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Abstract

a-InySe; has attracted increasing attention in recent years due to its excellent electrical and
optical properties. Especially, attention has been paid to its peculiar ferroelectric and
piezoelectric properties which most other two-dimensional (2D) materials do not possess. This
paper presents the first measurement of the thickness-dependent band gaps of few-layer
a-InySe; by electron energy loss spectroscopy (EELS). The band gap increases with decreasing
film thickness which varies from 1.44 eV in a 48 nm thick area to 1.64 €V in an 8 nm thick area
of the samples. Further, by combining the improved exchange-correlation potential and proper
screening of the internal electric field in an advanced 2D electronic structure technique, we have
been able to obtain the structural dependence of the band gap within density functional theory
up to hundreds of atoms. This is also the first calculation of a similar type for 2D ferroelectric
materials. Both experiment and theory suggest that the variation of the band gap of a-In,Se; fits

well with the quantum confinement model for 2D materials.

Supplementary material for this article is available online
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1. Introduction

In recent years, atomically thin a-In,Ses has sparked world-
wide research interests mainly because it is a model two-
dimensional (2D) piezoelectric and ferroelectric [1, 2]. Fur-
thermore, unlike transition metal dichalcogenides (TMDs),
bulk a-In; Ses has a direct band gap of about 1.4 eV [3-5], such
character is beneficial for light absorption and optoelectric
property [6—8]. Due to the quantum confinement effect, 2D

1361-6528/20/315711+10$33.00

semiconductors have been reported to have a remarkable
thickness-dependent band gap [9], such as Mo- and W-based
TMDs [10], and a-InSe [11], etc. Quereda ef al have observed
that the mechanically exfoliated In,Se; flakes also present a
thickness-dependent shift in their optical absorption spectra
and the optical band gap has been extracted to change from
1.45 eV for thick flakes to 2.8 eV for 3.1 nm thin flakes [12].
However, the experimental data there does not fit the quantum
confinement model well when the thickness is smaller than

© 2020 IOP Publishing Ltd  Printed in the UK
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20 nm. Surface oxidation has been suggested to explain the
discrepancy. To the best of our knowledge, this is the only
experimental report on the thickness-dependent band gap of
a-In,Ses so far.

Traditionally, the band gap is measured by optical spec-
troscopies, including absorption, reflection, thermoreflec-
tion, transmission, photoluminescence (PL), photoconductiv-
ity spectroscopy, etc [4, 5, 10, 12]. However, due to the large
spot size and long wavelength of the light source, these meth-
ods can only be used to measure the materials with a uniform
thickness over a large area. Even when a focused laser is used
in micro PL, the spatial resolution is still in the level of micro-
meters [10]. While, a strong laser may cause irreversible dam-
age to the 2D samples.

Electron energy loss spectroscopy (EELS) in a transmission
electron microscope (TEM) or scanning transmission elec-
tron microscopy (STEM) allows measurements of optical and
electronic properties of a sample with high spatial resolution
[13, 14]. With the developments of TEM/STEM (aberration
corrector and monocromator) and EELS techniques, low-loss
EELS or valence electron energy loss spectroscopy (VEELS)
for loss energies lower than about 50 eV carried out through
TEM/STEM has been developed to be a powerful method
to investigate low-energy excitation in solids with nanoscale
spatial resolution, and has been used for measuring the band
gap of a variety of materials [13, 15-17]. Even split peaks by
excitons have been detected in MoS, and other 2D materials
[18].

In this work, low-loss EELS in STEM is used to meas-
ure the band gap of few-layer «-In,Se; with varied thickness.
When the sample thickness decreases from 48 nm to 8 nm
(=8 layers), the band gap is found to increase from 1.44 eV
to 1.64 eV, which shows the clear signature of the quantum
confinement effect. Assisted by advanced computational tech-
niques in density functional theory (DFT), we have been able
to calculate the structural dependence of the band gaps of «-
In,Se; covering the range of thickness of our samples. Our cal-
culations strongly imply that the internal electric field within a
ferroelectric is effectively screened out, and that the observed
quantum confinement effect of the band gap is an intrinsic
nature of 2D ferroelectrics, as it is for 2D non-ferroelectrics.

