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A B S T R A C T   

Amorphous Cd3As2 films were deposited on single-crystalline SrTiO3 substrate by high-frequency non-reactive 
magnetron sputtering. Electrical resistivity of the film, measured within 3-75 K range, increases at cooling. Below 
~70 K, negative transverse magnetoresistance observed. Features in electrical resistivity and magnertoresistance 
can be attributed to variable-range hopping conductivity of the Mott type with local activation energy, which is 
temperature-dependent. Two temperature ranges in the hopping conductivity observed. Appearing two ranges is 
in qualitative accordance with the Mott-Davis energy-band model developed for amorphous semiconductors. 
High temperature range of the hopping conductivity is attributed to electron hops between localized states, 
positioned inside band tails, whereas electron hops between localized states, positioned inside Fermi-peak, can 
be responsible for low-temperature range. At taking into account temperature dependences of local activation 
energy, universal expression for various mechanisms of the hopping conductivity could be successfully applied to 
analyze the experimental data.   

1. Introduction 

It is known that hopping conductivity of various types is often 
dominant mechanism of low-temperature electrical conductivity of 
disordered (amorphous) and heavily doped semiconductors [1–13]. The 
hopping conductivity is due to tunneling hops of electron from one 
localized state to another one. For heavily doped semiconductors, the 
localized states are positioned inside an impurity band, which can be 
partially overlapped with conductivity or valence band [2]. In amor
phous semiconductors the localized states correspond to relatively 
narrow peak of the density of states, which is positioned at the Fermi 
level near mid of energy gap [1]. This Fermi-peak is originated from a 
structural disorder due to different defects like dangling bonds, va
cancies, etc. Besides this narrow peak, conductivity and valence band 
tails with the localized states are also characteristic features of amor
phous semiconductors. The tails are originated from destroying 
long-range order and they can be overlapped or not overlapped with the 
Fermi-peak. At high enough temperatures, a thermal generation of 
electrons into the localized states of the band tails or the Fermi-peak can 
take place that will result in the hopping conductivity. There are several 
mechanisms of the hopping conductivity including variable-range 

hopping (VRH) conductivity and nearest-neighbor hopping (NNH) 
conductivity. Each of the mechanisms can be described by relevant 
temperature law [1,2]. For amorphous semiconductors, the VRH con
ductivity of the Mott type is usually observed [1], whereas the VRH 
conductivity of the Efros-Shklovskii type is more typical for heavily 
doped semiconductors [2]. The differences for these types of the hop
ping conductivity are strongly originated from specific features in en
ergy band structure of amorphous and heavily doped semiconductors. 
Generally, many of the conductivity mechanisms, responsible for tem
perature behavior of the electric properties of solids within relevant 
temperature range, are thermally activated processes with activation 
energy, Ea, which is T-independent for this temperature range. In this 
case, temperature dependence of the conductivity can be reliably and 
informatively analyzed. The VRH conductivity is also thermally acti
vated process, but Ea is usually T-dependent. The Ea(T) variation com
plicates analyzing temperature behavior of the conductivity. Instead of 
T-independent Ea, local activation energy, Eal, taking into account 
T-variation of Ea, should be introduced [2]. 

In this paper, we report specific features in the low-temperature 
electrical resistivity of amorphous Cd3As2 films, which can be 
analyzed in frames of the VRH conductivity of the Mott type with T- 
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dependent activation energy. 

2. Materials and methods 

Thin Cd3As2 films were grown by high-frequency non-reactive 
magnetron sputtering with a nominal radiation power of 10 W in Ar 
atmosphere with a residual pressure of 0.8 Pa. Single-crystalline SrTiO3 
was applied as a substrate. Substrate temperature during the deposition 
process was equal to 293 K. Sputtering target was prepared from pre- 
synthesized Cd3As2 single crystals with sizes of several mm each. To 
synthesize the single crystals, the Cd (99.999%) and As (99.99%) 
powders, taken in stoichiometric ratio, were directly melted together. 

To confirm amorphous state of the film grown, X-ray diffraction 
(XRD) analysis was performed by using a Rigaku Ultima IV diffrac
tometer with CuKα–radiation. To estimate Cd-to-As ratio in the film, 
energy dispersive X-ray spectroscopy (EDX) method was applied by 
using a Nova NanoSEM 450 microscope. Scanning electron microscopy 
(SEM) performing the same microscope was also applied to estimate 
thickness of the film. To analyze chemical and phase composition of the 
film, Raman scattering spectra were recordered by using a LabRam HR 
Evolution Raman spectrometer, which applies a laser with a wavelength 
of 532 nm, a power of 50 mW, and a spectral resolution of 0.5 cm– 1. 

