ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Scripta Materialia 64 (2011) 832-835

SCripta MATERIALIA

www.elsevier.com/locate/scriptamat

Improvement in the mechanical performance of Czochralski silicon
under indentation by germanium doping

Zhidan Zeng,* Lin Wang,>* Xiangyang Ma,* Shaoxing Qu,* Jiahe Chen,* Yonggang Liu®
and Deren Yang™*

4State Key Laboratory of Silicon Materials and Department of Materials Science and Engineering, Zhejiang University,
Hangzhou 310027, People’s Republic of China

YHigh Pressure Synergetic Consortium (HPSynC), Geophysical Laboratory, Carnegie Institution of Washington,
Argonne, IL 60439, USA

¢State Key Laboratory of Superhard Materials, Jilin University, Changchun 130012, People’s Republic of China

dnstitute of Applied Mechanics,School of Aeronautics and Astronautics, Zhejiang University, Hangzhou 310027,
People’s Republic of China

CInstitute of Geochemistry, Chinese Academy of Sciences, Guiyang 550002, People’s Republic of China

Received 22 October 2010; revised 9 January 2011; accepted 10 January 2011
Available online 13 January 2011

The mechanical properties of germanium-doped Czochralski (GCz) silicon have been investigated using instrumented nanoin-
dentation combined with an ultrasonic pulse-echo overlap technique. The GCz silicon samples showed higher Young’s modulus
and hardness than germanium-free Czochralski silicon samples in nanoindentation tests. We believe this was caused by the enhanced
phase transition from the Si-I phase to the stiffer Si-II phase in GCz silicon under contact load during indentation. This scenario was

further confirmed by micro-Raman spectroscopy measurements.
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Czochralski (Cz) silicon has been widely em-
ployed in the fabrication of integrated circuits, micro-
electromechanical systems, and infrared optic and
photovoltaic devices. However, the brittleness of silicon
could lead to strength-degrading cracks during device
manufacture since it is frequently subjected to localized
high stress at micro- and nanometer scales, which influ-
ences the manufacturing yield, device performance and
reliability [1]. Moreover, with the trend of increasing wa-
fer diameters, maintaining and improving the mechani-
cal strength of silicon wafers have become especially
critical as increasing thermal and gravitational stresses
might cause slip and warpage of wafers during manufac-
ture [2,3]. Intentional doping with impurities such as
nitrogen and germanium has been proposed to improve
the mechanical strength of silicon wafers [4-6]. In the
past, wafer warpage and dislocation movement were re-
ported to be suppressed by germanium doping, and en-
hanced fracture toughness was also observed in
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annealed germanium-doped Czochralski (GCz) silicon
[6]. However, the mechanical properties of GCz silicon
at nanometer scales are still unknown.

As one of the most common mechanical impacts that a
Cz silicon wafer experiences during manufacture, contact
loading can cause surface damage and phase transforma-
tions under localized high stresses [7-10]. Nanoindenta-
tion with unique load-depth sensing capabilities has
been successfully and extensively employed to investigate
the mechanical response of materials during contact load-
ing at nanometer scales [11-14]. In this work, we investi-
gated the mechanical properties of GCz (with a
germanium doping level of ~10' cm™?) and Cz silicon
using nanoindentation. It was found that GCz silicon
showed a stiffer behavior under contact loading during
nanoindentation than Czsilicon. Micro-Raman spectros-
copy and an ultrasonic pulse-echo overlap method were
further employed to investigate the origin of the enhanced
mechanical properties of GCz silicon.

The samples prepared in this study were (1 0 0)-ori-
ented GCz and Cz silicon with almost the same intersti-
tial oxygen concentrations (9.2-9.4 x 10! cm ™),
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measured by Fourier transform infrared s;)ectroscopy
with a calibration coefficient of 3.14 x 10'” cm 2. The
germanium concentration in GCz silicon was about
8 x 10" cm ™3 (about 0.2 at.”%) measured by secondary
ion mass spectrometry. The samples were all treated
by RCA cleaning, then dipped into dilute HF for
5 min to remove the oxide layer, followed by a thorough
rinse in deionized water. Nanoindentation tests were
performed using a nanotriboindenter (Hysitron Inc.,
USA) with a Berkovich diamond indenter. A maximum
load Fp,.x of 10 mN was applied with a constant load-
ing/unloading rate of 0.05mN s~'. The holding time
at Fp,,x was 30 s to minimize the time-dependent plastic
effect. The orientations of these samples with respect to
the indenter were kept identical in the experiments, with
the Si [1 1 0] direction parallel to one face of the inden-
ter. The tests were repeated several times on different
samples at different times to avoid accidental artifacts.