2. Methods

Few-layer o-InpSes nanosheets were exfoliated from a bulk
a-In,Se; sample (bought from HQ graphene) and transferred
onto TEM micro grids covered by holey carbon film using
a PMMA-assisted method developed by our group [8]. The
detail is given in the supporting information. The present -
In;Se; sample has been confirmed to have hexagonal sym-
metry with a = b = 4.025 A and ¢ = 19.235 A, ie. 2H
phase, by our previous x-ray diffraction (XRD), high res-
olution TEM (HRTEM) and the diffractogram studies [8].
2H o-In,Ses has a layered structure with each layer con-
taining Se-In-Se-In-Se five atomic layers [19, 20], and its
space group has been reported to be P6;mc (NO.186) [21],
as shown schematically in figure 1(a). Figure 1(b) shows

a high resolution high-angle annular dark-field (HAADF)
STEM image of the «-In,Se; along [0001] direction from
the sample area shown in supporting information figure
S1 https://stacks.iop.org/Nano/31/315711/mmedia, this image
was taken on a FEI Titan TEM equipped with two spherical
aberration correctors operated at 300 kV. It can be seen that
the Z-contrast [22, 23] in a unit cell (marked by the green dot-
ted lines) is consistent with that shown in figure 1(a) along
[0001]. HAADF image is also simulated for 2H «-In,Ses with
P63mc space group using the parameters for taking the exper-
imental image. The simulated image (the inset in figure 1(b))
fits the experimental HAADF image very well, further con-
firming that the present o-In,Ses has the 2H structure.

The TEM image of the In,Se; nanosheets used in one
of our experiments is taken on a Tecnai F20 TEM and is
shown in supporting information figure S2(a). EELS map-
pings and the corresponding HAADF images showing the
area were taken in STEM mode using a Nion U-HERMES200
TEM equipped with both monochromator and aberration cor-
rector. The microscope was operated at 60 kV in order to
increase the energy resolution, reduce the damage to the
sample, increase the interaction cross-section thus increase the
signal to noise ratio (SNR), and reduce the Cherenkov effect in
EELS [16, 24]. The sample was tilted away from zone axes to
avoid strong diffraction and possible channeling effect when
EELS data were recorded. Figures S2(b)—(c) are high mag-
nification HAADF-STEM images of the edge areas pointed
by the arrows in figure S2(a). The step-like contrast indicates
the thickness changes like steps. EELS mappings are collected
from the areas outlined by the boxes in these figures.

3. Results and discussion

First of all, the thickness of the In,Ses; nanosheets is char-
acterized through EELS using plasmon peaks, because the
samples on holey carbon film are very difficult to measure
by atomic force microscopy (AFM), which has been widely
used to measure the thickness of thin samples. Figure 2(a) is a
HAADF-STEM image showing one sample area. Figure 2(c)
is a high magnification HAADF-STEM image of the area out-
line by the red box in figure 2(a). EELS spectrums containing
plasmon peaks are collected in STEM mode in an energy win-
dow ranging from —10.07 eV to 92.49 eV using a CCD with
2048 channels from every position where low-loss EELS will
be collected. Figure 2(d) is the EELS mapping obtained from
the area shown in figure 2(c). Figure 2(b) shows the EELS
spectrum from one pixel in figure 2(d), two plasmon peaks can
be seen clearly at around 15 eV and 21 eV in the inset enlarged
spectrum. The log-ratio method is used to calculate the sample
thickness from the EELS spectra. According to Poisson stat-
istics, the thickness (¢) of the film can be calculated using the
formula:

t = Aln (Ilol/IZLP>

where, I is the sum of all counts in the spectrum containing
main plasmon signal, Iz p is the sum of ZLP, A is the electron
mean free path [13]. In this way, the error of the calculated
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(b)

Figure 1. The structure of o-InySes. (a) The structure model of bulk «-In,Se; projected along the y axis (left) and long z axis (right). The
dashed lines indicate the unit cell boundary. (b) STEM image of a few-layer In,Ses nanosheet along the [0001] direction. The green dashed
lines outline one unit cell. The inset in (b) is a simulated STEM image calculated using XTEM software.

thickness is less than 10%. The thickness mapping obtained
from figure 2(d) is shown in figure 2(e), a step-like thickness
change is observed, similar to the HAADF-STEM image in
figure 2(c). The areas with the same contrast in figure 2(e) have
the same thickness. The three bright dots on the left are due to
amorphous carbon deposited when the electron beam is placed
there for a long time to align the beam for EELS. Figure 2(f)
shows the thickness along the belt marked in figure 2(e), the
thickness of the sample increases gradually from the left to the
right. The thinnest flat area is 10 nm thick in this sample area.

