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analysis of mechanical strain in Bi,Se, thin films of various
thicknesses synthesized by physical vapour deposition on
amorphous quartz and single-layer graphene substrates.
The evaluation of strain effects is based on correlation
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In this work, the Raman spectroscopy mapping technique is used for the analysis of mechanical strain in
BioSes thin films of various (3—400 nm) thicknesses synthesized by physical vapour deposition on
amorphous quartz and single-layer graphene substrates. The evaluation of strain effects is based on the
correlation analysis of in-plane (ES) and out-of-plane (Afg) Raman mode positions. For BiSez films
deposited on quartz, experimental datapoints are scattered along the line with a slope (AwAfg/Awsg) of
~0.85, related to the distribution of hydrostatic strain. In contrast to quartz/Bi,Ses samples, for
graphene/Bi,Ses heterostructures with the same thicknesses, an additional negative slope of ~—0.85,
which can be associated with the distribution of the in-plane (a—b) biaxial tensile strain due to the film—-

substrate lattice mismatch, is observed. The algorithm of phonon deformation potential (PDP) calculation
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Accepted 7th September 2021 based on the proposed strain analysis for the 3 nm thick Bi,Ses film deposited on the graphene

substrate, where the strain is considered to be coherent across the thickness, is demonstrated. The PDPs

DOI: 10.1038/d1na00390a for biaxial in-plane strain of the Bi,Sez 3 nm film in in-plane and out-of-plane modes are equal to —7.64
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Introduction

Linear energy-momentum dispersion in graphene and topo-
logical insulators (TIs) has made these materials as well as van
der Waals heterostructures based on them the focus of scientific
interest for the last decade. Various devices for electronic,
spintronic and even domestic waste heat conversion applica-
tions can be realised based on graphene/TI heterostructures.'®
Although the physical properties of these 2D materials are
rather well understood, their wide practical applications are still
challenging due to the extreme sensitivity of these materials to
the substrates they are supported by. Strain is one of the most
prominent phenomena occurring at the interface of the con-
tacting materials which can change their band structure.”*°
Therefore, strain can be considered not only as a problem that
must be taken into account when designing a device, but also as
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cm™Y/% and —6.97 cm~Y/%, respectively.

an opportunity to tune the properties of the material. In the case
of topological insulators, theoretical studies indicate that the
bulk band gap and the spin-polarized Dirac surface states can
be tailored by strain.'>** It was experimentally demonstrated
that compressive strain in the out-of-plane direction reduces
the bandgap of the surface state of Bi,Se; films on epi-graphene
on SiC.° Previously, it was also theoretically indicated that
variations in the concentration of charge carriers caused by
doping and the presence of mechanical strain in TIs can affect
the thermoelectric power of these materials.*?

Strain, defined as the lattice parameter deviation of a mate-
rial from its bulk value quantitatively expressed as ¢ = (a — a,)/
ao, where a is the lattice parameter of the strained material and
a, is the value of the bulk, is most commonly caused by the
lattice mismatch between the deposited material and the
substrate.'*'> However, as the growth of materials is usually
performed at elevated temperatures, the difference in the
thermal expansion coefficients (TECs) of the deposited material
and the substrate is also a source of strain.'® Separation of the
impact and control of strain sources are required for precise
engineering of the physical properties of TI materials.

Besides the measurement techniques commonly applied for
the ex situ and in situ structural characterization of 3D materials
such as X-ray diffraction (XRD) or reflection high-energy elec-
tron diffraction (RHEED), micro-Raman spectroscopy is
considered as a powerful and non-destructive tool for the
determination of mechanical strain in materials with
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micrometric spatial resolution.”” The micro-Raman spectros-
copy technique is especially useful for the structural charac-
terization of graphene and ultrathin films deposited by PVD as
it is not subject to the technical limitations typical of the XRD
and RHEED methods.'®" For example, in the case of graphene
the correlation analysis of G and 2D Raman mode positions can
be used not only to separate the impact of strain and charge
carrier density on the phonon spectrum, but also to calculate
the absolute values of these parameters.**>* This fact makes the
correlation analysis of Raman modes a unique tool for studying
the properties of materials.

