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Raman Mapping Devoted to the
Phase Transformation and Strain
Analysis in Si Micro-Indentation

By F. Demangeot,* P. Puech, V. Domnich,
Y. G. Gogoitsi, S. Pinel, P. S. Pizani,
and R. G. Jasinevicius

Micro-indentation testing is a standard technique for hard-
ness measurements. Due to small size of the contact loading
area, extremely high pressures can be produced within a
confined zone on a material surface. It is well known that Si
undergoes a semiconductor/metal transition at a hydrostatic
pressure of ~12 GPa with the metallic Si-II phase transform-
ing into various Si polymorphs up on depressurization."**!
In indentation testing, the transition path of Si on Load re-
lease depends significantly on the unloading rates used: crys-
tallins Si-III (body-centered cubic structure, bc8) and Si-XII
(rhombohedral structure, 78) polymorphs are observed after
slow load release, whereas rapid unloading leads to the for-
mation of amorphous material (a-Si) in the affected zone.™!
Additionally, strain and stress in (cd) Si has received atten-
tion, both from a theoretical and experimental point of
view.”” Raman spectroscopy is a valuable tool to address
these two questions. This non-destructive technique can be
used to probe different phases by selective tuning between
excitation energy and fundamental electronic transition ener-
gy of the associated phases.® In depth information can also
be gained thanks to the use of several excitation wavelengths.
In addition, the possibility to achieve high spectral
(~0.1 meV) and spatial (~1um?) resolution makes Raman mi-
crospectroscopy an ideal tool to quantitatively study the spa-
tial distribution of the strain around indentations in Si.”!
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In this paper, we briefly describe the theory of strain in-
duced frequency shift. We show that accurate 2D Raman im-
aging can be used to map the three dimensional strain field
around a micro-indentation and to deduce the extension of
the plastic deformation. Then, the spatial distribution of
strain and phases in several nano-indentations produced un-
der different loads is analysed by 1D Raman mapping, which
furnishes all the relevant information. The obtained strain
profile of the Berkovich indentation is discussed.

A single peak associated with the triply degenerate I'i5
long wavelength optical phonons is observed in the Raman
spectrum of crystalline silicon (cubic diamond structure), in
the absence of strain. In a strained crystal, the symmetry is
lowered and the diagonalisation of the modulation of the dy-
namical matrix gives the frequency shifts and the polarisation
of the phonon."”

Assuming that the stress tensor has a diagonal form'™ in
the XYZ basis for (001)-oriented sample (X, Y, and Z are cho-
sen along [110], [110], and [001] respectively);

o 0 0
o= 0 o, O (1)
0 0 o

where o, represents the stress component along the [001] di-
rection and o) is the stress component in the surface plane.

[10] i

Based on the phonon deformation potential theory, the in-
duced frequency shifts in cm™ are given by:!""'

Awg =-370 — 0440, o
Awp =230~ 1840,

where S stands for singlet (atoms motions along the Z direc-
tion) and D for doublet (atoms motions perpendicular to the
Z direction). The strain element tensors are related to the
stress tensor elements through the compliance tensor as fol-
lows;

(SH ) _ (511 + S 512) (GH ) _
€ 25, Sy 0y

554107°  -2.1410°) (o
3 3 3)
—4.28 10 7.68 10 o,
The Raman intensity is deduced from the following equa-
tion:
2
I= ZA { ‘Za[’) €0 Csp FlSa[S (A)‘ L(U‘)A) } @
where ¢; and ¢; are the incident and the scattered photon po-
larization, and L(w) is the Lorentzian response of the phonon.
In the basis XYZ, we have the following I';5 tensors;
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which symmetries determine the Raman selection rules. If ¢
and é; are collinear, for example along X, we select the tensor
element I'js5xx(Z) which corresponds to atoms moving along
Z. In crossed configuration, there is no Raman intensity al-
lowed. However, in a preceding work,m] we have shown that
in crossed configuration and back-scattering geometry along
(001), all tensors contribute to the low intensity when some
disorientation take place.