To measure the band gap of the sample, low-loss EELS
STEM mappings are collected using two experimental set-
tings. In the first setting (ST1), the STEM convergence semi-
angle is 15 mrad, the EELS collection semi-angle is 24.9 mrad,
the energy range is from —0.42 eV to 3.46 eV, and the energy
dispersion is 1.9 meV ch~!. In the second setting (ST2), the
convergence semi-angle is 20 mrad, the EELS collection semi-
angle is 24.9 mrad, the energy range is from —0.699 eV to
5.261 eV, and the energy dispersion is 2.9 meV ch~!. To
increase the SNR, we significantly increase the acquisition
time (100-200 ms) which only sacrifices the energy resolution
slightly.

Figure 3(a) is the low-loss EELS mapping obtained from
the area shown in figure 2(c) using ST2. Because collect-
ing a low-loss EELS mapping needs a relatively long time
(around 30 min in most of our cases), drift exists, so that the
ZLP in the EELS spectra is not always at 0 eV in the ori-
ginal data. Therefore, each spectrum in the image is firstly
aligned by ZLP. Figure 3(b) is the EELS mapping generated
from figure 3(a) after being aligned by ZLP. The brighter area
on the left side in figure 3(b) is in the vacuum. When the
sample thickness gradually increases from the left to the right,
the brightness in figure 3(b) gradually decreases due to the
decreased ZLP. In order to achieve high SNR, we add up the

spectra taken from the sample area with the same thickness
to obtain one spectrum for one thickness. Figure 3(c) is the
spectrum obtained from the area outlined in figure 3(b), the
thickness of this area is 10 nm as shown in figure 2. Energy-
loss onset can be observed at around 1.5 eV from the enlarged
spectrum shown in the inset of figure 3(c). We have checked
and confirmed that the carbon contamination does not change
the low-loss spectrum. The numbers in the vertical axis in
figures 3(c) and (d) are obtained directly from the experi-
mental EELS spectrum. Although these numbers do not equal
to the number of electrons being collected, the large value
of these numbers does indicate the counting error can be
ignored.

The overlap of the extended tail of the ZLP and the energy-
loss region is the main error for measuring band gap [25, 26].
The contribution of the ZLP is removed by locally fitting a
power-law function in front of the energy-loss onset [16, 27].
To obtain the best fitting, the fitting windows are selected to
be about 0.3 eV wide in front of the energy-loss onset. Pre-
viously, many people have removed the ZLP using a Fourier-
ratio deconvolution with an experimentally recorded vacuum
ZLP [13, 17]. However, we cannot do that for the following
reasons. In order to obtain as good as possible SNR near the
band gap onset, we increased the electron beam density, so
that the ZLP in the vacuum area next to the sample in the
EELS mapping is saturated. Such saturated ZLP cannot be
used to perform deconvolution. Because the electron beam
density could be different and the beam may drift from the
case of EELS mapping, separately collected ZLP cannot be
used to perform deconvolution to the EELS mapping. Also, the
sample itself can affect the ZLP, so that the ZLP recorded in
the sample area is not the same as that recorded in the vacuum.
As the ZLPs in the low-loss spectra recorded from the In,;Ses
and the vacuum area are very narrow, with the full-width at
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Figure 2. The thickness of few-layer «-In,Ses. (a) The HAADF-STEM image of an In,Ses nanosheets obtained by mechanically
exfoliation. The red box indicates the area that the EELS mappings are collected. (b) A full-scale raw EELS containing plasmon peaks. The
inset diagram shows the enlarged spectrum from 0 eV to 35 eV. (¢) The HAADF-STEM image taken from the area outlined by the red box
in (a). (d) The EELS mapping image of the In,Ses area outlined in (a) collected in the energy range from —10.07 eV to 92.49 eV. (e) The
thickness mapping obtained from (d). (f) The thickness along the belt outlined in (e). Five regions with different thicknesses are selected for

further band gap study.

half maximum (FWHM) being smaller than 47 meV in ST1
and smaller than 30 meV in ST2, we accept the energy resol-
ution being the FWHM of the ZLPs and do not perform any
deconvolution for the ZLP.

