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Previous investigations into SiGe alloys using Raman spectroscopy have generated
significant uncertainties regarding the relationships between shifts in Raman peak
frequencies and stress. Furthermore, these studies did not establish precise correlations
when examining alloys on porous substrates. These substrates have emerged as promising
candidates in the highly competitive field of adaptable substrates for epitaxial growth of
heterogeneous systems (such as 111-V, SiGe, etc.) on Silicon (Si). Among these porous
materials, double porous silicon (DPSi) has recently garnered attention, featuring a low
porosity upper layer atop a buried high porosity layer. However, during a heat treatment,
the upper low-porosity layer transforms into a quasi-monocrystalline Si layer, making it
suitable for high-quality epitaxial growth. In this work, we present the first investigation
of the vibrational properties of the Siz-xGex membranes grown on top of annealed DPSi,
using Raman spectroscopy. We systematically propose new relationships linking the
Raman peak shift to Ge concentration and strain, using a set of experimental equations
derived from the peak positions of the Si-Si, Si-Ge, and Ge-Ge modes.
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1. INTRODUCTION

Silicon (Si) is the cornerstone of the semiconductor industry
due to its exceptional electrical properties, which enable the
creation of transistors and microchips that power modern
electronics. Its abundance, manufacturability, and reliability
have made silicon the preferred material for decades. However,
integrating optoelectronic devices into Si-based technology
presents challenges because Si is not inherently suited for light
emission and detection. The inherent disadvantage of this
material is its indirect band gap which can be surmount by the
introduction of SiGe heterostructure, especially that SiGe is
relatively easy to integrate into silicon technology.

One of the major challenges in engineered SiGe-based
devices has always been reducing the strain related with lattice
parameter mismatch (4.2%) between pure materials,
especially beyond a critical thickness [1-3] by avoiding
development of misfit dislocations. Therefore, a suitable
solution consists on the growth of a strain-relaxed SiGe buffer
layer above a virtual Si (or Ge) substrate [4-7].

Recent advancements necessitate both downsizing
dimensions and enhancing device performance, which in turn
requires controlling stress in structures and understanding its
origin. One promising approach that has emerged is the use of
compliant substrates, particularly Porous Silicon (PSi), which
is known for its flexibility [8, 9]. The soft and flexible nature
of PSi allows it to effectively accommodate the stress shift
introduced by the SiGe heteroepitaxial films, mainly due to its
high pore density. Its compatibility with silicon-based
microelectronics and its cost-effectiveness has opened up new
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possibilities for the integration of heterogeneous supra-axial
systems (such as III-V or SiGe) on Si substrates [9, 10].

Recently, double porous Si (DPSi) has emerged as a
prominent candidate in the competitive quest for compliant
substrates, particularly for epitaxial growth in heterogeneous
systems [11, 12]. This DPSi consists of an ultrathin, atomically
flat layer on top, where the pores are stopped out, and a thick,
highly porous layer beneath. Nevertheless, when attempting
low-temperature epitaxy of SiGe and Ge on this DPSi layer, it
resulted in the formation of rough epitaxial layers containing
extended defects [13, 14].

However, thermal treatment of the DPSi layer undergoes
significant morphological changes, converting small pores
into larger ones and simultaneously generating tensile strain,
as already reported in our previous study [9]. The
morphological changes that DPSi undergoes are crucial in
semiconductor fabrication processes, such as epitaxial layer
transfer [15-19], making it an excellent alternative and a
promising candidate for fabricating electronic devices and
solar cells [20-22].

In this paper, we present the first systematic experimental
study of the vibrational properties of a high quality
monocrystalline SiGe layer grown on DPSi annealed at high
temperature, using Raman spectroscopy. Our primary focus
was to analyze the continuous variation trend of Ge content (x)
and strain, with the aim of quantitatively determining the
distribution of Ge content (x) and strain. The properties of
SiGe are significantly influenced by its composition and stress.
Stress impacts the energy band structure and lattice vibration,
while composition affects the lattice constant and electron
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mobility [23-25]. To enable broader applications of SiGe on
annealed DPSi, it becomes crucial to study the distribution of
strain resulting from stress and composition. Raman
spectroscopy serves as a valuable tool to characterize these
factors, typically recording the peaks of Si-Si, Si-Ge, and Ge-
Ge modes of SiGe. Since composition and strain can cause
shifts in the Raman peaks, analyzing the Raman spectra allows
for the calculation of their values. Consequently, equations
describing the variation of Raman spectra with Ge content and
strain in SiGe alloys have been derived through Raman
spectroscopy.