In Raman spectroscopy, the phonon deformation potential
(PDP) is the quantity connecting strain and Raman shift. It
strongly depends on the thickness of the material, and
sophisticated experiments have been performed to extract this
dependency for bismuth chalcogenides.>** In these studies
strain was introduced vig either artificial** or natural bending®
in the transferred film and nanoribbons, respectively; the
Raman shift coefficients were evaluated for thickness in the
range of 79-260 nm, limiting their applicability to the case of
epitaxial ultrathin films. The theoretically estimated value of
PDP for a 2 nm thin chalcogenide film is expected to be ~5
em/%.%°

In this work, a systematic study of mechanical strain in
single-layer graphene/Bi,Se; (SLG/Bi,Se;) heterostructures with
different Bi,Se; layer thicknesses, and in Bi,Se; films of the
same thicknesses deposited on quartz substrates (Q/Bi,Ses) is
performed. The methodological approach based on the corre-
lation analysis of the experimental Raman data was applied to
evaluate the nature of strain in the deposited films. To the best
of our knowledge, such a kind of correlation analysis for topo-
logical insulator ultrathin films has been performed for the first
time. In addition, an original method is proposed for esti-
mating the phonon deformation potential in Bi,Se; ultrathin
films based on the correlation analysis approach presented in
this work.

Methods

Bi,Se; films of various thicknesses (3-400 nm) were synthesized
by the physical vapour deposition technique (PVD)****?” using
a single-zone quartz tube furnace (GCL-1100X, MTI Corp.). SLG
was synthesized using a First Nano Easy tube 101 CVD reactor
and transferred from copper foil (GoodFellow) onto quartz
(fused silica) slides (Agar scientific) by the methyl methacrylate
(PMMA) polymer-assisted method.?® Based on the results of the
structural analysis of graphene performed by the reflection high
energy electron diffraction (RHEED) technique and the results
of the structural analysis of copper foil performed by X-ray
diffraction (XRD) we conclude that the graphene synthesized in
our work can be described as a set of differently oriented
domains with limited azimuthal angle distribution (see ESI
S1t). These graphene as well as quartz samples were used as
substrates for Bi,Se; film deposition.

The structure, morphology and stoichiometry of the depos-
ited Bi,Se; films were inspected using a field emission scanning
electron microscope (FESEM), Hitachi S-4800, equipped with
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a Bruker XFlash Detector 5010 for energy dispersive X-ray
spectrometry (EDS).

Thicknesses of SLG/Bi,Se; heterostructures and Q/Bi,Se;
samples were measured using an atomic force microscope
(AFM), Asylum Research MFP-3D. To measure the thickness of
the films an artificial scratch was introduced. The mechanical
hardness of the tool for creating a scratch exceeds the hardness
of Bi,Ses, but is softer than quartz, which excludes deformation
of the substrate.

XRD patterns of SLG/Bi,Se; were obtained using CuKa
radiation with an Ultima IV (Rigaku) diffractometer (A =
0.15406 nm). XRD patterns of the copper foil were obtained
using CuKo radiation with a DRON-3 diffractometer (A =
0.15406 nm).

RHEED patterns of graphene were recorded in a custom-
made (Chalmers University of Technology) pulsed laser depo-
sition system, the base pressure is 2 x 10~ mbar and the
electron energy is 30 keV.

Raman spectra of SLG (see ESI S2t), SLG/Bi,Se; and Q/Bi,Se;
structures were obtained at room temperature using a scanning
laser confocal micro-Raman spectrometer, Confotec NR 500, by
scanning sample areas of 20 x 20 pm” with 785 nm (for Bi,Se;
films) and 473 nm (for graphene) excitation wavelengths and
100x objective. The accumulation time of the signal for each
spectrum was 10 seconds. The laser beam diameter was about
600 nm. Raman spectra were recorded using 1800 I mm ™" and
1200 I mm ' gratings, and spectral resolution of ~0.2 cm™* and
~1 em ' for Bi,Se; thin films and graphene, respectively.
Throughout these measurements the edge filter cutting at ~85
em™ " was used.

