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The measurements of electrical conductivity along (alternating electric field) and across (direct dectric field)
the crystallographic C axis of Cd-doped indium sdlenide single crystals are carried out. The parameters of the

hopping conductivity of InSe <Cd> are cal culated.
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I ntr oduction

InSe layered semiconductor crystals can be used as
an effective materia for various heterostructures [1-3].
The advantage of heterostructures based on InSe is
resistance to ionizing radiation [4], which extends ther
practical application. The doping of InSe crystals with
cadmium changes n-type conductivity to p-type, which
allows change the band offset of the heterojunctions.

A weak van der Waals coupling between layers and
a strong ionic-covalent indde layer in InSe defines the
peculiarities of the physical properties of the crystals. In
particular, existing structural defects substantially affect
electrical properties. Packaging defects, didocation nets
placed in the (0001) plane generate additional energy
barriers E; for the motion of charge carriers along the C
axis, which results in significant anisotropy of the
electrical conductivity. There are localized states near the
Fermi level [5, 6] due to the presence of vacancies and
didocations. A high density of states in the band gap
defines the eectronic process in InSe, including hopping
conduction mechanism that has already been studied in
InSe <Mn> crystalsin direct current eectric field [7].

In this work we report the results of investigations of
the direct current (DC) and alternating current (AC)
electrical conductivity of p-InSe single along and across
the C axis.

|. Experimental

InSe<Cd> single crystals were grown by the
Bridgman method from a nonstoichiometric melts
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INy03Sene7 < 0.1 mass % Cd > in quartz ampoules. The
technology used the initial components of In-000, high-
purity Se 22-6, Cd-0000. Doping with cadmium provided
the p-type conductivity of the materid. The
determination of the crystal structure of the grown single
crystals was performed by using a DRON-3 installation
in CuK,-radiation.

Rectangular samples for the measurements of the
electrical properties had ohmic contacts, which were
prepared using high-purity In. DC dectrical conductivity
were measured in the temperature range 80 to 275 K
aong (o~c) the layers. The samples for conductivity
measurements had the conventional geometry of six
contacts.

Frequency dependences of the eectrical conductivity
were investigated by using a “Solartron 1255 FRA”
frequency response analyzer (frequency range is 0.1-
10° Hz, amplitude of a sinusoidal signa is 5mV).
Studies were carried out at room temperature.

1. Results and discussion

Grown InSe< 0.1 mass % Cd> crystals had p-type
conductivity, the free cariers concentration p=
10" cm 3, and the Hall mobility 1~ 50 cm?/(V-s) at room
temperature. The calculated concentration of impurity
atoms was 3-10"° cm™,

From the carried out X-ray studies it was found that
InSe<Cd> has a monocrystalline structure. Fig. 1 shows
the diffraction pattern of p-InSe <Cd> single crystal
taken from the (0001) surface. There are no additional
peaks corresponding to the microinclusion of another
phase on the diffraction pattern. The measured
parameters of the eementary cdl a 4,004, ¢
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Fig. 1. X-ray diffraction pattern of InSe<Cd> crystal.
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Fig. 2. Temperature dependence of the dectrical conductivity of InSe<Cd> crystal.

24.960 A exceed dlightly the sizes of InSe cdl (a=
4.003+0.001, c¢=24.9553+0.0006A) due to the
deformation of the InSe <Cd> crystal lattice.

The hopping conductivity mechanism aong C axis
(oyc) previously studied in InSe and InSe<Mn> crystals
a T <160 K [7, 8] aswdl asin InSe <Cd> thin films
[9]. In this work the temperature dependence of the
electrical conductivity across the crystallographic C axis
(oac) Of InSe <Cd> crystal are shown (Fig. 2a). The
dependence of 6~c(7) has a semiconductor character. Isit
possible to suppose that the growth of the electrical
conductivity in the low temperature range (80 — 160 K) is
due to the hopping conductivity mechanism like
INSe<Sn> crystals [6], and there is an activation of
acceptor levelsin the high temperature range (> 200 K).

The temperature dependence of the conductivity cac
of InSe <Cd> cystals at T<160K in the Mott
coordinates In(o~c)-T* (Fig. 2b) has a linear character,
which confirms the hopping conductivity mechanism.
The parameters calculated according to the theory of
hopping conductivity [10]: density of states near the
Fermi level N(Ef) = 2.8-10%° cmeV ™, average hopping
length R (115 K) = 140 A, bandwidth of the levels near
Er W(115 K) = 13 meV. The following parameters were
used in caculation: localization radius a =~ 50 A,
p=21[8].

