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Compelling Evidence for the &-Phase InSe Crystal by
Oblique Incident Second Harmonic Generation

Zeyuan Sun, Yu Zhang, Jimin Qian, Ruixi Qiao, Xian Li, Zerui Wang, Changlin Zheng,

Kaihui Liu, Ting Cao, Wei-Tao Liu,* and Shiwei Wu*

Indium selenide (InSe), a layered semiconductor with direct band gap and
high carrier mobility, holds promising applications in bendable electronics
and ultrafast optoelectronics. Yet its crystal structure exhibits polytypism
with four different stacking orders (}, &, f and &phases), arising from the
weak van der Waals interlayer coupling. These phases are nearly-degenerate
in energy but are predicted to have contrasting electronic structures for
versatile applications. It remains highly challenging to distinguish between
these polytypes due to the lack of noninvasive tools that are sensitive enough
to the interlayer structural variations. Here, the unambiguous discrimina-
tion of different InSe polytypes using symmetry-sensitive oblique incident
optical second harmonic generation (SHG) is demonstrated. Surprisingly,
the &-phase is found to be dominant, although the samples from two popular
commercial vendors (2D Semiconductors and Six Carbon Technology) are
claimed to be the yphase. These results would help promoting the precise
application of InSe crystal for piezoelectric transducer and strain sensing, as
well as showing the oblique incident SHG to be a powerful structural ana-
Iytical tool for van der Waals layered materials.

1. Introduction

For example, in transition metal dichal-
cogenides (TMDCs) such as MoS,, the
stacking order controls the bandgap
energy and determines the spin-valley
coupling." For trilayer graphene, the
electronic structures of ABA- and ABC-
stacking are totally different: the ABA-
stacking is a semimetal and ABC-stacking
is a semiconductor upon applying an elec-
tric field.’™ The unambiguous determi-
nation of the interlayer stacking order is
therefore crucial for understanding and
utilizing van der Waals materials. Recently,
indium selenide (InSe) has attracted much
attention as a highly promising candi-
date for bendable electronics and ultra-
fast optoelectronics.[*® It belongs to the
family of III-VI metal monochalcogenide
semiconductors including GaS and GaSe,
exhibiting high carrier mobility and direct
bandgap from bulk to thin flakes. Proto-
type InSe-based devices such as bendable
photodetectors,”) pn  junctions,”! and

field-effect-transistors'®! showed better performance than those

based on graphene and TMDCs.

The stacking order of layered van der Waals materials plays a
key role in the engineering of electronic and optical properties.

Nonetheless, stacking order, the basic structural property
of InSe, remains largely controversial. The monolayer InSe
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consists of covalently bonded Se-In-In-Se atomic planes and has
a honeycomb structure viewed from the top® (Figure 1a). The
bulk InSe has four polytypes named ¥, &, 3 and &phases/$1011
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Figure 1. Stacking order and electronic structure of different InSe phases.
a) Top and side view of monolayer InSe. The indium and selenium atoms
are illustrated by blue and red spheres, respectively. b—e) Side view of ¥,
&, - and &phases of InSe crystals, respectively. The corresponding Kohn-
Sham band structures calculated within the PBE functional are shown on
their right. The dashed boxes show the conventional cell in each phase.

Adv. Optical Mater. 2022, 2201183

2201183 (2 of 7)

www.advopticalmat.de

(Figure 1b—e, left panels), depending on the configurations of van
der Waals stacking. Theoretical calculations showed that these poly-
types have considerably different electronic structures,' as shown
in Figure 1b—e (right panels). For example, in contrast to other three
phases, the yphase is expected to have multiple degenerate energy
valleys at A points (Figure 1b). Based on the density functional
theory calculations within the PBE-D2 formalism, yphase is the
most stable phase among the four polytypes under ambient condi-
tions, but is favorable by only a fraction of meV per In,Se, unit (see
details in Supporting Information). Previous studies have charac-
terized the InSe structure with X-ray diffraction (XRD),7"!% trans-
mission electron microscopy (TEM),>™ and Raman spectra.”?!
Though many studies considered the yphase to be the most widely
existing and stable form,*® some also indicated the existence of
&5l or Bphase,™” or coexistence of y and &phase.[]

To resolve the exact polytype of InSe, techniques that are sen-
sitive to the subtle change between different stacking orders are
required. Because the four polytypes of InSe belong to different
point groups and are characterized by distinct crystallographic
symmetries, a symmetry-specific characterization tool would
be ideal to resolve the above controversies. Here we report an
oblique incident second harmonic generation (SHG) study for
resolving different polytypes of InSe. SHG is well known as a
second-order nonlinear optical process and has emerged as a
powerful and noninvasive tool to characterize van der Waals
materials.[>>19-22 The basic principles of SHG was described
elsewhere.?324 Briefly, the SHG intensity can be written as:

2, where E(w) is the electric field of

«(2)
120) Y E(@)Eo) «

the fundamental input at frequency o, and Py is the corre-

sponding nonlinear optical susceptibility tensor. As a third-rank

tensor, ;’((2) is highly sensitive to various symmetry properties
of the materials, including the stacking orders of layered van
der Waals compounds, such as the trilayer graphene, few-layer
TMDCs, and transition metal monochalcogenides.!>>1%:20.23]
Previous SHG studies on InSe have revealed its high second-
order optical nonlinearities.'*1>26] However, they were done

with the commonly adopted normal incident geometry, which
s @) e
was not sensitive to out-of-plane ; elements. By utilizing an

oblique incident geometry, we are now able to detect the out-of-
plane components that are essential for differentiating various
InSe polytypes (details discussed below), and show the &phase
to be dominant, instead of the commonly proposed yphase.
Corroborated by selected area electron diffraction patterns from
TEM measurement, the result would serve to guide future
studies on InSe and related applications such as piezoelectric
transducer and strain sensing./27-%]

2. Results and Discussion

The ¥, &, - and &phases of InSe belong to the point groups
of Cs,, Dy, Dg,, and Cg, U respectively (Figure 1b-e, left
panels). Among them, the Dg, group has inversion sym-
metry, hence SHG from the f-phase InSe is forbidden under
electric dipole approximation.?*?4 Regarding the &phase
of the D3, point group, it has an out-of-plane three-fold rota-
tional axis, and mirror planes both parallel and perpendicular

© 2022 Wiley-VCH GmbH
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«(2)

to the three-fold axis. These symmetries lead to nonzero X

. 2 _ (2 _ 2 _ (2)
tensor elements as: Xivbe = Xbage = Xaabe = Xabae' Here

a and b refer to the in-plane lattice coordinates defined in
Figure 1a, with a along the zigzag direction and b along the
arm-chair direction. For the yphase of C;, symmetry, the cor-

. 2 . .
responding ;’C() contains the same set of in-plane elements

iy == Xbony == X'opy == X', in addition, it also contains

a set of nonzero elements involving the c-axis along surface

. 2 2 2 2 2 2
normal, which are ¥, =¥\, = ¥\, = X, Xy = x5, and

22 . Here, the major distinction between & and jphases lies

in the set of out-of-plane tensor elements, arising from the
reduced symmetry of yphase. For the dphases with Cg, point

@ . .
group, all the nonzero ; tensor elements involve the c-axis

i @ _ 0 _.,0 _ .0
along surface normal, which are X2 s=xl =22 = a5

@2 _ @ @ i i i
X2 s=x4 5 and x@ . 1t is seen that the isotropic response

(originated from out-of-plane components) is the key to distin-
guish different phases, which is not detectable via the normal
incidence usually adopted. Hence the oblique incident geom-
etry must be utilized.[?>24

Our InSe single crystals were purchased from 2D Semicon-
ductors and Six Carbon Technology, both labeled as yphase
by their specification. The samples from 2D Semiconductors
were mechanically exfoliated on PDMS and dry transferred
to the oxide-covered silicon substrate. The sample thickness
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was about 90 nm determined by atomic force microscopy.
Figure Sla,b, Supporting Information, shows the photo-
luminescence and Raman spectra of the samples. The photo-
luminescence spectrum exhibited a peakat998 nm, and the Raman
spectrum showed major peaks at 115.3, 1173, and 2275 cm™,
corresponding to A}, E,, and A}, phonon modes reported by
previous studies.[%3] It is noted that a weak shoulder at 193 cm™
was also detected, which corresponded to the E;, mode, and
was often considered to be indicating the &phase.’% Yet there
remained controversy on the Raman spectra analysis, so we
could not determine the polytype phase based on this mode
alonel”313% (see details in Supporting Information).