2. EXPERIMENTAL PROCEDURE AND METHODS

The growth experiments were performed by Molecular
Beam Epitaxy (MBE) in a Riber system. DPSi structures are
obtained from a (001)-oriented B-doped Si wafer dipped in
hydrofluoric acid (HF 25%) using electrochemical etching.
The current density was varied between 10 mA.cm™ and 80
mA.cm? leading to porosities between 20% and 30% [11].
DPSi layers are first annealed under hydrogen atmosphere at
high temperature T (1100°C) for 60 seconds then introduced
into the growth chamber. The annealing process permits us to
obtain stable porous layer with improved structural and optical
properties. The heat treatment triggers a structural
transformation, converting small pores into larger ones with
an average diameter of approximately 300 nm. This
reconfiguration of the porous layer leads to its consolidation,
creating an ideal seed layer for subsequent epitaxial growth.
This layer serves as a vacancy sink, thus enabling the growth
of Si or SiGe films with a minimized defect density, as
previously outlined [9, 26]. To prepare the samples, the same
cleaning procedure as previously reported in our earlier work
was employed [9]. After that, they were immediately
introduced into the ultrahigh vacuum chamber, where samples
are outgassed at 400°C for 15min, avoiding the contamination
of their surface. An ultrathin Si buffer layer is grown above
SiGe layers by MBE in ultrahigh vacuum in order to avoid
contaminants which could unintentionally affect surface. SiGe
layers are deposited at 500°C.

The structure obtained is illustrated schematically in Figure
1, with particular focus on the dimensions of the different
epitaxial layers.
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Figure 1. Schematic representation of the SiGe structure
deposited on annealed DPSi

The Raman measurements were carried using a Bruker

spectrophotometer (SENTERIA), for excitation we use a beam
of 488 nm line from argon laser at 10 mW output power.

3. RESULTS AND DISCUSSION

Figure 2 presents the Raman spectrum of annealed DPSi,
along with a comparison to the Raman spectra of the as-etched
PSi and a monocrystalline Si wafer. In the case of the
monocrystal Si wafer, the Raman spectrum peak is observed
at 521 cm™, slightly higher than the peak for the as-etched PSi
located at 520 cm™. This shift in peak position is attributed to
a tensile stress in the porous film caused by lattice expansion
during anode etching. The phonon confinement mode,
considering the effects of mechanical stresses, can explain this
phenomenon. However, the Raman peak of DPSi shifts to a
higher wave number at 523 cm™. This shift aligns with the
relaxation of lattice expansion relaxation and the restructuring
of porous morphology due to annealing [27], this change is
linked to an increase in pore diameter, which was previously
demonstrated in our earlier research [9].
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Figure 2. Raman spectrum of annealed DPSi, as-etched PSi
and the monocrystal Si wafer

The presence of an additional Raman peak observed at 514
cmt indicates the existence of a tensely strained layer in the
thin PSi layer free of pores. This tensile strain observed in
DPSi results from high-temperature annealing, causing the
lattice structure to swell. This expansion is induced by the
removal of hydrogen during thermal annealing, leading to a
significant reduction in the lattice parameter [28].

Figure 3 shows the Raman spectra of different samples, they
include three distinct peaks whose positions and consequently
the energies are related on the x (Ge content) and the strain
[29]. These peaks correspond to the optical phonons resulting
from the motion of adjacent Si-Ge, Ge-Ge, and Si-Si pairs, as
demonstrated in the previous study [29]. Furthermore, the
positions of all three peaks shift relative to each other
depending on the value of x.

