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Cadmium arsenide films on oxidized silicon substrates were obtained by RF magnetron sputtering. The
structure and morphology of the surface were studied by atomic force microscopy (AFM) and Raman spec-
troscopy (RS). The Raman spectrum contains peaks characteristic for CdsAs: films at 194, 249, and
303 cm-1. The carrier mobility in the samples was 0.15-1.7-103 cm2V-1s-1 at concentrations of 0.7-
4.4-10'° cm - 3. It has been established that for the sample No 1 in the temperature range 7= 10-15 K, the
variable-range hopping (VRH) conductivity mechanism according to the Mott law is implemented. This can
be explained by the fact that a microscopic disorder becomes important for electron localization in this
temperature region. This is due to a decrease in temperature or an increase in the degree of disorder. In
this case, the jump becomes possible only inside the Mott energy band near the Fermi level. The charge
transfer in sample No 2 at T'= 220-300 K is carried out by the VRH conductivity of the jump over localized
states lying in a narrow energy band near the Fermi level. These states can be created by grain boundaries
and dislocations. The relations between the values of the Coulomb gap A and the zone width of localized

states W are consistent with the corresponding conduction mechanism.
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1. INTRODUCTION

Dirac semimetals (DSMs) with a linear dispersion
law near the Dirac points are 3D analogues of graphene
[1]. Because of their characteristic quantum transport
due to a nontrivial electronic structure, DSMs have
attracted considerable interest. One of the most inter-
esting properties of DSMs is the chirality of electrons,
when the spins of electrons are parallel or antiparallel
to the direction of their movement and, thus, form
right- or left-handed chiral electrons (chiral anomaly)
[2]. In addition, DSMs can be converted into a quantum
spin Hall insulator with a substantial forbidden energy
gap due to a decrease in dimension.

CdsAsz, being a typical 3D DSM is characterized by
new transport phenomena, such as ultrahigh mobility,
high magnetoresistance (MR), non-trivial Berry phase
of Dirac fermions, and negative MR caused by a chiral
anomaly. In addition, it is chemically stable under air.
The mobility of carriers in CdsAsz, lying in the range
9108 to 4.60-107 cm2V -1s~1 [3, 4], is greater than in
graphene and is the highest for any known bulk semi-
conductor.

Until recently, most magnetotransport measure-
ments have focused on CdsAs2 bulk materials. Howev-
er, it is no less interesting to study thin films and
nanostructures that can exhibit surface phase coherent
transport and quantum size effect [2], leading to
Aaronov-Bohm vibrations [5] and quantum Hall isolat-
ed states [6].

Therefore, it is highly desirable to produce CdsAs:
thin films with excellent crystallinity for transfer stud-
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ies and to develop possible optoelectronic applications
using the CdsAs2 thin film system. Here we present a
brief review of the study of CdsAsz thin films obtained
by magnetron sputtering.

2. EXPERIMENTAL TECHNIQUE

CdsAsz films were obtained by RF magnetron sput-
tering at the BH-2000 under argon atmosphere at a
pressure of 8 103 mbar. The deposition rate at a sup-
plied power of 10 W was about 1 nm/min. The spraying
time for samples No 1 and Ne2 was 90 and 40 min, re-
spectively. Oxidized silicon KDB-0.1 <100> was used as
a substrate. The substrate temperature during the dep-
osition process was 20 °C. The target, which was used
as a cathode, was a polycrystalline disk with a diameter
of 40 mm and a thickness of 3 mm. The CdsAs2 synthe-
sis for the target was carried out by direct fusion of Cd
and As in vacuum.

The morphology features of the thin layers were stu-
died by tapping-mode AFM (NTEGRA Aura, NT-MDT).

