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Abstract: Layered van der Waals (vdW) semiconductors show great promise to overcome limitations
imposed by traditional semiconductor materials. The synergistic combination of vdW semiconductors
with other functional materials can offer novel working principles and device concepts for future
nano- and optoelectronics. Herein, we investigate the influence of the intercalation of semiconducting
n-type InSe vdW crystals with ferroelectric rubidium nitrate (RbNO3) on the transport of charge
carriers along and across the layers. The apparent maxima in the temperature dependences of
the Hall coefficient are explained in the framework of a model that predicts, along with three-
dimensional carriers, the existence of two-dimensional ones contributing only to the conductivity
along the layers. The revealed increase of the conductivity anisotropy and its activation variation
with temperature, which is mainly due to a decrease of the conductivity across the layers, confirm
a two-dimensionalization of electron gas in n-InSe after insertion of the ferroelectric. From the
numerical analysis, we determined the densities of carriers of both types, concentrations of donors
and acceptors, as well as the value of the interlayer barrier.

Keywords: indium selenide; ferroelectric intercalation; Hall effect; conductivity anisotropy

1. Introduction

In recent years, the diverse family of layered van der Waals (vdW) crystals has been
attracting a great deal of attention as a versatile material platform for fundamental and
applied research [1-3]. The rapid development in this field has renewed interest in interca-
lation, which is a powerful approach to engineer the properties of layered materials [4,5].
The peculiarities of the crystalline structure of layered vdW crystals—namely, the absence
of dangling bonds within a separate layer and large interlayer gaps (3-4 A)—enable the
properties of pristine crystals to be tailored by means of intercalation (i.e., by the insertion
of various guest species between layers). In particular, intercalation could be used as an
effective method to introduce new functionalities or enhance the existing parameters of
a promising class of semiconducting vdW crystals known as metal monochalcogenides,
such as InSe, GaSe, etc. In the pristine form, these crystals have recently emerged as
an excellent material base not only for quantum science, but also for a wide range of
innovative technologies, including quantum metrology, high broadband photosensors,
light-emitting diodes, resonant tunnelling transistors with multiple regions of negative
differential conductance, and field-effect transistors (FETs) with high electron mobility
exceeding that of silicon-based FETs [6-16].

For layered InSe and GaSe crystals, intercalates with ferroelectric salts (KNO3, KNO,,
NaNO;, RbNOs, etc.) form a wide group of insertion compounds [17-22]. The insertion
of the salts into the crystal structure was confirmed by X-ray studies. In particular, the
X-ray diffraction patterns of the InSe<RbNO3> structure indicate the presence of InSe

Appl. Sci. 2021, 11, 5181. https:/ /doi.org/10.3390/app11115181

https:/ /www.mdpi.com/journal/applsci


https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-3983-9316
https://doi.org/10.3390/app11115181
https://doi.org/10.3390/app11115181
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app11115181
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app11115181?type=check_update&version=2

Appl. Sci. 2021, 11, 5181

20f12

and RbNOj phases and demonstrate the increase of the lattice parameter c (along the
crystallographic C axis) to 29.641 A (for pristine InSe ¢ = 24.946 A), while the in-plane lattice
parameter a4 remains unchanged [19]. Atomic force microscopy (AFM) imaging of the vdW
surfaces of InSe and GaSe crystals after insertion of ionotronic salts revealed the presence of
nanodimensional 3D inclusions of ferroelectric phases. For the GaSe<RbNOs3> structure, a
pyramidal form was identified [17,20], whereas in the case of InSe<RbNOj3>, small islands
of ionic salt were observed which created nanosized rings with an outer diameter less than
50 nm [18]. Their height did not exceed the width of vdW gap (~3.5 A) and the surface
density in the plane (0001) ranged between 10° and 10! cm—2.

