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The pressure induced phase transitions of crystalline Sifilmswere studied in situ under a Berkovich probe using a
Raman spectroscopy-enhanced instrumented indentation technique. The observations suggested strain and time
as important parameters in the nucleation and growth of high-pressure phases and, in contrast to earlier reports,
indicate that pressure release is not a precondition for transformation to high pressure phases.
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At atmospheric pressure, silicon (Si) has a diamond cubic (dc) struc-
ture. High pressure experiments in diamond anvil cell (DAC) tests indi-
cate that under nearly hydrostatic conditions a phase transition from
semiconducting dc to the metallic β-tin structure is initiated above a
pressure threshold [1]. On further increase of pressure, tetragonal β-
tin transforms into a phase with simple hexagonal structure (sh) via
an orthorhombic phase (Imma). This phase transition sequence is re-
versible on slow decompression [1]. On further pressure release, β-tin
does not recover to the dc phase: Other denser phases are formed, ini-
tially rhombohedral r8 which eventually transforms to cubic bc8 [1]. A
significant difference between DAC tests and indentation experiments
is the magnitude of the superposed deviatoric stress (and resulting
shear strain) generated during indentation [2], especially when using
acute indenter probes [3]. Theoretical and experimental studies indicate
that the presence of shear strain may facilitate phase transitions,
decrease transition pressures, and even change transition mechanisms
in Si [4–7]. Unfortunately, access to the mechanically deformed region
underneath the indenter probe is limited in conventional indentation
instruments, allowing in situ observations of structural changes often
only via indirectmeans. For example, in situ conductivitymeasurements
during indentations on Si using acute, pyramidal probes (Vickers,
Knoop, Berkovich) showed a decrease in resistance during loading, in-
dicative of a transition to a more conductive phase [8–11]. However,
due to a lack of capabilities for in situ structural characterization, the
cause of the change in conductivity was not unambiguously identified
boratory, National Institute of
and different mechanisms were considered: transition to β-tin (similar
to DAC tests) [3] or amorphization [9,12–14]. Conclusions regarding the
indentation-induced phase transformations were often based on analy-
sis of the force–displacement data (the indentation curve), linking dis-
continuities in the curves with structural changes expected to occur
based on DAC studies [3]. Based on such ex situ correlations, a possible
transformation from β-tin to r8 was recently suggested to occur during
cyclic indentation loading with a Berkovich probe [15]. Despite the
progress, the indentation-induced phase transformation of Si using py-
ramidal probes is not fully understood. The study here focuses on the
analysis of the phase transformation processes occurring during inden-
tation of Si with a Berkovich probe by employing a newly developed
technique that combines in situ Raman spectroscopy and instrumented
indentation testing.

The contact region between a crystalline Si thin film and a Berkovich
probe was analyzed in situ during indentation using the Raman
spectroscopy-enhanced instrumented indentation technique (RSE-IIT),
which has been described in detail in previous publications [16–19].
The tested Si thin film was epitaxially grown in the (100) orientation
(film thickness: 600 nm ± 60 nm) on a sapphire r-plane wafer (wafer
thickness: 530 μm±50 μm;uncertainties representmanufacturer spec-
ifications). In a first Raman experiment (mapping experiment), images
of the contact region between sample and probe were collected in situ
during hold periods of individual indentations, in which a force was ap-
plied to the probe, held constant for the duration of mapping and then
released. The (un)loading rateswere set to 5mN/s. Imageswere collect-
ed for a peak indentation force of 50 mN. Twenty individual spectra
were collected at evenly spaced locations along 15 μm scan ranges in
two orthogonal directions, generating a 20 × 20 hyperspectral dataset
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(image). The collection time for an individual Raman spectrum was set
to 15 s. A qualitative assessment of the Raman images suggested a later-
al resolution of approximately 1 μm. In a second experiment (hold ex-
periment), an indentation at 50 mN was held for an hour-long period,
in which individual Raman spectra were collected every 10 s at the
same location inside the contact region. In a third experiment (load-un-
load experiment), the Berkovich probe was loaded to a maximum force
of 50 mN and then completely unloaded (no hold period, load and un-
load rates of 1.5 mN/s). A Raman spectrum was measured at the same
location within the contact region approximately every 3 s, beginning
25 s prior to and continuing for 25 s after the completion of the inden-
tation. The collection time of an individual spectrum was limited to 3 s
to enable the collection of multiple spectra during indentation while
maintaining a reasonable signal-to-noise ratio. The nominal illumina-
tion power of the 785-nm light source was set to 5 mW at the sample
surface. The Raman spectra were fit to a model spectrum (200 cm−1