To further increase the SNR, after removing the ZLP, we
smooth the spectrum by averaging the original data from
ten channels in the case of ST2 (or 15 channels in the case
of ST1) along the energy dispersion direction. Since each
channel in figure 3(c) is 2.9 meV (1.9 meV in the case of
ST1), after smoothing, each channel is 29 meV (28.5 meV in
the case of ST1), which is still smaller than the FWHM of
the ZLP. The dark line in figure 3(d) is the result obtained
by removing the ZLP from that in figure 3(c) and then
smoothing by averaging ten channels along the energy dis-
persion direction, the energy-loss onset can be seen more
clearly.

Plural scattering is another factor that complicates the
explication of EELS spectrum. Because our samples are very
thin (from 8 nm to 48 nm thick), plural scattering should not be
a problem. In order to exclude possible impact of plural scat-
tering completely, we perform Fourier-Log (FLOG) deconvo-
lution based on Fourier transform [13, 17] to all the spectra.

For the sample thinner than 33 nm, we observe that the spectra
are the same before and after FLOG deconvolution, indicating
there is no plural scattering in these thin samples.

Before we can claim that the energy-loss onset at around
1.5 eV shown in figure 3(d) corresponds to the band gap of
the sample and the thickness-dependent energy-loss onset we
will show later does reflect the thickness-dependent band gap,
we first consider several effects. The Cherenkov effect, guided
light mode and surface losses can hamper the identification of
band gap energies by EELS [16, 25, 27, 28]. Cherenkov radi-
ation can be emitted if a charged particle moves faster inside a
medium than the light inside this medium [27, 29]. Generally,
Cherenkov radiation is linearly dependent on the sample thick-
ness which complicates the study on the thickness-dependent
band gap [16, 24]. However, the 60 kV accelerating voltage
used in the present work can obviously reduce the Cheren-
kov effect and guided mode [16, 24]. Importantly, in very thin
foils like that in the present work (the sample thickness is sig-
nificantly smaller than the emitted photon wavelength), the
Cherenkov light cone cannot be built up and no Cherenkov
radiation can be emitted even if the bulk condition for the emis-
sion of Cherenkov radiation is fulfilled [16, 29]. It has been
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Figure 3. The low-loss EELS of the «-In,Ses. (a) The low-loss EELS mapping image of the In,Ses area in figure 2(c) collected in the
energy range from —0.699 eV to 5.261 eV. (b) The EELS mapping after calibrating ZLP from (a). (c) A full-scale EELS from the area
outlined in (b). The inset image shows the enlarged spectrum from 0.8 eV to 3.5 eV. (d) The dark line is the low-loss EELS obtained after
background-subtraction from that in (c) and being smoothed by averaging 10 data points along the energy dispersion direction. The red
curve is the fitting curve using a parabolic function. The numbers in the vertical axis in (c) and (d) are obtained directly from the EELS
spectrum. (e) The dark line and the coloured lines (except the red lines) are the low-loss EELS spectra from the In,Ses flakes with different
thicknesses. The red curves are the fitting curves using parabolic functions.

reported that the probability of Cherenkov losses for TEM foils
thinner than 100 nm is very small [16]. For these reasons, the
Cherenkov effect can be negligible in the present case.

Guided light modes involve collective excitations of elec-
trons inside the film and can be excited through coupling to
Cherenkov radiation. The guided light modes also depend on
the thickness of the sample, which can complicate the study
on the thickness-dependent band gap [16, 28]. Fortunately,
although the guided light mode might appear even below the
Cherenkov limit, the shift of the apparent band gap onset
affected by the presence of the guided light mode is only sev-
eral tens of meV between the 5 nm and the 100 nm slices [28].
Such a small shift is about the same as the present experimental
error, so that will not affect the present study.