Photoconductivity spectra of InSe<RbNO3> investigated in earlier studies [18] re-
vealed significant photosensitivity at hv < Eg, which is higher than that in InSe single
crystals. This was ascribed to the formation of a nanotextured interface between the ionic
salt and layered crystal, as well as to the peculiarities of photoconductivity in anisotropic
materials. The intercalation insertion of ferroelectric molecules into the interlayer space of
III-VI semiconductors enables new mechanisms of charge accumulation, which is promis-
ing for the development of solid-state supercapacitors [17]. Thus, ferroelectric intercalating
agents are promising materials for a wide range of applications, but little is known about
their properties. Earlier ferroelectric nanocomposites obtained by exposing layered III-VI
crystals to salt melts were investigated using AFM, X-ray photoelectron spectroscopy,
optical absorption spectroscopy, etc. Although, the electrical properties of this hybrid semi-
conductor /ferroelectric system are interesting from both fundamental and practical points
of view, so far they have only been studied by means of alternating current (a.c.) impedance
spectroscopy methods [17,18]. In this paper, we report on the influence of ferroelectric
rubidium nitrate (RbNOj3) intercalation on the electrical parameters of semiconducting
n-type InSe vdW crystals and their anisotropy probed with direct current (d.c.) techniques.

2. Materials and Methods

In our study we used low-resistivity n-InSe single crystals grown by the Bridgman
method from a non-stoichiometric melt In; g35eg 97. From the obtained ingot we mechani-
cally cleaved plane-parallel plates with shape suitable for measurements of Hall effect and
conductivity in different crystallographic directions. After the electrical characteristics of
the pristine samples were measured, samples were subjected to the insertion (intercalation)
of a molecular guest component into the lattice by exposing the InSe samples to a melt of
RbNOj at a temperature T = 370 °C for 10 min. A porcelain crucible with the melt was
placed in a hermetical box filled with air dried with phosphorus pentoxide (P,Os). The
repeated intercalation was performed at the same technological conditions. To distinguish
a possible effect of associated thermal treatment, other pristine samples were annealed in
vacuum at the same time-temperature conditions.

Measurements of the temperature dependences of the conductivity along the layers
o ¢ and Hall coefficient Ry were carried out for samples shaped as rectangular paral-
lelepipeds with typical dimensions of 10 x 2.5 x 0.8 mm? with d.c. passing through the
samples in a constant magnetic field. Note that the electrical characteristics for the pristine
and intercalated compound were measured for the same sample, whereas the influence of
vacuum annealing was established for other samples cleaved from neighboring parts of
the ingot. For the pristine and annealed samples, we used indium as a contact material,
and for the intercalated ones we used silver paste.

The mechanical properties of layered InSe crystals make it possible to cut samples
with the prevailing dimension across the layers. That is why we used a four-probe method
proposed in [23] to measure the conductivity component o c. In this case, the typical dimen-
sions of samples were ~5 X 3 mm? (cleaved surface) with ~0.6 mm thickness. According
to this method, a contact material was deposited onto cleaved surfaces perpendicular to
the crystallographic C axis. The current contacts covered almost the whole surface of
each cleaved side. Voltage was measured between a pair of small-area probe contacts
which were located close to the current contacts. The spacing between the contacts on each
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cleaved surface did not exceed 0.5 mm. This method is based on the assumptions that
the voltage U between the pair of the probe contacts does not differ significantly from the
potential difference between the current ones, and that the current density through the
sample is uniform. Later, this assumption was confirmed through a numerical analysis of
the conductivity across the layers for samples with different o, ¢/ 0)c ratios at different
sample dimensions and contacts to them [24]. Thus, this technique to measure oc in
crystals with high 0, ¢/0 ¢ anisotropy is sufficiently reliable, and was later applied in
other studies [25-27].

The measurements of “vertical” conductivity were carried out for the samples cleaved
from neighboring parts of the same ingot as the samples for investigations of electrical
parameters along the layers. These measurements were carried out only in the temperature
range 80 to 300 K. Higher temperatures were not used in order to avoid the decomposition
of planar interlayer aggregates of defects.