to 700 cm−1) consisting of a series of bands of Pearson VII lineshape
using a conventional non-linear least squares algorithm implemented
in a custom spectroscopic image analysis program written in IDL
(Exelis; McLean, VA) [20].

To illustrate the indentation-induced structural changes in Si and
their corresponding spectral signatures, individual Raman spectra col-
lected (a) prior to testing and (b) under an indentation force of 50 mN
in theRamanmapping experiment are shown in Fig. 1. The Raman spec-
trum taken prior to testing (Fig. 1a) features peaks located at 378 cm−1

and 418 cm−1, both associated with the sapphire substrate (labeled
S1and S2) [18–19], and at 520 cm−1 and 290 cm−1, attributed to the
longitudinal optical mode (LO) and second-order transverse acoustic
Fig. 1. Mapping experiment: Individual Raman spectra collected (a) prior to testing and
(b) under an indentation load of 50 mN. In these spectra, the black curves are
experimental data and the colored curves show fitted data for the various peaks.
(c) Overlay of two images of the contact region collected at 50 mN: The colored contour
plot shows the relative shift (cm−1) of the center peak position of the LO-dc2 mode. The
grayscale plot shows the spatial distribution of P1 by plotting its intensity. A Raman shift
of the LO-dc2 mode towards smaller wavenumbers (blue) is associated with tensile
strain and a shift towards larger wavenumbers (red) with compressive strain. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
(2TA) mode of dc-Si [21], respectively. Significant spectral changes
were observed under loading (Fig. 1b): Three broad Raman bands ap-
peared and were assigned to the transverse optical (TO-a), longitudinal
acoustic (LA-a), and LO (LO-a) modes of amorphous Si (a-Si) [22]. The
occurrence of these bands indicates amorphization due to defects in-
duced by the severe deformation under the acute indenter probe [14].
At the same time, a shoulder (LO-dc2) emerged on the high wavenum-
ber side of the LO peak of dc-Si, believed to be due to elastic deformation
of the dc-lattice surrounding the severely plastically deformed material
[18]. Furthermore, several narrow peaks, P1 to P4, were observed. This
grouping of peaks is similar to the spectral profile of bc8 and r8
[23–26] rather than β-tin (or Imma, sh) [27] observed during compres-
sion in DAC tests [1] and postulated to form on indentation loading
[3,28]. To verify that the r8 and bc8 modes originate from the center
of the contact and not from extruded and phase transformed material
at the contact periphery [29,30], the spatial distribution of these
modes in the contact region was visualized by mapping the intensity
of the strongest peak (P1). Fig. 1(c) is an overlay of a grayscale plot of
the intensity of that peak and a colored contour plot of the relative
Raman shift of the LO-dc2 peak. As negative Raman shifts are associated
with tensile strain and positive shifts with compressive strain [31], the
compressed contact region can easily be identified in the contour map.
The highest intensity (concentration) of peak P1 is indeed found in
the center of the contact, indicating that the r8 and bc8 modes did not
derive from extruded material.