1

Results

Bi,Se; thin films with thicknesses 3-400 nm deposited on SLG
and on quartz substrates were found to have uniform distri-
bution of Bi and Se chemical elements over the area of ~100 x
100 mm? at a chemical composition of 40 at% for Bi and 60 at%
for Se, which corresponds to a stoichiometry of Bi,Se;. Fig. 1a
illustrates an example of the EDS spectrum and SEM image of
the 11 nm thick Bi,Se; film deposited on SLG. The XRD spec-
trum analysis of the SLG/Bi,Se; structures revealed the presence
of diffraction peaks related only to the (0 0 3n) family group,
thus confirming the epitaxial growth of the Bi,Se; thin film with
the crystallographic c-axis oriented perpendicularly to the
substrate surface.** The XRD spectrum of the SLG/Bi,Se; het-
erostructure with Bi,Se; thickness of 11 nm and the pole figure
taken from the diffraction maximum (0 0 6) are shown in
Fig. 1b. The pole figure was recorded in a sweep from 0 to 70
degrees. The presence of only one (central) broad maximum on
the pole figure means that the crystals of Bi,Se; are coherently
oriented in the c-direction, revealing good quality of epitaxial
growth. All Bi,Se; films were continuous with the relatively
smooth surface. The representative AFM images and height
profiles of Bi,Se; (11 nm) film deposited on quartz and gra-
phene are shown in Fig. 1c and d, respectively. AFM images of
all samples as well as values of root mean square (RMS)
roughness are presented in ESI S3.}

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) Energy-dispersive spectroscopy (EDS) spectrum of Bi,Ses film (11 nm); inset — scanning electron microscopy (SEM) image of Bi,Ses (11

nm) film deposited on SLG; (b) 26 X-ray diffraction pattern of Bi;Ses thin film (11 nm) deposited on SLG; inset — pole figure along the (0 0 6) plane;
(c) atomic force microscopy (AFM) image of Bi,Ses (11 nm) film on quartz and (d) on graphene with artificial scratches introduced to determine

the thickness; insets — the height profiles of these films.

A typical Raman spectrum of the SLG/Bi,Se; (3 nm) in the
range of 85 to 350 cm ™ * for Bi,Se; and of 650 to 3000 cm ™ * for
SLG is presented in Fig. 2a. It should be noted that the D band
intensity of graphene, which is responsible for defects, is at the
noise level before deposition of Bi,Se; films (ESI S2). And there
is an appearance of insignificant peak D (still close to the noise
level) after the deposition of Bi,Se; films (ESI S4t). Two char-
acteristic peaks at ~131 cm™' and ~174 cm™' respectively
correspond to the in-plane (Ej) out-of-plane
(A3,) vibrational modes of the rhombohedral crystal structure of
Bi,Se; (Fig. 2a, inset).” Raman E; and Aj, band mappings

and

performed for SLG/Bi,Se; and Q/Bi,Se; samples with Bi,Se;
layer thicknesses of 3-400 nm showed Bi,Se; peaks (without
distortion and additional peaks) at each mapping point, which
are well fitted by Lorentzian functions. This fact is consistent
with the XRD data and confirms the uniformity, continuity and
high quality of homogeneous ultrathin Bi,Se; films grown on
graphene and quartz substrates. The representative Raman
mappings for the SLG/Bi,Se; heterostructure with a 3 nm thin
Bi,Se; layer are shown in Fig. 2b and c.
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Fig. 2

(@) Raman spectrum of graphene and 3 nm Bi,Ses film synthesized on it; inset — the displacement patterns of phonon modes in the Bi,Ses

structure; (b and c) Raman mapping images of the 3 nm Bi,Ses film with the corresponding histograms (insets): (b) ES band position; (c) Afg band

position; the colour scales represent the amplitude of measured values.
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Discussion

To perform the correlation analysis of Bi,Se; films deposited on
quartz (Fig. 3a) and graphene (Fig. 3b) the experimental Raman
datapoints of Bi,Se; were plotted in the coordinates of a higher
frequency mode vs. lower frequency mode (A7, vs. Eg).