The spectrum of Raman scattering of CdsAsz films
was obtained using a LabRam HR Evolution Raman
spectrometer (HORIBA JOBIN YVON SAS, France) at
room temperature using a laser with a wavelength of
532 nm, a power of 50 mW, and a spectral resolution of
0.5cm~-1L

The transport properties were studied according to
the standard six-point scheme using Janis CCS-350S
helium cryostat installation in a temperature range of
10-300 K and magnetic fields of 0 and 1 T. Gold contacts
for the sample were deposited by magnetron sputtering.
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Fig. 1 — Raman spectrum and AFM results (inset) for CdsAsz thin film of samples No 1 (left) and Ne 2 (right)

3. RESULTS AND DISCUSSION

AFM results show that the films are continuous with
a granular structure with an average granule size of 143
and 117 nm for samples Ne 1 and Ne 2, respectively.

In the Raman spectrum for samples No 1 (Ne 2), pre-
sented in Fig. 1, one can see two pronounced peaks at
194 and 249 cm~-! with full width at half maximum
(FWHM) of 21 (16) and 12 (14) cm ~1, respectively, and a
weak peak at 303 cm ~1 with FWHM of 19 (3) cm ~1.

According to [7], the Raman spectrum of a-CdsAsz
should contain 145 active modes:

=26 A1 +27B1+27 B2+ 65 E.

It is known that in the range of 100 to 400 cm ~?! the
Raman spectrum at 77 K for a-CdsAsz single crystals
with polarization z (x+y, x+y) z has characteristic
peaks at 192 and 247 cm ™1 (symmetry B:1+ B2) and a
strong peak at 300 cm~! (A1) in accordance with the
rules of Raman selection [8].

Peaks at 194 and 249 cm~! are characteristic of
CdsAs: films [9]. The peak at 303 cm ~1! can be described
by a three-band model [7], according to which the inci-
dent radiation excites an electron from the valence band
to a higher conduction band, and then the electron pass-
es to the lower conduction band. The frequency with
which a peak in the Raman spectrum is observed corre-
sponds to the gap between the valence band and the
lower conduction band. The first of these transitions is
Y1—X4, which explains the increase in intensity at
300 cm ~ 1, when the energy of the incident light becomes
equal to 2.8 eV.

From the results of measurements of the Hall con-
stant, the electron concentration and mobility were cal-
culated at 10 K, being equal to 4.4:10¥cm~3 and
1.7-103em2V-1s~1; 0.7-10¥ cm~3 and 1.5-102 cm?V-1g-1
for samples Ne 1 and Ne 2, respectively.

In order to determine the mechanism of conductivity
of the samples in the temperature range close to helium,
the analysis of the temperature dependence of the specif-
ic resistance is carried out in accordance with [10]:

p(T) = poexp| E4 1 (kT)], (1)

where pp is the pre-exponential factor, E, is the activa-

tion energy, k is the Boltzmann constant.
Fig. 2 shows the results of an experimental study of
the temperature dependence of the resistivity.
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Fig. 2 — Temperature dependence of the resistivity of CdsAss
thin film of samples Ne 1 (top) and Ne 2 (bottom)

Resistance analysis in the samples is carried out in
accordance with the universal law:

p(T) = poexp {(?T} = AT™exp {(?jp} . ®

where 7T; is the characteristic temperature. If p=1, it
corresponds to the nearest-neighbor hopping conductivi-
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ty (in this case, instead of 7o, the activation energy
E, = kT, is usually introduced); if p = 1/4, it corresponds
to the Mott variable-range hopping (Mott VRH) conduc-
tivity mechanism, if p=1/2 it is the Shklovsky-Efros
VRH (SE VRH) [10]. The value of m is determined de-
pending on the conduction mode and the type of wave

2
function (FE[kT(TO/T)pa/(Zhs)} ) of localized

carriers, respectively. In equation (2), To = Tu or To = Tse
for p = 1/4 or p = 1/2, respectively, where

Pu _ Psge® ®)

kg (p)a® - Lse xka
x 1is the dielectric constant, gu =21, fsg = 2.8 [10].