Indentation-induced structure changes in both the
specimens were investigated using a micro-Raman spec-
trometer (Renishaw, UK) with an Ar' laser (excitation
wavelength 514 nm). A 50x objective was used to focus
the laser beam, with the beam size being about 4 pm.
The laser power was 24 mW, with a collection time of
60s. This %ives a power density of approximately
190 kW cm™“, comparable to the power density of the
514 nm laser used in other work in which the laser heating
effect was suggested to be negligible [8,15]. All micro-Ra-
man spectroscopy measurements were performed under
the same conditions. For each sample, Raman spectra
were acquired on 10 indents, which were produced by a
Vickers microindenter with a load of 10 g and a loading/
unloading rate of approximately 30 mN s~ '. An ultra-
sonic pulse-echo overlap method [16] was employed to
derive the Young’s modulus of GCz and Cz silicon speci-
mens by measuring the velocities of longitudinal and trans-
verse waves propagating along the [1 0 0] of specimens,
using a Panametric 5900 pulser/receiver instrument.

The load-displacement curves (P-4 curves) of the
GCz and Cz specimens are shown in Figure 1(a). The
GCz and Cz silicon specimens show similar P-4 curves
with continuous loading segments and pop-out in
unloading segments. Both the loading and unloading
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Figure 1. Nanoindentation tests of Cz and GCz silicon specimens. (a)
P-h curves of the Cz silicon (solid blue line) and GCz silicon (dashed
red line) specimens, with a maximum load of 10 mN and a constant
loading/unloading rate of 0.05 mN s~!. The dotted lines represent the
power-law fitting of the initial unloading P-/ curves. (b) Correspond-
ing average contact pressure vs. the depth curves of (a).

segments of the GCz silicon in Figure 1(a) show sharper
slopes than those of the germanium-free Cz silicon.

The loading segment generally includes both elastic
and plastic deformation. Herein the plastic deformation
is dominated by the phase transition from the cubic Si-1
phase to the metallic $-Sn Si-II phase beneath the inden-
ter during loading rather than dislocation as the load is
quite low [17]. The metallic phase transition of silicon gen-
erally occurs at a hydrostatic pressure of 11.3-12.5 GPa
[18]. Under non-hydrostatic pressure, the transition pres-
sure will decrease due to shear stress, e.g. in the case of
indentation [19,20]. Indentation with various loads, from
a very low load of several micronewtons to several hun-
dred millinewtons, can induce pressures of the magnitude
needed to cause this phase transition in silicon [21-24].

During unloading, depending on the Fy,,4, the unload-
ing rate, etc. [25,26], the Si-1I phase can further transform
to Si-IIT and Si-XII phases or the amorphous phase a-Si.
The former transformation generally causes a pop-out ef-
fect during unloading, with a high F,,,x and low unloading
rate; in contrast, the latter one results in an elbow event,
with a low Fp.x and high unloading rate [12,22,25]. For
the F.x of 10 mN and unloading rate of 0.05 mN s !
used in this work, pop-out effects generally occur in Cz sil-
icon [25,26], which is consistent with the results in this
work, even with similar slopes in the P-4 curves [26].
Moreover, pop-out effects were also observed in the
GCz silicon samples, implying similar phase transitions.

The maximum indentation displacement /,,,, in the
Cz silicon is about 10 nm deeper than that in the GCz
silicon. However, the residual indentation depths of
these two samples are very close. The initial unloading
deformations in nanoindentations of both the GCz
and Cz silicon samples are purely elastic as they per-
fectly follow the power-law relation [27]:
F=oa(h—h)" (1)
where F'is the load, / is the depth, 4, is the residual depth
after the complete unloading, o is material constant and
m is related to shape of the indenter. Such deformation
characteristics mean that the high-pressure metallic
phase Si-1I that developed in the loading process remains
stable at the initial unloading stage when the indentation
pressure is still high, leading to an overall elastic response
of both Si-I and Si-II phases [28]. In Figure 1(a), the dot-
ted lines represent the power-law relation fittings, which
show a clearly sharper slope and a smaller elastic recov-
ery in the GCz than that in the Cz silicon.