Fig. 3a indicates the pronounced scattering of data points
(A%4 on E; positions) of the Bi,Se; ultrathin films deposited on
quartz along the straight lines with the slope of ~0.85 (this
value was obtained from a linear fitting of datapoints for Bi,Se;
films deposited on quartz, Fig. 3a, inset). The deviation of
experimental data from their linear fit is less than 0.5 cm ™,
which is comparable with the spectral resolution of the Raman
measurements and reveals strong reliability of the claimed
dependency. The Raman frequency vibrations in topological
insulators such as Bi,Se; are governed by various thickness-
dependent factors, including spin orbit coupling,** charge
carrier concentration,* and strain.”* The linear scattering of
Aj, on E; experimental points is most probably related to
the distribution of strain value in the films. Indeed, for the

experimental values of Raman hydrostatic
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dox, dorg = 0.856, which is in good agreement
dp | dp | B & &

with the experimental data presented above. The scatter of the
experimental datapoints along solid lines with a slope of ~0.85
(Fig. 3a) indicates that Bi,Se; films deposited on quartz expe-
rience strain distributed hydrostatically throughout the film (i.e.
crystal lattices are strained or expanded both in-plane and out-
of-plane simultaneously as illustrated in Fig. 3d). Presumably,
this distribution of the strain may be related to the growth
process specifics such as different TECs of the quartz substrate
(~0.5 x 107® K™* (ref. 35)) and PVD-grown Bi,Se; (~11-19 x
107 % K ! (ref. 36)) and Volmer-Weber thin film growth mode,
where growth occurs not layer-by-layer, but by the formation of
separate islands, which subsequently coalesce.***** Indeed, the
Volmer-Weber growth mechanism of Bi,Se; films leads to the
appearance of strain which is mainly concentrated in the
grooves between the grains. In the case of strong interaction of
the deposited material with the substrate, this type of strain is
considered to be hydrostatic.”

In contrast to the scatter of the Aj, vs. E; datapoints of Q/
Bi,Se; samples, the scatter of the datapoints for Bi,Se; thin
films deposited on SLG does not show a pronounced linear
shape (Fig. 3b), but rather rhomb-shaped spots with additional
scatter of experimental datapoints along the dashed line with
a negative slope (~—0.85) are observed. This could be explained
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Fig.3 The positions of the Afg band as a function of ES band positions for Bi,Ses ultrathin films deposited on quartz (a) and graphene (b); the inset
in Fig. 3a is a linear fit of Afg Vs. ES dependency for 11 nm Bi,Ses; (c) top view of the SLG/Bi,Ses interlayer stacking pattern. (d) Bi,Ses strain
distribution scheme based on the Afg band as a function of ES Raman band positions scattered along different slopes. The solid line with the slope
of 0.85 corresponds to the hydrostatic strain of Bi,Ses. The dashed line with the slope of —0.85 corresponds to the biaxial in-plane tensile strain
of BiySes (see the text for more details).
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by the red-shift of the in-plane Eé Raman mode positions and
simultaneous blue-shift of the out-of-plane A7, mode positions,
which are related to the in-plane tensile strain, originating from
the lattice mismatch between the SLG and Bi,Se;. Assuming the
same absolute values of Raman pressure coefficients for both
compressive and tensile strains, in the case of biaxial strain
a scatter of the experimental datapoints along the line with the
slope ~—0.85 should be obtained, in contrast with the hydro-
static strain (Fig. 3a). As the hexagonal lattice constant of the
SLG is smaller than the Bi,Se; lattice constant (Fig. 3c), the
Bi,Se; epitaxial film should experience in-plane tensile strain
and compressive strain parallel to the c-axis.' Indeed, due to the
hexagonal honeycomb lattice of graphene (the lattice constant
agr = 2.46 A), the stacking pattern between single layer gra-
phene and Bi,Se; with surface Se atoms in the hollow centres of
carbon hexahedral rings (Fig. 3c) has the lowest binding energy
and thus is a stable structure.*® The relationship between Bi,Se;
and graphene lattice parameters is agi,se, = @grV/3. For this
stacking order the lattice mismatch for Bi,Se; (tensile strain) is
2.9%. The experimental value of lattice parameter ¢ for 11 nm
Bi,Se; film deposited on graphene, extracted from the most
intensive XRD peaks 006 (20506 = 18.584°) and 0015 (204015 =
47.615°) (Fig. 1b), is equal to 28.624 A, which is less than the
lattice constant for the relaxed bulk value (28.636 A).*® However,
it is worth mentioning here that the obtained experimental
value may differ from the real crystal lattice parameter. The
accurate evaluation of lattice parameters in our case cannot be
performed because amorphous quartz used as the supporting
substrate for the graphene/TI heterostructure does not possess
any XRD reflections which can be used for the precise posi-
tioning of the sample in the XRD goniometer.

