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Abstract In contrast to the majority of two-dimensional semiconductors such as transition metal dichalco-
genides, indium selenide (InSe) possesses an intrinsic large out-of-plane oriented band-edge luminescent
dipole. This unique anisotropic feature of band-edge optical emissions can be exploited to achieve enhanced
optical signal in bent regions of materials created by geometrical modification. We herein investigate based
on first-principle calculations the mechanism of this optical emission enhancement by modelling the photo-
luminescence processes in bent and flat regions of the InSe thin film. We propose in our model that the
shorter-wavelength interband transition, labelled as transition B’, between the second-highest valence band
and the bottom of conduction band plays an important role in the enhancing process. Our model robustly
describes the dependence of optical emission enhancement in the bent InSe thin films on thickness, incident
light orientation, and excitation photon energy. In particular, we found that when excitation photon energy
is lower than the energy of transition B’, strong enhancement up to hundreds of times can be obtained by
applying an incident light at an angle less than 70° to the InSe layers. Our results provide useful references
for modulating luminescent properties of InSe films toward flexible optoelectronic device applications.
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1 Introduction

Two-dimensional (2D) atomically thin van der Waals (vdW) semiconductors exhibit many unique prop-
erties, including highly tunable electronic structures and optical properties, large mechanical flexibility,
and high carrier mobility, making them excellent candidates for nanoscale electronics and optoelectron-
ics [1-12]. Among the vast family of 2D materials, InSe has emerged as a promising 2D semiconductor
material in recent years [13-24]. Owing to the combined effect of quantum confinement and interlayer
coupling [13,25-29], the bandgap of InSe is highly tunable, ranging from about 1.25 eV for bulk crys-
tal [30] to 2.1 eV for monolayer (ML) InSe [14], covering the near-infrared to yellow visible light region.
InSe features a unique electronic structure. The conduction band (CB) mainly consists of dispersive
antibonding In-s states, leading to a small effective mass of CB and a room temperature carrier mobility
up to 10% cm?V~!, which is the highest among all 2D vdW materials [15]. However, the top valence
band (VB) mainly consists of Se-p, orbitals, resulting in a small transition dipole moment (TDM) of
the band edge optical transition for light polarized along the in-plane directions, and a large TDM for
light polarized along the out-of-plane direction, in contrast to the case of transition metal dichalcogenides
(TMDCs) [14-16,31-33]. The bandgap of InSe experiences a direct-to-indirect transition as the thickness
decreasing from bulk to few layers [34]. The unique electronic structure leads to weak optical emissions in
few-layers InSe, especially in the bilayer and ML InSe [13-15], limiting their potential application in op-
toelectronics. Many efforts have been spent on tuning and enhancing the optical emissions of few-layers
InSe. It has been demonstrated that external strain can effectively tune the electronic structure and
wavelength of optical emissions of few-layers InSe [19,35]. However, there is no evidence that strain can
induce carrier localization to enhance the optical emission intensity of InSe. The anisotropy of optical
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transitions of InSe has a significant influence on its optical emission. The angle-dependent photolumi-
nescence (PL) results show that enhanced PL intensity can be obtained along non-vertical directions to
the InSe plane [31,34,36]. Geometrical modification of InSe films can produce bent regions on the InSe
plane and become an effective way to enhance the optical emission of InSe utilizing the anisotropy of
its optical transitions. In the bent regions, InSe surface will interact non-vertically with the incident
and emissive lights, and more optical transitions can be excited, leading to enhanced optical emission
in the bent regions. Brotons-Gisbert et al. [14] placed exfoliated InSe sheets onto aggregates of SiO2
nanoparticles and obtained enhanced optical emission in the textured region. Li et al. [32] put the InSe
flake onto Si/SiO2 substrate to form ridge regions and achieved enhanced light emission in the ridge
region. Mazumder et al. [16] obtained reproducible bent InSe shapes with enhanced optical emission by
fabricating InSe flakes onto Si substrate with periodic Si-pillars. The last work demonstrated that the
optical emission enhancement of bent InSe flakes arises from exploiting the anisotropy of InSe’s optical
transitions, by a combined experiment and theoretical calculation approach.

