L)

Check for
updates

FULL PAPER MATERIAL

www.advopticalmat.d

Enhanced Optical Emission from 2D InSe Bent onto

Si-Pillars
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Oleg Makarovsky, Mahabub A. Bhuiyan, Hyunseok Kim, Ting-Yuan Chang,
Diana L. Huffaker, Zakhar D. Kovalyuk, Lijun Zhang,* and Amalia Patané*

Controlling the propagation and intensity of an optical signal is central

to several technologies ranging from quantum communication to signal
processing. These require a versatile class of functional materials with
tailored electronic and optical properties, and compatibility with different
platforms for electronics and optoelectronics. Here, the inherent optical
anisotropy and mechanical flexibility of atomically thin semiconducting
layers are investigated and exploited to induce a controlled enhancement

of optical signals. This enhancement is achieved by straining and bending
layers of the van der Waals crystal indium selenide (InSe) onto a periodic
array of Si-pillars. This enhancement has strong dependence on the layer
thickness and is modelled by first-principles electronic band structure theory,
revealing the role of the symmetry of the atomic orbitals and light polarization

range of quantum phenomena.’? These
2D crystals have strong covalent atomic
bonding in the layer planes and vdW
attraction between the layers, enabling
the exfoliation from bulk crystals of high-
quality thin films with tailored electronic
and optical properties. Within the vast
family of vdW crystals, the search for trans-
formative materials beyond graphene has
led to the rapidly growing development of
the metal chalcogenide indium selenide,
InSe. This 2D semiconductor has a band
gap energy that increases markedly with
decreasing layer thickness down to a single
layer,> resulting into a high, broad pho-

dipole selection rules on the optical properties of the bent layers. The effects
described in this paper are qualitatively different from those reported in other
materials, such as transition metal dichalcogenides, and do not arise from

a photonic cavity effect, as demonstrated before for other semiconductors.
The findings on InSe offer a route to flexible nano-photonics compatible

with silicon electronics by exploiting the flexibility and anisotropic and wide tor

spectral optical response of a 2D layered material.

1. Introduction

Atomically thin layers of van der Waals (vdW) crystals and their
heterostructures offer opportunities to study and exploit a wide

toresponsivity that extends from the ultra-
violet (UV) to the infrared (IR) range.®
Furthermore, the low effective mass of the
conduction band (CB)® leads to a high
room temperature electron mobility, larger
than that in Si-based field effect transis-
5012131 These properties make InSe
an ideal compromise between semicon-
ducting Si and high-mobility graphene for

2D digital electronics and optoelectronics.
The fundamental science of 2D InSe is an exciting research
field with recent breakthroughs emerging from its unique elec-
tronic band structure. This differs qualitatively from that of
many other 2D materials, such as the widely studied transition
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metal dichalcogenides (TMDCs): the CB edge states of InSe
arise from antibonding In s-states, whereas the top valence
band (VB) consists of Se p,-like orbitals.*'*"] Thus, band edge
excitons tend to couple preferentially to light polarized along
the z-direction (or c-axis), rather than along the xy-plane as for
TMDCs. Mechanical strain can modify these properties:[16-20]
2D vdW crystals can sustain high strain in reversible fashion
due to their large mechanical flexibility23 and, amongst
them, InSe is one of the most flexible systems with a small
Young’s modulus (23.1+ 5.2 GPa)?!l and a bandgap energy that
is very sensitive to strain.”’l Thus, InSe represents a promising
system to explore and exploit the effects of strain on electronic
and optical properties.

