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Direct determination of the interlayer van der Waals bonding force
in 2D indium selenide semiconductor crystal
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The interlayer van der Waals bonding force in crystalline InSe was directly measured using a
mechanical test equipment. The bulk y-InSe crystal was grown by the temperature difference
method under controlled vapor pressure, a unique liquid phase solution crystal growth method with
a low and fixed growth temperature. The measured bonding force in the crystal was 20.8 N/cm?,
which is greater than that in 2D crystalline GaSe. We also made theoretical discussion of the van
der Waals forces in InSe, based on the fluctuations in the electron cloud distributions around the
atoms. Published by AIP Publishing. https://doi.org/10.1063/1.5024313

I. INTRODUCTION

III-chalcogenide compounds, such as GaSe and InSe,
have attracted more and more interest, and studies of their
optical applications have been conducted.' Also, they have
been proven to be outstanding candidates for exploring the
frontier field of spintronics® and quantum hall effect.** We
constructed some test equipment for a previous study of the
interlayer van der Waals bonding forces in GaSe.” Indium
Selenide is a typical two-dimensional (2D) III-chalcogenide
semiconductor and has recently attracted much interest
because of its novel optical and electrical properties.® A
bandgap of about 1.3 eV gives it great potential to be applied
in high efficiency solar energy conversion devices’ and infra-
red detectors.® Also, because the density of the dangling
bonds and the surface states in InSe are very low, it is also a
promising material for the buffer layers in heterojunction
devices.” Moreover, the transport properties confirm that
InSe is an outstanding candidate for exploring the field of
quantum confinement. '

Bulk InSe is one type of van der Waals III-chalcogenide
crystal, in which many cleavable single layers consisting of
two Se® anions and one [Inz]4+ cation are stacked together
and where the atoms combine with each other by covalent
bonding to form a Se-In-In-Se structure. The bonding
between the layers is mainly due to van der Waals forces.
The special layered structure gives InSe its novel optical and
electrical properties, so it is worthwhile exploring the inter-
layer structure of InSe.

Until now, although the electrical, optical, and thermal
properties of InSe have been measured experimentally, there
has only been a small amount of research done on the
mechanical properties of IlI-chalcogenide compounds, con-
ducted by means of nano-indentation tests and first principles
calculations. However, the interlayer bonding strength can-
not be measured by these approaches.'' The mechanical
properties, especially the van der Waals bonding force in
InSe, are important for studying the interlayer structure and

Y Author to whom correspondence should be addressed: tadao.tanabe.bl@
tohoku.ac.jp. FAX: +81-22-795-7329. TEL.: +81-22-795-7330.

0021-8979/2018/123(24)/245107/5/$30.00

123, 245107-1

device fabrication processes, such as mounting and wire
bonding.

In this study, we investigated layered structures of crys-
talline InSe grown by the temperature difference method
under controlled vapor pressure (TDM-CVP),'? by quantita-
tively measuring the interlayer van der Waals bonding forces
in the crystals. TDM-CVP ensures that less interlayer defects
are introduced. In our previous results, we added Te into the
GaSe crystal to enhance the mechanical strength of samples.
We suggest that it is the existence of heavy atoms that intro-
duce larger van der Waals interactions; however, there are
more defects such as grain boundaries and dislocations in the
mixed crystals than in single crystals. The experiments on
InSe confirmed that the main reason for the reinforcement of
interlayer bonding force in III-chalcogenides is the van der
Waals interaction but not any others such as the dislocation
strengthening. A theoretical discussion of the van der Waals
interlayer bonding forces in both InSe and GaSe was done,
and the results were compared with the experimental ones.
The theoretical discussion involved determination of the
interlayer forces between two single layers by considering
the bonding strength contributed by the van der Waals forces
between planes of indium and selenium.

Il. EXPERIMENTS

Despite the fact that most of the previous research on
InSe had been conducted employing crystals grown by the
Bridgman-Stockbarger technique,'? our samples were grown
using TDM-CVP, a unique solution growth method. A sche-
matic diagram of TDM-CVP with temperature distribution is
shown in Fig. 1. The temperature is controlled by the three
independently adjusted electric furnaces, then the concentra-
tion of selenium differs from place to place in the crucible,
and finally, the dispersion of selenium introduces the super-
saturation in the bottom of crucible and lets crystals grow.
The advantages of TDM-CVP are as follows: first, the
growth can be conducted at a fixed temperature lower than
the melting point of InSe, which ensures that there are less
defects arising from the thermal motion of the molecules;

Published by AIP Publishing.
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FIG. 1. Schematic diagram of the Temperature Difference Method under
Controlled Vapor Pressure (TDM-CVP). The selenium vapor pressure can
be controlled by Tv in this growth system. InSe crystals were grown due to
super-saturation introduced by diffusion at the bottom of crucible.

second, because the InSe can be grown motionless by TDM-
CVP, the nucleation in solution due to vibration caused by
movement of the crucible can be avoided; finally, the stoi-
chiometric composition and thus the quality of the crystal
can be controlled by the stable selenium vapor pressure.