Though it is proved that the anisotropy of the optical transitions can be used to enhance the optical
emission of InSe thin films, there still lacks a thorough understanding of the enhancing process and the
involved optical transitions. Two optical transitions are considered significant in previous studies. One
is the band edge transition, labelled as transition A, which is mainly allowed for light polarized along
out-of-plane direction. Another one, labelled as transition B, is the interband transition between the
bottom of CB and the deeper VB dominated by Se-pyy, orbitals, thus fully allowed for light polarized
along in-plane directions. In a recent experiment work [16], a trend of the emission enhancement in
the bent regions of InSe thin films depending on film thickness is revealed, without the excitation of
transition B. This result implies that the optical transitions with energy between transitions A and B
also influence the enhancing process. To gain more understanding of the mechanism of optical emission
enhancement from bent InSe thin film, in this work, we present a systematic research of the PL processes
in bent and flat regions of InSe film, based on first-principle calculations. This work consists of three
parts. First, we present a detailed analysis of the optical transitions of few-layers InSe. Second, we
build an analytical model of the PL process in bent and flat regions of InSe film, to simulate the optical
emission enhancement as a function of the incident angle and photon energy of the excitation light.
Finally, we calculate the absorption coefficients of 1-9 layers InSe and get the numerical solution of the
emission enhancement model. We find that the interband optical transition, labelled as transition B’,
between the second-highest VB and the bottom of CB, is important while exploiting the anisotropy of
optical transitions of InSe to enhance its optical emissions. The modelling results suggest that, without
the excitation of transition B’, a strong optical emission enhancement up to hundreds of times can be
obtained with incident light at an angle of less than 70° to the InSe layers. However, the enhancement
will drop by several times as long as transition B’ is excited by the incident light. These results provide
useful references for the modulation of luminescent properties of InSe films toward flexible optoelectronic
device applications.

2 Electronic structures and optical transitions

In order to understand the optical transitions involved in the optical emission enhancing process, we first
investigate the electronic structure of few-layers InSe. Figures 1(a) and (b) show the orbitals projected
electronic band structure of ML and 3-layer InSe, respectively. We can see that In-s orbitals dominate
the CB edge, and Se-p, orbitals dominate the VB edge. In the ML InSe, the second-highest VB becomes
dominated by Se-pxy orbitals. Because of spin-orbit coupling (SOC) effect, the VB edge is mixed with
small amount of Se-py, orbital components as well. With the increase of thickness, there will be subbands
emerging between the VB edge and the Se-py, orbitals dominated deeper VB. At I' point, the first
independent VB subband emerges in 3-layer InSe. These VB subbands are dominated by Se-p, orbitals
as well, but mixed with more Se-py, orbitals component than the VB edge, because they are more closed
to the Se-pyy orbitals dominated deeper VB and more affected by the SOC effect. We demonstrate this
assumption by examining the ratio between the Se-p, orbitals component and Se-pyy orbitals component
of VB edge and the second-highest VB of 1-9 layers InSe, as shown in Figure 1(c). The ratio between
the Se-p, orbitals component and Se-py, orbitals of the second-highest VB is always lower than the VB
edge, demonstrating that it always contains more Se-pyy orbitals components than the VB edge.

Thus, we proposed that, transition B’, the optical transition between the second-highest VB and the
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Figure 1 (Color online) Electronic structures and optical transitions of few-layers InSe. Projected band structure of (a) ML and
(b) 3-layer InSe, with In-s orbital, Se-p, orbital and Se-pyy orbital indicated by green blue and red circles, respectively. (c) The
ratio between the Se-p, orbitals components and Se-pyy orbitals components of VB edge and second-highest VB of 1-9 layers InSe.
(d) The scissor corrected energies of transitions A, B’, and B of 1-9 layers InSe.

bottom of CB, is also important while exploiting the anisotropy of optical transitions of InSe. Because
the second-highest VB always contains more Se-pyy, orbital than VB edge, transition B’ is more allowed
for light polarized along the in-plane directions than transition A. The excitation of transition B’ will
increase the coupling to the in-plane polarized light and, by the same time, the coupling to the out-
of-plane polarized light is not affected. Thus, the anisotropy of optical emissions, i.e., the emission
enhancement along non-vertical directions, will be reduced. This assumption has been demonstrated in a
recent experimental work [37] in which photoluminescence excitation (PLE) measurements were applied
to detect the subbands structure of 5-layer and 7-layer InSe. The PLE results (excited by in-plane
polarized light) clearly show that the excitation of transition B’ will increase the optical emission for
in-plane polarized light. The scissor corrected (see Section 6) energies of transitions A, B’, and B of 1-9
layers InSe are shown in Figure 1(d). Transition B’ and transition B are the same one in ML and 2-layer
because there is no subband between the VB edge and the deeper VB dominated by Se-pyy, orbitals at I"
point in their electronic band structures.