Here, we report on the modulation of the optical properties
of atomically thin InSe layers under controllable bending condi-
tions achieved by exfoliation and transfer of InSe flakes onto a
periodic array of Si-pillars. We show a site-specific, reproducible
bending of individual flakes onto the pillars and corresponding
enhancement of the Raman and photoluminescence (PL) sig-
nals. We explain these findings by first-principles calculations
of the electronic band structure of 2D InSe, revealing the role
of the strain and geometrical shape of the bent flakes. Our
approach to this optical enhancement differs from previous
works that used randomly distributed nanoparticles or wrinkles
to texture the layers.'*1) The effects described in this paper are
also qualitatively different from those reported in other mate-
rials: they do not arise from localization of carriers and/or
non-homogeneous strain intentionally created by transferring
the layers onto dielectric pillars; and they do not arise from a
photonic cavity effect, that is, from light interactions with sub-
wavelength dielectric cavities. Our studies of bent InSe layers
with a well-defined geometry demonstrate how the orbital
symmetry of the band-edge states and light polarization dipole
selection rules affect the optical enhancement for different
layer thickness and/or bending. The measured enhancement of
the optical signal by more than a factor of 10 in the thinnest
layers (=2 nm) offers a route to the controlled modulation of the
optical properties of atomically thin semiconductors for flexible
optoelectronics, compatible with complementary metal oxide
semiconductor technology and planar optical waveguides.

2. Results and Discussion

2.1. Fabrication and Topography of Multiple InSe Layers Bent on
Si-Nanopillars

Figure la shows our fabrication method to bend thin InSe
layers onto a periodic array of Si pillars. The InSe flakes are first
mechanically exfoliated from a Bridgman-grown bulk crystal of
#InSe onto a polydimethylsiloxane (PDMS) film. The PDMS/
InSe film is then loaded onto a micromanipulator and trans-
ferred onto the pre-patterned Si-substrate. Finally, the PDMS is
mechanically peeled off. Figure 1b,c shows scanning electron
microscopy (SEM) images of the pre-patterned Si-substrate.
The Si-pillars are patterned using electron beam lithography
(EBL) and dry etching (see Section 4). They are equally spaced
by a distance d = 3 um and have an average height, h = 120 nm,
and width, w = 120 nm.

Adv. Optical Mater. 2020, 2000828 2000828 (2 of 9)

www.advopticalmat.de

InSe layers of different thickness t were identified by optical
microscopy (Figure S1, Supporting Information) and SEM, and
then transferred onto the pillars. Figure 1d,e shows the SEM
images of a bulk InSe flake (t > 20 nm) over a periodic Si-pillar
array, revealing brighter spots at the location of the pillars.
SEM images acquired by viewing the InSe flake at a tilt angle
of 40° to the electron beam (Figure 1f) indicate that the flake is
tensed over each pillar with a bending that extends over a radial
distance of approximately ~500 nm. We observe similar SEM
images for atomically thin InSe layers, as shown in Figure 1g—i
for an InSe flake with t = 5 nm. We obtain the topography of
the bent layers by atomic force microscopy (AFM). Figure 1l,m
shows AFM images and the height line profile for the same
InSe flake imaged by SEM in Figure 1i. The bent flake has a
nearly round base; its maximum height, z,, is reached at the
centre (ry) of the pillar and corresponds approximatively to
the pillar height h. The height line profile is well reproduced
by a Gaussian profile, that is, z = z, exp[—(r—r,)?/2b%, where
b =425 nm and z, = h = 118 nm (Figure 1m). A similar profile
was obtained for thicker InSe flakes (t > 20 nm) (Figure S2, Sup-
porting Information). The bending of the flakes can be varied
by changing the height of the nanopillars (Figure S2, Supporting
Information). For example, for shorter pillars (h = 64 nm), the
height line profile is described by a Gaussian with b = 260 nm
and z, = h = 64 nm. The reproducible topography of the bent
flakes on different pillars within an array demonstrates that the
method of fabrication is reliable, suggesting that the shape of
the bent flakes is determined primarily by the elastic proper-
ties of InSe and its good adhesion to Si due to attractive vdW
interactions.