The hopping conduction mechanism is characterized
not only by the value of the parameter p in equation (2).
Also, the temperature dependence of the factor at the
beginning of the equation and given by the power law
dependence on m is no less important. Therefore, simul-
taneous and independent determination of both parame-
ters m and p is necessary. Since the local activation

energy is given by Eazallnp/d(ka1 [10], we can

rewrite the equation (2) in the form:
In[E,/(kT)+m]=1Inp+pInTy +pIn(1/T).  (4)

It can be seen that for a certain hopping conduction
mode, the left side of equation (4) is a linear function of
In(1/T) for a given value of m, and the value of param-

eter p can be determined from the slope of the graph
In[Ed/(RT) + m] on In(1/T) (Fig. 3).

The condition for the realization of VRH conductivi-
ty is caused by jumps between centers that have ener-
gies in a certain &-neighborhood of the Fermi level,
where there are obviously empty sites. In the imple-
mentation of Mott VRH conductivity, it is assumed that
the density of states in the vicinity of the Fermi level
1 =* ¢ is considered constant: g = g,. Then the number of
states in this neighborhood is given by N (&)= g,¢, the

average distance between them in the case of a thin

film is 7 ; ~ [N(g)]illz, and the energy difference is of
the order of &.

The average change in energy during jumping for thin
films is determined from the minimum condition [11]:

d T 1/3
EUU‘(E):O, g:gmin:(gllzaBj:(TMTz) s

and the average jump length:

13

as [TM ]1/3

r~| — | =~ag|—| .

9.7 T

For sample Ne 1, the Mott VRH conductivity mecha-
nism is realized in the low temperature range 7= 10-
15 K. This can be explained by the fact that microscopic
disorder becomes important for electron localization,

which is facilitated by a decrease in temperature or by
increasing the degree of disorder. In this case, the jump
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becomes possible only within a limited range of energies,
the so-called Mott energy band, near the Fermi level [10].
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Fig. 3 — Dependence of In[Ed/(kT) + m] on In(1/T) of samples
Ne 1 (top) and Neo 2 (bottom)

For sample No 2, the Mott VRH conductivity mecha-
nism is realized in the high temperature range 7'=220-
300 K. This can be explained by the fact that charge trans-
fer in the studied film is carried out by VRH of the jump
over localized states lying in a narrow energy band near
the Fermi level. These states can be created by extended
defects — intergranular boundaries and dislocations.

All calculated parameters for samples No 1 and Ne 2
are presented in Table 1.

In the implementation of the SE VRH, the density of
states g(x), in contrast to the Mott VRH, is not constant
due to the presence of the Coulomb gap:

o(e) [ 5 . s(0)=0,

where d is the dimension of space, the energy ¢is defined
from the Fermi level.

In samples with the Mott VRH conductivity mecha-
nism the influence of the Coulomb gap is minimal, be-
cause it is realized only at B = 0. Therefore, the density
of localized states (DLS) in the acceptor level can be
approximated by a rectangular shape, the width of the
Coulomb gap in the DLS of the Fermi level is given by
W~ ETj{*T;V* [10]. From the expression g(u)~N,/(2W)
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one can obtain the concentration of acceptor centers. We
can find the value of a from equation (3). The value of «
is obtained from the expression E, = F(K)e*NY3,

where F(K) is some universal compensation function,
F(K)=0.43. Then, from the expression g, =3x’A?/(me®)

Table 1 — Microscopic parameters for thin film samples CdsAs:
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[10] we find the value of A under the assumption that
2o~ g(). The values are shown in Table 1.

The relations between A and W values are con-
sistent with the corresponding conduction mechanism
at B=0. The ratio AW~ 0.1 is favorable for the Mott
VRH conductivity mechanism.