In SHG measurements, we adopted the oblique incident
geometry to excite and acquire electric field components along the
c-axis, as sketched in Figure 2a. The excitation beam was incident
at =45° from the surface normal.’3l The SHG signal at 2 from
InSe samples was detected along the direction of specular reflec-
tion. By rotating the samples around the surface normal, we col-
lected the SHG anisotropic patterns versus the azimuthal angle
¢, which is the angle between g-axis (zigzag direction) and inci-
dent plane (see inset of Figure 2a). So at ¢ = 0, the zigzag direc-
tion lies in the beam incident plane. At different input and output
polarization combinations, for the e-phase, the SHG anisotropic
patterns are described by: Igg. (@) o< Ispp (@) o<| Xig . COS(30) [
and g (@) o< Inpp o () | X i cOS(3¢) |* (see details of derivation

in Supporting Information). Here, the first letter in the subscript
of 9" refers to the polarization of the output beam, and the other

X
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Figure 2. Simulated SHG of %, & and &phase InSe under oblique incidence. a) Schematic of the experimental geometry at oblique incidence of
~45°. Polarizations of the fundamental and second harmonic beams are denoted by double-headed arrows (P-polarization) and cross-inside circles
(S-polarization). The inset is the schematic of the crystal coordinate (a-b-c) and the laboratory coordinate (x-y-z). The azimuthal angle ¢ between the
x-axis and the g-axis is illustrated. b,c) Simulated SHG polarization patterns of yphase InSe with different polarization combinations. The SHG patterns
become asymmetric when P-polarized SHG signals are selected. In the simulation, the isotropic term was set to five times smaller than the anisotropic
term. d,e) Corresponding simulation results for &-phase InSe. Different from yphase InSe, all the SHG polarization patterns are six-fold symmetric.
f,g) Corresponding simulation results for &-phase InSe. Different from § and &-phase InSe, the S-polarized SHG signals vanish and the P-polarized
SHG signals are isotropic. h) Strong SHG at 550 nm from an InSe flake (90 nm thick). The excitation wavelength was 1100 nm and incident power was
about 1 mW. The inset is the power dependence of the SHG intensities on a double-logarithmic scale. Solid line is the fit with a slope of 2.0 + 0.03.
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two refer to the polarization of the input beam. For example,
“SSS” refers to the polarization combination with S-polarized
output and S-polarized input (Figure 2a), “SPP” refers to the case
with S-polarized output and P-polarized input, and so on. For the
¥phase, the SSS and SPP terms have the same forms as those
of the e-phase, that are: Isss (@) o< Lspp (@) | X33, c08(3¢) [". How-
ever, the PSS and PPP patterns of the yphase are both different
from those of the ephase, with additional isotropic terms that

are independent of . We have: Ipss (@) x4, Sin(3¢)+isopss , |
and Ippp () o xl(yil)ay sin(3¢)+isoppp
2)

being a function of x5}, xin.

2 . . (2) .
, With i50pss ;o X4 > 150ppp,y

and »@

), (see details of deriva-
tion in Supporting Information). Here, tensor elements contrib-
uting to the isotropic terms all involve transition dipole moments
along the c-axis. Interestingly, for the &phase, all anisotropic
terms now vanish, and only the isotropic terms remain. So we
only have Ipgs s and Ippp s being detectable, which are both inde-
pendent of ¢.

Figure 2 presents simulated SHG patterns with different
polarization combinations for the yphase (Figure 2b,c), &phase
(Figure 2d,e), and &phase (Figure 2f,g), all normalized with respect
to the maximum intensity for easy comparison. For the &phase,
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all SHG patterns are six-fold symmetric regardless of the polari-
zation combination. For the yphase, both SSS and SPP patterns
are six-fold, while the PSS and PPP patterns are three-fold due to
the interference between anisotropic and isotropic terms. For the
Jphase, all patterns are isotropic. Therefore, the &, ¥ and dphase
InSe can be readily distinguished via the PSS and PPP patterns.
Figure 2h shows the emission spectra of the InSe samples
excited by a 200 fs, 80 MHz pulsed laser at 1100 nm, showing the
SHG peak at half of the input wavelength. The excitation wave-
length was chosen for a strong SHG response (see Figure Slc,
Supporting Information, for the SHG excitation spectrum).
The inset plots the SHG intensity versus the excitation power
in the double logarithmic scale, showing a quadratic power law
dependence (2.0 + 0.03) as expected. This strong SHG response
immediately excludes the centrosymmetric S-phase that could
not produce SHG under the electric dipole approximation. We
then acquired the azimuthal anisotropic patterns to distinguish
between the &, ¥ and &phase by rotating the sample around
its surface normal. Figure 3a,b displays the measured patterns,
which all exhibited six-fold rotational symmetry, regardless of
the input and output polarizations. The isotropic component
specific to the ¥ and &phases was absent in all cases. Such six-
fold SHG patterns strongly suggested that the InSe samples

= P-in P-out
e S-in S-out

1260 nm excited

= S-in P-out
® P-in S-out

300°

1260 nm excited

Figure 3. Azimuthal SHG polarization-resolved patterns of the InSe at different fundamental wavelength under oblique incidence: a,b) for the funda-
mental wavelength at 1100 nm, c,d) for 900 nm, and e,f) for 1260 nm. All the polarization-resolved patterns display six-fold symmetry, independent of

the fundamental beam wavelength, suggesting the &-phase InSe.
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Figure 4. TEM study of InSe flakes. a) SAED pattern of the InSe sample (about 20 nm thick). b-d) Simulated electron diffraction patterns of the ¥, -
and &/d-phase InSe crystals, respectively. Note that the & and &phases share the same SAED pattern, as shown in (d). By comparison, the measured

pattern in (a) matches with that from & and &-phases shown in (d).

were dominated by the &phase, rather than the more com-
monly proposed yphase.