Surface plasmon is a collective excitation mode of the elec-
trons at the surface. It has been suggested that surface plas-
mons can interfere with the valence loss excitations, thereby
making the extraction of the band gap difficult [30]. In the

present case, two main plasmon peaks are observed at around
15 eV and 21 eV, as shown in figure 2(b). These two peaks
are far away from the energy-loss onset at around 1.5 eV. We
observe that as the samples thickness increases, the height ratio
of the 15 eV peak to 21 eV peak increases (shown in support-
ing information figure S3), indicating the peak at 15 eV is a
bulk plasmon peak and that at 21 eV is surface plasmon peak.
However, the tail of the plasmon peaks in the low energy
end might extend to the energy near the band gap energy
and complicate the identification of the band gap onset. To
exclude that possibility, we carefully check the so-called aloof
condition, i.e. the beam in STEM mode is placed right out-
side the edge of the sample [31]. Although we do observe
very small waves in the range from 2.25-4.00 eV, we cannot
find any energy-loss signal when the energy is smaller than
2.25 eV in the aloof condition EELS (supporting informa-
tion figure S4), indicating the surface plasmon effect cannot
contribute to the energy loss edge at around 1.5 eV as shown
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Table 1. The band gap of «-In,Se; with different thickness measured experimentally by low-loss EELS.

Thickness (nm) 8 10 12 13 13 13 15

15 16 19 22 23 28 32 33 48

Band gap (eV) 1.64 157 154 152 154 152

1.52

1.52 151 149 149 148 145 144 145 144

The error for most of the data is less than & 0.03 eV, that for the underlined data is less than & 0.05 eV.

in figure 3(d). Previous studies have shown that for a thin
anisotropic system, such as 2D thin layers, an EELS spectrum
is directly related to the parallel (relative to the surface of the
2D layer) dielectric function €)(w) [32, 33], so that low-loss
EELS measures the optical absorption of the system [32, 34].
Therefore, the energy-loss onset at around 1.5 eV in low-loss
EELS does correspond to the optical band gap of the sample.

Several methods have been reported to extract band gap
energy from low-loss spectra, such as linear fitting [35],
parabolic fitting [15, 26, 36], the inflection point approach
[26, 37, 38], and direct reading the onset energy in log scale
[37], etc. Although the linear fitting method is the most com-
monly used one for finding the onset energy and band gap [35],
the spectrum near the onset around 1.5 eV in the present case
is obviously not linear, as shown in figure 3(d). Besides, there
are two small bendings at around 2.25 eV and 4.00 eV which
could probably be due to surface effect, as energy loss sig-
nals can be seen at these energies in the aloof condition EELS
(supporting information figure S4). Therefore, any fitting we
perform to extract the band gap energy should not including
the data beyond 2.25 eV in the case shown in figure 3(d).

It has been accepted that the VEELS spectrum reflects the
joint density of states, which is described by a parabolic shape
at a direct band gap. Through fitting a parabola (E-Eg)” 2 to the
onset in the spectrum the band gap energy can be extracted at
the intersection of the parabola with the energy axis [15, 36].
We observe a parabola can fit the present spectrum very well,
as shown in figure 3(d), supporting experimentally that few-
layer «-In,Ses has a direct band gap. The intersection of the
parabola with the energy axis gives a band gap of 1.57 eV for
the sample with 10 nm thickness. By changing the data range
for parabolic fitting, we obtain an error of smaller than 0.03 eV
for extracting band gap, such error is smaller than the energy
resolution of the spectrum.

The low-loss EELS spectra from other areas in this sample
with the thickness being 13 nm, 15 nm and 21 nm are also
obtained through the same process. Figure 3(e) shows the
spectra after background-subtraction and smoothing. To show
clearly, the spectra are shifted in the y direction. It shows that
the spectra near the onset can all be fitted well with parabola.
The band gap energies for these thicknesses are then obtained.

A series of EELS are collected from different areas in dif-
ferent samples under the same experimental settings (ST1 or
ST2) to avoid other possible effects. Most of the data are like
that shown figure 3(d) and can be fitted nicely with parabola.
However, in the spectra taken from some sample areas, some
energy loss signal can be observed well below 1.5 eV, such
as in the spectrum taken from the 32 nm thick area shown in
figure 3(e) and that shown in the supporting information figure
S5(e). These energy losses have an energy dependence clearly
different from a parabolic function. This may be caused by
defects and surface contamination [26, 37]. In such cases, as

we can still use the parabola to fit the spectra range from 1.5
to 2.25 eV, we can still obtain the band gap energy.

Totally, we obtain the band gap of o«-InpSe; for 14 thick-
nesses in the range from 8 nm to 48 nm. The spectra and
fitting lines from an area with the thinnest area being 8§ nm
thick are shown in supporting information figure S5. All the
results we obtained are listed in table 1 and drawn in figure 4.
As mentioned previously, the fitting errors are smaller than
the experimental energy resolution, the counting error can be
ignored, so that the total error is decided by the energy resol-
ution, which is 30 meV for ST2 and 47 meV for ST1. It can
be seen from figure 4 and table 1, as the thickness decreases
the band gap increases obviously, especially for the samples
thinner than 25 nm.