3. Results and Discussion
3.1. Transport Properties along the Layers

Temperature dependences of the conductivity o and Hall mobility of electrons
1 ¢ along the layers, as well as those of the Hall coefficient Ry for the pristine, vacuum
annealed, and RbNOs-intercalated InSe crystals are shown in Figures 1-3. Numerical
values of the parameters at 80 and 300 K are listed in Table 1. It is established that for
the pristine sample, the Hall coefficient decreases approximately twice with increasing
temperature from 80 to 300 K. Such dependence is caused by a slight variation of the
electron concentration—a shallow donor level (18.5 meV) is preferably ionized already
at 80 K, while the deeper donors still do not manifest. It is generally accepted that in
undoped InSe crystals, the shallow donor is related to interstitial indium atoms In; [28]. A
decrease in the mobility component with increasing temperature within the investigated
range is caused by the interaction of electrons with optical phonons, which is the dominant
scattering mechanism [29,30]. Such behavior of Ry and p | ¢ defines a metallic character of
the conductivity o ¢ variation at T < 370 K (Figure 1). Only at higher temperatures does
the activation of electrons from a deeper donor rapidly increase, resulting in the transition
to 0 ¢ (T) dependence which is typical for semiconductors.
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Figure 1. Temperature dependences of conductivity along the layers for the n-InSe samples: pristine
(1), first-time and repeatedly intercalated with RbNO; (2 and 3, respectively), and annealed in
vacuum (4 and 5, respectively).
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Figure 2. Temperature dependences of the Hall coefficient for the n-InSe samples: pristine (1), first-
time and repeatedly intercalated with RbNO3 (2 and 3, respectively), and annealed in vacuum (4 and
5, respectively).
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Figure 3. Temperature dependences of the Hall mobility along the layers for the n-InSe samples: pristine (1),

first-time and repeatedly intercalated with RbNOj3 (2 and 3, respectively), and annealed in vacuum (4 and 5,
respectively). Curve 6 shows drift mobility calculated according to the model in [25,26].
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Table 1. Electrical parameters along the layers of different #-InSe samples.

0,c (Ohm~1.cm1) n (cm~3) u ¢ (em-v-1.s-1)

Sample 80 K 300 K 80 K 300 K 80 K 300 K

1 6.10 1.121 3.85 x 10 7.61 x 10%° 9905 919

2 0.0837 0.142 2.08 x 10>  1.61 x 1015 251.3 549

3 0.0313 0.0487 2.00 x 1015 8.04 x 10 97.9 378

4 5.91 1.328 593 x 105 9.60 x 10%° 6226 864

5 472 1.531 6.66 x 10> 1.14 x 1016 4970 836

According to the theoretical model in [29,30], the scattering of carriers with homopolar
optical phonons, which are polarized along the crystallographic C axis and modulate the
thickness of a separate layer, is dominant in layered crystals. In this case, the relaxation
time Trg is given by:

1/1rs = 2¢%w [((e/ﬁa)) +1)2 ny + (n,,h + 1)9(8 — hw)((e/hw) — 1))%} @

Here, g*> = Eozm*%MN ﬁ(ﬁw)% is the electron-phonon coupling constant, hw is the
phonon energy, & is the deformation potential, M is the reduced ionic mass of the phonon

mode, N is the number of cells per unit volume, & is the electron energy,

1/3
npy = lexp(hiw/kT) — 117! is the phonon occupation number, m* = (m’l% mﬁc) is

the density-of-states effective mass, and 6(x) =1 at x > 0 and 0 at x < 0. The drift mobility
along the layers caused by this scattering mechanism is:

irs = e< Tpg >/m” )

In the three-dimensional approximation of the scattering with the homopolar op-
tical phonon A’1g (hw = 14.3 meB) and ¢? = 0.056, the urs(T) dependence follows the
pattern shown by curve 6 in Figure 3. The difference between the yrs(T) and apparent
mobility dependence for the pristine sample can be explained by the effect of additional
scattering with ionized impurities. Thus, the total mobility is ‘u’l =u st +yBH’1, where
upy is the Brooks—Herring mobility for scattering with ionized impurities. Assuming
that in the Brooks—Herring expression the effective concentration of screening carriers
is equal to the concentration of free electrons, for the pristine sample we obtain the con-
centration of ions to be N = 7.35 x 10’ cm~3, and that of compensating acceptors to
be Na = (N; — 1)/2 =1.94 x 10" cm~3. This means that the pristine InSe crystal is not a
highly compensated semiconductor.