The optical image of the micro-indentation after polishing
is shown in Figure 1. First, we tested the effecty of annealing.
Figure 2 shows the Raman spectra from the center of the
indentation, recorded with various laser powers. The time-
power product was kept constant for these experiments.
Amorphous phase (a-5i) is assigned in every spectrum by a
broad band centered at ~ 470 cm™.""! More interesting is the
fact that we observed up to three peaks located at ~ 516 cm™
(511 in crossed polarization), 522 cm™ and 530 cm™. These
peaks may be assigned to Si-IV, unstrained Si-I and Si-I under

Fig. 1. Optical images of the indentation after abrasive chemical polishing.
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Fig. 2. Effect of partial annealing in the center of the indentation. The product power of
illumination - time of accumulation is kept constant.

compressive strain.! Alternatively, the peak at 516 cm™ may
be attributed to the presence of nanocrystalline material in
the indentation contact area.""®’

To produce the map in Figure 3, we recorded the spectra
in crossed and parallel polarization configuration. In parallel
configuration, the spectrum reveals only one peak shifted by
6.45 cm™ from the reference, corresponding to the single
component. In the crossed configuration, where no Raman
activity is allowed in a perfect crystal, we observe two peaks
(singlet and doublet) located at 6.45 cm™ and 3 cm™ from the
reference, leading to o) = -1.8 and o, = +0.6 GPa (Eq. 2), and
to g = -12 10% and ¢, = +13 107 (Eq. 3). In these cases, the
conversion factor between the frequency shift and the stress
is chosen to be -3.2 cm™ /GPa for 0| as proposed by E. Annas-
tassakis et al.'”! We have approximately g ~ —¢, and Awg ~
-500 g, and we use this last equality to produce the 2D-map
of the silicon phonon shift presented in Figure 3. Even if the
shift is almost invariant to rotation around the Z axis, one can
still observe some darker crossed lines, which indicates that
some stress relaxation took place along the cracks, as evi-
denced in Figure 1. Notice that the product r-Aw is nearly
constant (25 um-cm™) when r varies from 0 to 20 um. By
using Equation 6, we deduce that the strain approximately
follows the relation g= —<E0.055-7(um)> in the volume of the
indentation.

We now proceed to the discussion of the results obtained
on Berkovich nano-indentations. An array nanoindentations
corresponding to different maximum loads and loading/un-
loading rates was produced (Fig. 4). The size of the residual
impressions ranges from 3.5 pm (for 100 mN load, observed
in the center of the figure) to 1.5 um (30 mN load).

Figure 5a shows the Raman spectra acquired along the
line crossing 100 mN load indent. First, a maximum shift of
6 cm™ is observed between spectra separated at 5 jm, corre-
sponding to the following value for the strain: g = -1.2-107.

Fig. 3. Transverse deformation (-g) = Aw/500) in the indentation after abrasive chemi-
cal polishing.
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Fig. 4. Optical image of the Berkovich nano-indentations. Indentations of the column
a) and b) have been both produced with 100 mN loads and with loading rates of
0.3 mN for column a) and 1 mN for column b).

From Figure 5b, several signatures are obtained in the 300-
500 cm™ range, revealing the presence of metastable Si
phases (modes at 353, 384, 397, 415, and 434 cm™" associated
with the Si-III and Si-XII) and amorphous silicon (broad band
centered at ~470 cm™)."®! Careful analysis of all these phases
is beyond the scope of this paper. We note here that only
amorphous Si was revealed by Raman spectroscopy in Vick-
ers micro-indentation (1N) produced under rapid unloading
rate, in accordance with previous observations. Also, varying
the excitation wavelength revealed additional Raman bands
at 378 cm™ and 420 cm™!, which may be attributed to the
Si-XII phase, and a band at 322 cm™, which origin is not
entirely understood at this time.""®’

The two next maps show strong correlation between the
spatial distribution of the metastable Si phases and the strain
in the surrounding (cd)-Si. The intensity ratio (350 cm™/
520 cm™) is plotted as a function of the position of the laser
spot with respect to the two 100 mN load indents, shown in
Figure 6. This profile suggests that the metastable r8 and bc8
phases are inversely correlated to the presence of (cd)-Si. The
relative amount of the metastable phases is higher for a
100 mN/s indent because the area of the transformed zone is
larger in this case. The effect of the loading rate on the vol-
ume of the metastable phases has been confirmed on other in-
dentations.