The vibrational frequencies obtained for several epilayers
are presented in Table 1. A previously observed shoulder,
denoted as Si,c and located near the Si-Ge peak at
approximately 438 cm™, has been documented in prior
research [30]. This shoulder is attributed to the movement of
Ge atoms within specific local environments near Si atoms, as
it closely aligns with the 438 cm® position.
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Figure 3. (a) Raman spectra of Si1-«Gex grown on top of
annealed DPSi, the circled area presents expanded views of
the Si peaks (b)

It is noteworthy that the Raman Ge-Ge peak exhibits
frequency shifts in relation to the Ge content. Specifically, it
shifts to lower frequencies (or upper frequencies for x=0.3)
compared to the Ge-Ge mode in bulk Ge, which typically
occurs at 300 cm. This shift is attributed to a combination of
composition and strain influences.

Additionally, the intensity of the Si-Ge modes is observed
to peak above 408 cm™*. This contrasts with the growth of SiGe
on a PSi substrate, where the corresponding mode was
observed at lower frequencies (<400 cm?), as reported in the
previous study [31].

Table 1. Peak positions of different Raman modes of Si1xGex
grown on annealed DPSi

Sample SI-S| Si-Ge Ge-Ge  Additional
Content (layer) cm?) (em?)  Peak (cm™)
(x) (cm™)
0.15 514.4 4120 295.3 438.0
0.20 515.7 416.1  298.0 438.0
0.30 518.3 408.0 304.1 437.7

These results can be attributed to the inner microstructure
properties of annealed DPSi. Indeed, a tensile strain is induced
in DPSi during heating due to the desorption of volatile species
incorporated into PSi during the electrochemical fabrication
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process.

The dependencies of phonon frequencies on x are presented
in Figure 4. It is evident that, the peak frequency of Si-Si (Ge-
Ge) increases linearly with the Ge content, while the Si-Ge
mode displays a nonlinear behaviour similar to that observed
in the study [32].
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Figure 4. Raman peak positions as a function of Ge content (x)
(a) Si-Si; (b) Si-Ge and (c) Ge-Ge

The literature contains various empirical models for the
Raman frequency shift dependence in SiGe alloys grown on
bulk Si substrates, and each model may yield slightly different
results.

The following experimental equations are introduced to
determine the Si-Si, Ge-Ge and Si-Ge peaks position, denoted
as wgs, Wge and wgg In a SiGe layer:

wss = Wi+ ax

(1a)



(UGG = (J)ge_ce + bx (1b)

Wsige = W' + f(x) (lc)

The constants a and b exhibit variations in the literature,
with different authors reporting values ranging from -62 to -
70.5 [33-36] for a and from 12.5 to 19.37 for b [33-35].
Additionally, the function f(x) can be a polynomial of first,
second, or third order, as indicated in reference [37]. While
wst=St, w§e7% , and w3i~% represent mode frequencies
extrapolated to the limit as x approaches zero in SiGe alloys,
the determined values are as follows: w3t =5 is 520.520.5 cm
L w§e 4 is 2801.5 cm™, and w3 "%€is 400.320.2 cm™[29,
32, 33].

Our experimental data fitting provides the following
dependencies for Si-Si (Ge-Ge) modes:

wgs = 511 + 26.5x (2a)

On the contrary, when considering the Raman shift of the
Si-Ge mode, we obtain:

Wsige = 366.7 + 466x — 109.5x2 (2¢)

Eq. (2) demonstrate a noteworthy level of precision when
applied to the range of Ge content where 0 < x < 0.30,
especially considering that the estimated measurement errors
in our calculations consistently remain below 1%. These
inaccuracies primarily stem from the challenges associated
with  precisely determining the peak positions of
Wgss, Wgeand wg;ge IN Oour numerous spectra. This difficulty
arises due to their relatively low intensity, particularly in the
case of wgg, as well as their substantial linewidths.

In our Raman spectroscopy results, we noticed an
interesting pattern: as the Ge content increases in SiGe alloys,
both the Si-Si mode and Ge-Ge mode show an increase in
frequency. This observation can be attributed to multiple
factors. Firstly, differences in bond lengths compared to pure
Si and Ge play a role in these frequency variations. Secondly,
structural disorder arises due to the random arrangement of Si
and Ge atoms within the alloy. Additionally, the presence of
mass disorder leads to an asymmetrical broadening and
downward shift of both vibrational modes [32]. If there is a
different behavior observed in SiGe alloys, such as the
increase we have noted, it may be attributed to strain effects.
Strain can introduce further modifications to the vibrational
frequencies, influencing the behavior of the Si-Si and Ge-Ge
modes. Specifically, the Si-Si mode exhibits a noticeable shift
towards lower energies, with values falling below 520 cm?,
which is the typical Si substrate value. These negative shifts
serve as confirmation of the tensile stress within these
structures, which results from the relaxation process of the
crystal structure in annealed DPSi substrate, mentioned above.

