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The anisotropy and the electrical properties of InaSes layered crys-
tals and their lithium and hydrogen intercalates are studied in
the temperature range 80+400 K. It is established that, with in-
crease in the temperature, the electrical conduction and the mobil-
ity along layers decrease, whereas the free electron concentration
remains practically invariable. The obtained temperature depen-
dence of the electron mobility is explained by the interaction of
electrons with homopolar optical phonons. A change of the elec-
trical conduction of hydrogenated InsSes crystals depending on
the annealing time is due to the formation of new levels in the
forbidden band and the effect of intercalated hydrogen on the de-
formation potential of a crystal. The established decrease of the
anisotropy for the Lij 5In2Ses intercalate as compared with that
of IngSes in the temperature interval 250400 K is caused by the
prevailing reduction of the electrical conduction normally to layers
over a slight decrease of the conduction in parallel to them.

1. Introduction

One of the layered compounds which are of interest both
in the scientific and applied aspects is Inp,Ses semicon-
ductor. This crystal as well as intercalation compounds
on its basis can be used to produce primary and sec-
ondary current sources with high specific characteristics
and sensitive elements of strain gauges. The published
results of studies of the physical properties of these crys-
tals [1-3] considerably differ, which is explained both
by the strong imperfection of the material structure and
the presence of various (¢, 3, and ) crystal phases. The
aim of this work is to study the electrical properties of
InsSes layered crystals and their lithium and hydrogen
intercalates.

2. Experimental Technique

InySes single crystals were grown by the Bridgman tech-
nique from a stoichiometric melt at a temperature gra-
dient at the crystallization front equal to 15 deg/cm and
a growth rate of 1 mm/h. The obtained materials are
characterized by a pronounced layered structure over the
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whole length of a sample. The performed X-ray analysis
demonstrates that they have a structure of the a-phase
with the lattice parameters a = 4.031 A, ¢ = 19.2 A.
The InsSes layered crystals were intercalated by the elec-
trochemical method using a 1M solution of LiClOy4 in
propylene carbonate. The effect of the concentration of
intercalated lithium ions on the properties of Inp,Ses was
studied on the same group of samples by means of the
deintercalation. The process of intercalation of InySeg
single crystals was realized within the the the method
of “pulling” electric field [4] in the galvanostatic mode.
Lithium ions were intercalated into the layered crystal
by allowing the passage of the electric current of the nec-
essary magnitude through the electrochemical cell. The
concentration of the intercalated impurity z (0.1 < z
< 1.5, where z is the number of intercalated lithium
ions per one formula unit of the crystalline matrix) was
determined by the charge which has passed through the
cell, i.e. the controlled parameters in the process of the
intercalation reaction were the electric current density
and the duration of the process. The use of the opti-
mal technological parameters of the intercalation process
(current density below 10 uA /cm?) allowed us to obtain
homogeneous intercalated samples.

The intercalation of hydrogen into InsSes (hydrogena-
tion) was performed according to the thermal exposure
method used for the intercalation of layered semicon-
ductors with metals [5, 6]. For this purpose, the initial
In,Ses samples were placed in quartz ampoules evacu-
ated to a residual pressure of 10~2 Torr through a ni-
trogen trap in order to prevent the formation of a vapor
with carbon compounds. The evacuated ampoules were
filled with hydrogen at the liquid-nitrogen temperature
and then sealed off. Molecular hydrogen was introduced
by keeping the samples in the hydrogen medium at a
temperature of 600 °C and a pressure of ~ 0.3 MPa.
Moreover, the first group of the samples was kept during
24 h, while the second one — during 48 h. According to
the Sieverts law, in the case of diffusion of a diatomic gas
decaying into separate atoms when entering a solid body,
the amount of intercalated hydrogen is proportional to
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Fig. 1. Temperature dependence of the layer-parallel electrical

conduction o . for InaSes layered crystal (1) and intercalation
compounds Lig.1In2Se3 (2), Lii.oIn2Ses (3), and Lii.5sInaSes (4)

V/P (where P is the partial gas pressure in the system)
[7]. The weak van der Waals bond between layer pack-
ets in InpSes and the strong ion-covalent bond inside the
layers enable one to intercalate hydrogen into the inter-
layer space. The relation between the interlayer distance
in In,Ses (3.55 A) and the gas-kinetic diameter of a hy-
drogen molecule (2.89 A) testifies to the validity of such
an assumption. An increase of the time of keeping the
samples in the hydrogen atmosphere must result in a rise
of the amount of introduced hydrogen and its ordering
in the crystal system of the sample. The ampoules with
samples were cooled in a switched-off furnace for 24 h.
The described procedure yielded hydrogenated samples
<H>II’12863.