A Mini Cryogen Free Measurements System (Cryogenic Ltd, UK) was 
applied to measure the specific electrical resistivity and examine the 
Hall effect. To take temperature and magnetic field dependences of ρ, a 
film 5 × 2 mm sample with thickness of d was prepared. Four-probe 
method was used. Gold contacts were deposited onto the sample by 
magnetron sputtering. Magnetic field, B= 5 T, was applied perpendic
ularly to current direction flowing in sample plane that corresponds to 
transverse magnetoresistance. Density of measuring current was equal 
to 1 A⋅cm− 2. The ρ measurements were carried out by reversing 
measuring current. The accuracy of the ρ measurements was equal to 3 
%. 

3. Results and discussion 

3.1. Characterization of the films 

Primarily, it is important to note that XRD pattern, taken from the 
film being studied at room temperature, is characterized by appearance 
of a “halo” pattern (Fig. 1). Generally, the “halo” is characteristic of 
amorphous state [14,15]. So, the film should be considered as an “X-ray 
amorphous” material. In according with EDX data, the Cd-to-As ratio in 
the film is equal to ~1.53 that is in well accordance with its stoichio
metric composition. However, a small Cd excess can result in relevant 

forming As vacancies, which are the source of unintentional n-type 
doping in the film being studied, since in accordance with the Hall effect 
examination, the majority carriers in the film are electrons [16]. For 
further analyzing the film, the Raman spectroscopy method was applied. 
Raman spectrum of the film is presented in Fig. 2 (curve 1). As a refer
ence, the Raman spectrum for the Cd3As2 single crystal, used as a target 
for film sputtering, is presented, too (curve 2). It is known that two main 
Raman peaks, centered around 200 (P1) and 250 cm− 1 (P2), are char
acteristic of Cd3As2 [17,18]. These peaks are observed for both the single 
crystal and the film. However, for the single-crystalline Cd3As2 the peaks 
are rather sharp, narrow and intense, whereas in the amorphous film 
they are broader and less intense. Besides, a broad Raman peak (band), 
centered at ~290 cm− 1 (P3), is additionally appeared in the spectrum of 
the film 

In comparison with crystalline solid, amorphous Cd3As2 film is less 
orderly in its arrangement with a wider array of bond angles, bond en
ergies and bond lengths existing in addition to dangling bonds. The 
distribution of possible states can result in the broad P3 band that is 
readily distinguishable from that of crystalline solid. In general, the 
difference between curves 1 and 2 in Fig. 2 is typical feature for the 
crystalline and amorphous states of solid and it can be usually attributed 
to a partial destroying of long-range order in the amorphous state [19]. 
Therefore, one can conclude that the film being studied is the amor
phous Cd3As2 one. 

To estimate the film thickness, d, cross-sectional SEM image of the 
“Cd3As2 film” – “SrTiO3 substrate” system was taken and analyzed 
(Fig. 3). The film is well d-homogeneous with d≈50 nm. 

3.2. Features in the low-temperature electrical resistivity 

The ρ(T) dependence for the film being studied taken at zero mag
netic field within the 3-75 K range is presented in Fig. 4 (a). The re
sistivity is steady increasing with decreasing temperature that 
corresponds to a semiconductor behavior. An unusual magnetic field 
effect on ρ was found. At low temperatures this effect is negative, since ρ 
decreases under 5 T magnetic field. In contrast to this behavior, at high 
temperatures ρ already increases at applying B, but this positive B-effect 
on ρ is very weak, since the ρ(T) curves, taken for zero and 5 T magnetic 
fields, are positioned very close to each other. Inset to Fig. 4 (a) shows 
the ρ(T) dependences for B=0 (curve 1) and 5 T (2) corresponding to the 
negative B-effect. The MR(T) dependence, calculated for these magnetic 

Fig. 1. XRD pattern of the film.  
Fig. 2. Raman spectra for the amorphous Cd3As2 film (curve 1) and the Cd3As2 
single crystal. 
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fields as [(ρ(T, B=5 T)-(ρ(T, B=0 T)]/ρ(T, B=0 T), is presented in Fig. 4 
(b). This dependence summarizes all the features in the B-effect on ρ 
listed above. Thus, one can conclude that at TMR