No EA’ TM, 8w Eminy r, a, P A, w,
Ohm-cm meV K cm 3meV ™1l meV nm nm meV meV

1 3.95-10-4 0.034 18.5 9.9-101 19.5 2.3 12 176 3.97-10-2 0.36
5.03 2.6 1181 1.55-1014 77.9 6.5 12 162 2.79 8.21

4. CONCLUSIONS

RF magnetron sputtering produced cadmium arse-
nide films on oxidized silicon substrates. According to
the AFM results, the films are continuous with a gran-
ular structure. The Raman spectrum contains peaks
characteristic for CdsAss films at 194, 249, and 303 cm 1.
The mobility of electrons is greater in the sample No 1
and rises to 4.4:10Y cm-3 with a concentration of
1.7-10% cm2V-1s- 1, The Mott VRH conductivity mech-
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Mexaniam cTpubdxoroi npoBigHocTi B ruriekax CdsAss,
OTPUMAaHUX MATHETPOHHUM PO3IMUIEHHAM

B.C. Baxsamiuckii!, E.A. ITunox!, T.B. Hukynuuesal, C.B. Isamuixin!, M.H. Aopunies!?,
L.IO. Tomuapos!2, II.A. Komnecuiros?!, A.A. Mopouo!, O.B. I'tyxos?

L Benzopoocvbkuil 0epocasHUli HAUIOHAIbHUL 00CIOHUUbKUTL YHIgepcumem, 8yJt. Ilepemoau, 85,
308015 Beneopoo, Pocis
2Benzopodcvruil OepacasHutl mexroso2iunutl ynisepcumem imeni B.I. Illyxosa, eyn. Kocmiokosa, 46,
808012 Beneopoo, Pocis
3 Hauionanwrutl ynigepcumem paodioeniekmpoHiku, 6ynveap Hayru, 14, 61166 Xapris, Yikpaina

TlniBku apceHixy KaaMioo Ha MIJKJIATKAX OKKHCJIEHOrN0 KpeMHi orpuMani BU-marHeTpoHHUM po3Iu-
nenssm. JocaimreHo crpyrTypy Ta MopdoJtorito noBepxHi metogamu ACM Ta pamMaHIBCHKOI CIIEKTPOCKOIIII.
Ha cmexrpi KPC npucyTHi xapaxrepsi mayis maiBok CdsAsg mikm mpu 194, 249 1 303 cm - 1. PyxsmBicTs HOCITB
B 3paskax ckyasa 0,15-1,7-103 em2B-1¢-! mpu kommenparrii 0,7-4,4 -10'° cm - 3. BeraHoBiieno, 1o 1iist 3paas-
ka Nel B i"TepBasi Temmeparyp 1'=10-+ 15 K peasisyerbcsa MexaHI3M eJI€KTPOIIPOBIIHOCTI 3a 3aKOHOM
Morra. Ile MoxHA TOSCHUTH THM, II0 MIKPOCKOIIYHE PO3YIOPAAKYBAHHS CTAE BAYKJIMBUM JJIsI JIOKAJII3aIlii
€JIEKTPOHIB B IIbOMY TeMIlepaTypHoMy perioHi. [{poMy cripusie 3HMMKEHHST TeMIepaTypy abo 3pOCTaHHS CTY-
meHa Geanmany. B mpomy BHIamKy CTpuOOK CTae MOKJIMBUM TIJIBKHM BCEPeOUHI eHepreTwdHoi cMmyru Morra
nobnuay piBHa Depmi. Ilepenecenus sapsany B 3pasky Ne2 mpum T'= 220 + 300 K smificHoeTbCA ILIAXOM
CTPUOKOBOI IIPOBITHOCTI €JIEKTPOHIB 31 3MIHHOI JIOBKUHOI CTPHUOKA I10 JIOKAJI30BAHNM CTAHAM, IO JIEKAThH
y BY3BbKIN cMy3i eHepriit moosmsy piBHst Oepmi. 111 craHm MOKYTH CTBOPIOBATHCS MIK3EPEHHUME MEKAMU 1
mucnoramiavu. CIiBBIIHOIICHHA MK 3HAYEHHAMM KyJIOHIBCHKOIL ITIIMHYA A 1 IIMPUHOK 30HM JIOKAJII30Ba-
Hux craHiB W yaroskyoThesa 3 BIAIOBIIHIM MeXaHI3MOM IIPOBIIHOCTI.

Knrouoei ciosa: Apceniy kaamitwo, Jlipakoscki Hamismerasnu, Touki mrisku, CTpubKoBa MIPOBIIHICTS.
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