2.2. Nanoscale Spatial Modulation of Raman
and Photoluminescence Signals

We have conducted PL and Raman studies of InSe flakes of dif-
ferent thickness t. The value of t was determined prior to the
transfer of the flake onto the Si-pillars by microPL (UPL) spec-
troscopy using a confocal microscope. The room temperature
(T = 300 K) PL peak energy, Ep, is due the band-edge exciton
and is very sensitive to the layer thickness: it increases from
Epp = 1.25 eV for t > 20 nm to Ep; = 1.72 eV for ¢t = 2 nm; cor-
respondingly, the intensity of the PL signal decreases markedly
as t is decreased below t = 10 nm due to an direct-indirect band
gap crossover.>® Figure 2a shows representative room tem-
perature UPL spectra and the color maps of the PL and Raman
intensity for an InSe flake with £t = 9 nm. An enhancement of
both PL and Raman signals can be clearly seen at the position
of the Si-pillar. The pillars are well separated from each other
and the width (=100 nm) of each pillar is smaller than the wave-
length (<1000 nm) of the emitted photons. Thus, an InSe layer
bent onto the pillar acts effectively as a point-like source whose
submicron size is limited by light diffraction. Due to the small
width of the pillars, it is not possible to resolve the spatial distri-
bution of the light intensity within each pillar.

First, we examine the PL spectra of flakes with different
thickness t (Figure 2b). These experiments were conducted
with incident light polarized in the layer plane and using a
back scattering geometry. We used a laser excitation energy of
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Figure 1. InSe layers on a periodic array of Si-pillars. a) Two-step fabrication: i) Mechanical exfoliation of an InSe flake on PDMS followed by ii) all-dry
transfer of the flake on a periodic array of Si-pillars. b,c) SEM images of Si-pillars (width w; height h). Scale bar: b) 3 um and c) 100 nm. d—f) SEM images
of a bulk InSe flake (¢ > 20 nm) on Si-pillars. Scale bar: €) 3 um and f) 500 nm. g—i) SEM images of an InSe flake (t = 5 nm) on Si-pillars. Scale bar:
h) 3 um and i) 500 nm. I) 3D AFM image for the InSe flake shown in part (g). m) 2D AFM image and height line profile (blue: data; red: Gaussian fit)
for an InSe flake over a Si-pillar. For comparison, the height profile for a Si-pillar is also shown (black). Scale bar: 1 um.

Eeye =2.33 eV (A =532 nm) close to the energy of the interband
optical transition (E, = 2.4 eV) between the p,..-like orbitals in
the VB and the s-like CB states of bulk yInSe.”l Compared to
the band-edge exciton energy, E,, the energy of the E, transition
depends less strongly on the layer thickness and increases only
when t is reduced below t = 5 nm.l The PL intensity enhance-
ment ratio, I,,/I,,, depends on the thickness of the flake with
values ranging from I,/ . = 2 for bulk flakes (t > 20 nm) to
Ion/Iout > 10 for thin flakes with ¢t = 2 nm (Figure 2b). The uPL
spectra in Figure 2a,b show that the PL peak energy is only
slightly red-shifted (<5 meV) at the site of the pillar. Figure 2¢,d
shows the data of I,,/I, versus photon energy (Figure 2c) and
t (Figure 2d), as obtained for InSe layers bent on single pillars.
These illustrate that the PL enhancement is significantly larger
for t < 5 nm (or PL peak energy E > 1.6 eV).

The scatter in the data of Figure 2c,d suggests that the PL
properties of the bent flakes could also be influenced by crystal
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defects (e.g., ruptures, wrinkles, etc). For example, although
the uPL is always enhanced on the pillars, the PL enhance-
ment can vary across the array. This can be seen in the inset
of Figure 2c showing the overlap between an optical image of
an InSe flake after its transfer over the pillars and the corre-
sponding color map of the UPL intensity. Furthermore, the PL
studies at low temperature (T = 8K) indicate an enhancement
of the PL emission on the pillars, although less pronounced
than at RT (Figure S3 and S4, Supporting Information). At low
T, the PL emission is broad both within and outside the pil-
lars and originates from carrier recombination from localized
states due to native dopants and donor-acceptor pairs.[26-28]
The spatial modulation of the PL signal is accompanied by a
corresponding variation of the Raman signal. Figure 3a shows
representative Raman spectra for flakes of thickness t = 5 nm,
t=9 nm and ¢ > 20 nm at different locations, inside and outside a
pillar. The Raman signal decreases with decreasing layer thickness

