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This paper supplies new interpretation of nanoindentation data for silicon, germanium,
and gallium arsenide based on Raman microanalysis of indentations. For the first time,
Raman microspectroscopy analysis of semiconductors within nanoindentations is
reported. The given analysis of the load-displacement curves shows that depth-sensing
indentation can be used as a tool for identification of pressure-induced phase
transformations. Volume change upon reverse phase transformation of metallic phases
results either in a pop-out (or a kink-back) or in a slope change (elbow) of the
unloading part of the load-displacement curve. Broad and asymmetric hysteresis loops
of changing width, as well as changing slope of the elastic part of the loading curve in
cyclic indentation can be used for confirmation of a phase transformation during
indentation. Metallization pressure can be determined as average contact pressure
(Meyer’s hardness) for the yield point on the loading part of the load-displacement
curve. The pressure of the reverse transformation of the metallic phase can be
measured from pop-out or elbow on the unloading part of the diagram. For materials
with phase transformations less pronounced than in Si, replotting of the load-
displacement curves as average contact pressure versus relative indentation depth is
required to determine the transformation pressures and/or improve the accuracy of data
interpretation.

I. INTRODUCTION

It is known that the indentation of materials creates
high stresses (hydrostatic and deviatoric) under diamond
indenters that can cause pressure-induced phase transfor-
mations.1–6 It has also been shown that the hardness cor-
relates with metallization pressures for a number of
semiconductors.7 The conditions for phase transforma-
tion are complex, involving numerous parameters such as
the shape of indenter, maximum load, loading rate, and
temperature. Understanding of the mechanism of the
processes under sharp indenters is of tremendous impor-
tance for interpretation of indentation data.

All previous depth-sensing indentation studies con-
ducted on Si, Ge, and GaAs showed that only silicon
displays a characteristic pop-out event on pressure re-

lease.8 Metallization of Si and Ge during nanoindentation
has been confirmed from conductivity measurements.5

Scanning electron microscope (SEM) images of nanoin-
dentations in Si4 and Ge8 revealed an extruded layer
within the contact area after indentation and provided
evidence of similarity of the metallization processes in
indentation of Si and Ge.9 Transmission electron micro-
scope (TEM) studies showed no dislocation activity
operating outside the transformation zone within nano-
indentations of silicon and revealed amorphous transfor-
mation zone under the indentation center with an adja-
cent region of plastic extruded material.10 To the best of
our knowledge, no studies supporting the metallization or
amorphization of GaAs during nanoindentation have
been conducted so far.

Our recent work2,3 demonstrated that Raman mi-
crospectroscopy is the most powerful tool to trace phase
transformations in indentation area. However, all previ-
ous Raman data were obtained on microindentations of
typically >5mm in size. No Raman analysis of nanoin-
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dentations having the size ofø1 mm has been reported in
the literature. In the present work, we compare results of
nanoindentation and Raman microspectroscopy studies
with the purpose of establishing correlation between
phase transformations and nanoindentation data. Signs of
phase transformations in the load-displacement and av-
erage contact pressure (ACP) versus indentation depth
plots obtained in nanoindentation experiments will be
discussed.

II. MATERIALS AND EXPERIMENTAL

Nanoindentation experiments were performed using
a Nano Indenter IIt tester (MTS). The continuously re-
corded load and displacement provide a material’s
response to deformation.

Several samples of semiconductors were indented us-
ing a Berkovich pyramidal indenter. Semiconductors in
the experiments include silicon, germanium, and gallium
arsenide single crystals (Table I). The samples were ori-
ented arbitrarily, but as previous work on Si shows, crys-
tal orientation has only a minor effect on nanoindentation
data.8 Cyclic nanoindentation tests were performed by
the following way: (i) loading to 10 mN and unloading
by 95%, (ii) loading to 20 mN and unloading by 95%,
(iii) loading to 30 mN and unloading by 95%, (iv) load-
ing to 40 mN and unloading by 90%, (v) hold for 20 s at
10% of the maximum load for thermal drift correction,
and (vi) complete unloading.

The unloading rate was the same as the loading rate.
Four different rates from 100 to 3000mN/s were used
in these experiments. It is necessary to note that at
very low loading rates (<1000mN/s) creep during load-
ing can affect the experimental results. The proce-
dure suggested in Ref. 11 was used to monitor the ACP
in the indent.