Thus, the approach to the separation of the origin of strain in
PVD-deposited ultrathin Bi,Se; films on quartz and SLG
substrates based on the correlation analysis of Raman mode
behaviour is as follows (Fig. 3d): scatter of the experimental
A%, vs. E datapoints along the solid line with a positive slope
(~0.85) is associated with simultaneous compression or exten-
sion both in-plane and along the c-axis (hydrostatic strain); in
turn, scatter of these datapoints along the dashed line with
a negative slope (~—0.85) is associated with the biaxial in-plane
strain caused by the lattice mismatch of the heterostructure
layers.

It is important to note here that the scattering of experi-
mental datapoints for thicker Bi,Se; films synthesized on quartz
and graphene substrates retained the claimed behaviour and is
discussed in ESI S5.F

As was pointed out above, the Raman technique has the
advantage of providing non-contact probing of physical prop-
erties and provides access for simultaneous measurements of
materials in heterostructures. Therefore, the developed theory
of Raman scattering in SLG allows calculation of the lattice
parameter of graphene in the studied heterostructures based on
the correlation analysis of 2D and G band positions.* In turn,
the Bi,Se; in-plane lattice parameter can be calculated accord-
ing to the atomic arrangement presented in Fig. 3c. Thus, the
in-plane strain in Bi,Se; film deposited on graphene can be
evaluated. It is worth mentioning that this approach is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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applicable only to thin coherently strained films. Indeed, the
crystal size calculation for 11 nm thick film from the 006 XRD
reflection (ESI S67) is in good agreement with AFM thickness
measurements. Thus, the coherence condition is satisfied.

Fig. 4 shows the dependency of the 2D band on G band
positions for graphene with Bi,Se; ultrathin films of different
thicknesses deposited on it.

It was previously shown that the position of the G band of
graphene does not depend on the wavelength of the excitation
laser,* whereas the 2D band has dispersion dPos(2D)/dwy, ~ 100
cm ! eV .2 Considering the nondispersive behaviour of the G
band and using the dispersion together with the known posi-
tion of the 2D band for the ideal unstrained and undoped
graphene excited with 514 nm wavelength, ~2677 cm™' 2%
Raman shifts of G and 2D bands (the purple star mark (X =
1577.5 em ', Y = 2698 cm ) for the ideal graphene excited
with 473 nm wavelength were obtained.

The Raman band shift related to the biaxial strain in the
ideal graphene with a fixed charge carrier concentration is
represented by the bold solid line (the slope of ~2.2). In turn,
the change of charge-carrier concentration at a fixed biaxial
strain in ideal graphene is represented by a bold dashed line
(the slope of ~0.7).%

It is important to note that the strain and charge carrier
concentration in CVD-grown graphene transferred on the
surface of a solid substrate depend on transfer conditions and

Charge carrier concentration (x10'2 cm?)
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Fig.4 Position of the 2D band as a function of the G band position for
graphene/Bi,Ses heterostructures with different thicknesses of Bi,Ses
(listed in the inbox) deposited on graphene. The purple star mark is the
position of unstrained and undoped graphene.?*4° The central large
symbols of the same color as the marks of the samples represent the
averaged value for 400 spectra recorded for each sample and its
standard deviation in AG and A2D, respectively. The bold solid line
(with a slope of ~2.2) passing through the purple star mark is
responsible for the biaxial strain in the ideal graphene. Solid lines (with
a slope of ~2.2) parallel to the bold solid line are responsible for the
biaxial strain with fixed charge carrier concentrations. The bold dashed
line (with a slope of ~0.7) passing through the purple star mark is
responsible for the charge carrier concentration in the ideal graphene.
Dashed lines (with a slope of ~0.7) parallel to the bold dashed line are
responsible for the charge carrier concentration with fixed biaxial
strain.
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may vary from experiment to experiment, and even within the
same sample.***® In accordance with the experimental Raman
data (Fig. 4), SLG from the sample with 8 nm Bi,Se; deposited
on it is the most strained (yellow datapoints); then for the 3 nm
thick film (red datapoints) graphene is slightly relaxed, whereas
for the 11 nm thick film (cyan datapoints) graphene can be
considered as completely unstrained. In compliance with the
atomic arrangement presented in Fig. 3c, the in-plane strain in
Bi,Se; films behaves in the opposite manner (11 nm thick film
on graphene is the most tensile strained, then 3 nm and, finally,
8 nm thick film).