3 Modelling the optical emission enhancement

To explore the origin and controlling method of the optical emission enhancement in bent regions of
InSe thin film, we develop an analytical model of the PL process in bent and flat regions of InSe film to
quantitatively simulate the enhancement. First, we define the component of the absorption coefficient
that could effectively couple to the incident light as a°f, i.e., the component of the absorption coefficient
that projected in the polarization direction of the incident light. The difference in a°® is the main reason
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Figure 2 (Color online) (a) Scheme of the geometrical modified InSe sheet with bent and flat regions. Scheme of effective
absorption coefficient in (b) bent region and (c) flat region.

for the different optical emission intensities in bent and flat regions. Figure 2(b) shows the representation
of bent region of InSe film. We use || to represent the absorption coefficient for light polarized along
out-of-plane direction (E||c), and use | to represent the absorption coefficient for light polarized along
the in-plane directions (E_Lc). For incident light at an angle 6 to the InSe plane, we have Ozﬁﬁ(e) = costla,

and oS (0) = sinfa; . Thus, the total a°f(6) could be expressed as
af(9) = aﬁﬂ(e) + a(0) = cosfoy + sinfa . (1)

The incident light is perpendicular to the InSe plane in the flat region, i.e., # = 90°, thus the effective
absorption coefficient in flat region to be agigoo = a, as shown in Figure 2(c).

To quantitatively simulate the optical emission enhancement, we consider a simplified model of the PL
process. We assume that the probability that a photon with energy Fex. is absorbed by InSe is Paps(FEexc);
the probability that the photogenerated hot carriers relax to the band edge states is Prel(Eexc, Eg); the
probability that photons of energy are emitted is Pem(Eg). Then, the PL intensity Ipr, excited by
excitation light with photon energy Fey. and intensity l.x can be written as

IPL(EexC»Egajex) = Pabs(Eexc) X Prel(Eexchg) X Pem(Eg) X Iex- (2)

Thus, the optical emission enhancement from bent region compared to flat region could be represented
as

Enhancement — IPL(Eemeg?Iex)bent _ Pabs(Eexc)bent « Prel(Eexc»Eg)bent « Pem(Eg)bent % Iex

IPL (EEXC7 Eg7 Iex)ﬂat Pabs(Eexc)ﬂat Prel(EeXC7 Eg)ﬂat Pem(Eg)ﬂat E.

(3)

The Pabs(Fexc) and Pep(Eg) are proportional to the absorption coefficient a(Eexc) and a(Ey), and thus
we can get

Pabs(Eexc)bent - a(Eexc)bent _ CYEH?(-EeXCag) _ cos@a
)

Pabs(Eexc)ﬂat B a(Eexc)ﬁat Oégfigoo (Eexc) Q| Eexc

+ sind, (4)
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Figure 3 (Color online) Absorption coefficients for electric field dipole E (a) perpendicular and (b) parallel to the c-axis. Results
of 1-9 layers InSe are represented by curves with different colors, respectively. The energies of transitions A, B’, and B of different
layers are indicated by short dash lines on each curve.

and i
Pem(Eg)bent _ a(Eg)bent _ of (Ega 0) _ COSGall(Eg)
o

Pem(Eg)ﬂat a(Eg)ﬁat agigoo (Eg) l(Eg)

For two excitation light with the same photon energy and intensity, Prel(Eexc, Fg) and Iex(FEexc) remains
unchanged. Which means that % = fe—"
Te excs Vg )fla ex

bent region compared to flat region could be finally represented as

+ siné. (5)

= 1. Thus, the optical emission enhancement from

_ A (Fexe) | . @ (Be) |
Enhancement = | cos————= +sinf | x [ cosd——= + sinf | , (6)
al( exc a (Eg)

which is a function of Fex. and 6 for a InSe film with given thickness.

4 Absorption coefficients and modelling results

To get the numerical solution of the optical emission enhancement expression, we calculate the absorption
coefficients of 1-9 layers InSe. Figures 3(a) and (b) show the scissor corrected energy dependent absorption
coefficients v and Q). For a , there are only small values of « at the energy of transition A (optical
band gap energy), and it starts to increase after the energy of transition B’, which can be seen more
clearly in Figure 4(b). For «j), the value of a is markedly enhanced compared to oy from the energy of
transition A to nearly 3 eV, which clearly shows the large anisotropy of optical transitions of InSe.

