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Abstract

The structure and electrical properties of In,O; and SnO, oxide semiconductors and heterostructures based on them has
been experimentally investigated. The films were prepared by the method of layer-by-layer deposition using the ion-beam
sputtering. The transition from the two-phase film of amorphous SnO, and In,0Oj; islands, formed during the layer-by-layer
deposition, to a multilayer structure consisting of the amorphous SnO, and In,O5 continuous layers occurs with an increase
in the bilayer thickness. The electrophysical properties of the (SnO,/In,053)¢, heterostructures are determined by the transi-
tion from the random distribution of SnO, and In,O; amorphous phases to a multilayer structure and the temperature range
of measurement. For all studied systems, a consistent change in the prevailing mechanism of conductivity is observed at
temperatures from 77 to 300 K. In (SnO,/In,03), thin films with a bilayer thickness h,; <2.5 nm, change of the prevailing
conduction mechanism takes place according to the next sequence: variable range hopping conduction over localized states
near the Fermi level, hopping conduction over the nearest neighbors and hopping transfer of carriers excited into localized

states near the band edges at temperatures close to room temperature.

1 Introduction

Due to optical transparency and the possibility of changing
the electrical conductivity in a wide range of values, wide-
gap semiconductors based on metal oxides are subject to
increased interest of researchers [1-3]. Already today such
materials find application in various technical devices, for
example, in flat-panel displays, solar cells, electrochromic
devices, and many others [4—6]. In many cases the crystal-
line or amorphous structure of metal oxides mainly consists
of metal cations and oxygen anions. As a result, the defects
of the crystalline or amorphous structure are charged and
electrically active, thereby exhibiting donor or acceptor
properties [7]. It is assumed that bulk and surface defects in
metal oxides significantly affect charge transfer and electri-
cal conductivity. At the same time, the mechanisms of this
influence remain largely unexplained.
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Despite the great attention of the scientific community
to the investigation of metal oxides, the nature of many
experimentally observed features of optical, electrophysi-
cal, and galvanomagnetic properties remains unclear. This
statement is especially true with respect to thin films, where
the dimensionality of the system can play a significant role
in addition to defects contribution. For example, in papers
[8, 9] reported that the conditions of synthesis and subse-
quent heat treatment affect the electronic structure and opti-
cal properties of films.

The electrical conductivity of In,O5 and SnO, films sub-
stantially depends on the conditions of their synthesis [10,
11]. The values of electrical conductivity can be varied from
typical for degenerate semiconductors with a band conduc-
tion mechanism to values characteristic for insulators with
thermal activation or hopping conductivity. At a certain con-
centration of defects in metal oxide films the localization of
charge carriers can occur. At the same time, the mechanisms
of this localization and the parameters of localized electronic
states remain poorly studied, while their understanding is
important for obtaining films with high electron mobility
and high transparency.

Currently, one of the most used metal oxide semicon-
ductors is tin-doped indium oxide (ITO), which belongs to
n-type degenerate semiconductors with a wide band gap
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(3.6 eV) [12]. The density of conduction electrons in ITO
thin films reaches 10'°~10?! cm™, and the mobility varies
from 10 to 30 cm?/V s [13]. ITO thin films can be prepared
by various methods of synthesis, such as chemical vapor
deposition, jet pyrolysis, DC or AC magnetron sputtering,
pulsed laser deposition [14]. As in other semiconductor
metal oxides, the electrical and optical properties of ITO
thin films depend significantly on the structural state [15].
In this paper, we consider an experimental study the struc-
ture and its effect on the electrical properties of multilayer
heterogeneous films of the In,0;—SnO, system obtained
by layer-by-layer deposition at the ion-beam sputtering of
ceramic targets of In,O; and SnO, in an argon atmosphere to
produce films with higher electron mobility and high optical
transparency.

1.1 Samples and experimental technique

Thin films (SnO,/In,05)¢e were obtained by the ion beam
sputtering of ceramic targets In,O5 and SnO, in an argon
atmosphere with a purity of 99.998% at a pressure of
7% 107* Torr according to the method described in [16].
The targets were fixed on water-cooled copper bases of
280 80 mm? in sizes and placed in different sputtering
positions in a vacuum chamber. In order to carry out layer-
by-layer deposition, the substrate was moved from one sput-
tering position to another by rotating the substrate holder
around the axis of the sputtering chamber. The deposi-
tion was carried out on monocrystalline silicon substrates
with a crystallographic orientation (100) for the study of
the structure and on the sitall substrates for the study of
electrophysical properties. In the process of deposition, the
room temperature of the substrates was maintained [17]. To
obtain different thicknesses of the In,O; and SnO, layers in
the course of a single deposition process, V-shaped screens
were installed between the targets and the substrate holder.

To estimate the thickness of the layers, a preliminary
deposition of individual In,O; and SnO, films was car-
ried out with process parameters previously selected for
the deposition of a multilayer structure. The thickness of
the obtained films was measured using the MII-4 optical
interferometer. The measurement points for thickness were
fixed relative to the location of the substrate and the target.
The film thickness obtained during a single passage of the
substrate through sputtering position (monolayer thickness
of one of the deposited oxides) was calculated by dividing
the resulting film thickness on the number of the substrate
holder revolutions. The thickness of the second phase mon-
olayer was determined in a similar way. It should be noted
that the monolayer thickness obtained by this way is equiva-
lent and does not take into account the possibility of island
growth, i.e. this is the thickness of the thin film deposited
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in one revolution of the substrate holder, provided that this
film is continuous.