The relative modulus (E;) can be extracted from the
unloading—displacement data (in Fig. 1(a)) using the
Oliver—Pharr method [27]. The Young’s modulus of
the specimens can then be calculated according to:
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where E and v are the Young’s modulus and Poisson’s
ratio for the samples and E; and v; are that for the inden-
ter, respectively. For the diamond indenter, E; = 1141
GPa and v;,=0.07, and for silicon, v=10.3 [27]. The
Young’s modulus of the GCz and Cz silicon samples
were found to be 153.8 +4.1 and 136.7 £ 7.2 GPa,
respectively. (The absolute values of Young’s modulus
of silicon vary by tens of gigapascals in different mea-
surements [26,29]; we therefore concentrated on the
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relative differences between GCz and Cz using the same
measurements in this work.)

As a non-destructive technique, the ultrasonic pulse-
echo overlap method has been extensively used for the
accurate measurements of moduli of all kinds of bulk
materials [16]. Here we employed it to measure the mod-
ulus of the GCz and Cz silicon samples. Ultrasonic mea-
surements showed that the Young’s modulus of the GCz
silicon is just 0.4% lower than that of the Cz silicon. The-
oretical calculations suggest that the Young’s modulus of
SiGe alloys decreases linearly with increasing germanium
concentration [30]. As the germanium concentration is
less than 0.2% in the GCz silicon used in this work, the
relative change in Young’s modulus is estimated to be
of the same order as the germanium concentration,
which is consistent with the results of the ultrasonic mea-
surements. However, according to the nanoindentation
results, the Young’s modulus of GCz silicon is surpris-
ingly about 13% higher than that of Cz silicon. During
the loading stage, part of the Si-I phase beneath the in-
denter transformed to the Si-II phase, with a much high-
er Young’s modulus of about 304 GPa [31]. Therefore, it
is reasonable to assume that the higher Young’s modulus
of the GCz silicon extracted in the nanoindentation tests
is caused by the larger amount of the Si-II phase devel-
oped in the GCz silicon. This can be seen in the observed
stiffer behavior of GCz silicon in the P-4 curves with a
smaller /., a sharper slope in the unloading segment
and a smaller elastic displacement recovery.

Using the elastic theory of contact mechanics
[12,27,32], the dependence of the average contact pres-
sure on indentation depth throughout the loading and
unloading processes was calculated (see Fig. 1(b)). Here-
in the area function for the indenter is
A; =24.5h7 + 1378h,, where A, is the contact area and
h. 1s the contact depth. The average hardness value (cor-
responding to the pressure at Fy,y ~ in Fig. 1(b)) of GCz
silicon (12.5 GPa) is higher than in Cz silicon (11.3 GPa).

The bifurcations of the unloading curve from the dot-
ted fitting lines generally indicate the onset of phase
transformation from the Si-II phase to the Si-IIT and/
or Si-XII phases [12]. The bifurcation pressure of GCz
silicon is 6.1 GPa, lower than 6.7 GPa of Cz silicon,
which indicates that the Si-II phase in GCz silicon seems
to be more stable than that in Cz silicon during unload-
ing. This implies that germanium doping could promote
and stabilize the metallic Si-II phase under indentation.

Micro-Raman spectroscopy was further employed to
investigate the metallic phase transformation in the Cz
and GCz silicon samples during indentations. Previous
Raman investigations suggest that the Si-I peak will
shift to a lower wavenumber in the SiGe alloy and the
peak shift is proportional to the Ge fraction in the alloy
[33,34]. However, in this work, the influence of Ge dop-
ing on Raman spectrum of silicon can be ignored as the
Ge concentration is very low (about 0.2% in our GCz
silicon), which will cause peak shift of approximate
0.14 cm ™', estimated according to the empirical equa-
tions in the literature [33,34]. This 0.14 cm ™' peak shift
is too small to show an obvious difference.