Raman spectra were recorded using LabRam II (Dilor,
France) and Ramascope 2000 (Renishaw, UK) Raman
microspectrometers equipped with charge-coupled de-
vice detectors and microscopes for focusing the incident
laser beam to a 1-mm spot. The 514.5-nm (Ar ion laser)
and 632.8-nm (He–Ne laser) excitation lines were used.
The acquisition time varied from 10 to 300 s depending
on the sample and the intensity of the laser beam. In
order not to produce artifacts by laser heating, the beam
intensity was kept low.

III. RESULTS AND DISCUSSION

The focus of nanoindentation experiments was to ob-
serve the material’s response to indentation under vari-
ous loading conditions with a particular attention to the
effect of cyclic loading. In case of nanoindentation, the
conditions for phase transformation can be achieved even
at a very low load because the contact area is small and
the pressure is sufficiently high. Here we provide analy-
sis of load-displacement curves based on information on
indentation-induced phase transformations obtained from
Raman microanalysis.

A. Gallium arsenide

A typical load versus displacement plot of nanoinden-
tation (Fig. 1) consists of two parts, loading and unload-
ing. The unloading curve does not overlap with the
loading curve due to the residual irreversible deforma-
tion, which results in a nonzero displacement when the
load is completely removed at the end of the experiment.
If material underneath the indenter transforms into a new
phase when certain stress conditions are met, changes in
the slope of the loading/unloading curve or discontinui-
ties in the loading/unloading curves are expected. In cy-
clic nanoindentation, additionally, any displacement of
the reloading part of the curve relative to the unloading
curve of the previous loading cycle, hysteresis, etc., must
be considered as possible signs of phase transformation.

The slope of the loading curve of GaAs in each cycle
[Fig. 1(a)] almost coincides with the slope of the unload-
ing curve of the previous cycle. The unloading curve
and elastic portion of the reloading curve do overlap. The
elastic portion of reloading curve during interrupted tests
has the same slope [Fig. 1(c)]. As shown earlier,12 the
slope of the elastic portion of reloading curves does not
depend on the test conditions or depth of the indent and
is a characteristic of the material. This means that the
mechanical properties of the material in the indent do not
change with reloading. There is no or a very small hys-
teresis, no pop-out, and no elbow.

GaAs has been predicted to transform to orthorhombic
Cmcm13 phase at about 12.5 GPa, and complete transfor-
mation was achieved in pressure cell experiments at
17.5 GPa.14 These values are significantly higher than
the room-temperature hardness of GaAs (Table I). A
SEM micrograph of a typical nanoindentation in GaAs

TABLE I. Semiconductors under study.

Semiconductor
type Material Structure

Band
gap32 (eV)

Microhardness33

(GPa)
First

metallic phase
Transition

pressure (GPa)

IV Si Diamond cubic 1.12 12–14 b–Sn 12
IV Ge Diamond cubic 0.67 10 b–Sn 10.6
III–V GaAs Zincblende 1.4 6 Cmcm 12.5
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(Fig. 2) does not have any features that could be assigned
to pressure-induced metallization. It is typical for inden-
tations in ductile metals.

Raman analysis of nanoindentations on GaAs wafers
(Fig. 2) demonstrated only a decrease in intensity of the
transverse optical phonon band (267 cm−1) relative to the
intensity of longitudinal optical phonon band (291 cm−1),
band broadening due to residual deformation, and a shift
to higher wavenumbers due to residual compressive

stress. Increased background intensity between 100 cm−1

and 300 cm−1 may be ascribed to partial amorphization
or disorder of GaAs structure. This suggests significant
lattice damage after indentation experiments, which may
be explained by extreme deformation during loading. Be-
cause the metallization pressure of GaAs is much higher
than its hardness (Table I), a significant deformation
hardening may be required, unless the transformation is
driven by deformation rather than stress, as suggested by
Gilman.15

The above analysis implies that no phase transforma-
tion occurs in GaAs under the indenter. The indentation
behavior of GaAs is controlled by dislocation gliding
similar to that of metals. However, at sufficiently low
temperatures, the hardness of GaAs may be high enough
to start a pressure-induced phase transformation during

FIG. 1. (a) Load displacement curves, (b) ACP versus relative depth
curves, and (c) reloading parts of the ACP depth curves for GaAs
obtained at 1 mN/s.