C ≈ 70 K a crossover 
from the positive B-effect on ρ to the negative one takes place. Besides, 
the negative B-effect is much stronger expressed as compared to the 
positive B-effect, and magnitude of the negative B-effect is rapidly 
increasing with decreasing temperature. The TMR

C temperature is also 
related to change in the conductivity mechanism of the film, and the 
lower temperature mechanism is characterized by the negative MR. 
Magnetoresistance in solids is commonly observed as positive one, 

which is associated with cyclotron motion of carriers under external 
magnetic field. The negative MR can be originated from several special 
cases. For instance, the negative MR is usually observed in a ferro
magnet, in which the polarization of electrons and their scattering can 
be affected by a magnetic field [20–23]. A weak localization of electrons 
in two-dimensional systems which falls off in the presence of a magnetic 
field can also result in a negative MR in a low field [24–28]. Besides, the 
negative MR can be also considered as specific sign of the variable-range 
hopping conductivity [28–32]. 

Generally, the ρ(T) behavior related to the thermally activated con
ductivity obeys a law as follows [33] 

ρ(T) ∼ exp
(

Ea

kBT

)p

, (1)  

where kB is the Boltzmann constant and p is the exponent depending on 
conductivity mechanism. 

In accordance with expression (1) and provided the Ea energy is T- 
independent, Ea can be estimated from a slope of linear segments in the 
lnρ vs. (1/T) dependence, which can be calculated from initial experi
mental ρ(T) curve. Usually, each of the linear segments, characterizing 
by its T-independent Ea, corresponds to relevant conductivity mecha
nism. The lnρ(1/T) dependence, calculated from the ρ(T) dependence 
presented in Fig. 4 (a), is shown in Fig. 5 (a). For the temperature range 
used, no linear segments observed in this dependence. Therefore, the 
activation energy cannot be considered as T-independent, and, as was 

Fig. 3. Cross-sectional SEM image of the film-substrate system.  

Fig. 4. (a) The ρ(T) dependence taken at zero magnetic field. Insets: large-scale 
part of the ρ(T) dependences taken at for B=0 (curve 1) and 5 T (2); (b) The MR 
(T) dependence calculated for B=0 and 5 T. Below TMR

C negative magnetore
sistance starts to develop. 

Fig. 5. The ln(ρ) vs. 1/T (a) and the Eal vs. T (b) dependences taken at zero 
magnetic field. The Eal vs. T dependence consists of two linear segments 
crossing at T* as shown by dashed lines. The lines are drawn as guides to 
the eyes. 
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mentioned above, the local T-dependent activation energy should be 
involved to describe the ρ(T) dependence in this case. The local acti
vation energy can be found as [2,4] 

Eal =
d(lnρ)

d
(

1
kBT

). (2) 

The Eal(T) dependence consists of two linear segments, I and II, 
differing its slopes (Fig. 5 (b)). These I and II segments, corresponding to 
low-temperature and high-temperature range of the electrical conduc
tivity, intersect at temperature T*≈33 K. Both Eal(T) segments can be 
described by equation of a straight line 

Eal(T) = C + K⋅T, (3)  

where C and K are fitting constants (C is the Eal value, where the straight 
line cuts the y-axis, and K is angular coefficient). 

The fitting constants were extracted as KI=4⋅10− 2 meV⋅K− 1 and CI=0 
meV (for the I segment), and CII=− 3.16 meV and KII=9.5⋅10− 2 meV⋅K− 1 

(for the II segment). Different mechanisms of the hopping conductivity 
with T-dependent activation energy occuring in disordered and heavily 
doped semiconductors can be described by the following universal 
expression [4] 

ρ(T) = A⋅Tq⋅exp
(

Eal

kB⋅T

)m

, (4)  

where A is the constant, m and q are the exponents depending on regime 
of the hopping conductivity. 

Taking into account Eq. (3) and values of the fitting constants, 
expression (4) can be rewritten as 

For the low-temperature rangr (I): 

ρI(T) = A⋅Tq⋅exp
(

KI ⋅T
kB⋅T

)m

= AI ⋅Tq (5.1) 

For the high-temperature range (II): 

ρII(T) = A⋅Tq⋅exp
(

CII + KII ⋅T
kB⋅T

)m

= AII ⋅Tq⋅exp
(

CII

kB⋅T

)m

, (5.2)  

where AI and AII are new fitting constants for the I and II segments, 
respectively. These constants do not contribute into the temperature 
behaviour of the specific electrical resistivity. So, exact expression for 
these constants are not under discussion here. 