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Enhanced optical emission from InSe on Si-pillars. a) Color maps of the micro-photoluminescence (UPL) and uRaman intensity for an InSe
flake (t =9 nm) on a Si-pillar (scale bar = 2 um). The PL intensity is mapped at an energy E = 1.31 eV corresponding to the peak energy of the PL
spectrum (A =633 nm, P=10"° W). The uRaman intensity is integrated over the frequency range v=100-300 cm™' (A =532 nm, P=10"° \W). The cor-
responding UPL spectra inside (ON) and outside (OUT) the pillar are shown in the right inset. b) Room temperature LPL spectra inside and outside
a Si-pillar for flakes of thickness from t =2 nm to t > 20 nm (1= 532 nm, P=10"° W). c) Ratio I,,/loy of the PL intensities in and outside Si-pillars of
average height h =120 nm versus the PL peak energy for InSe flakes of different thickness t (T = 300K, A =532 nm, P =10"% W). Inset: optical image
of an InSe flake (t =18 nm) on a Si-pillars array overlapped onto the color map of the UPL intensity (scale bar = 3 pm). d) Dependence of I,/ on t.

due a reduced absorption coefficient and no Raman signal could
be detected for t < 5 nm. The Raman spectra reveal distinctive
modes peaked at 116, 176, 201, and 228 cm™. These correspond
to the A/(TY), E(D)-TO/E’(TY), A([y)-LO, and A/(Y)
vibrational modes of InSe, respectively (Figure 3Db).2>3% The
enhancement of the Raman signal on the pillars is stronger in the
thinnest layers and is of the same order of magnitude as observed
in PL (Figure 2b,c). In particular, the A,”(T'})-LO mode at 201 cm™
tends to be more strongly enhanced. We have observed a small shift
to lower frequencies (by up to 1 cm™) of specific Raman modes
(e.g., F'(T3)-TO/E” (%) at 176 cm™, A,”(T4)-LO at 201 cm™,
Ay(T?%) at 228 cm™) at the location of the pillars (Figure 3a, inset).
These modes involve out-of-phase vibrations of the In—-Se bond
within each vdW layer, as sketched in Figure 3b. Thus, we assign
this shift to a change of the In—Se intralayer bonds.
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2.3. Modelling the Enhanced Optical Emission: Geometrical
and Strain Effects

To explain our observations, we perform density functional
theory (DFT) based calculations and examine the role of the
geometrical shape of the flake and strain on the electronic
states and light polarization properties. As shown in Figure 1,
our InSe layers are tensed over the pillars with a well-defined
profile described by a Gaussian with a maximum curvature
K =2zo/b* =7 x 10~ nm™L The corresponding shift of the Raman
peaks (Figure 3) supports a strain-induced change of vibrational
and electronic properties.'*=>>31 The bent layers are subject to a
weak tensile and compressive strain in the outer and inner sur-
faces, respectively, which reduces the band gap energy (Figure S5,
Supporting Information). Our calculated reduction of the

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Enhanced Raman scattering in InSe nanoflakes on Si-pillars.
a) Room temperature (T = 300K) Raman spectra inside and outside a
Si-pillar of average height h =120 nm for InSe flakes of thickness t > 20 nm
(top), t=9 nm (middle), and t =5 nm (bottom). The top inset illustrates
three Raman modes (A =532 nm, P=10"° W). b) Sketch of the Raman
vibrational modes measured in part (a).