Fig. 2 illustrates the temporal evolution of the spectral profile re-
corded during the hold experiment for a fixed location inside the con-
tact region. Note that an additional peak, labeled P5, was observed in
this experiment. The best-fit lines for P5 and P1 are shown as orange
and green lines, respectively. To facilitate the identification of individual
Raman features, Fig. 2 also summarizes theoretical values [24,32] and
experimentally determined ranges [23,25,32–35] for the peak positions
of r8, bc8, and β-tin modes observable in the spectral region covered by
this study. Based on the literature data, peaks P1 and P4 can be assigned
Fig. 2. Hold experiment: Evolution of the spectral features at a fixed location within the
contact region under constant load for different hold times (a) 8 min, (b) 9 min,
(c) 9.5 min, (d) 10 min, (e) 11 min, (f) 14 min, and (g) 36 min and 60 min (dotted line).
Graph (a) represents the spectral profile observed from the start to 8 min into the hold
period. The colored areas indicate the regions where Raman modes were observed for
HPP modes in DAC tests [23,25,32,33] and β-tin mode in theoretical [34] and
experimental [35] studies. The vertical lines indicate the theoretical peak frequency
calculated for HPP modes [24,32]. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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to either r8 or bc8, whereas P2 and P3 appear to be solely related to bc8.
Peak P5 is located in a spectral regionwhere both β-tin and r8may have
Raman modes. The existence of the r8 mode predicted in this range,
however, has never been experimentally verified and hence an associa-
tion of P5with the experimentally documented β-tinmode seemsmore
likely. As can be observed (Fig. 2a), peaks P1 and P5 were recorded im-
mediately at the start of the hold period suggesting that the transition to
the associated phases started during loading.With time, the intensity of
P1 increased at the expense of P5 (Fig. 2a to g) and other peaks P2 to P4
emerged in the spectrum (from Fig. 2c onwards) implying a continuous
formation of bc8, and perhaps r8 (no clear evidence of peaks that could
solely be attributed to the formation of r8was observed). Eventually, no
further major changes in spectral profile were observed (from Fig. 2f
onwards), as, presumably, the structural transition of all of the “trans-
formation-eligible” material in the contact region was completed.

Fig. 3(a) shows the collection points (circles) for Raman spectra in
relation to the indentation conducted in the load-unload experiment.
Fig. 3(b) depicts the wavenumber and intensity of peaks P1 and P5 as-
sociated with bc8 and r8, hereafter referred to as high-pressure phases
(HPP), and the β-tin phase. Changes in these spectral parameters due
to the changing loading conditions in the analyzed location of the con-
tact region are shown for both peaks. As suggested earlier, Fig. 3 con-
firmed the phase transition to β-tin and HPP during the loading
segment of the indentation. The mode intensities of HPP increased
with further progression of the indentation as a growing portion of
the deformedmaterial transformed to those crystallographic structures.
The transformation appeared to accelerate (steepening of slope) at one
point during unloading, coinciding with a discontinuity in the indenta-
tion force–displacement response (Fig. 3a). This observation seems to
be in agreement with the previous findings that the rapid transition of
Fig. 3. Load–unload experiment: (a) The black curve shows the force applied to the sample
and the red curves the displacement of the probe during indentation. The circles indicate
the collection points of Raman spectra prior to, during, and after the indentation in the
same location of the contact region. The asterisk marks a discontinuity observed in the
indentation data. (b) Changes in wavenumber (filled symbols) and intensity (open
symbols) for the spectral features P1 and P5 associated with HPP and β-tin. Wavenumber
and intensity were determined from best-line fits for P1 and P5 similar to fits shown in
Fig. 2. The red trend lines indicate the slope of the temporal intensity changes for P1.
The dotted lines are a guide to the eye. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
a substantial portion of material in the contact zone to the lower-
density HPP causes a discontinuity (pop-out) in the force–displacement
data [36]. A similar assessment of the displacement data collected in the
second experiment (hold experiment) was not reliably possible, as
displacement measurements were more strongly affected by drift effects
during the longer test periods. The HPP mode position shifted continu-
ously to higher wavenumbers during loading and reversed continuously
to lower values during unloading (Fig. 3b) in accordance with its previ-
ously reported pressure dependence [23,25]. After full unloading, no fur-
ther changes in intensity or peak position were observed.