The larger tensile in-plane strain should lead to the larger
red-shift of the E; Raman mode (in-plane vibrations). Indeed,
that kind of a pattern is observed in the experimental data
(Fig. 3b). In line with this logic, the 11 nm thick film on gra-
phene should have the most blue-shifted A7, Raman mode (out-
of-plane vibrations), but the experimental observation contra-
dicts this prediction. This contradiction can be resolved by
taking into account the thickness dependency of the
A, position, see the inset of Fig. 4. Indeed, such dependency is
usually observed for Bi,Se; films and explained by mechanisms
other than strain such as charge transfer, spin-orbit coupling,
confinement effect, and intersurface coupling.*"** It means that
these mechanisms have a much stronger influence upon the
position of the A7, mode than the strain itself.

Even though the absolute value of the Raman shift cannot be
directly linked to the strain in the films, the deviation of the
strain can be calculated from the approach discussed above. In
the framework of this approach, the distribution of the experi-
mental data points along the negative slope in Fig. 3b should be
associated with the distribution of graphene lattice parameter.

Using the proposed strain separation method (Fig. 3d), the
PDP for the thinnest Bi,Se; (3 nm) film deposited on graphene,
where the film is fully strained by the substrate and strain is
considered to be coherent across the thickness,*3****** can be
calculated. This calculation is based on a simple idea. The in-
plane tensile strain in 3 nm thin Bi,Se; associated with the
negative (~—0.85) slope originates only from the lattice
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mismatch between the graphene and Bi,Se;. Therefore, the
change in the Bi,Se; lattice parameter is directly related to the
change in the graphene lattice parameter (see Fig. 3c). Thus, the
variation of the graphene lattice parameter can be easily
transformed into variations of the Bi,Se; plane lattice parame-
ters. In combination with the variations of the A}, and E; shifts,
the PDP values of these modes for the Bi,Se; in-plane strain can
be obtained. The detailed step-by-step description of the PDP
calculation is presented below.

For the strain range evaluation of the graphene layer in the
SLG/Bi,Se; heterostructure with the 3 nm thick Bi,Se; layer
such a Aw,p/Awg Raman data difference is plotted in Fig. 5a.

Two dashed lines with a slope of ~0.7 were drawn through
the upper and lower points of the 2D vs. G plot to the inter-
section with the bold solid line (with a slope of ~2.2) as shown
in Fig. 5a. The strain range variation of the graphene layer can
be calculated by determination of the difference Awg between
the intersection points of the lines with a slope of ~0.7 with the
bold solid line, and the G band position for the ideal SLG
(Fig. 5a, purple star mark), followed by dividing the calculated
Awg values by the averaged sensitivity factor for the G band
(—69.1 + 3.4 cm '/%*). Following the strain calculation
procedure for the graphene layer in the SLG/Bi,Se; hetero-
structures described above, the graphene strain range from
—0.165% to —0.078% for the SLG/Bi,Se; heterostructure with
the 3 nm thin Bi,Se; layer was determined. The lattice param-
eter of the strained graphene ag,® ™ was found to vary from
2.456 to 2.458 A. Using these values, the lattice parameter for
the Bi,Se; layer in the SLG/Bi,Se; heterostructure
agiyse,” "™ = ag:° "™+/3 was found to vary from 4.254 to 4.258
A, which is equal to 2.80 to 2.89% tensile strain in the 3 nm
thick Bi,Se; film (ab'¥, =4.138 A). The A, vs. Eg plot for the 3
nm thick Bi,Se; film deposited on SLG is shown in Fig. 5b. The
dashed line with a slope of ~—0.85 indicates the in-plane
tensile strain introduced by Bi,Se; and graphene lattice
mismatch, and is associated with the blue and red shift of
Aj, and E; modes respectively, which is consistent with other

reports.’” Raman shifts corresponding to AE; and
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(a) 2D vs. G dependency of the graphene layer in the SLG/Bi,Ses (3 nm) heterostructure. The purple star mark is the position of unstrained

and undoped graphene.?*4° The bold solid line (slope ~2.2) is related to the biaxial strain in the ideal graphene. Dashed lines (slope ~0.7) are the
change of charge-carrier concentration while biaxial strain is fixed; (b) Afg Vs. ES dependency for 3 nm Bi,Ses film deposited on graphene. The
solid line (slope ~0.85) is related to the hydrostatic strain distribution. The dashed line (slope ~—0.85) is related to the strain caused by graphene