The main peculiarities of the intercalated crystals are the presence of extrema in the
temperature dependences of Ry and non-monotonous changes of it ¢. In comparison to
the pristine n-InSe sample, the Hall coefficient for the intercalated ones is higher. Starting
from 80 K for sample 2 and after 110 K for sample 3, the Ry values increase with temperature
and take their maxima at 160 and 200 K, respectively. The low-temperature mobility of
electrons along the layers becomes decreased after the first-time and repeated insertion of
RbNO:;. For both intercalated samples, the mobility increases with increasing temperature
and, in the high-temperature range, is nearly the same as in pristine samples. It should be
noted that during the insertion of the ionic salt between the layers of n-InSe, the samples
are simultaneously subjected to thermal annealing, as the intercalation is done at high
temperatures. Usually, a vacuum treatment at 450-550 °C results in an increase of free
carriers because of the dissociation of interlayer In inclusions that continues for 2 h [26].
However, at the conditions used for the intercalation (low temperature and duration), the
effect of annealing on the electrical parameters is not determinative.

The obtained dependences of the electrical characteristics for the intercalated crystals
are typical for transport properties with two types of charge carriers contributing to the
total conductivity o = 0, + 03, with corresponding concentrations and essentially different
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mobilities. Within such a model, the Hall coefficient is given as a function of carrier
concentration and mobility by the following expression:

ranop3 + rangp3

Ry =
e(nappy + ngyg)z

®)

Here 1y, ny, pp and r3, n3, p3 are Hall factors, concentrations, drift, and Hall mobilities
for two types of electrons. Assuming that r, = r3 = 1 and the total concentration of electrons
is constant (1, + n3 = const), the parameter Ry reaches its maximum when the conductivities
are the same (0, = 073).

According to the literature [31-33], extrema in Ry (T) dependences were observed in
many compounds and were explained by a simultaneous contribution to the conductivity
of the carriers from a main band and an impurity band, which is separated from it, with
essentially different mobilities. However, the apparent mobility values are too high to be
attributed to an impurity band, which is evidence against such an explanation in our case.

A mixed conductivity of the samples under investigation could also be caused by
light and heavy electrons in the conduction band. However, starting from band structure
calculations for y-InSe [34], a model of a complex conduction band should be rejected.

The decrease of the Hall coefficient with decreasing temperature could also be ex-
plained as a tendency to change the conductivity type from n to p. However, a self-
compensation mechanism is inherent for n-InSe crystals—that is, adding acceptors leads
to the appearance of new compensating donors. Besides, it is known that even if the
impurities are acceptors within a layer, they act as donors in the interlayer positions [35].
Therefore, this explanation of the Hall coefficient behavior after the insertion of RbNOj is
probably not correct.

As we found earlier [36-39], non-monotonic temperature dependences of Ryy and i ¢
in n-InSe irradiated with electrons can be explained assuming that electron transport along
the layers is due to a contribution of high-mobility three-dimensional (3D) electrons and
less-mobile two-dimensional (2D) ones. It is known that polytypism and vdW coupling
between the InSe layers cause the presence of typical planar stacking faults between
different structure polytypes, where impurities (dopants, intercalants, intrinsic atoms,
residual impurities) can be accumulated. The presence of degenerate 2D accumulating
layers is ascribed to planar inclusions of charged donor impurities at such stacking faults.
Their electrical potential bends the c-band bottom, creating energy wells across the layers.
In such energy sub-bands, electrons behave as a degenerate 2D electron gas—that is, they
keep free motion along the layers but are restricted to move across them.