In TDM-CVP, it is the temperature gradient in the cruci-
ble that makes the selenium solute disperse and the crystal to
grow. The growth conditions were as follows: the growth
temperature was 582 °C and the temperature at the fluid level
was 609 °C, which introduces a temperature gradient of 9 °C/
cm in the crucible, and the selenium vapor pressure was kept
at 65 Torr during growth. The growth took 14 days.

X-ray diffraction (XRD) measurements were conducted
using a D§ ADVANCE (Bruker AXS Co., Ltd.) with CuKo,
radiation. Moreover, backscattered Raman spectra were also
obtained by implementing a STR250A (SEKI TECHNOTRON
Co., Ltd.) with an excitation source at 532nm. The Raman
spectrum is shown in Fig. 2. With excitation at 532nm, the
absence of the Raman line at 200 cm ™' verified that our sample
is y-InSe. The results of the Raman spectra confirm that our
samples were y-InSe with R3m space group symmetry. From
the XRD results for different parts of ingot, it was confirmed
that the large part of the as-grown crystal is the InSe single
crystal. As shown in Fig. 2, TEM images have been taken by
JEM-2100F (JEOL Ltd.). The diffraction pattern of y-InSe is
shown in dark field images, and from the bright field image, it
can be observed that there are no dislocations found in a large
area. Our InSe is a single crystal but not a polycrystal. These
results indicate that the oxidation has not occurred and our
samples have favorable crystallinity. The samples used in this
study were flacks peeled from the as-grown InSe ingot. The
size of the InSe sample is about 8 mm, and the thickness is
about 1 mm.

The van der Waals forces in the samples were measured
using our unique mechanical test system shown in Fig. 37
The InSe crystals are attached to the fixed stage using strong

J. Appl. Phys. 123, 245107 (2018)
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FIG. 2. Characterizations of the InSe crystal. (a) and (b) The bright and dark
field images of TEM taken from the (0001) direction and (c) the Raman
spectrum of the InSe crystal indicating that the tested sample is the y-InSe
crystal.

Free stage with friction force minimized Double-sided tape

L-shape slider
motorized stage
controller

FIG. 3. Schematic diagram of the interlayer bonding force measurement sys-
tem. InSe crystals were attached to the stage and cleaved by double-side
adhesive tape. The load cell between two L-shape sliders recorded the force
while samples being cleaved.
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double-sided adhesive tape after cleavage of several surface
layers. On the opposite side of the stage, there is an
L-shaped slider (S2) with the same kind of double-sided
tape. Another slider (S1) is drawn by a motorized stage
controller at a speed of 1mm/s. A SGSP20-35 (SIGMA
KOKI Co., Ltd.) motor was used to cleave the samples. A
LMA-A (KYOWA Co., Ltd.) load cell is placed between
the two sliders (S1 and S2) to measure the tension when the
samples are being tested. The precision of the load cell can
reach 6 x 107 N. The adhesive force between the tape and
the metal stage was measured in advance, and a value of
275 N/cmz, which is far greater than that of the interlayer
bonding force obtained from our experimental results, was
obtained.

20 |——6th[’
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FIG. 4. (a). Average force per unit area measured by a strain gauge for the
Ist to the 6th cleavage. The force reaches the maximum at the 4th cleavage.
(b). Relationship between the bonding strength and the number of times
each sample was cleaved. All the samples reached almost the same maxi-
mum value when numbers of cleavage increased.
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lll. RESULTS AND DISCUSSION

The InSe crystals were cleaved 6 times using the tension
test equipment. Figure 4 shows the average force per unit
area measured by the load cell from the first to the sixth
time. These results suggest that the InSe crystals were elasti-
cally deformed before reaching the fracture force (o,,,.). The
force measurements circled by the dotted lines are attributed
to the frictional force between the guide rail and the moving
L-shape slider (oj4.). The interlayer bonding force (65nq)
was obtained by subtracting the frictional force from the
fracture force [Eq. (1)]. The measured interlayer bonding
force increases at first and then stays at almost the same
value as the number of cleavage times increases. Although
one can get a thinner InSe film by increasing the times of
cleavage, here we only cleave the samples for several times
to investigate the maximum of fracture force. This behavior
can be explained as being due to some parts of the crystal
already having fractures and there being defects, such as dis-
placements, in the sample before the test. This would cause
the interlayer strength to differ from place to place. The sam-
ple would rupture at the weakest parts, eventually leaving
only the strongest parts. After the weaker parts had been
removed, the measured force remained constant, and this can
be considered to be the native interlayer bonding force in the
crystal. The normalized interlayer bonding strength per unit
area of crystalline InSe, compared with our previous results
for crystalline Ga\Se,5 is shown in Fig. 5. Forces of all the
samples reach the maximum value. Here, the value shown in
Fig. 5 is the average of data obtained from all samples, and
an error is added according to the variance of results. The
interlayer bonding force in InSe is far greater than that in
GaSe