Furthermore, the values of w, ’ (with i or j representing Si or
Ge) differ from those documented in previous studies [29, 32,
33], primarily due to the influence of strain on these
vibrational frequencies.

Prior examinations utilizing Raman spectroscopy to study
SiGe alloys have generated significant ambiguities regarding
the relationships between alterations in Raman peak
frequencies and stress. Furthermore, these investigations
failed to establish accurate associations for the assessment of
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alloys within porous ma.terials. In the upcoming section, we
will rigorously formulate a comprehensive set of equations for
SiGe epilayers grown on annealed DPSi substrate.

In the literature, several sets of equations have been
proposed that establish relationships between the frequencies
of the Si-Si, Ge-Ge, and Si-Ge peaks, and Ge content as well
as strain. These equations are typically presented in the
following form [32]:

Si—-Si Si—-Si

WSS = WSt — ASTSix + b5, (3a)
wbe—Ge = wge—Ge — AGe—Gey 4 bGe—GeS// (3b)
wSi—Ge — wgi—Ge _ASi—Gex + bSi_Geé‘// (3C)

To solve the set of equations, we need to precisely
determine the coefficients A“7and b~/ that relate the shift of
Si-Si, Ge-Ge and Si-Ge vibrations to the Ge concentration and
strain.

From Egs. (3a) and (3b), we can extract x and ¢ as:

_ (wgi‘Si _ wSi—Si)bGe—Ge + (wGe—Ge _ wge—Ge)bSi—Si (4)
x= AGe—GepSi—Si _ ASi-Si}Si-Si
(wsi—si _ wgi—si)AGe—Ge + (wGe—Ge _ wOGe—Ge)ASi—Si (5)
S// =

AGe—GepSi-Si _ ASi-Si}pGe-Ge

x and €, from Egs. (4)-(5) are substituted in Eqg. (3c) to
obtain wSi=¢ . The A'~/ coefficients are easily calculated
where we have obtained A5:=5t = —26, A%¢~%¢ = —54 and
ASi=Ge = _g1. The values of w.’ were extracted from Eq. (2).

The determination of the b=/ coefficients is more intricate
as they relate to deformation and Raman frequency shifts. To
calculate them, we employed the following equation [32, 38]:

pii = L(
2w,

2C12
Cll

p+2q) ©)

where, C;;and C;, are the elastic rigidity coefficients
reported from the studies [39, 40], p and q are the deformation
potentials of phonons and hither w, is the phonon frequency
of unstrained cubic Si or Ge. Using values from the studies [39,
40], we have got b5=5i = —811.5 cm? and b%¢~G¢ =
—373cm™,

To determine bS=%¢ . we have followed the method
mentioned in references [32, 38]: first and from the set of Eq.
(3), we have extracted:

Si—-Ge — ,,Si—Ge

Awexp — wexp _ wgl—Ge — _ASL—Gex + bSt—Geg//

with A51-6¢ = —81, then we have plotted Aw, , = AwS; % —
81x versus the in-plane strain ¢, in Figure 5. To that end, we

have used strain values obtained by high resolution x-ray
diffraction performed with an X'Pert PRO MRD
Diffractometer and employing the following equation [9, 29]:

strain
AsiGe

— Qs

* 100 (7

Esige (%) =
Si

where, asft™ is the lattice parameter for SiGe samples. The
values measured are equal to 5.4932 A, 5.5128 A, and 5.5287
A from 15% to 30% respectively.