FIG. 2. SEM micrograph of a Berkovich indentation on GaAs ob-
tained at the load of 70 mN and Raman spectra of GaAs on the wafer
surface and in a nanoindentation. Changes in Raman spectra after
indentation (broadening and shift of Raman bands) do not provide
sufficient evidence of a phase transformation.
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indentation.7 In support of this point, scratch experiments
in liquid nitrogen at −196 °C demonstrated metallization-
induced ductility of GaAs.16

B. Silicon

When the pristine cubic diamond phase of silicon (Si-
I) is compressed to 10–13 GPa, it transforms to a metallic
b–Sn structure (Si-II).17,18This transformation is accom-
panied by a 22% volume reduction. During pressure re-
lease from the metallic phase, there is a transformation to
the semiconducting phases Si-XII (r8 structure) and Si-
III ( bc8 structure), metastable at ambient conditions.18

The formation of metallic Si is possible in indentation
experiments because the fine point of the indenter ren-
ders nonhydrostatic stresses of a very high magnitude
controlled by the hardness of the indented material.1,4,19

The pressures for the onset of the Si-I to Si-II transfor-
mation as well as the Si-II to Si-III transformation have
been identified using spherical indenters of various ra-
dii.20,21This research confirmed that the phase transfor-
mation under indenter occurred when it reached about
the same phase-transforming pressures observed in dia-
mond anvils and hydrostatic pressure cell devices.20

Moreover, high shear stress in indentation compared to
high-pressure cells can favor phase transformations.15,22

Typical load-displacement curves for cyclic indenta-
tion (interrupted test) on Si are shown in Fig. 3(a). In
contrast to GaAs, wide hysteresis loops are observed for
Si, with their shape changing from cycle to cycle. The
hysteresis loop is caused by a considerable change in
volume during phase transformation and by the fact that
the pressures of the direct and inverse phase transforma-
tions are different. In general, three different types of
loops can be distinguished.

Loops of type 1 produced at low (10 mN) loads
(Fig. 3) exhibit variations in the unloading curve slope at
a pressure below 5 GPa [the AB region of the first un-
loading curve, Fig. 3(b)]. In reloading of the indent, a
shoulder is observed on the loading curve at 12 GPa [the
CD region, Fig. 3(b)]. With the pressure decrease, me-
tallic silicon can transform either to the amorphous state
or to crystalline phases Si-XII and Si-III. This phase
transformation is reversible.23 Therefore, the phase trans-
formation to metallic phase is observed again at about
12 GPa during reloading [CD region in Fig. 3(b)].

Loops of type 2 type are typically observed at higher
(>30 mN) loads (Fig. 3) and are characterized by a pop-
out [EF in Fig. 3(b)]. After formation of discontinuity,
the slope of the unloading curve increases.

Loops of type 3 are typical for the third or fourth cycle
(Fig. 3), but sometimes are observed in the second cycle
as well. They feature a hump (yield-point phenomenon),
which is marked with a double-line arrow in Fig. 3(a).
The ductility becomes more pronounced after several

loading cycles and leads to behavior similar to Haasen–
Kelly effect24 that was observed for several metals due to
yielding of the deformed surface layer earlier as com-
pared to the bulk material. Such hump was observed
during interrupted tensile tests on silicon at 850 °C.25 At
this temperature, the yield stress is much less than the
metallization pressure and the discontinuity (step) is ab-
sent. We observed such humps after several cycles at
room temperature. If a hump formation takes place, then