The apparent temperature dependences of the Hall coefficient and mobility for the
intercalated samples can also be interpreted within the model that takes into account
the contributions of 3D and 2D electrons to the transport of charge carriers along the
layers. One can assume that 2D carriers largely determine the transport properties at low
temperatures. With increasing temperature, the 2D carriers become thermally activated in
the main bulk of n-InSe and the dimensionality of electron transport changes.

If we assume that, according to [40], the dependence of the mobility ratio b = u3 /2
on temperature is much weaker than that on the concentration ratio of 3D and 2D electrons
x = n3/ny, then in the maximum point of the Hall coefficient the equation

Ryax/Raep = (b+1)7/4b (4)

is correct. Here, Ry is the value of the parameter at the depletion of carriers when
Ngep = N2 + n3 = const. Knowing the value of b, one can determine from the experimental
data the values of n; and n3 as a function of temperature using expression (3). For the
intercalated sample 3, calculations were not done because it is impossible to determine
Ngep, but for sample 2 at r; =r3 =1 and ngep = 2.08-10% cm 3 the temperature dependences
of the concentrations are shown in Figure 4.
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Figure 4. Temperature dependences of the experimental and calculated (2D and 3D) concentrations.
fgep is the concentration of depletion.

Further analysis of the n3(T) dependence was carried out within a “single donor-single
acceptor” model considering that Np — Ny = n14ep. From the temperature dependence
of the Fermi level, which for a parabolic c-band is related with the concentration of the

carriers as -
2m*kT U

e =4n( 7" )Rl ©
the Fermi integral was calculated, and the chemical potential was determined for a set of
temperature points. With the significant compensation of donors, the following equation
takes place:

Np — Na

Nc + gNAeED/kT

This equation contains two unknown parameters, Np and Ep, related by the expression:

u=kTIn (6)

kT

Ngepy — NceV/

Na= " — @)
ge kT

By taking the spin degeneracy factor to be ¢ = 2 and writing the expression for N at
two significantly different temperatures, we obtain a corresponding difference equation
that contains the only unknown parameter Ep, which is obtained from a fitting procedure.
Thus, for the intercalated sample 2 we obtain that Ep = 90.4 meV, Np = 5.38-10'° cm 3, and
N, =3.30-10"® cm 3. Note that in our case Ep is the depth of the potential well and its
value is close to those observed in [36] (0.09-0.14 eV).

To define the nature of the additional interlayer defects which appeared after the
insertion of RbNO3, it is necessary to carry out detailed studies. Here, we assume that the
intercalation leads to the formation of additional interlayer planar defects and potential
wells. For such samples, one can expect a decrease in the “vertical” conductivity and high
values for the anisotropy ratio at low temperatures.

3.2. Conductivity Anisotropy

Temperature dependences of the conductivity across the layers 0| c and the conductiv-
ity anisotropy o ¢/ 0| c for the pristine, intercalated with RbNO;3, and vacuum annealed
crystals of InSe are shown in Figures 5 and 6, and the numerical values of the parameters
are listed in Table 2. The transversal conductivity component is essentially smaller than
the longitudinal one for all the samples. Thermal treatment in vacuum causes a slight
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increase of 0c and a decrease in the anisotropy. Note that for the pristine and annealed
samples, there are only slight variations of o|c and 0 ¢/ 0|c with temperature. On the
contrary, the insertion of RbNOj leads to a significant (by a factor of 80 to 800) decrease
in the o) component, and 0, ¢/ 0 ¢ considerably increases at 80 K (by a factor of 10 to
40) and exponentially decreases with increasing temperature with a higher slope. The
increased anisotropy values are mainly because of the decreased transversal conductivity.
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Figure 5. Temperature dependences of the transversal conductivity for the n-InSe samples: pristine
(1), first-time and repeatedly intercalated with RbNOj3 (2 and 3, respectively), and annealed in
vacuum (4 and 5, respectively). Inset shows the geometry of sample contacts for measurements
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Figure 6. Temperature dependences of the conductivity anisotropy for the n-InSe samples: pristine
(1), first-time and repeatedly intercalated with RbNOj; (2 and 3, respectively), and annealed in

vacuum (4 and 5, respectively).
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Table 2. Conductivity across the layers and conductivity anisotropy for different samples of n-InSe.