The value of b5-5¢ is obtained from the slope of linear
curve in Figure 5, it yielded h5-%¢ = —858.72 F 55.This
coefficient differs amply in litterature from -455 to -1040 cm-
1[38]. Many authors attribute this variability to the dependence
of b5=5¢ on x [32, 38].
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Figure 5. Aw, as a function of the in-plane strain g,

Considering the errors stemming from peak position
inaccuracies, we arrived at the following set of equations that
establish the relationship between the frequency shifts of the
Si-Si, Ge-Ge and Si-Ge modes with respect to the Ge content
(x) and the in-plane strain ¢

WSS = §=St 4 26x — 811.5¢, (8a)
w6 = w§e=6¢ + 54x — 373¢, (8b)
wSi76¢ = w§i-G 4 81x — 858.7¢, (8¢)

The computation of coefficients ( A/ and b*~/) is
characterized by a high level of precision, typically yielding
error bars of 1% or lower. Inaccuracies in Raman
measurements primarily result from minor deviations in the
peak positions of wSi=St, w%~G€ and w5~ The interplay
between these phonon frequencies and their dependence on
variables x and g; has been established with remarkable
accuracy.
Numerous research endeavors have been dedicated to
investigating potential distortions in optical phonons within
SiGe, with particular attention to the b*~/ coefficients, which
establish the connection between Raman frequency shifts acnd
deformations. The estimated coefficients b=/ we obtained as
a function of the deformation with the shift of:
= Si-Si mode leads to a value of -811.5 cm%, which exhibits
variability in the literature, ranging from -715 cm™ to -
950cm™ [41, 42].

= Ge-Ge and Si-Ge modes yield values of -373 cm™ and -
858.7 cm?, respectively. It is important to note that values
exhibit significant variability in the literature, ranging
from -385 cm™ to -925 cm for b%¢~5¢ [32] and from -
455 cm to -1040 cm from bSi-6¢ [38], as mentioned
previously.

Despite the low uncertainties associated with their
determination, we have achieved a highly satisfactory
outcome for these values, which demonstrate remarkable
alignment with existing literature. Our derived set of equations
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showcases its versatility, extending applicability beyond the
specified range (x < 0.35). However, it is crucial to emphasize
that within this range, these equations exhibit exceptional
precision.

Additionally, considering the set of equations obtained by
measuring the experimental positions of the three phonon lines
'/, any combination of two out of the three equations
enables the determination of the Ge content (x) and strain (g)
in the SiGe layer on the annealed DPSi substrate.

This achievement owes much to the invaluable
contributions of Raman spectroscopy. It has facilitated the
development of novel relationships linking Raman peak shifts
to Ge content (x) and strain. As a result, these findings mark a
significant milestone in the field, providing a robust
foundation for the precise evaluation of strain and composition
in SiGe alloys grown on PSi-based substrates.

4. CONCLUSIONS

Raman spectroscopy was conducted on SiGe membranes
grown atop annealed DPSi substrate with x<0.35 in order to
deduce the coefficients A"/ and b~/ that connect the
frequency shifts of Si—Si, Si—-Ge, and Ge—Ge vibrations to the
Ge content (x) and strain. Accurate modeling of these
frequency shifts yielded reliable estimates of A/ and b*~/.
The determined coefficients b'™/, which relate the Raman
frequency shifts of Si—Si and Ge—Ge vibrations to deformation,
were found to be -811.5 cm! and -373 cm’, respectively.
These vibrations exhibited a linear increase in frequency with
increasing Ge content (x), while the behavior of the Si-Ge
vibration followed a bell-shaped curve. The estimated
coefficient h5=6¢ was calculated by plotting the frequency
variation against in-plane strain and was determined to be -
858.7 cm’'.

Furthermore, all of these vibrations displayed sensitivity to
strain, resulting in resonance frequency shifts. The observed
strain in the SiGe epilayers was a direct consequence of the
high annealing temperature applied to DPSi substrate, causing
significant lattice structure expansion. This high-temperature
annealing of DPSi substrate, generating unique tensile strain,
not only impacts the lattice structure but also renders PSi an
ideal substrate for heterogeneous system integration onto Si.
This property makes it particularly well-suited for various
applications in integrated systems.

Moreover, these vibrational modes enable the establishment
of new relationships linking Raman peak shifts to both Ge
content (X) and strain, crucial for a deeper understanding of
strain distribution resulting from stress and composition
variations. This knowledge is essential for expanding the range
of applications for SiGe on annealed DPSi substrates,
leveraging their full compatibility with CMOS technology.
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