Therefore, the ρI(T) dependence for the I segment happens to be 
governed by only pre-exponential T-dependent power factor with the q 
exponent, whereas the ρII(T) dependence for the II segment is originated 
from, firstly, the same pre-exponential power factor and, secondly, 
exponential factor with the m exponent. It was found that the best fitting 
the experimental ρ(T) curve corresponds to q=− 3/4 for the I segment 
(Fig. 6 (a)), and m=1/4 and q=− 3/4 for the II segment. Actually, the ρ 
vs. T− 3/4 dependence is linear at T<T* (Fig. 6 (a)), whereas the ln(ρ⋅T− 3/ 

4) vs. T− 1/4 dependence is linear at T>T* (Fig. 6 (b)). 
Therefore, taking into account the fitting T-linear Eal(T) expressions, 

extracted for high temperature and low-temperature ranges, universal 
expression for various mechanisms of the hopping conductivity was 
successfully applied to very well describe the experimental ρ(T) curve. 
The m=1/2 value is characteristic of the VRH conductivity of the Mott 
type, and q=− 3/4 value is related to wave function of the localized 
states expressed as [5] 

ψ(r) ∼ r− 1exp
(
−

r
a

)
, (6)  

where a is the localization radius of electron and r is the radius-vector. 
Two temperature ranges in the VRH conductivity observed (Fig. 6 (a) 

and (b)) can be associated with two types of energy bands containing the 
localized states. In accordance with the Mott-Davis energy-band model 

[1], these bands are characteristic of amorphous semiconductors. Spe
cific features of amorphous semiconductor are, firstly, destroying a 
long-range atomic order and, secondly, forming numerous defects like 
dangling bonds, vacancies, etc. Owing to the first feature resulting in 
local varying the atom-atom distance and bond energy, the edges of 
conductivity and valence bands of amorphous semiconductor becomes 
indistinct, diffusing into the band gap. As result, the band tails, posi
tioned inside the energy gap, formed. Due to the second feature, a 
narrow peak in the density of defect states is formed in mid of thee 
energy gap near the Fermi level, EF (so called Fermi-peak). Energy band 
diagram corresponding to the Mott-Davis model is schematically shown 
in Fig. 7 (a). In this diagram, the density of states, N(E), at E>EC (for 
electrons) and at E<EV (for holes) corresponds to extended states like 
states in the allowed bands with the Bloch states of a crystalline mate
rial. The density of states continues through the EC and EV points, which 
limit the band gap in a crystalline material, but the electrical conduc
tivity below EC (for electrons) and above EV (for holes) is abruptly 
changed from conductivity through the extended states to the conduc
tivity through the localized states (LST) for electrons immediately below 
EC (holes immediately above EV). The density of the localized states 
remains very high throughout the energy gap. Other localized sates are 
positioned inside the Fermi-peak (LSFP). Therefore, two types of the 
localized states, related to the band tails or the Fermi-peak, exist in 
amorphous semiconductor. Depending on temperature, the VRH con
ductivity could be observed for one or other types of these localized 
states. To initiate the hopping conductivity, electron should get ability to 

Fig. 6. The ρ vs. T− 3/4 (a) and ln(ρ⋅T− 3/4) vs. T− 1/4 (b) dependences taken at 
zero magnetic field. The I and II fields correspond to two regimes of variable- 
range hopping conductivity differing in fitting constant. The fitting lines are 
shown by dashed lines. The lines are drawn as guides to the eyes. 
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hop via tunneling from one initial localized state into a final localized 
state. The hopping conductivity is a thermally activated process char
acterizing by the activation energy. At the nearest-neighbor hopping 
conductivity, the electron, localized in the initial state, hops to the final 
localized state, which is nearest one. The initial and final localized states 
are close in space but far in energy. With decreasing temperature, a 
probability of electron hops between the nearest-neighbor localized 
states gradually decreases, but the hopping distance is strongly 
T-independent. 