For 2D materials, quantum confinement can influence the
band gap [9-12, 39]. The band gap energy E, of confined 2D

0 _ RO A
nanostructures can be expressed as E; = E, ,, + / 42, where

Eg’bulk is the band gap energy of the bulk material, A is the
quantum confinement constant, and d is the sample thickness
in nm. The present experimentally measured E; can be best

fitted by E = 1.45 4 12.21/ 12 (shown in figure 4). The fitting
error is £ 0.01 eV, evaluated by using the data with the largest
experimental error to do the fitting. This result suggests that
the presently observed thickness-dependent band gap is due
to quantum confinement effect. Comparing with the previous
optical absorption results with an obvious shift between the
experimental data and the theoretical curve [12], our exper-
imental results fit the quantum confinement effect very well
within the experimental error. The band gap for bulk sample
is around 1.45 £ 0.01 eV, which is roughly the same as the
band gap of bulk o-In,Ses reported previously. Of course it
would be better to measure the thinner sample, or even the
monolayer sample. However, as «-In;Ses is a 2D ferroelectric
semiconductor, there exist built-in electric fields inside In,Ses
[40, 41], the interaction force between the In,Ses layers not
only contains the van der Waals force, but also contains the
Coulomb interaction. Hence, it is very hard to obtain very thin
In,Ses via the mechanical exfoliation method. So far, we have
not obtained monolayer In,Se; and we will keep on working
for that.

We now turn to the theoretical aspect of our work. First
of all, although for non-ferroelectric materials quantum con-
finement effect of the band gap is widely observed, sim-
ilar reports for ferroelectrics are relatively rare. In particular,
there has been no discussion of this topic for ferroelectrics
from first principles calculations. From a naive picture of fer-
roelectrics, the mere existence of the quantum confinement
effect of the band gap seems already extraordinary, because
inside the ferroelectrics there should be an internal macro-
scopic electric field which causes the Coulomb potential to
drop within the sample. If the internal field extends over
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Figure 4. Thickness-dependent band gap of «-In,Ses. The dots are the experimental data with error bars. The red curve is the fitting curve

using the quantum confinement model.

the whole sample, then the drop of the Coulomb potential
increases with the sample thickness, until to a critical thickness
electric breakdown happens. Then, the ferroelectrics turns into
a metal and the band gap disappears.

The truth that our measured band gap of In,Se; persists up
to hundreds of atomic layers implies that the internal electric
field does not really extend to long distances. The explana-
tion is that ferroelectric materials are not structurally perfect.
Intrinsic defects, adsorbates, surface relaxation, and formation
of domains all provide screening mechanism which effect-
ively limit the internal field to small range [42]. In particu-
lar, it is known that the typical size of ferroelectric domain is
only a few lattice constant [43]. Although within the individual
domain the internal field still polarizes the wave functions and
brings the conduction bands close to the valence bands, lim-
ited by the small size of the domain, the effect is not so strong
to completely close up the band gap.

From the methodological point of view, the fundamental
gap of the semiconductor can be calculated by the GW approx-
imation (GWA). On top of it, the optical gap can be obtained by
adding the excitonic effect from the Bethe—Salpeter equation.
This approach, however, is not applicable to the present work
since it is computationally too expensive which can barely
treat a system of more than 10 atoms. As an alternative, DFT
can calculate hundreds of atoms. But this is possible only by
using the local exchange-correlation potential. Unfortunately,

local potentials usually underestimate band gaps by about
50% because they do not possess the necessary derivative
discontinuity at integer electron number [44]. This deficiency
may be remedied by using non-local potentials, at the price,
however, of quickly increased computational cost.

We shall now summarize all existing calculations of In,Se;
which form comparison to our techniques explained later.
Let us start from bulk In,Se;. Experimentally, the measured
optical gap is 1.26 eV-1.45 eV [4, 5, 12, 45, 46], and the
exciton binding energy in bulk In,Ses is found to be 0.08 eV. In
general, the agreement of theory and experiment is very good.

