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Experimental data on the pressure sensitivity of InSe and GaSe
layered semiconductor crystals and their metal intercalates are
obtained. From the measurement results, the pressure (dynamic)
sensitivity coefficient for these compounds is determined. High val-
ues of the pressure sensitivity coefficient for InSe and GaSe crystals
and their intercalates at fast-varying pressures (kp ~ 1078 +10~"
Pa~—1) open a possibility to use them as sensitive elements of over-
load indicators (accelerometers). Based on the measurements and
the calculations carried out for “layered crystal—silicon” structures,
it is established that, in the range of relative deformations of the
order of 10~° Pa—1, the strain sensitivity factor k1 = 13001500,
while, in the range of relative deformations of 10~% Pa~1, kp =
300. It is found that the strain sensitivity of intercalated layered
crystals depends on the degree of overlapping of the atomic orbits
of an intercalant and its density.

1. Introduction

With regard for the specific character of the structure
of InSe and GaSe layered crystals (van der Waals bonds
between layers, strong anisotropy of their properties, pe-
culiarities of the electron and phonon spectra, etc.), it
was assumed [1-3] that these structures allow one to re-
alize a high pressure sensitivity and, consequently, to
create mechanical pressure transducers (pressure mea-
suring devices).

A theoretical prerequisite for the use of layered semi-
conductors as the sensitive elements (SE) of pressure sen-
sors is the peculiarities of their crystal structure. Under
the normal conditions (at the atmospheric pressure), the
integral over the interlayer interaction of a layered crys-
tal 3 has a constant value, while an increase in the pres-
sure results in a change of 8 due to the overlapping of
the wave functions of neighboring layers. The parameter
[ enters the dispersion law for layered crystals:

thﬁ
= wﬂCOS(sz)v (1)

e(k)

where k|| denotes the quasimomentum directed along the
layer, m* is the effective mass that characterizes the elec-
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tron motion in the layer, 3 is the integral over the in-
terlayer interaction (overlapping), and d is the lattice
constant along the hexagonal axis that determines the
behavior of charge carriers in the Brillouin zone and,
correspondingly, in the whole bulk of the crystal. There-
fore, the variation of the dispersion law induces neces-
sarily considerable changes in all kinetic properties of a
semiconductor.

As is known [4-6], the intercalation of InSe and GaSe
layered semiconductor crystals represents an effective
way to control the physical-chemical properties of initial
matrices, which opens a possibility to use these com-
pounds not only for fundamental researches but also for
solving applied problems, particularly, in the field of sen-
sor engineering.

In technics, static pressures are usually measured with
the help of tensoresistive pressure transducers, whose
sensitive elements are presented by resistance strain
gauges made of a metal (wired or foil) or a semiconductor
(nanocrystal or film). The main characteristic that gov-
erns the choice of a specific material is the strain sensi-
tivity coefficient k. Metal resistance strain gauges that
were in a wide use earlier are characterized by kr < 5,
whereas kr ~ 50 =+ 200 for silicon elements [4, 5].

This work is aimed at studying the possibility of a
practical use of InSe and GaSe layered crystals and their
intercalates as the sensitive elements of pressure sensors,
accelerometers, and strain gauges.

2. Experimental Technique

InSe and GaSe single-crystal samples used for experi-
mental and test researches were grown by the Bridgman
technique. Indium and gallium selenides were interca-
lated with the help of the electrochemical method in the
galvanostatic mode [6-8]. The conductivity anisotropy
of the samples used for the electrochemical intercalation
reached 10% + 10°. The contacts to single crystals were
deposited according to the technique described in [9].
The used electrolytes were: 1-N water solutions of LiCl
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and BaCly, 0.01-N water solution of lead acetate, and
0.001-N solution of AICl3 in propylene carbonate. This
allowed us to intercalate Lit, Ba?t, A13t, and Pb?* ions
at the cathodic polarization of a sample. The intercala-
tion of Pb into the matrix of layered semiconductors was
performed using the method of combined intercalation
[10]. The concentration of the intercalated substance
was determined by the amount of charge that had passed
through the electrochemical cell, i.e., the controlled pa-
rameters in the process of intercalation were the electric
current density (j) and the duration of the procedure
(t). This process is described by the known relation [11]

Co(i,t) = Ae®DHB®) (2)

where Cy(3, t) is the amount of intercalated ions in a unit
volume of the crystal, «(t) and 3(t) are some linear func-
tions of the intercalation duration, i denotes the current
that has passed through the cell, and A is a proportion-
ality factor.