FIG. 3. (a) Representative load displacement and (b) ACP versus
relative depth curves of cyclic indentation on Si obtained at the loading
rate of 3 mN/s. (c) Reloading parts of the curves for three cycles.
Double-line arrows mark formation of Si-II and single-line arrows
mark the reverse transformation of Si-II and the loading–unloading
direction.
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the step at 12 GPa is absent. This can result from plas-
ticity either in amorphous Si or in metallic Si remaining
in indents due to a sluggish reverse transformation and
high residual stresses (constrain of nontransformed Si
around the indentation). Extrusion of the ductile metallic
silicon from the indent, which was observed by SEM,4

can also explain such behavior. However, it is important
to note that extrusion of a metallic phase not necessarily
accompanies phase transformations in Si. We observed
many nanoidentations that did not show extrusions, but
contained metastable phases of Si (Fig. 4). In cyclic in-
dentation, the slope of the first (elastic) portion of the
reloading curve increases after each loading cycle
[Fig. 3(c)]. For silicon, the slope increases only when the
transition from type-1 loop to type 2 takes place. Reload-
ing curves for type-2 and type-3 loops have the same
slope [Fig. 3(c)]. It means that the reloading of the same
phase occurs in loops 2 and 3. In a material that does not
show an indentation-induced phase transformation, the
slope does not change [Fig. 1(c)].

It is important to note that the phase transformation
from Si-I to Si-II does not produce any step on the load-
ing curve in the first indentation cycle. This is due to the
fact that even under the lowest loads, a pressure devel-
oped under the sharp Berkovich indenter is high enough
for the silicon transition into the metallic state; thus the
Si-I to Si-II transformation occurs during the whole load-
ing part of the first cycle. In penetration of the Berkovich
indenter into silicon, attempts to observe transition of
silicon Si-I to metallic state Si-II have not met suc-
cess.26,27 However, Si-I to Si-II phase transition was
directly observed in experiments using a spherical in-
denter.20,21 In the case of a spherical indenter, the pres-
sure needed for silicon transition to the metallic state

develops at higher loads as compared to that in case of a
sharp Berkovich indenter. It results in a change of a
loading curve slope. In reloading test, the Si-I was absent
in the indent and the step formation at 12 GPa pressure
[Fig. 3(b)] is caused by transformation of metastable sili-
con phases to Si-II.

Signs of phase transformation during unloading may
be detected in various forms depending on the loading
condition. In the case of silicon, the volume change dur-
ing the phase transformation from Si-II to Si-XII or Si-III
is more than 10%. This allows detecting the phase trans-
formation as an abrupt discontinuity in the unloading
curves. The pop-out behavior in silicon had been studied
with respect to the crystalline orientation, and it was
concluded that it varied statistically without any notice-
able trend related with orientations.8 In our experiments,
Si was consistent in displaying the pop-out effects
(Fig. 3), which can be explained by the reverse phase
transformation from a metallic phase. Our Raman analy-
sis suggests that this pop-out is caused by transformation
of Si-II to Si-XII. Depending on the loading rate and the
cycle number, either pop-out or a gradual volume change
was observed (Fig. 3). The pressure of the reverse trans-
formation varies significantly from experiment to experi-
ment and generally increases with each cycle until it
reaches about 8 GPa. Probably this happens due to the
decreasing constraint of pristine Si and presence of seeds
of new phases after several loading cycles. Formation of
cracks around the indent after cyclic loading can also
result in relief of residual stresses in Si and earlier reverse
transformation of metallic silicon. Even when the phase
transformation occurs, its route depends strongly on the
loading conditions, particularly on the unloading rate. As
a microindentation study showed, only amorphous Si
was formed after very fast unloading, whereas slow un-
loading produced a mixture of Si-III and Si-XII, with an
increasing content of Si-III at very slow unloading.3

It is necessary to discuss when and how the high-
pressure Si-XII can transform to Si-III, which is stable at
ambient pressure. This transformation is expected to hap-
pen below 2–3 GPa.23 However, as can be seen from the
shift of the Raman band of Si-I (520.8 cm−1 in unstressed
state) in Fig. 4, residual stress in Si-I surrounding nano-
indentations exceeds 2 GPa and therefore Si-XII is the
primary phase in nanoindentations. Taking into account
the fact that Si-III and Si-XII were found to coexist in
indents, this transformation can be sluggish and it may be
difficult to determine the transformation point on the
nanoindentation curve. On the other hand, a very slight
slope change is sometimes noticeable at this pressure
(e.g., third loop in Fig. 3). In addition, the points of the
beginning of the reloading curve and the end of the un-
loading curve do not coincide. The difference is particu-
larly noticeable for the first cycle at high loading rates.
These features of the indentation curves may be assigned

FIG. 4. SEM micrograph of a Berkovich indentation on Si produced
with the load of 70 mN at the loading rate of 3 mN/s and a Raman
spectrum from the center of the indent. The formation of metastable
phases is clearly indicated by additional Raman bands.
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to formation of Si-III at low pressures, primarily after
95% unloading. In situ Raman spectroscopy should help
to clarify this issue.