band gap energy is in line with the measured energy shift
(<5 meV) of the PL peak in the bent flakes. Due to the small cur-
vature of the bent flakes, strain affects only weakly the electronic
band structure. However, the geometrical shape of the flake
modifies the strength of optical transitions, as discussed below.
First, we note that for unbent InSe the band edge absorp-
tion dipole couples only weakly with light polarized in the
layer plane, that is, for an electric field dipole E perpendicular
to the c-axis (ELc).**1] Spin-orbit coupling (SOC) makes pos-
sible this coupling by mixing p,,-orbitals with p,-orbitals in the
valence band.l Hence, due to the preferential coupling of the
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electronic states to light polarized along the c-axis, that is, for
E||c, optical transitions are very sensitive to the bending of the
flakes. To account for this effect, we consider a simple model for
the PL emission. The relationship between the intensity of the
PL signal, Ip;, at the band gap energy E, and that of the exciting
radiation of intensity I, and energy E., can be written as

IPL (Eexc ’Eg ) = Pabs(Eexc ) X Prel(Eexc aEg) X Pem (Eg ) X Iex (Eexc) (1)

Here, P,,(Eex) is the probability that a photon of energy E.,
is absorbed by the InSe layer; Pi(E Eg) is the probability
that photogenerated electron-hole pairs relax toward the band
edge states giving rise to emission of photons of energy E,; and
Peyy(Eg) is the probability that photons of energy E, are emitted
after relaxation. Since Pyps(Eexc) and Pep(Ey) are proportional
to the absorption coefficient o(Eey) and o(E,), to examine the
PL intensity, we calculate the dependence of ¢ on the photon
energy, E, and on the orientation of the electric field dipole, for
example, ELc and E|lc. We express the optical absorption coef-

_ 2mIme(E)

ficient as o(E)= , where Ime is the imaginary part of

ni
the dielectric function, n is the refractive index, and A is the

photon wavelength. We calculate Ime using first-principles
calculations of the electronic band structure at highly dense
k-points in the Brillouin zone with the inclusion of SOC
(see Section 4).

Figure 4ab shows the E-dependence of Ime for Elc
(Figure 4a) and E||c (Figure 4b) for InSe layers of different thick-
ness. For Elc, Ime increases with increasing E, more strongly
for E > 4 eV; only a weak increase of Ime can be seen at the
band gap energy, E,. For E||c (Figure 4b), the value of Ime s sig-
nificantly enhanced compared to ELc. To examine the absorp-
tion in the bent layers, we refer to Figure 4c, which sketches
the orientation of the layers with respect to the incident light.
We define the component of the absorption coefficient cou-
pled to light polarized in the layer plane as ¢, The value of
o within (o) and outside (ah) a pillar can be expressed
as o =cosfa, +sinf¢; and ot =a, respectively, where o
and ¢ are the absorption coefficients for E1lc and E||c, respec-
tively, and 6 is the bending angle. The value of 6 for the bent
flakes in Figure 1 varies from 0 to =9°. Correspondingly, the
ratio o /o increases from 1 for 6 = 0 to =3 for = 9°. To
model the PL enhancement (I,,/ I, on the bent flakes, we use
Equation (1) and calculate I, by integrating o2 over the bent
surface of the flakes. For the unbent flake, we calculate I, by
integrating o on a flat surface with an area equals to that of
the bent one. Thus, we obtain:

I /Lo = C + CR () R (Ea) + G5 R(Ey) + R(Ee) | 2)

where R(Ey) = 0(Ey)/ 0 (Eg), R(Eexe) = @) (Eexd)/ 0 (Fexe) and G, C,
and C; are numerical coefficients (see derivation in Supporting
Information, Section S5). Using Equation (2) and the calculated
layer thickness dependences of R(E) and R(E,) (Figure S7, Sup-
porting Information), we derive the dependence of I,,/I,,; on t and
E.... Due to the small curvature of the bent flakes (i.e., the bending
angle, 6, for our bent flakes is always less than 9°), in the analysis
of the PL intensity we neglect any change of collection efficiency of
the emitted photons compared to that for unbent layers.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Modelling optical properties of bent 2D InSe. Imaginary part of the dielectric function, Img, for an electric field dipole E a) perpendicular and
b) parallel to the c-axis. Different curves correspond to InSe layer thicknesses from t =1 layer to t = 9 layers. The band gap energy and excitation energy
are labeled as E; and E, respectively. c) Scheme of how the effective absorption coefficient o for light polarized in the layer plane is enhanced on

the pillar region (orgf) compared to the region outside the pillar (agh). The values of o for ELc and E||c are ¢ and o, respectively. d) Calculated and
measured dependence of the photoluminescence enhancement ratio, I,,/lou1, on the number of InSe layers (E,. = 2.33 eV).

Figure 4d shows the calculated value of I/l for Ee. =
2.33 eV (as used in the experiment) and a range of layer thick-
nesses t ranging from 2 to 9 layers. Our models predict an
enhancement of the PL signal, which is of the same order of
magnitude as measured in our experiment. Furthermore, the
corresponding enhancement of the Raman signal is in line
with the larger optical absorption expected in the bent layers
(S6, Supporting Information). The deviation of the model
from the data for larger t may arise from the contribution
of light scattering around the edges of the pillars (Figure S1,
Supporting Information) and limitations of our model, which
does not consider disorder effects. In particular, the band edge
recombination is very sensitive to the layer thickness due to
quantum confinement and strong interlayer coupling in the
InSe nanosheets.332

The PL enhancement on the bent flakes, I/l depends
on the photon excitation energy, Ee.. This can be understood
by considering the dependence of I,,/I,, on E., for different
layer thicknesses. Figure 5a,b shows the calculated dependence
of I/ Iou: 01 Eey for 2 and 4 InSe layers and the corresponding
values of Ime for E||c and Elc within the same energy range.
It can be seen that a strong PL enhancement is observed over

Adv. Optical Mater. 2020, 2000828 2000828 (6 of 9)

an energy range between the band gap E, and E,. As shown in
Figure 5c,d, E, corresponds to the energy of the optical transi-
tion between the CB minimum and the second VB maximum.
Whereas the states of the VB maximum are made predomi-
nantly of p,-orbitals, states from the deeper VB comprise of
pxy-orbitals. Thus, optical transitions with E, < Ee < E, are
most favorable for E|lc and hence most affected by bending the
layers. In particular, an excitation energy from Ej to E, results in
the strongest PL enhancement. This is realized experimentally
in our 3 layers (t = 2 nm) InSe flake revealing a large value of
Ion/Tou =10 for E, < Ey < E;. Thus, for a given excitation energy,
the calculated PL enhancement ratio I,,/I,, can exhibit a non-
monotonic dependence on t (Figure 4d). This non-monotonic
dependence is not observed in the experiment, suggesting that
additional effects may contribute to the measured data, such as
carrier relaxation processes.

The spatial modulation of the PL emission from InSe over the
Si-pillars is qualitatively different from that reported for single
and bi-layer TMDCs.?*#I In TMDCs sharp emission lines are
observed at low-temperature and assigned to the recombination
of excitons from localized states. These arise from crystal defects,
non-homogeneous strain and/or nano wrinkles intentionally

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Photoluminescence enhancement: dependence on the photon excitation energy. a,b) Calculated photoluminescence enhancement, I,,/lous
as a function of the photon excitation energy for a) 2 and b) 4 InSe layers and corresponding dependence of Ime for E||c and ELc in the same energy
range. The bandgap energy, E,, and the energy of the optical transition between the conduction band minimum and the second valence band edge,
E,, are indicated by black vertical dash lines. The excitation energy E = 2.33 eV used in the experiment is indicated by a vertical dash line crossing all
curves. ¢,d) Projected band structure with p, and p,., orbitals of c) 2 and d) 4 InSe layers. The p, and p,., orbital components are represented in green

and blue, respectively. The E, and E; transitions are marked by arrows.