The VRH conductivity will take place, if this probability will happen 
to be smaller as compared to that for electron hopping between some 
more spatially remote states, but whose energy levels are positioned 
close enough to each other. As result, with decreasing temperature for 
the VRH conductivity, the activation energy should be decreasing and 
with simultaneous increasing in the average hopping distance, a, since 
electron in the initial localized state (IS) will always find more remote 
but more energetically benefit final localized state (IF). Schematic of the 
VRH conductivity showing a link between the electron hop distance and 
the local activation energy is shown in Fig. 7 (b). As for our experiment, 
the high-temperature VRH conductivity (at T>T*) should be reasonably 
related to the band-tail localized states, then the low-temperature VRH 
conductivity (at T<T*) would be naturally originated from the Fermi- 
peak localized states. 

The activation energy of the VRH conductivity of the Mott type can 

be expressed by the characteristic temperature, T0, as follows [2] 

Ea =
T0

kB
=

βm

kBkg(EF)α3, (7)  

where k is the dielectric permittivity, g(EF) is the density of states at the 
Fermi level, and βm is the constant equal to 21. 

For the amorphous Cd3As2 film being studied, the activation energy 
happened to be T-dependent local activation energy. Suppose, that 
expression (7) can be also applied to definite the local activation energy. 
According to this expression, the Eal(T) dependence can be attributed to 
relevant g(EF) dependence. Both Ea and Eal are finding via derivative of d 
(lnρ)/d(1/T), and Ea is T-independent, but Eal is T-dependent. To come to 
the T-linear Eal dependence observed in our experiment (Fig. 5 (b)), one 
should suppose that the g(EF) is T-dependent (the g(EF)~1/T condition 
should be valid). In turn, the temperature dependence on g(EF) can be 
related to a temperature drift of EF. To explain the T-linear Eal depen
dence, this EF(T) drift and exact N(E) dependences corresponding to 
both the band tails and the Fermi-peak should be correctly taken into 
account. At present, getting these data is rather complicated task. 

The negative magnetic field effect on ρ, observed within temperature 
ranges of the VRH conductivity (Fig. 4 (b)), can be reasonably attributed 
to increasing in the localization radius of electron. The radius is known 
to be B-dependent parameter [2]. With increasing magnetic field α can 
be either increasing or decreasing value. Decreasing in α, resulting in the 
negative magnetoresistance, is originated from damping of a quantum 
interference of hopping electrons in external magnetic field. Increasing 
in α, resulting in the positive magnetoresistance, is due to shrinkage of 
the electron wave functions in the direction perpendicular to B. Since 
the magnetoresistance of the amorphous Cd3As2 films is negative, the 
damping of the quantum interference can be taken as main mechanism 
responsible for the B-effect on ρ in this case. According to the Hall effect 
examination, the majority carriers in the film being studied are elec
trons. Within whole temperature range under study, the electron con
centration happened to be T-independent end equal to ~2⋅1018 cm− 3. 
Temperature dependence of the Hall mobility of electrons, μH, is shown 
in Fig. 8. At T>T*, μH steady decreases with decreasing temperature. 
However, below T*, μH starts to abruptly decrease. The abrupt 
decreasing in the carrier mobility, known as forming a mobility gap, is 
usually observed at transition from conductivity through the extended 
states to the conductivity through the localized states. In our experi
ments, such kind of the gap is obviously formed at transition from the 
high-temperature VRH conductivity to the low-temperature VRH 

Fig. 7. (a) Energy band diagram of amorphous semiconductor showing the 
localized states positioned inside the conductivity and valence band tails (LST) 
and inside the Fermi-peak (LSFP); (b) Schematic of the VRH conductivity 
showing a link between the electron hop distance and the local activation en
ergy (IS is the initial localized state, which is the same for all the temperatures, 
IFi (i=1,2 and 3) is the final localized state). 

Fig. 8. The μH(T) dependence taken at zero magnetic field. Below T* the 
electron mobility starts to abruptly decrease. The line is drawn as guides to the 
eyes to indicate T*. 
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conductivity. Again, specific features of energy band diagram should be 
correctly taken into account to explain the μH(T) behavior. 

Conclusion 

High-frequency non-reactive magnetron sputtering has been applied 
to deposit the amorphous Cd3As2 films on single-crystalline SrTiO3 
substrate. Features in the low-temperature electrical properties of the 
films are characteristic of the variable-range hopping conductivity of the 
Mott type with T-dependent local activation energy. These features 
including the negative magnetoresistance and the semiconducting ρ(T) 
behavior are in qualitative agreement with the Mott-Davis energy-band 
model developed for amorphous semiconductors. 
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