Then we examine the dependence of /a1 on energy. The o /a results of 1-3 and 9 layers InSe are
presented in Figure 4(a). The o) and o) within the same energy range of the corresponding materials
are shown in Figure 4(b). From Figure 4(a), we can see that a) /o always get the maximum value
between energy range from the energy of transition A to the energy of transition B’, consisting of the
analysis in Section 2.

After obtaining the dependence of oy|/aL on energy, we can determine the specific distribution and
maximum value of the optical emission enhancement. Figure 5 shows the colored contour maps of the
optical emission enhancement of 1-9 layers InSe, as a function of F.y. and €. The results show that
the maximum enhancement up to hundreds of times can be achieved from the bent region of few layers
InSe, with a small 6, 16.05° for ML InSe, less than 5.1° for InSe of other thickness, and an Fey. in the
energy range between transition A and B’. When FE,,. is lower than the energy of transition B’, there
is always strong enhancement as long as § < 70°. Once Feyx. is larger than the energy of transition B/,
i.e., once transition B’ is excited, the enhancement will rapidly drop by a factor of several times, because
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Figure 4 (Color online) (a) The ratio of o) /a1 of 1-3 and 9 layers InSe with respect to energy. (b) The absorption coefficient
o) and ay of 1-3 and 9 layers InSe. The energies of optical transitions A, B’ and B are indicated by dash lines in each graph.

the emission from flat region grows owing to the excitation of transition B’ while the emission from bent
region is not affected.

5 Conclusion

In conclusion, we explored the mechanism of the optical emission enhancement from the bent regions
of InSe thin film compared to flat regions by modelling the photoluminescence processes in bent and
flat regions of the InSe thin film. Our model shows that the shorter-wavelength interband transition,
labelled as transition B’, between the second-highest valence band and the bottom of conduction band,
significantly influences the emission enhancement. The modelling results robustly describe the dependence
of optical emission enhancement in the bent InSe thin films on thickness, incident light orientation, and
excitation photon energy. We found that strong enhancement up to hundreds of times can be obtained
by applying an incident light at an angle less than 70° to the InSe layers, with excitation photon energy
lower than the energy of transition B’. These results provide useful references for modulating luminescent
properties of InSe films toward flexible optoelectronic device applications.

6 Methods

The first-principles calculations are based on density functional theory (DFT) using the plane-wave
pseudopotential method as implemented in the Vienna Ab Initio Simulation Package [38,39]. Generalized
gradient approximation formulated by Perdew, Burke, and Ernzerhof was used as exchange-correlation
functional [40]. Projected augmented wave pseudopotentials with 5s25p1(In), 4s24p4(Se) treated as
valence electrons were used to describe the electron-ion interactions. Plane-wave energy cutoff of 450 eV
was used for all calculations, and k-points grid spacing was set to 27t x 0.03A~! for Brillouin zone
integration. To simulate the atomic thin InSe layers, a vacuum layer space with thickness greater than 15
was employed to separate the InSe layer from their periodic images. The interlayer distance of multilayer
InSe was optimized by minimizing the total energy including the vdW interaction described by the
optB86b-vdW functional [41]. The residual forces on atoms were converged to below 0.05 eVA~! for
all structure optimization calculations. To obtain an accurate description of optical properties near the
bandgap energy, refined Brillouin zone sampling was used for the optical property calculations. I'-centered
k-points mesh with an extremely high density of 48x48x 1, 40x40x1, 36 x36x1 and 32x32x1 were used
for 1-5, 6-7, 8 and 9 layers, respectively. The absorption coefficients are calculated by equation a(w) =

,\/7_ 1 . .
V2w] El(w)2+a§(w)2 El(w)]é, where €1(w) and e2(w) are the real and imaginary parts of the frequency-
dependent complex dielectric function. To offset the well-known bandgap energy underestimation issue of
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Figure 5 (Color online) The optical emission enhancement model results. (a)—(1) The colored contour maps of the optical emission
enhancement of 1-9 layers InSe, respectively, as a function of the photon energy of the incident light and its angle with the InSe
plane. The color represents the value of the enhancement. The maximum enhancement with its corresponding FEex. and 6 is marked
out with a star in each graph. The energies of transitions A and B’ are indicated by white lines in each graph.

DFT calculation, a scissor operator with the same magnitude of the bandgap difference between the values
calculated by DFT and obtained from the experimental measurement was used. Spin-orbital coupling
was included in all calculations. It introduces a fundamental change to the orbital compositions of the
electronic states near the band edge, which affects the optical properties.
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