Obond = Omax — Ofic- (D
The van der Waals force between two atoms comprises a

number of forces, i.e., the dispersion force, the induced dipole
force, and the permanent dipole force, and can be expressed

25
21.9+0.6

« 20

e

K

< 15}

£

c

(0]

s 10}

w

(@)

£

© 5t

C

S 2.3

GaSe InSe

FIG. 5. Normalized bonding strengths of GaSe and InSe. The result of GaSe
was published in our previous literature. The result of InSe is an average
value of maximum value in Fig. 4(b) with an error bar of 4 samples.
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by the following equation given by London'* when the con-
stituent atoms have no permanent dipole moment:

1 3h0€10(2V1V2
F,=——<—=1. 2
ro {4 (v1 + 1) } )

Here, r is the distance between the two atoms, o; and o, are
the polarizabilities, and v; and v, are the vibration frequen-
cies without the interatomic interaction. Then, the average
van der Waals force per unit area between two large parallel
planes (o,,) with an area of S can be expressed by the follow-
ing equation:

TL'/’!O(l L2240 %)

0,(1,2) = o ,
12

3)

where d, is the distance between the two parallel planes 1 and
2. A schematic diagram showing the structure of the layered
III-chalcogenide semiconductor crystal is shown in Fig. 6. The
black balls indicate the III-group metal atoms (A =1In, Ga),
and the grey balls indicate the chalcogen atoms (B = Se). In a
single layer, two A planes are sandwiched between B planes.
The thickness of a single layer (dj4y.-) can be calculated from
the lattice constant. The distance between the A planes (d)
and that between the B planes (d») within a single monolayer
were obtained from a previously published report.'® From
these, we derived the distances between two A planes (ds_,),
two B planes (dg_p), and the A and B planes (d4_p) in neigh-
boring layers. All these parameters for GaSe and InSe are
listed in Table 1.

The van der Waals force, which is proportional to 7, is
a very short distance interaction. Thus, the van der Waals
bonding force between two neighboring monolayers is
mainly contributed by the nearest two A and B planes

TABLE I. The distance parameters for InSe and GaSe (unit: A),

d[ayer dl dZ dAA de’ dAb’

InSe 8.320 2.740 5.300 5.580 3.020 4.300
GaSe 7.960 2.400 4.730 5.560 3.230 4.395

J. Appl. Phys. 123, 245107 (2018)

FIG. 6. Schematic diagram showing the
structure of a layered IIl-chalcogenide
semiconductor crystal. The left figure
defines the distances listed in table. The
right figure shows how the structure of
polytype differs from each other.

6= 0,=0y(A,A)+0,(B,B) +20,(A,B). (4)

The electric polarizability («; and o) is the relative tendency
of the charge distribution of the electron cloud around an
atom to be distorted from its normal shape by an external
electric field and this increases with the number of elec-
trons.!” It has been reported in other publications that the
polarizabilities of In, Ga, and Se are 69, 54.9, and 26.2 in
arbitrary units, respectively. In addition, the vibration fre-
quencies of the atoms without interaction (v, and v;) are pro-
portional to the atomic mass. We use these values and
Eq. (4) to compare GaSe with InSe. The results show that the
van der Waals bonding force in InSe is nearly three times
stronger than that in GaSe.

However, the difference between the experimental inter-
layer strengths in InSe and GaSe was far greater than this.
Some possible reasons for this are as follows: first, our previ-
ous experiments were conducted using GaSe crystals belong-
ing to the e-polytype. However, the tests on InSe were
conducted using crystals belonging to the y-polytype. In fact,
layered IIl-chalcogenide semiconductors always comprise a
stable polytype due to the effects of Coulomb interactions,'®
which means that the Coulomb potentials of the two different
polytypes are not the same. Moreover, there are more car-
riers belonging to the In atoms than the Ga atoms, which will
introduce a greater Coulomb interaction. Furthermore, inter-
actions other than the van der Waals force, such as ionic
bonding and covalent bonding, contribute to the interlayer
strength.

IV. CONCLUSION

In this study, we directly measured the interlayer bond-
ing force in crystalline InSe and obtained a value of 20.8 N/
cm®. We compared this with the result obtained in a previous
study for another kind of IIl-chalcogenide layered crystal.
This was 2.3 N/cm? for GaSe, which shows that the van der

Waals bonding force in InSe is stronger. Thus, there is
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qualitative agreement between our results and our theoretical
analysis of the interlayer van der Waals forces in InSe and
GaSe.
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