It is worth noting that the necessary condition for the
proper investigation of various phenomena in interca-
lated semiconductors is the identification and the quan-
titative analysis of an intercalated impurity, which al-
lows one to determine the chemical formula of the final
product of the intercalation reaction. In this work, the
impurities intercalated into the matrices were identified
with the help of the methods of electron-probe X-ray
microanalysis (EPMA) for barium and aluminum ions,
electron Auger spectroscopy (EAS) for lithium and alu-
minum ions, and radioisotope analysis for lead ions. The
measurements were carried out on a “Superprobe-733”
X-ray microanalyzer that enables one to determine the
presence of all elements for z > 4 in a 1-mum-thick layer
to within 0.5 at. The Auger spectra of the Li and Al in-
tercalates of InSe and GaSe compounds were studied on
a “Jamp-105” scanning Auger microscope that analyzes
(qualitatively and quantitatively) the composition of a
layer 1 +2 mm in thickness with an energy resolution of
0.5+ 1.2% at a probe diameter of 5 + 500 mum.

The pressure sensitivities of InSe, GaSe, and their in-
tercalates were investigated in a special high-pressure
cell, where the necessary pressure (up to 150 kg/cm?)
was reached by the admission of a compressed gas (Na,
Ar, COs) into the inner volume. In order to study the
dynamics of electric properties under the action of pres-
sure, the cell body had electric outputs and inlet and
bleed needle valves, which allowed us to study the pres-
sure sensitivity of the layered compounds in the admis-
sion and bleed modes. The researches were performed
on samples 5 x 2 x 0.5 mm? in size, whose orientation
relative to the crystallographic axis is shown in Fig. 1.
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Fig. 1. Orientation of a layered crystal relative to the crystallo-
graphic axes when measuring the pressure sensitivity

The electric contacts were deposited both on the ends
of the samples and on their opposite base planes. To
avoid the long-term relaxation, the samples were heated
in darkness to 100 °C during 24 h.

We have investigated the tensoresistive effect in A3B®
layered semiconductors and their intercalates. Crystal
silicon served as an elastic element (cantilever). Elastic
elements made of crystalline materials (particularly, sil-
icon) are characterized by nearly ideal elastic properties
[7] and significantly smaller errors of the hysteresis and
the linearity as compared with metal ones. The layered
semiconductor was fixed on the silicon surface with the
help of a K-300 glue.

3. Results and Their Discussion

According to the experimental results, the prevailing ef-
fect in layered semiconductors is the so-called dynamic
sensitivity effect. In other words, the static (“bulk”) ef-
fect of the baric sensitivity is small as compared with the
sensitivity to a fast-varying pressure, overload, or shock
wave. The typical form of the pressure-induced excita-
tion process in a layered crystal is depicted in Fig. 2.
The time dependence of the shock perturbation Uc(t)
in InSe and GaSe crystals was investigated on a spe-
cial shock stand with the use of a storage oscilloscope
S8-13 and a strain amplifier “Topaz-4”. The pulse du-
ration was the same for all the samples and amounted
to t1=1 ms. Table 1 presents the experimental values of
the time dependences of the pressure excitation Uc(t) of
InSe, GaSe, and their intercalates. As follows from the
obtained data, the characteristics of the pressure exci-
tation process for the intercalated crystals increase by
1-1.5% as compared to the initial InSe and GaSe sam-
ples. It is also worth noting that the parameters 7 and
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Fig. 2. Time dependence of the pressure-induced excitation in a
layered crystal. U, is the amplitude of the signal under the action
of an external pressure, T is the pulse rise time, ¢ is the pulse
duration, and t2 is the pulse drop time. The numerical values of
the parameters are given in Table 1

to for Pb0_03L10_5InSe, Pb0_03L10_5GaSE, A10_4IHS€, and
Al 4GaSe intercalates are practically equal to the corre-
sponding parameters of the initial InSe and GaSe sam-
ples. It is established that the form of the dependence of
the signal amplitude Uc(t) presented in Fig. 2 does not
depend on both the configuration of contacts and the
form of a semiconductor or an intercalate under study.