C. Germanium

Ge has been much less studied than Si. Hainsworth
et al.8 did not find any elbows or pop-outs on unloading
curves. However, TEM and conductivity studies,1 along
with our Raman spectroscopy investigations of microin-
dentations,16 suggest metallization of Ge in indentation.
The only feature discussed in the literature5 was the
formation of small steps (pop-ins) on the loading part of
the load displacement curve (Fig. 5). These were as-
cribed to microcracking in the indentation or dislocation
plasticity.8

The transformation behavior of Ge can be seen as
similar to that of Si. In the case of Ge, there is a transition
to the metallicb–Sn (Ge-II) structure at 10.6 GPa.5,28,29

This transition is shear sensitive; i.e., the transition pres-
sure can be reduced to 8 GPa in presence of additional
shear stress. There are also several metastable phases,
known from experiments in high-pressure cells,30 which
form during unloading from the metallic state. There ex-
ists thehd phase (Ge-V) and a simple tetragonal phase
(st12or Ge-III). By fast pressure release, thebc8(Ge-IV)
phase may be produced. It subsequently transforms tohd
structure within a few hours.28 Our previous Raman stud-
ies on Ge showed that there are several phases within Ge
microindentations.31 According to the high-pressure cell
experiments, these phases are formed via the metallic
b–Sn phase.

Our nanoindentation experiments demonstrated hys-
teresis loops (Figs. 5 and 6) that are very different from
those observed on polymers or metals. The loops in met-
als and most of the semiconductors are very narrow. The
loops in Ge are broad as for visco-elastic polymers, but
the width did not decrease with decreasing loading rate,
as it happens in visco-elastic materials.11 The shape of
the loop was also different from that in polymers. It is
broad in the upper part and becomes narrow in the lower
part. Broad asymmetric loops have been only published
for Si, which as we know shows a phase transformation
upon indentation. This shape of hysteresis curves should
be ascribed to a phase transformation in Ge.

As noticed before,5,8 unloading curves of Ge are fairly
featureless [Fig. 5(a)]. However, replotting these curves
as ACP versus indentation depth [Fig. 5(b)] revealed a
clear elbow on the unloading curve, similar to that ob-
served in Si [Fig. 3(b)]. Thus, a reverse phase transfor-
mation from metallic Ge occurs during unloading. It is
less pronounced than that in Si and begins at a higher
pressure, and not always in the first loading cycle. Thus,
some deformation hardening may be required to drive
metallization in Ge. This is in agreement with the nano-
indentation data. Only rarely a kink could be clearly seen

on load-displacement curves of Ge (Fig. 6) obtained at a
high loading rate. These experiments produced notice-
able amounts of amorphous Ge and suggest metallization
of Ge under the indenter. Thus, Ge shows both metalli-
zation and plastic deformation in the indentation. De-
pending on the loading conditions, one or another
process can dominate.

On the elastic part of the loading curve, a change in the
slope is observed at about 7–8 GPa [point D in Fig. 5(b)].
The slope of the elastic part of the loading curve changed

FIG. 5. (a) Representative load displacement, (b) ACP versus relative
depth, and (c) reloading parts of the ACP depth curves of cyclic
indentation for Ge obtained at the loading rate of 1 mN/s.
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(increased) with each loading cycle [Fig. 5(c)]. It means
that the elastic properties of Ge in the indentation change
(decrease) due to pressure-induced phase transformation.
Again, this change can be better seen when plotted as
pressure versus depth [Fig. 6(b)]. Behavior similar to
Haasen–Kelly effect has been also observed for Ge [point
E in Fig. 5(b)]. It was more strongly pronounced in the
first loading cycle and was becoming weaker after each
loading.