Figure 2(a) shows the Raman spectra for undeformed
Cz and GCz silicon (without indentation), in which the
two spectra almost coincide with each other, consistent
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Figure 2. Micro-Raman spectra for germanium-free Cz silicon (solid
blue line) and GCz silicon (dashed red line) on undeformed area (a)
and residual impressions (b). For each sample, 10 residual impressions
were produced by a Vickers indentation with a load of 10 g and a
loading/unloading rate of approximately 30 mNs~', and the micro-
Raman spectra were obtained by averaging the 10 spectra.

with the above-mentioned low-doping-concentration
viewpoint. Microindentation with bigger impressions
and the same phase transitions during loading [9] was
chosen to produce indents instead of nanoindentations.
The metastable Si-II phase developed during the loading
in microindentation is reported to transform totally into
a-Si phase during unloading when the unloading rate is
very high [9,15,23]. Therefore, the amount of the Si-11
phase produced during loading can be conveniently esti-
mated according to the amount of a-Si after unloading
in the relative big residual microimpressions.

Figure 2(b) shows the averaged Raman spectra of 10
tests in the Cz and GCz silicon samples. These two spec-
tra both show a sharp peak at about 522 cm™! corre-
sponding to the Si-I phase and three broad peaks
around 170, 300, 470 cm ™" as the characteristic Raman
bands of the a-Si phase [35,36]. The laser beam (4 um
in diameter) can cover the whole residual indentation
impression (about 3 pm in lateral dimensions in both
the GCz and Cz silicon samples) completely with a con-
stant penetration depth (about 150 nm in «-Si region)
[32,37]. Since the penetration depth is less than the larg-
est depth of «-Si (approximate 500 nm, estimated
according to TEM results in indents with a similar load
in Ref. [23]), the intensities of the ¢-Si Raman peaks re-
flect the relative amount of a-Si phase in the horizontal
direction in the indentation area. The change in this rel-
ative amount can reflect the change in absolute volume
of a-Si induced by each indentation, as the a-Si distribu-
tion will expand in both horizontal and depth directions
when the total a-Si amount increases.

As can be seen in Figure 2(b), the peaks of the a-Si
phase in the GCz silicon are clearly stronger than that
in the Cz silicon, while the peaks of the Si-I phase are
much weaker, with perfectly consistent backgrounds.
The difference in peak intensity between the GCz and
Cz silicon suggests that more Si-II phase has developed
at the expense of Si-I phase during indentation in the
GCz silicon. This is consistent with the result showing
the lower destabilization pressure of Si-II in the GCz sil-
icon than in the Cz silicon observed in the nanoindenta-
tion tests described above. These results imply that the
metallic phase transformation from the Si-I phase to
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the Si-II phase in the GCz silicon samples is enhanced
compared with the Cz silicon samples.

The silicon extensively used in industry is doped with
impurities, and the effects of these impurities on the phase
transitions in silicon under contact load have been of sig-
nificant importance and interest [38]. Germanium was re-
ported to alter the Si-I to Si-II phase transition pressure in
SiGe alloys with high germanium concentration in dia-
mond anvil cells (DAC); for example, for Sij 103Geg.897,
the phase transition pressure is ~11.5 GPa (~12.6 GPa
in pure silicon) [39]. Here we showed a remarkable pro-
motion effect on the Si-I to Si-II phase transition under
indentation in GCz silicon, which is surprising because
of the low doping concentration of germanium (about
0.2%). As this transition is very sensitive to the shear
stress [17,39] and the sharp contact load in indentation
causes high non-hydrostatic and deviatoric stresses, the
phase transition in indentation may be different from that
in DAC. The enhanced metallic phase transition in GCz
may be related to the chemical stress induced by germa-
nium doping in the silicon. However, the details require
more investigation, including experiments and computa-
tions. As the entire concept of ductile regime machining
(an ultra-precision machining process applied by the
semiconductor industry) is based on the transformation
from the brittle (Si-I) to the ductile (Si-II) phase [40],
our results may provide a new approach to improving
the mechanical performance of silicon wafers by germa-
nium doping at micro- and nanometer scales.

In conclusion, the mechanical behavior of GCz sili-
con wafers has been investigated by nanoindentation,
with Cz silicon wafers tested as controls. A stiffer
mechanical behavior with smaller /.4, higher hardness
and larger Young’s modulus was observed in GCz sili-
con compared with Cz silicon. The improvement was
suggested to be caused by the promotion effect of germa-
nium doping on metallic phase transformation (Si-I to
Si-II phases) during indentation, which was further con-
firmed by micro-Raman spectroscopy measurements.
These results may also provide a new approach to
improving the mechanical performance of silicon wafers
under contact loading at micro- and nanometer scales.
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