It might still be argued that even for the yphase and
o-phase, the isotropic components could be vanishing if
related transition dipole moments along the c-axis happened
to be small. While due to the nature of their point groups,
such accidental cancellation would only happen to specific
resonances, but cannot be a general property at all other wave-
length. To check that, we tuned the excitation wavelength to
900 nm and 1260 nm, which are above and below the reso-
nance on the excitation spectrum, respectively (Figure Slc,
Supporting Information). Again, all SHG patterns exhibited
the six-fold symmetry characteristic for the &phase, without
any trace of isotropic contribution from the yphase or &-phase
(Figure 3). We further checked the samples of various thick-
nesses to avoid the accidental segregation of various phases,
and the six-fold patterns persisted (Figure S2, Supporting
Information), showing that the e&phase dominates the
entire crystal. We also tested InSe samples purchased from
a different vendor (Six Carbon Technology), which was also
claimed to be the yphase. Again, our measurement revealed
the &phase to be dominant, as shown in Figure S3, Sup-
porting Information.
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To corroborate the result, we further performed a detailed
TEM measurement on InSe thin flakes. Figure 4a shows the
selected area electron diffraction (SAED) pattern of the InSe
sample, which was composed of both primary and secondary
sets of hexagonal patterns. Figures 4b-d display the simu-
lated electron diffraction patterns of ¥, - and &/dphases,
respectively. For the f-phase, the intensity of the primary set
is equal to that of the second set. For the yphase, the primary
set of diffraction spots is completely absent due to destruc-
tive interference. The & and &phases share the same SAED
pattern, showing contrasting intensity between the primary
and secondary sets (Figure 4d). Therefore, the TEM result
in Figure 4a also excludes the ypphase and f-phase as SHG.
As the six-fold SHG anisotropy patterns further exclude the
6-phase, the dominance of &phase in InSe crystal becomes
unambiguous.

3. Conclusion

In summary, we identified the stacking order of InSe to be the
&phase using oblique incident SHG under ambient conditions.
The result was further corroborated by TEM measurements, and

© 2022 Wiley-VCH GmbH
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is in accordance with theoretical simulations. This identification
can serve as a base for further exploring the physical properties
of InSe as well as the device applications such as piezoelectric
transducer and strain sensing.”*-?’) Our work also demonstrates
that the symmetry-sensitive SHG technique is a powerful nonin-
vasive method for crystallographic structure analysis, which can
be widely applied to other van der Waals layered materials.

4. Experimental Section

Optical Measurement: The SHG polarization-resolved patterns were
conducted on an optical microscopic system at oblique incidence.’¥ In
this setup, a femtosecond optical parametric oscillator (OPO, 200 fs pulse
duration, 80 MHz repetition rate) with tunable wavelength was used as the
excitation source. The linearly polarized light was focused onto the sample at
=~45° angle by 10x long working-distance objective (NA = 0.3). The reflected
SHG signal was collected by a 50x long working-distance objective (NA =
0.4), and guided to a fiber-coupled spectrograph equipped with a liquid
nitrogen-cooled silicon charge-coupled device to acquire optical spectra. The
InSe SHG excitation spectroscopy measurement (Figure Slc, Supporting
Information) was conducted on an optical microscope at normal incidence.
In this setup, the fundamental beam was linearly polarized and tunable
from 800 to 1300 nm, and focused on the sample by a 100x microscopic
objective (NA =0.95). The reflected SHG signal was collected by the sample
objective and guided to a fiber coupled spectrograph equipped with a liquid
nitrogen-cooled silicon charge-coupled device. The photoluminescence and
Raman measurements were conducted on the same optical microscope at
normal incidence. The photoluminescence signal was detected by a liquid
nitrogen cooled InGaAs charge-coupled device.

TEM Measurements and Analysis: SAED patterns were acquired at
an aberration-corrected transmission electron microscope (FEI Titan
Themis G2 300) operated at 300 kV. The simulations of the SAED pattern
were performed using Crystalmaker software.

Supporting Information

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