created by exfoliating and/or transferring the TMDCs onto
nanopillars, rough metallic surfaces coated with dielectrics, and/
or created by intentionally structural damage of the layers. As
shown in Figure 2, for InSe the modulation of the PL signal over
the pillars occurs at room temperature, but the PL peak energy
and linewidth do not change significantly. Thus, we exclude a
dominant localization of the exciton in the layer plane due to the
pillars and/or an exciton funnel effect, as observed in TMDCs.*!

Optical resonances can occur when light interacts with sub-
wavelength dielectric cavities, as reported in WSe, layers coupled
to dielectric nano-antennast*! and in vertical, small aspect-ratio
and subwavelength Si-pillars.¥] The Q-factor of the resonances
depends on their morphology, geometry, and density. For our
Si-pillars, the enhancement of the Raman signal from Si (=1.3)
(Figure S8, Supporting Information) is always smaller than that
observed for the bent InSe flakes (up to a factor 10). Further-
more, the enhancement factor of both Raman and PL signals
for the bent InSe flakes depends on the InSe layer thickness.
Thus, we exclude that our observations arise merely from a
photonic cavity effect, which could be enhanced using pillars
with a different geometry and/or dielectric material.

In previous work,”! Gisbert et al. reported an enhanced
optical emission from InSe flakes exfoliated onto agglomerates
of SiO, nanoparticles. The measured enhancement of the optical
emission was explained by the combined effect of light scattering
by the nanoparticles and anisotropic light-matter interactions.
Although this surface texturing approach represents a prom-
ising strategy for controlling optical signals, the use of randomly
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distributed nanoparticles to texture a 2D layer is difficult to repro-
duce and quantify. Our data and analysis for InSe layers bent onto
Si-pillars reveal that the orbital symmetry of the band-edge states
and light polarization dipole selection rules play the main role
in the enhancement of the optical signal. This is a reproducible
effect that is strongly dependent on the geometrical shape and
thickness of the bent layers. For example, the PL enhancement for
flakes transferred on shorter nanopillars tend to become weaker
due to the reduced bending angle (S2, Supporting Information).

3. Conclusion

In conclusion, we have demonstrated the deterministic posi-
tioning of 2D InSe flakes of different thickness onto a periodic
array of Si-pillars. We have shown a reproducible bending of
the layers, which causes a nanoscale spatial modulation of the
Raman and photoluminescence signals across the array. DFT
based calculations were used to model the measured effects
and account for the role of the geometrical shape and strain of
the flake on the electronic states and light polarization proper-
ties. While the strain plays a negligible role in our flakes due
to their small curvature, the geometrical shape significantly
modifies the integrated light emission intensity, which can be
understood by taking into account the orbital symmetry of the
band-edge states and light polarization dipole selection rules.
Our data and analysis indicate a route toward the controlled
modulation of optical properties by bending the flakes, which is

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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dependent on the layer thickness, optical excitation energy, and
light polarization. The proposed integration of 2D InSe with Si
nanostructures exploits the flexibility of this 2D material and
its compatibility with Si-platforms for electronics and optoelec-
tronics. Future developments include the transfer of the flakes
onto flexible substrates with optical waveguides for the revers-
ible modulation of optical signals and their further enhance-
ment for specific technologies.

4. Experimental Section

Fabrication of Si-Pillars: The Si-pillars were fabricated by EBL and dry
etching on 4-inch Si(100) wafers. Following the spin coating of e-beam
resist (ZEP520A diluted with ZEP-A by a volume ratio of 2:1) and e-beam
writing, the resist was developed using a ZED N-50 developer. Then,
the Si substrate was etched using an inductively coupled plasma etcher
(Oxford 80Plus) by flowing 10 sccm of SFg, 25 sccm of CHF3, and 2 scem
of O,. The RF power and the chamber pressure for the dry etching were
set to 200 W and 30 mTorr, respectively. After the etching, the resist was
removed by cleaning with N-methylpyrrolidone at 80 °C, followed by
isopropyl alcohol rinsing, and N, blow-drying.