Film calculation is more difficult. For one quintuple layer
of In,;Ses, local potential of the generalized gradient approx-
imation in the form of Perdew—Burke—Ernzerhof (PBE) [47]
gives an indirect band gap of 0.86 eV. Including spin—orbit
coupling, the band gap turns to direct and the value is slightly
reduced to 0.82 eV. Therefore, the direct and indirect trans-
itions are very close in energy. Further adding GWA correc-
tion, the band gap increases to 1.92 eV [46]. One point to note
is that, if the direct—indirect band gap transition really happens
with an energy difference as small as 0.04 eV, then in experi-
ment this transition cannot be significant.

For films thicker than two quintuple layers, direct calcu-
lation by PBE cannot find a band gap and all films are pre-
dicted as metal. The error comes from two sources: one is the
missing derivative discontinuity in the local potential, and the
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other the electric breakdown due to the internal electric field.
In the usual computational setup, the In,Se; slabs are formed
by stacking multiple quintuple layers together. In this way, the
internal field of all quintuple layers point to the same direc-
tion, so that the drop of the Coulomb potential across the slab
grows linearly with the thickness of the slab. What the PBE
calculation found is that at the thickness of two quintuple lay-
ers electric breakdown already happens.

In a comparative study [48] of one, two, and three quin-
tuple layers of In,Se; by using the local potential of PBE and
non-local potential of HSE06 [49], the electric breakdown is
avoided by reversing the atom ordering (and therefore also the
dipole moment) of every two quintuple layers. In this way, the
internal field is effectively limited within one quintuple layer.
The band gaps are found to be 0.88 eV (PBE) and 1.80 eV
(HSEQ6) for one quintuple; and 0.57 eV (PBE) and 1.45 eV
(HSEQ6) for two quintuple layers; and 0.45 eV (PBE) and
1.25 eV (HSEO06) for three quintuple layers, respectively. For
one quintuple layer, it is noted that the HSE06 band gap is
close to the GWA value. The problem with such treatment,
however, is that by reversing the atom ordering the structure
of the slab is manually altered. Therefore, the calculations cor-
respond to a fictitious material rather than to the real In,Ses

With increased film thickness the computational cost of
GWA and non-local potential become more and more agon-
ized. In fact, so far there has been no report of a band gap
calculation beyond three quintuple layers. For our samples
up to about 50 quintuple layers, accurate reproduction of the
band gaps fully from first principles is technically impossible.
Even so, we emphasize that local potentials can still be used
to reveal the quantum confinement effect of the band gap. The
reason is that, although the absolute value of the band gap from
local potential is not reliable, the chemical trend with struc-
tural parameter is often correct. For example, Wei et al have
successfully calculated the band gap pressure coefficients by
use of local potential [50].

Our calculations adapt DFT in the implementation of the
full-potential linearized augmented plane wave (FLAPW)
method [51]. To account for the exchange-correlation effects,
we choose a local potential which is our only choice to cal-
culate hundreds of atoms. Nevertheless, it is still necessary to
point out that straightforward use of the simplest local poten-
tials, the local density approximation (LDA) or generalized
gradient approximations (GGA), do not suffice our needs,
since even for very thin slabs the LDA/GGA band gaps already
disappear (see below). To ensure a non-vanishing band gap for
the slabs of all thickness, we need a more advanced poten-
tial which is local, while capable of restoring (at least par-
tially) the derivative discontinuity. In this work, we choose the
Tran-Blaha modified-Becke—Johnson (mBJ) potential [52] for
exchange and keep LDA for correlation. mBJ belongs to the
family of meta-generalized gradient approximations (meta-
GGA). Its computational cost is the same as other local poten-
tials, yet for bulk solids its band gap is as accurate as GWA. For
2D materials the performance of mBJ is not as good as bulk
materials, but it is still expected to be better than LDA/GGA.

One obstacle of using mBJ to calculate 2D materials is that
it is long-ranged. The problem with long-ranged potentials is

that they do not decay to zero at finite distance, and therefore
they cannot be correctly represented by supercell. Luckily,
the problem of using long-ranged potential for 2D materials
has been solved by a recent breakthrough by one of us [53]
in which it is suggested that another technique, the authen-
tic slab geometry (ASG) [54], is used to replace the super-
cell. ASG is specifically developed to calculate 2D materials.
It only requires the in-plane periodicity, while perpendicular
to the film the potential is allowed to be non-periodic. As is
reported [53], ASG works equally well with both short- and
long-ranged potentials.