In the literature, different scenarios for the transition path to HPP
have been suggested: directly from dc [4,37,38], via lonsdaleite [5], or
β-tin phases [24]. The data reported here seem to support the latter
mechanism. The formation of HPP was first observed during decom-
pression in DAC studies [24]. Consequently, it was inferred that decreas-
ing pressure was a precondition for this transition. Based on those
findings, it was assumed that the HPP formation could only occur in
the unloading segment of indentations [3,11,36]. The validity of this as-
sumption is challenged by observations in this study. Earlier works on
the shear deformation of Si linked the formation of bc8 to the exposure
to shear [4,5]. Therefore, it is suggested, that (shear) strain, in combina-
tion with hydrostatic pressure, needs to be considered in any future in-
vestigations into indentation-induced phase transformations. Also, a
model has been proposed stating that HPP seeds nucleate within β-tin
during unloading and eventually grow rapidly due to the increased in-
stability of β-tin below a critical pressure in indentations [36]. In light
of the new data reported here it appears prudent to revise the model
to include strain as a trigger for nucleation and growth of HPP. It has
been reported that the transition to HPP requires only relatively small
strains (~2%) [24], which are easily achieved in indentations, especially
with acute probes [39].

Furthermore, the observations of this studymay provide context and
insights into two other recently reported indentation-induced transfor-
mation phenomena. One study reported an increase in the portion of
HPP found in residual indents after longer indentation holding periods
with saturation being reached for holding periods longer than one
hour [40]. As observed in the hold experiment (Fig. 2), nucleation and
growth of HPP seem to be time-dependent. Once the nucleation is
started, the transformation of all the transformation-eligible material
in the deformation zone requires a certain growth time. Hence, larger
portions of material transform to HPP with longer holding periods, as
more time for nucleation and growth of HPP is available. However, as
the amount of transformable material is restricted, an extension of the
holding period beyond the growth time has no further effect. The time
dependence of the HPP transition might also be reflected in another re-
cent study: in cyclic indentations, an increased probability of pop-out
eventswas observed for overall longer test durations, with pop-outs oc-
casionally occurring during loading and holding periods [15]. Once ini-
tiated, the HPP transition progresses relatively slowly, and thus
requires time to be completed. Pop-out events can be linked to the
rapid growth of the HPP portion in the contact region (which seems
to mark the end stage of HPP transitions). Hence, the more time that
is given for theHPP transition to progress (the longer the test duration),
the higher the probability of the completion of the HPP transition
(manifested in pop-out events). Once the rapid growth is completed, a
pop-out event can apparently occur under any loading condition
(loading, holding, unloading, reloading segment) in the indentation
test.

It should be noted that this study was conducted on thin Si films,
rather than bulk Si as in the indentation studies cited. As stress levels
and stress distribution are probably altered due to the different sample
configuration, questions might be raised regarding the comparability of
the presented data to those for bulk indentations. Some observations
(e.g., regarding the sluggishness of the HPP transition) made in this
study are similar to and confirm results reported for bulk indentations
indicating a certain transferability of results. Nonetheless, although
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more comprehensive study is certainly needed to describe the effect of
strain and time on the HPP transition inmore detail, the current study is
important in reporting an observed deviation from the commonly as-
sumed transformation sequence and pointing out a possible alternative
to the accepted theory.

In summary, the indentation-induced phase transformation of crys-
talline Si thin films was studied in situ under an acute probe in different
test regimes using RSE-IIT. In situ Raman spectroscopic analysis showed
the formation of HPP during indentation loading, calling into question
the common view that pressure release is a pre-condition for this trans-
formation. The observations suggested strain and time as important but
overlooked factors in nucleation and growth of HPP and provided new
context to previous work on the pressure induced phase transforma-
tions of Si.
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