(lattice mismatch).
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AA}, estimated from Fig. 5b are equal to 0.68 cm ' and 0.62
ecm™ ', respectively. This results in PDP values for biaxial in-
plane strain for 3 nm thin Bi,Se; film deposited on graphene of
—7.64 cm™'/% for the in-plane mode and —6.97 cm™'/% for the
out-of-plane mode.

Finally, let's compare our findings for PDP in Bi,Se; with the
literature results. In ref. 24 the A3, E3, and Aj, modes are red-
shifted with increase of applied strain and the Raman shift
strain coefficient of the Aig mode is —1.68 cm ™ !/%, for the 79
nm thick film. A similar value for a 100 nm thick nanoribbon
value has been reported in ref. 25 where the authors found the
PDP (or the Raman shift strain coefficient) of A, to be —1.78
cm™ '/%. As mentioned by the authors of ref. 24 and 25 these
values are already much larger than those reported for bulk
materials,* which implies strong inverse dependence of PDP on
thickness.?® Therefore, our results for the 3 nm thick film
correspond to this tendency. Moreover, we evaluated the Raman
shift strain coefficient of Afg for the 2 nm Bi,Se; thick film based
on the estimated deformation given in ref. 24, which varies with
the film thickness, ~—4.83 ¢cm '/%. Considering the strong
dependence of PDP (Raman shift strain coefficient) on the
thickness together with 2 times difference in the out of plane

strain for the same applied in-plane stress, el = 2 x
goniaxial | (hlease see the ESI of ref. 24 and 45), we conclude a very

good correlation of our results with those reported in the cited
literature. It is worth mentioning that in both references
considered, ref. 24 and 25, single spectra have been measured
which may cause uncertainty in the measured value. In
contrast, the proposed approach of strain separation using
datapoint scatter along the straight lines with certain slopes is
more statistically reliable than those presented previously***®
since the tensile in-plane strain applied to the Bi,Se; ultrathin
film originates from the lattice mismatch between the film and
graphene, as well as the calculation process uses all data
recorded from a large area by the Raman mapping technique.
The application of the proposed method of PDP calculation
makes it possible to estimate this coefficient regardless of the
deformation type (both under compression and tension) in the
system (Fig. 3d).

Conclusion

The method of separation of two different origins of strain
(hydrostatic and in-plane tensile caused by lattice mismatch)
using Raman data analysis is developed and applied to Bi,Se;
films PVD-grown on quartz and CVD-graphene substrates. All
samples were investigated using the Raman mapping technique
over a 20 x 20 pm?* area. The correlation analysis of Afg and
Eé position modes revealed that films grown on a quartz
substrate experienced a hydrostatic strain distribution, which is
evidenced by the location of A7, vs. E; points along the line with
a slope of ~0.85 which is in good quantitative agreement with
the ratio of Raman shift hydrostatic pressure induced coeffi-
cients reported in the literature. The Bi,Se; films deposited on
SLG substrates experience additional in-plane tensile strain,
originating from the lattice mismatch between the graphene
and Bi,Se;, accompanied by compression in the c-axis. The

© 2021 The Author(s). Published by the Royal Society of Chemistry
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approach for the separation of these two types of strain, based
on the analysis of A7, vs. E; datapoint scatter, is proposed.
Application of the proposed strain separation approach for the
calculation of phonon deformation potential for the thinnest
Bi,Se; (3 nm) film on graphene, where the film is fully strained
by the substrate and strain is considered to be coherent across
the thickness, is demonstrated. The PDPs for biaxial in-plane
strain of the Bi,Se; 3 nm film in in-plane and out-of-plane
modes were calculated to be —7.64 cm™ /% and —6.97 cm ™ /%,
respectively.
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