The temperature dependences of the Hall coefficient
Ry, (B | c), the electrical conductions in parallel and
normally to layers (o, . and 0|, respectively), and the
Hall mobility g, . were studied in the temperature range
80400 K. The experiments were performed at a con-
stant current using the samples 10 x 2.3 x 0.6 mm? in
size in a magnetic field. Indium contacts were deposited
in the classical configuration. The electrical conduction
0| was measured by the four-probe technique with con-
tacts placed at the opposite cleaved surfaces: two of
them were used as current ones and the other two —
as probe ones. The electrical properties of the hydro-
genated InsSes samples were investigated the next day
after the completion of annealing, as there exist data [8]
on the 15-20% decrease of the effect of intercalated hy-
drogen on the properties of layered crystals kept in air
at room temperature during 80-100 days.
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Fig. 3. Temperature dependence of the free carrier concentration
n for an InaSes layered crystal (1) and intercalation compounds
Lig.1In2Ses (2), Lii.oIn2Ses (3), and Lii.sInaSes (4)

3. Results and Their Discussion

The electrical properties of an InsSes layered crystal
and its intercalates were investigated in the tempera-
ture range 80+400 K. Figures 1-3 show the tempera-
ture dependences of the electrical conduction o, . and
the electron mobility ). in parallel to layers, as well as
the free electron concentration n for the initial InsSes
crystal (curve 1) and its lithium intercalates (curves 2-
4) with various lithium concentrations. Experimental
data are also presented in Table 1. The temperature de-
pendence of the electrical conduction anisotropy of the
initial InsSes samples and the intercalation compound
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Fig. 4. Temperature dependence of the electrical conduction

anisotropy for a InaSes layered crystal (1) and the intercalation
compound Lij 5In2Ses (2)

Lij 5InsSes are depicted in Fig. 4. The experimental de-
pendences o .(T) and n(T) for the hydrogenated InsSes
crystals are depicted in Figs. 5-6.

As one can see from the data presented for the
Li,InySes (Fig. 1) and H,InsSes (Fig. 5) crystals, an
increase of the temperature results in a monotonous
decrease of o .. It is worth paying attention to the
nonmonotononic character of the temperature behav-
ior of 0. for the Li; gInsSes and Li; 5InsSes interca-
lated samples in the temperature range 250+400 K.
Thus, the performed measurements testify to the fact
that the electrical conduction along layers decreases from
63.2 Ohm~tem™! (“pure” InySes) to 14.6 Ohm~tem—*
(Li; 5IngSes) at T = 80 K and from 25.3 Ohm~tem™!
(“pure” IngSes) to 9.5 Ohm~tem ™! (Lij 5IngSes) at T =
400 K. A somewhat opposite picture is observed in the
hydrogenated intercalates (H)InySes: the electrical con-
duction of the samples hydrogenated during 24 h in-
creases approximately sevenfold as compared to the ini-
tial InoSes sample. With the following twofold increase
of the time of keeping (which is expected to induce an
increase of the amount of introduced hydrogen), the elec-
trical conduction decreases thrice.

As follows from the temperature dependence of the
Hall mobility of electrons along layers u,. (Fig. 2),
curves 1—4 monotonously decrease in the temperature
interval 80400 K without any changes of the slope an-
gle with respect to the temperature axis. Analyzing the
obtained data (see Table), one can see that the param-
eter py. at T = 80 K decreases from 1050 cm?/(Vs)
(“pure” InsSes) to 413 ecm?/(V-s) (Lij sInaSes), while,
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Fig. 5. Temperature dependence of the layer-parallel electrical

conduction o . for IngSes layered crystal (1) and InaSes crystals
annealed in the hydrogen atmosphere during 24 (2) and 48 (3) h

at T' = 400 K, the Hall mobility along layers decreases
from 325 cm?/(V-s) (“pure” InySesz) to 155 cm?/(V-s)
(Li1,51n28e3).

According to the temperature dependence of the
free carrier concentration n for Li,InySes (Fig. 3) and
(H)InySes (Fig. 6), the given parameter undergoes in-
significant changes (see Table). That is why the tem-
perature behavior of ¢ . must be mainly determined by
that of p ..