This profile can be compared with the strain profile
through the indents, designed in Figure 7. Maximum strain
lies near the center of the triangular impression, which corre-
lates with the maximum content of the metastable Si phases
(Fig. 6). However, if should be taken into account that the size
of the nano-indentations is comparable with that of a laser
spot, and hence the apparent increase in the degree of trans-
formation towards the indentation center may be attributed
to a decrease in the contribution of the surrounding Si-I to the
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Fig. 5. Raman spectra from different locations with respect to the 100 mN indenta-
tions. (cd)-Si Raman mode through the indented area. Vibration modes of Si poly-
morphs.

overall Raman response. Notice the asymmetry of the profile
in Figure 7. The strain variation is very strong in the direction
defined by two facets (observed on the two indents), while
this variation is not so pronounced in the direction perpen-
dicular to the third facet. It is well known that various types
of extended cracks may form during the indentation test. Our
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Fig. 6. Line scan of relative intensity of r8/bc8 Si peak at 350 cm™ across the indenta-
tions.
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Fig. 7. Strain distribution across the indentations ( —gj = Aw/500 ).

work suggests that these cracks, which are taken as responsi-
ble for the large stress relaxation on one side of the indent,
are mainly induced by the shape of the indenter, in our case
the three edges of the pyramid. From this strain variation, we
extracted at least one region where the strain varies as (1/7).
This area extends only some 3-5 um outside the indentation
contact area, which is much smaller than in the case of a large
micro-indentation. This suggests a direct correlation between
the applied load and the dimension of the plastic deformation
zone.

Experimental

The Vickers indentation was produced by applying 1 N load for 15s at
room temperature on a (001) silicon surface, followed by a rapid unloading.
The 2 um-thick layer has been removed using an alkaline colloidal silica abra-
sive solution (Syton). This way, no disorder is introduced into the surface layer
affected during contact loading.""! Nano-indentation tests were performed on
a Nano Indenter" XP (MTS) tester using a Berkovich pyramid, with maximum
loads ranging from 30 to 100 mN and loading rates from 1 to 3 mN/s. The
same rates were used for loading and unloading.""®

Raman measurements were performed at room temperature in back-scatter-
ing geometry with parallel polarization using an XY Dilor spectrometer at sev-
eral excitation wavelengths of an (Ar", K*) laser ranging from 476 nm to
647 nm. The Raman spectra presented here were recorded with a 10 s exposure
and a 0.5 um step by using an automatized XY table coupled to the spectrome-
ter. Total acquisition times for both a 2D map and a 1D line map did not exceed
2 hours. The laser intensity was focused with a high numerical aperture objec-
tive (N.A. ~ 0.95) leading to a 1 pm” illuminated area. The Raman probe depth
was 0.5 um for 476 nm and 2 pm for 647 nm excitation.!'?
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Electronic Speckle Pattern
Interferometry for
Micromechanical Measurements

By Sigitas Tamulevicius,* Lindas Augulis,
Giedrius Laukaitis, and Marius Zadvydas

Electronic Speckle Pattern Interferometry (ESPI) (or TV
Holography) combines different aspects and properties typi-
cal for the optical interference and holographic methods."”
In this method a complicated interference fringe pattern due
to interference between the waves reflected from the refer-
ence and measured surfaces is registered in a limited aper-
ture optical system. Areas of correlated motion of the surface
are used to define tangential or normal (out of plane) dis-
placement due to vibration, thermal or mechanical exposure
of the subject. Application of the different type of optical
schemes allows to define 3D measurements.**! Diverse ap-

1501 stidies of thin films mechani-

plications of ESPI including
cal properties were reported. Data acquisition and analysis
is performed in real time, so this method becomes versatile
for in-situ measurements. On the other hand, most of the
methods reported are focused on the measurements on ob-

jects with typical linear dimensions much bigger than 1 mm,
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