The measurement data allow us to determine the co-
efficient of pressure dynamic sensitivity for “pure” and
intercalated InSe and GaSe (Table 2).

According to [12, 13], the specificity of a structure of
layered crystals results in the fact that the uniform pres-
sure applied to a layered crystal is equivalent, to a high
accuracy, to the one-sided pressure along the c axis. A
certain advantage consists also in the independence of
the dynamic pressure sensitivity of the configuration of
electric contacts. That is why a conclusion can be made
that the revealed dynamic sensitivity effect is inappro-

T able 1. Characteristics of the time dependence
of the pressure excitation for layered crystals and their
intercalates

Sensitive element Pulse rise time Pulse drop time

T, mMs to
InSe 5.20 3 min 40 s
GaSe 4.75 2 min 55 s
Lig.5InSe 5.26 3 min 43 s
Lig.5GaSe 4.81 2 min 58 s
Bag.4InSe 5.28 3 min 47 s
Bag.4GaSe 4.83 3 min 02 s

priate for measurements of a static or slowly varying
pressure. This effect can be used to register fast-varying
pressures, overloads, and shock waves.

High values of the pressure sensitivity coefficient of
InSe and GaSe single crystals for fast varying pressures
have opened a possibility to use them as overload indi-
cators (accelerometers) based on the functional dynamic
baric dependence of the electrokinetic properties of lay-
ered semiconductors. It follows from the studies per-
formed that the most suitable material for the fabrica-
tion of the sensitive elements of accelerometers is indium
monoselenide crystals characterized by a high sensitiv-
ity (kp =2 1078 =107 Pa™!) and a comparatively low
specific resistance (the resistance of elements was equal
to ~ 102 + 10* Ohm).

Investigations of the cyclicity of the effect of an in-
crease in the baric sensitivity for fast varying pressures
with the use of InSe, GaSe, and their intercalates as sen-
sitive elements have demonstrated that this phenomenon
is reproducible for 20-25 cycles. By measuring the time
dependences of the baric excitation in InSe, GaSe, and
their intercalates (Table 1), we have established the ab-
sence of a residual value of the signal Uc(t) after the
pulse drop within the measurement error (0.3-0.5%).
Tests of the model of a mechanical part and a secondary
accelerometer transducer in the range of overloads 30—
70 g testify to the linearity of the output signal in the
acceleration range under study.

The measurements performed for the “layered
semiconductor—silicon” structures demonstrate that, in
the region of relative deformations of the order of 107>
Pa~!, the strain sensitivity coefficient kr = 1300+ 1500,
whereas, at relative deformations of the order of 10~4
Pa—!, kt = 300. A high value of the strain sensitivity
coefficient of InSe and GaSe semiconductors is related
to the specific nature of the tensoresistive effect in these

T a ble 2. Pressure sensitivity coefficient for layered
crystals and their intercalates

Pressure coefficient
kp, x1078 Pa~!

Sensitive element

InSe 2.44

GaSe 1.14
Lip.5InSe 2.67
Lig.5GaSe 1.45
Pbg.o3Lig.5InSe 2.38
Pbg.o3Lig.5GaSe 1.27
Bag.4InSe 2.64
Bag.4GaSe 1.85
Alg.4InSe 2.47
Alg.4GaSe 1.29
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crystals. In addition to the common tensoresistive effect,
a deformation of layered semiconductors results in the ef-
fect of the overlapping of the wave functions of neighbor-
ing microlayers, which results in a high strain sensitivity
of elements produced from InSe and GaSe crystals at
relative deformations of 107° Pa~!. At higher relative
deformations, the strain sensitivity of layered crystals is
mainly determined by the common tensoresistive effect,
whose strain sensitivity coefficient (k) is higher than
that in isotropic or weakly anisotropic semiconductors
(Si, Ge, etc.) due to a specific structure of InSe and
GaSe. The both tensoresistive effects in layered semi-
conductors are stationary and reproducible.