Raman analysis of Ge wafers [Fig. 7(a)] demonstrated
only a weak peak at about 295 cm−1 that can be assigned
to hd phase formed by twinning of Ge-I, and a strongly
shifted Ge-I band due to residual compressive stress in
most indentations. This behavior, along with a pop-in on
some of the loading curves, suggests the possibility of
plastic deformation of Ge in the indent without or with a
minor contribution from the pressure-induced metalliza-
tion. However, in some of the indents, particularly the
ones produced at a high loading rate, amorphous Ge (Ra-
man band at 271–272 cm−1) and traces of metastable
phases (bands at 200, 225, and 245 cm−1) were found
[Fig. 7(b)]. SEM micrographs of the indents in Ge
(Fig. 7) have features of both GaAs and Si. There is a
significant elastic recovery resulting in the residual de-
formation primarily along edges of the pyramid, and
there is material squeezed out of the indent, confirming
the metallization of Ge and formation of a ductile me-
tallic phase under the indenter.

The nanoindentation behavior of Ge can be explained
as follows. In the AB range [Fig. 5(b)] unloading of me-
tallic phase occurs. In point B, metallic phase begins to
transform into amorphous Ge with a volume increase,
leading to a faster decrease of the indent depth with
decreasing pressure. The reverse transformation is com-
pleted in point C. The next loading cycle starts with
loading the metastable phase or amorphous Ge in the
indent (CD range). At about 8 GPa, Ge transforms into
metallic phase and the deformation rate increases due to
decreasing volume of the material and a higher plasticity
of the metallic phase. In some cases, steps in the DE
range were observed. We assume that these steps can be
a result of extrusion of the ductile metallic phase that was
observed for Si and Ge and acted as evidence of their
metallization in indentation.

It is important to explain the difference in the results
that we obtained and those published by other research-
ers.6,8 In previous experiments, Ge was loaded with
the same load in each cycle. The amount of amorphous
Ge in indentation increased with each cycle and the loop
width decreased. In our experiments, the load increased
in each cycle, and pristine Ge was involved in the
experiment.

IV. CONCLUSIONS

It has been demonstrated that Raman microspectros-
copy can be used to study phase transformation in nano-
indentations even if the indent size is smaller than the
laser spot size. Raman analysis allows for assignment of
certain features of load-displacement curves to phase
transformations under the indenter.

Phase transformation of Si-I to Si-II under indenter
results in a yield step and/or slope change of the upper
part of the loading curve. A pop-out, kink, or elbow have

FIG. 6. (a) Load displacement curves, (b) ACP versus relative depth,
and (c) reloading parts of the ACP versus depth curves for Ge obtained
at the loading rate of 3 mN/s.
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been always observed on the unloading part of the curve
and assigned to reverse transformation of metallic Si-II
to Si-XII or amorphous silicon.

Similar to Si, germanium shows metallization under
load, but the role of plastic deformation becomes more
significant. The reverse transformation in Ge is less pro-
nounced resulting in a kink rather than discontinuity on
the unloading curve. Other features of load-displacement
curves are similar to that of Si.

The nanoindentation experiments on GaAs do not
show any signs of pressure-induced metallization at
room temperature. This is in agreement with Raman data.

Nanoindentation experiments can supply reliable in-
formation on pressure-induced phase transformations in
semiconductors if they cause change in volume or me-
chanical properties of the material in indentation. The
formation of the ductile metallic phase results in a yield
step and/or slope change of the upper part of the loading
curve. Reverse phase transformation of metallic phases
results either in a pop-out or in a slope change (elbow) of
the unloading part of the load-displacement curve. Broad
and asymmetric hysteresis loops in cyclic indentation, as
well as a discontinuity in unloading/reloading curves, can
be used for confirmation of a phase transformation in
indentation.

Depth-sensing indentation can be used for measure-
ment of phase transformation pressures. Metallization
pressure can be determined as the average contact pres-
sure (Meyer’s hardness) for the yield point on the loading
curve. The pressure of the reverse transformation of the
metallic phase can be measured from pop-out or elbow
on the unloading part of the diagram. For materials with
phase transformations less pronounced than in Si, replot-
ting of the load-displacement curves as ACP versus rela-
tive depth (h − ho)/ho may be required to determine the
transformation pressures and/or improve the accuracy of
measurements.

ACKNOWLEDGMENTS

The research at the University of Illinois at Chicago
was supported by the National Science Foundation,
Grant No. DMI-9813257. The research at the University
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