For the modd InSe<Cd>

of compensated

160

semiconductor [9] the temperature dependence of the
hole concentration p ~ T2 -exp(—EJ/KT). It is known that
in InSe mobility at high temperatures is defined by
optical phonon scattering (1 ~ T~>?). Using the relation
oc=epu we find o~ exp(-Ey/KT). This allows us to
estimate the activation energy of the acceptor levels
according to the dependence of In ox¢ from VT (Fig. 3):
E, = 36.2 meB. The obtained value of E, is agreed with
the activation energy of carriers (28 - 41 meV) in InSe
<Cd> films[9].

The €ectricd parameters of InSe (electrica
conductivity, mobility, concentration of free carriers) are
defined by the structural perfection of grown crystals. X-
ray structural studies of initial InSe shows that crystals
can be blockless, block and mosaic depending on the
conditions of the grown. Measured with a two-crystal X-
ray spectrometer in CuK,; radiation, the half-width of the
reflection 004 was 72", the dispersion of the device did
not exceed 2:10°A™. In mosaic crystals, the
disorientation of the single microblocks are in the order
of 10 angular seconds, their sizeis| ~ 1.6:102 cm. The
caculation of the band parameters of the hopping
conductivity was performed for modd of blockless single
crystal. For mosaic crystals, calculations should be made
according to the formula o T Y2 = 6o exp(-TyT)¥*, asin
the case of thin films[10] and polycrystals.
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Fig. 3. Temperature dependence of the electrical
conductivity of InSe<Cd> crystal.
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Fig. 4. Frequency dependences of the effective values
of the electrical conductivity of InSe<Cd> crystal.

The hopping conductivity mechanism of 1nSe<Cd>
was investigated in an AC fidd dong the
crystallographic C axis. Fig. 4 shows the frequency
dependences of the effective values of the conductivity at
room temperature. The obtained dependence corresponds
to the power law o(f) = 69 + A-f" (og is the DC dectric

conductivity, 0<n<1) [11]. The second term is the
polarization component of the electric conductivity,
which corresponds to the hops of carriers between
localized states near the Fermi level. fig. 4 (curve 1)
shows the results of the fit by least squares method with
the following parameters; o, =3.8-10" Om™m™, A=
1.02-:10, n= 1 (mean square error 2.6 %).

The parameters cal culated according to the theory of
hopping AC electric conductivity [12]: density of states
near the Fermi level N(Ef) = 4-10° cmeV ™, average
hopping length R (10° Hz) = 123 A, bandwidth of the
levels AE (10° Hz) = 0.64 meV, average hopping time t
(10° Hz) = 10 us. The following parameters were used
for calculation: localization radius 14 A [5], phonon
frequency vpn = 4-10% Hz. Fig. 4 (curve 2) shows the
theoretical frequency dependence of oyc(f), which
corresponds to the given parameters.

Conclusion

The measurements in a direct and an aternating
electric fields indicates hopping mechanism of electrical
conductivity along and across to the layersin InSe <Cd>
crystals. It is shown that o- ¢ in a constant electric field at
low temperatures (< 160 K) and ojc in an dternating
electric field at room temperatures are defined by the
hops of carriers between localized impurity states. At
high temperatures (> 160 K), or¢ shows an activated
character.
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Eaextpuuni BiacTuBocTi kpucradjis | nSe<Cd>
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ITpoBeieHO BUMIpH €JIEKTPOIPOBIAHOCTI B3I0BXK (B 3MiHHOMY €JICKTPHYHOMY I10J11) i MEpPICHIUKYISIPHO (B
HOCTIIHOMY eJIEKTPHYHOMY II0Ji) KpHcTaiorpadiqnoi oci C KpHCTaliB CeleHiAy iHAII0 JITOBAaHOrO KaIMi€M.
PospaxoBaHi napamerpu CrpubKoBoi mpoBiaHocTi B INSe<Cd>.

KitrouoBi ci1oBa: mapyBatuii Kpucrta, ceJeHi 1H/i10, eJIeKTPOIPOBIHICTb.
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