Exfoliation and Dry Transfer of InSe Flakes: The ypolytype InSe crystal
was grown using the Bridgman method from a polycrystalline melt of
In03Sepg7. The crystal structure was probed by X-ray diffraction using
a DRON-3 X-ray diffractometer in a monochromatic Cu-Ke radiation of
wavelength 1 = 1.5418 A. The y:phase of the InSe bulk crystals and thin
layers was further assessed by Raman spectroscopy studies.l’! The InSe
nanosheets were prepared from the as-grown crystals by mechanical
exfoliation. A two-step approach was used in which the flakes were first
thinned down with the aid of FO7 backgrinding tape from Microworld
and then transferred onto a PDMS film on a glass slide. This was
followed by dry-transfer of individual flakes onto the Si-pillars.

Microscopy and Optical Studies: The topography of the flakes was
examined by SEM using a JEOL-JSM-6610LV. AFM images were also
acquired in the tapping mode under ambient conditions using an
asylum research MFP-3D. The experimental set-up for the uPL and
URaman spectroscopy studies at room temperature comprised a
He-Ne laser (4 = 633 nm) and a frequency doubled Nd:YVO, laser
(A = 532 nm), an xy-z motorized stage and an optical confocal
microscope system equipped with a 0.5 m long monochromator with
150 and 1200 g mm™' gratings. For experiments at T = 8 K, the sample
was placed on the cold finger of a continuous gas flow cryostat mounted
on an x-y-z motorized stage. The laser beam was focused to a diameter
d =1 um using 50 x or 100 X objectives. The PL signal was detected by a
Si-charge-coupled device (CCD) camera. Thermal- and photo-annealing
in air can induce an oxidation of the InSe surface, which converts a few
surface layers of InSe into In,03.*I Thus, PL experiments were performed
at low excitation power (P < 0.1 mW) to avoid excessive heating and
surface degradation. Also, experiments were conducted on several
samples and the reproducibility of the data assessed by multiple studies.

First-Principles Modelling: First-principles calculations were carried out
within the framework of DFT by using the plane-wave pseudopotential
approach as implemented in the VASP code.*>*l The generalized
gradient approximation formulated by Perdew, Burke, and Ernzerhoft’]
was used as exchange-correlation functional. The electron-ion
interactions were described by using the projected augmented wave
pseudopotentials with the 5s25p'(In), 4s24p*(Se) treated explicitly as
valence electrons. The kinetic energy cutoff for the plane wave basis was
chosen to be 500 eV, with k-point grid spacing set to 27 x 0.03 A~ for
electronic Brillouin zone integration. To simulate multiple InSe layers, a
vertical vacuum space with the thickness of 15 A or more were adopted
to separate the layers from their periodic images. The interlayer distance
was optimized through total energy minimization including the vdW
interaction using the optB86b-vdW functional,*8l with the residual forces
on the atoms converged to below 0.05 eV A~'. For the optical studies
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requiring refined Brillouin zone sampling, extremely dense I'-centered
k-points mesh of 48 x 48 x 1,40 x 40 x 1, 36 X 36 x 1 and 32 x 32 x 1 were
used for 1-5 layers, 6-7 layers, 8 and 9 layers, respectively. To remedy
the band gap underestimation issue of DFT, a scissor operator with a
magnitude equal to the band gap energy difference between the value
calculated by DFT and that one from the measured PL was used. Spin-
orbital coupling was included. This introduced a significant change to
the orbital composition of the electronic states near the band edge, thus
affecting optical transitions.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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