An effective way to increase the strain sensitivity co-
efficient of InSe and GaSe layered crystals in the region
of relative deformations up to 107> Pa~! is the interca-
lation method [2, 14]. Layers of the basic substance in
an intercalated semiconductor alternate with impurity
layers. Such a structure determines a considerable vari-
ation of the interlayer interaction integral [13] and thus
allows one to change (3 choosing the sort and the con-
centration of an intercalated impurity. It is worth noting
that the impurity atoms do not occupy definite positions
in intercalated impurity compounds and “rotate” along
a circle, whose radius p is inversely proportional to the
atomic weight of the impurity m (p ~ 1/m, “Jahn-Teller
pseudoeffect”) [14]. At high impurity concentrations, the
“orbits” of intercalated atoms can overlap due to mechan-
ical stresses. The degree of overlapping of the orbits of
impurity atoms and their concentration determine the
strain sensitivity of intercalates of layered crystals.

We have investigated the tensoresistive effect on InSe
films grown on substrates of oxidized silicon (the elastic
element was a silicon cantilever). The strain sensitivity
coefficient k1 ~ 300500 (at relative deformations below
10~* Pa~1) is practically equal to the values of kt in InSe
single crystal samples.

4. Conclusions

We have studied the pressure sensitivity of InSe and
GaSe layered semiconductors and their metal interca-
lates. It is established that the dynamic sensitivity ef-
fect is dominant in layered crystals, whereas the static
(bulk) effect is small as compared with the sensitivity
to fast-varying pressures. High values of the pressure
sensitivity coefficient of InSe and GaSe single crystals
and their intercalates (kp ~ 1078 +10~7 Pa~!) for fast-
varying pressures open possibilities for their use as the
sensitive elements of overload indicators.
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The phenomenon of tensoresistive effect is investi-
gated in the A®B® layered semiconductor (“pure”’ or
intercalated one) — elastic element (crystalline silicon)
structures. The strain sensitivity coefficient kt for
the described structures (the case of a central force)
is calculated. The measurements and calculations per-
formed for “layered semiconductor—silicon” structures
have established that, at relative deformations of the
order of ~ 1075 Pa~!, the strain sensitivity coefficient
kr = 1300 + 1500, whereas kT = 300 at relative defor-
mations of ~ 107% Pa~!.
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BAPUYHA TA TEH30YYTJIUBICTD ITAPYBATUX
HATIIBITPOBIJIHUMKIB InSe ta GaSe

3./1. Kosanrox, M.M. ITupasn, B.B. Boaedswxk, B.B. Illesuux
PesowMme

OgepKaHO €KCIEePUMEHTAIbH]I Pe3yJIbTaTu 10 JIOCJI/I2KEHHIO Oa-
PUYHOI YyTJIMBOCTI MIAPpYyBaTUX HAIIBIPOBIJHUKOBUX KPHUCTAJIB
InSe, GaSe Ta Tx meraseBux iHTepkassATiB. Pe3ysprarn BUMipio-
BaHb JIO3BOJIMJIM BU3HAYUTH Koedinient Gapuynol (IuHaMivHOL)
YyTJUBOCTI JijIsl JAHUX CHOJIYK. Bucoki 3HaueHHs1 KoedilieHTa H6a-
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pudHOI YyTimBoCTI MoHOKpHCcTaiiB InSe, GaSe Ta ix inTepkass-
TiB (kp =~ 1078107 IMa~') ans mBHAKO3MIHHUX THCKIB Biz-
KPUJIM MOKJIUBICTH I X BUKOPHUCTAHHS y POJIi UyTJIMBUX eJie-
MEHTIB IHAMKATOPIB IepeBaHTaXKeHb (aKcejaepoMeTpis). 3 mpose-
IEeHUX BUMIPIOBaHb Ta PO3PAaXyHKIB JUIsi CTPYKTYD IIapyBaTHil
HAIIBIPOBIIHUK—KPEMHI BCTAHOBJIEHO, 1110 B OOJIACTI BiJIHOCHUX
nmedopmaniit ~107° ITa ~! koedirmient Temzouyrymsocti ky =
1300-1500, B obmacti BigHOCHHX medopmarniii ~ 10~% IIa~! 3ma-
qenus kt = 300. BusnaveHo, 10 TEH30YIYTVIMBICTH IHTEPKAJIATIB
HIapyBaTUX KPUCTAJIB 3aJI€KUTh BiJ[ CTyII€HSI [IEPEKPUTTS OpOIT
aToOMiB iHTEPKAJIBbOBAHOI JOMIIIKK Ta 11T KOHIIEHTPAIIil.
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