Analyzing the dependence o .(10%/ T for InpSes and
its lithium intercalates (Fig. 1), one can see that o,
decreases, as the temperature increases, which testifies
to the partially “metal” type of conduction of these com-
pounds. The nonmonotonic behavior (partial growth)
of 0. for the Lij gInsSes and Lij 5InySes intercalation
compounds in the temperature interval 250+400 K is
possibly related to the activation of a shallow donor level
[9, 10], which is also confirmed by a partial increase of
the free carrier concentration on the experimental de-
pendence n(103/T) (Fig. 3, curves 3, 4). A decrease of
o1. and n at a fixed temperature with increase in the
lithium concentration (Figs. 1, 3) is due most probably
to the fact that the intercalation of lithium ions can re-
sult in the formation of deformation defects that induce,
in turn, the generation of acceptor levels in the forbidden
band of the InySes crystal.

Based on the obtained temperature dependences, we
determined the anisotropy of the electrical conduction
N = (0L¢/0).) for initial InySes crystals and their in-
tercalates Lij sInsSes: Nin,se;, = 620, NLi,InySes = 525
at T = 80 K and NIHQSeg = 57, NLimInQSes = 35 at
T = 400 K. In other words, the anisotropies of the elec-
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Experimental data on the electrical conduction, free carrier mobility, and concentration of a InzSe3 layered crystal
and LiyIn2Ses intercalation compounds obtained at 80 and 400 K

Compound 01c, Ohm™1l.cm™1 1 e, cm?/(V-s) n, cm !
80 K 400 K 80 K ‘ 400 K 80 K 400 K

InoSes 63.2 25.3 1050 325 3.7 x 10717 4.9 x 10717
Lip.1In2Ses 36.1 17.2 802 264 2.75 x 10~17 3.82 x 10~17
Lij oIn2Ses 16.2 9.8 597 202 1.66 x 10717 3.10 x 10717
Li1.5InaSes 14.6 9.5 413 155 1.76 x 10717 3.82 x 10717

trical conduction for In,Ses and Li; 5InaSes almost co- 10” F

incide in the temperature range 80+-250 K. As the tem-

perature increases (in the interval 250+400 K), the value

of N for Li; 5InySes exceeds the corresponding value for \-__

InySes by a factor of six (Fig. 4). This relation can be ex- W. B S R 2

A — ]

plained with regard for the fact that, as compared to the
initial InsSes crystals, the layer-normal electrical con-
duction O in the Lij 5InySes intercalation compounds
decreases stronger (by one order of magnitude) than the
layer-parallel one o . (by a factor of 3.5). In this case,
it is possible that there arise potential barriers between
the layers of the crystal lattice caused by the presence of
an intercalator, whereas the electron motion along the
axis ¢ becomes spasmodic.

As for the electrical conduction of the hydrogenated
InySes crystals, its increase and subsequent decrease ob-
served with varying the time of keeping the samples in
the hydrogen atmosphere can be explained as follows.
The initial increase of the electrical conduction is due
to the growth of the free carrier concentration (Fig. 6)
and can be related to the fact that a part of intercalated
hydrogen occupies the HT state. In addition, it is worth
paying attention to the possibility of the formation of
new levels in the forbidden band of InySes. It is possible
that, at small amounts of intercalated hydrogen, new lev-
els are formed in the forbidden band of the layered crys-
tal, which results in a rise of the electrical conduction. It
is known that the interlayer interaction in layered crys-
tals weakens at high temperatures, while the anisotropy
of their elastic properties grows [11]. The increase of
the annealing time of layered crystals in the hydrogen
atmosphere results in a growth of the concentration of
intercalated hydrogen in the van der Waals gap, which
gives rise to an increase of the interlayer pressure and
a deformation of the crystal structure due to the inter-
calation [8], which decreases, in turn, significantly the
mobility of charge carriers as well as the value of o .

The temperature dependences of the layer-parallel
Hall mobility u,. for InsSes and its lithium interca-
lates (Fig. 2) are stronger than the function n(10%/T)
(Fig. 3), i.e. the dominant contribution to a change of
the layer-parallel conduction is made by the electron mo-
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Fig. 6. Temperature dependence of the free carrier concentration
n for InsSes layered crystal (1) and InpSes crystals annealed in
the hydrogen atmosphere during 24 (2) and 48 (8) h