The final issue of using the mBJ potential is a minor one: in
the functional form of the mBJ potential there is a c-parameter
[52]. For bulk calculation c is calculated by an integral over the
unit cell. For film, however, the integral becomes ill-defined.
As a simple solution, throughout this work the c-parameter is
fixed to 1.28 because this value is found to give consistently
good band gaps for 40 bulk semiconductors.

With the exchange-correlation potential being set, we now
address the screening of the internal electric field in ferro-
electrics. Obviously, a thorough investigation of screening by
all possible structural imperfections would be extremely dif-
ficult. Here, we simulate the screening effects by a simple
approach: we put the In,Ses slab in an external electric field
which is tuned to compensate the internal field. In this way, the
net macroscopic field within In,Ses; becomes zero. Details of
the implementation of the external electric field can be found
elsewhere [55]. Here we only sketch its main features: The
external electric field is generated by two oppositely charged
plates with the In,Ses slab being sandwiched in between. Dur-
ing the self-consistency cycles, the total charge on each plate is
automatically adjusted so that the external electric field always
compensates the internal field within the slab.

With all the above treatments, we have now obtained a com-
putational method which is highly efficient to calculate the
band gap of ferroelectric slabs of hundreds of atoms. In this
work, this method is used to calculate «-In,Ses slabs from one
quintuple layer up to 30 quintuple layers with the maximum
film thickness exceeding 57 nm.

To test our method, we first use LDA for exchange-
correlation and turn off the compensation field. Only for one
quintuple layer we find the band gap to be 0.47 eV. For two
quintuple layers and above, all slabs are metallic. Then, we
keep LDA for exchange-correlation and turn on the compensa-
tion field, the band gaps become 0.79 eV, 0.54 eV, and 0.13 eV
for one, two and three quintuple layers, respectively. For four
quintuple layers and above all slabs are still metallic.

In the final production calculations, we use mBJ for
exchange and turn on the compensation field. As expec-
ted, now all slabs are semiconductors. In figure 5 the the-
oretical band gaps are presented, together with the experi-
mental data and quantum confinement fitting for comparison.
Besides, the detailed band structures of three-quintuple layer
and eight-quintuple layer films are also presented for com-
parison in figure S6 of supporting information. At this point,
we emphasize that the purpose of our calculations is to reveal
the structural dependence of the band gaps rather than to
obtain their exact values (which is technically impossible as
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Figure 5. DFT calculation results together with experimental data and fitting curve. The triangle points are the DFT calculated band gap
plus 0.46 eV. The square dots with error bars are the experimental data. The red curve is the fitting curve to the experimental data using

quantum confinement model.

having been explained in the above). Therefore, in figure 5
all theoretical band gaps are shifted by a constant value of
0.46 eV to form better comparison with the experiment and
the fittings. The 0.46 eV shift of the theoretical band gap may
be considered a remedy for the remaining deficiency of the
mBJ potential as well as the effect of the residue internal
electric field. As can be seen from figure 5, the theoretical
band gaps also decrease with the increase of the slab thick-
ness which verifies the quantum confinement effect we see
from measurements. It shall be noted that in the earlier work
[12] the quantum confinement effect of the band gap is also
accounted for by the theoretical argument. But that argu-
ment is based on the simple infinite potential barrier model
instead of from first principles calculation as is present in this
work.

4. Conclusions

In summary, we have studied the thickness dependence of
the band gap of o-InySes; nanosheets. Through measuring
and fitting the low-loss EELS spectra from exfoliated In,Se;
nanosheets, a strong thickness-dependent shift of the optical
band gap is observed, ranging from 1.45 eV in a 48 nm to
1.64 eV in an 8 nm thin flakes. Such a thickness-dependent
band gap can be well fitted by the quantum confinement effect.
To achieve a theoretical understanding of our experimental res-
ults, we have calculated the band gap of «-In,Ses; up to 30
quintuple layers by DFT, using the mBJ exchange potential to
recover the derivative discontinuity and an external, compens-
ation field to avoid electric breakdown. Our calculations show

the same trend of band gap variation with the experiment. It
suggests that when calculating the electronic structure of 2D
ferroelectric materials screening of the internal electric field
must be explicitly taken into account.
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