caused by weak bonds
of cohesive failure from the period of transition, were evident for
the sample annealed at 900 ◦C; nanoscratch-induced deformation
occurred on the SiGe epilayers annealed at 1000 ◦C, with quite regu-
lar oscillating. Jeng et al. [25] reported similar COF-scratch duration
profiles when the applied ramping load was  the ratio of the in situ-
measured force tangential to nanoparticles. Chang et al. [26] also
noted the abrasive wear of Zn1−xMnxO heteroepitaxial layers using
a nanoscratch technique. We  suggest that lower adhesion reflects
the strength of the interlinks under a higher ramping load; weaker
bonding of the SiGe layer resulted in the jumped lateral force as
well as lower values of COF (Fig. 3).

In a previous study [15] of the effects of annealing treat-
ment on 500-nm-thick SiGe films, we observed a cohesive failure
mechanism. Herein, we subjected 200-nm-thick SiGe epilayers as
samples for thermal treatment and observed cohesive strength.
These SiGe epilayers were in the metastable condition, because
their thicknesses were less than the critical thickness (500 nm
thick) [22,23]. Therefore, during high-temperature thermal treat-
ment, strain relaxation was  more stable for a thickness of 200 nm.
Notably, the friction force reflected a sliding mechanism upon
varying the annealing temperature, with stronger cohesive prop-

erties of the thin films. The nanoscratch tests suggested that
the hardness increased, through strain relaxation, after ther-
mal  treatment; greater susceptibility to plastic deformation was
also induced through additional dislocation-propagation strain.
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ig. 3. Distinct critical COF respect to the as-deposited and thermal treatment of
iGe  thin films.

islocation glide and dislocation pinning at each interlayer both
lay important roles in the hardening mechanisms. Noted that,
he role of strain relaxation can be attributed by means of ther-

al  treatment, hence the dislocation not only leads to hardening
ut also plays a critical candidate to change the cohesive failure
echanism. We  suggest the metastable SiGe epilayers is easy to

iffuse Si substrate each other that may  induce cohesive force.
he deep profile distributions of the SiGe epilayers at RT suggest
hat they were softer than the annealed samples. Thus, the transi-
ion from purely elastic to elastoplastic contact was revealed in
he nanoscratch traces and in the depth of the pile-up. In clos-
ng, the features in the COF curves obtained from the nanoscratch
ystem were independent of the variation of the loading condi-
ions, indicating the real signal in the SiGe epilayer structures.
ecause the results from the AFM images (Fig. 1) were compa-
able with those from the oscillating profiles (Fig. 2), we  believe
hat ductile-regime machining (elastoplastic deformation) of the
cratch track occurred under a ramped force of 2000 �N, whereas
ore-plastic deformation of the scratch track occurred when the

amped force was 3000 �N. Variation of the annealing temper-
ture led to a slight decrease in COF compared with the actual
alue (Fig. 3).

. Conclusion

We have used UHV/CVD methods to prepare high-quality
elaxed 200-nm-thick SiGe epilayers and employed AFM and

anoscratch tests to examine their physical properties. From a
omparison of scratch events, we found deformations ranging
rom plastic to elastic and variations of the depth profiles under
he scratch path. The friction force was applied using a sliding

[
[
[

ence 258 (2012) 5001– 5004

mechanism, revealing the cohesive properties of the SiGe epilay-
ers. The as-deposited SiGe was weaker (higher COF) than were the
annealed SiGe films in terms of their cohesive characteristics. We
used nanoscratch testing to investigate variations in the tribological
behavior of the SiGe epilayers. The � profiles of the SiGe epilayers
changed from oscillating relatively irregularly to oscillating rather
regularly upon increasing the annealing temperature, revealing a
change from weak to strong bonding, allowing us to identify the
cohesive failure from the period of transition.
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