bility with a variation of the temperature or the free
carrier concentration at a constant temperature. The
temperature dependence of the layer-parallel mobility
11 in the considered interval is mainly determined by
the interaction of carriers with thermal lattice oscilla-
tions (homopolar optical phonons) polarized normally to
the layers [3,12], which obeys the empirical dependence
i = ATP, where p = —1 (hw = 14.3 meV). High val-
ues of the mobility (Table), as well as the absence of the
dominant electron scattering by ionized impurities at low
temperatures, testify to the structural perfection of the
studied crystals [13]. It is worth noting that the depen-
dence pi. = AT? (p = —1) does not exclude the exis-
tence of space charge regions in the crystal [14]. Accord-
ing to the studies performed for Li,InsSes compounds
[3, 10], it is established that intercalated lithium ions
occupy octahedral sites of the van der Waals gap form-
ing LisSe inclusions (space charge regions). It is known
that the interatomic bond inside the layers of InoSes has
the ion-covalent nature, while the interlayer bond is the
weak van der Waals one. In addition, there are one oc-
tahedral and two tetrahedral cavities per each Se atom
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[15], i.e. there exists a possibility of the intercalation
of Lit exactly to these sites. Assuming the possibility
of the formation of LiySe inclusions in our crystals, this
factor can result in considerable changes of the mobil-
ity (Fig. 2) at a fixed temperature due to insignificant
changes of the concentration (Fig. 3), which will result
in a noticeable decrease of o . (Fig. 1).

4. Conclusions

The electrical properties and the anisotropy of InsSes
layered crystals, their lithium intercalates Li,InsSes
(0.1 < z < 1.5), and InySe; crystals annealed in the
hydrogen atmosphere are investigated. It is established
that, with increase in the temperature, the electrical
conduction and the mobility along the layers decrease,
whereas the free electron concentration remains prac-
tically constant. The reduction of the anisotropy pa-
rameter for the Li; 5InsSes intercalate as compared with
InySes in the temperature range 250400 K is related to
the prevalence of the decrease of the layer-normal elec-
trical conduction over the insignificant decrease of the
layer-parallel one.

The growth of the electrical conduction for the InsSes
crystals hydrogenated during 24 h is explained by the
rise of the free carrier concentration (a part of hydro-
gen intercalated into the crystal occupies the H state)
and the formation of new levels in the forbidden band
of the layered crystals at small amounts of intercalated
hydrogen. An increase of the annealing time results in
a growth of the interlayer pressure and a deformation
of the crystal structure due to the intercalation, which
significantly decreases the mobility of charge carriers, as
well as the value of o ..

Thus, the intercalation allows one to control certain
electrical parameters of InySez layered semiconductors
depending on the nature, amount of intercalated impu-
rity, and the way of intercalation. It is worth noting
that the studied compounds represent effective model
objects for fundamental investigations and are promising
for their possible use as elements of energy and strain-
sensing devices.
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EJIEKTPUYHI BJTIACTUBOCTI IHTEPKAJIBOBAHIUX
IIAPYBATUX KPUCTAJIIB InsSes

B.B. Bosaedswxk, A.B. Bacaowkin, 3./. Kosanrox, M.M. ITupasn
PezwowMme

Y piamazoni 80-400 K mociimkeHO esieKTpudHi BJIACTUBOCTI, aHi-
30TPOIIIO IapyBaTUX KpuUcCTadiB IngSes, 1X JjiTieBUX Ta BOmHE-
BHUX inTepkanaTiB. BeTamnoBieHo, 110 31 3pOCTAHHSM TEMIEPATYPU
€JIEKTPOIPOBIIHICTD Ta PYXJIUBICTH B3JI0OBK I1apiB 3MEHIIYIOTHCS,
a KOHIIEHTpAIlisl BIIBHUX €JIEKTPOHIB IPAKTUYHO HE 3MiHIOETHCH.
OTrpuMana TeMIepaTypHa 3aJI€KHICTh PYyXJIMBOCTI €JIEKTPOHIB TO-
sICHEHA TX B3a€MOJIEI0 3 TOMOIIOJISIPHUME ONTHIHUMU (DOHOHAMH.
3MiHa eJIeKTPONPOBiIHOCTI rifpoBanux KpucTatis IngSes 3asiexkHO
BiJI Yacy BiJaJjly IOsICHIOETHCS yTBOPEHHSIM HOBUX DIBHIB y 3a-
6OpOHeHi 30HI Ta BIJINBOM BIPOBA?KEHOI'O BOLHIO HA BEJIHIHHY
nedopMaliifHOro roTeHiaxy Kpucrajia. BcraHoB/IeHe 3MeHIIIEHH S
anizoTpomnii mys inTepkanary Lii sInaSes mopiusano i3 InaSez B
nianazoni Temneparyp 250-400 K mosiCHIOETbCS HEpeBazKaroyuuM
3MEeHIIIEHHSM €eJIEKTPOIIPOBITHOCT] NEePIEHUKYIISIPHO IapaM Hal
HE3HAYHUM 3MEHIIEHHAM eJIeKTPOIIPOBIIHOCTI B3J0BXK IIapiB.
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