Sample %lc (Ohm™!-em™) GLC/GIIC AEy A
80K 300 K 80 K 300 K (meV)
1 0.09375 0.01826 65.1 62.1 7.6 21.7
2 1.183 x 104 9.88 x 104 708 154 15.3 77.5
3 1.218 x 107> 1.964 x 104 2575 248 23.1 97.0
4 0.1182 0.0387 50.0 34.3 46 25.9
5 0.1367 0.0549 38.8 27.9 35 234

Although many properties of InSe (e.g., mechanical) are highly anisotropic, it is not
because of the material’s band structure. It is known that the energy bands forming the
fundamental absorption edge of InSe are created with the significant participation of the
p--orbitals of Se, and that they have 3D character [34]. Taking into account that for n-
InSe the longitudinal component of the effective mass is higher than the transversal one
(m* - = 0.13mg and mﬁc = 0.08m [41]), in an ideal case of the same averaged relaxation
time along and across the layers one can expect the anisotropy ratio to be independent of
the temperature, and to be less than 1. Thus, the apparent high conductivity anisotropy
should be considered as defect-induced. A low energy of a longitudinal shift of the layers
relative to each other leads to disordering in the sequence of layers and the creation of
energy barriers between the n-InSe layers, which explains the anomalously high values
of 0 c/0|c. To participate in conductivity across the layers, charge carriers should be
activated over such barriers or tunnel through them.

Considering that the conductivity along the layers is

gic=enp,c, 8)

and assuming that the conductivity across the layers occurs because of thermal activation
of the carriers over the energy barrier AE,, in a one-dimensional model:

0|c = enpcexp(—AE,/kT), 9)
and therefore the conductivity anisotropy in the low-temperature range is:
01c/0)c = Aexp(AE,/kT) (10)

At the same averaged relaxation times, the pre-exponential factor A = p ¢/ c =
/M c-

For the pristine n-InSe sample, the value of the energy barrier is small and is equal
to 7.6 meV. Some decrease of the value after vacuum annealing is caused primarily by
the increase of the transversal component: high temperature leads to the dissipation of
interlayer inclusions, the concentration of interstitial donors increases, and their ionization
increases 0} c. On the contrary, for the intercalated crystals we find a significant increase
in AE; (Table 2). However, for all the samples, the values of the pre-exponential factor
(A ~ 20 + 100) obviously do not correspond to the effective mass ratio, as it is not below
1 (ml*‘c/ m’| - = 0.615). According to [25,27,42], high conductivity anisotropy of indium
monoselenide is not related to a highly anisotropic scattering mechanism, but is caused
by the presence of a significant concentration of 2D electrons, which do not participate in
charge transfer across the layers, in contrast to 3D carriers. Within this model, expression
(8) takes the form

oic=e(napyic+n3pusic), (11)
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and the anisotropy depends on the relative value of the concentrations of 2D and 3D
electrons and corresponding mobilities:

Oic _ Mapaic+ n3ﬂ3LCexp(AEb/kT). (12)
e n3p3|c

Because of the limitations of the available experimental data, it is impossible to
determine the separate mobility components contained in Equation (12). However, taking
into account the high values of the preexponential factor, we can assume that 2D carriers
are dominant.

4. Conclusions

InSe vdW crystals intercalated with ferroelectric RoNOj are characterized by non-
monotonic temperature dependences of the Hall coefficient and Hall mobility along the
layers. They can be explained in the framework of a model which predicts, along with
high-mobility 3D electrons, the presence of less-mobile 2D ones which do not participate in
charge transport across the layers. The two-dimensionalization of electron gas found after
the insertion of the ferroelectric salt into n-type InSe agrees with the significant increase in
the conductivity anisotropy and its exponential variation with temperature. It should be
noted that the increase in the anisotropy ratio 0, ¢/ 0 is mainly caused by a decrease of
the transversal conductivity component.
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