The number of substrate holder revolutions determined
the number of bilayers in a multilayer film (SnO,/In,05),
where 69 is the number of bilayers obtained by described
method. The thicknesses of the layers In,O; and SnO, var-
ied from~0.8 to~2.1 nm and from~ 0.4 to ~ 2.8 nm, respec-
tively. The thickness of the bilayer at the same time varied
from 1.2 to 4.9 nm.

The structure was studied by X-ray diffraction methods
on a Bruker D2 Phaser diffractometer (Acykq; = 1.54 A)
using the software DIFFRAC.EVA 3.0 with the ICDD
PDF Release 2012 database [17]. Transmission electron
microscopy (TEM) studies were carried out using a Hitachi
HT7700 TEM (acceleration voltage 100 kV, W source).
The cross-sectional samples on the sitall substrates for
TEM studies were prepared by focused ion beam (single-
beam FIB, Hitachi FB2100) at 40 kV to a thickness of about
40-50 nm. In order to protect the surface from milling by
the Ga+ ion beam during sample preparation, a Ge layer was
deposited onto (SnO,/In,03)4, film before cross-sectional
sample preparation by FIB.

The dependences of the electrical resistivity on the thick-
ness were measured by the two-probe method in DC mode
using a B7-78/1 universal digital multimeter. The depend-
ences of the thermopower on temperature were obtained by
the differential method. The material of the cold and hot
probes was silver wire with a purity of 99.99%. The relative
error in measuring the electrical resistance did not exceed
2%, and the thermopower—3% [17].

The Hall effect measurements were carried out according
to the Van-der-Pau method on square-shaped samples with
a side of 8 mm on ECOPIA HMS-5500 apparatus at room
temperature. Electrical contacts in the form of small indium
points were made by ultrasonic soldering. The magnetic field
with a magnetic flux density of 0.55 T was created by per-
manent magnets, and a measuring current was 0.1-2.0 mA,
depending on the sample response.

1.2 Film structure

An analysis of the X-ray diffraction patterns for In,O5; and
SnO, thin films showed that SnO, films are amorphous and
In,O; films are nanocrystalline (Fig. 1). The calculation of
the average crystallite size for In,O; films was performed
according to the Scherrer formula [18, 19]

0.894
D=——,

b cos © M
where ) is the x-ray wavelength (1.54 A for Cuy, radiation);
b is the reflex width at half-height; ® is the Bragg angle; D
is the average size of the crystallites. The estimates for In,0;
films gave D~ 20 nm.
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Fig.1 X-ray diffraction patterns for SnO and In,O; thin films and
(SnO/In,03)¢g layered heterostructures

In the X-ray diffraction pattern for (SnO,/In,05)¢, thin
films at 2@ = 10-60° there is one broad maximum (halo)
(Fig. 1). The diffraction maximum at 20~ 30.7° does not
depend on the film thickness (layer thickness), and the posi-
tion and shape of the peak coincide well with the diffrac-
tion pattern for the amorphous SnO, film and with the most
intense diffraction peak of the cubic In,O5. Thus the lay-
ers of In,O; and SnO as part of multilayer system (SnO,/
In,05)¢9 have an X-ray amorphous structure, whereas the
structure of separately deposited indium oxide thin films is
nanocrystalline.

For a more detailed analysis of the structure of (SnO,/
In,05)¢o thin films, the cross section investigation was car-
ried out using transmission electron microscopy (TEM)
(Fig. 2). An analysis of TEM micrographs confirmed the
formation of a layered structure in the (SnO,/In,03), films.
The presence of two wide halos and the absence of diffrac-
tion rings from the crystal planes in the electron diffraction
pattern of the (SnO,/In,05)4, films confirm the conclusion
that the structure of the SnO, and In,O; interlayers is amor-
phous (Fig. 2).

The formation of a multilayer structure from amorphous
SnO, and In,0; layers may indicate insolubility or rather
low solubility of tin and indium oxides in each other at
layer-by-layer deposition condition at room temperature.
The In,0O; layers as part a multilayer system (SnO,/In,03)49
are amorphous whereas for a separate synthesized thin film
of indium oxide the structure is crystalline.

1.3 Experimental results

Figure 3 shows the dependences of the specific electrical
resistance p and thermopower S versus equivalent bilayer
thickness, measured for layered thin-film heterostructures
of (SnO,/In,05), (Fig. 3a, b, respectively).

Fig.2 TEM micrographs of the cross section and electron diffraction
pattern (inset) for (SnO/In,O5)ey thin films with equivalent bilayer
thickness hy;=2.61 nm

With an increase in the equivalent bilayer thickness to
hy, ~2.8 nm, a decrease in the electrical resistivity (p) and
thermopower (S) of layered thin-film heterostructures is
observed. Such decreasing in the electrical resistance was
observed in other thin films systems [20] and usually asso-
ciated with the transition from island layers to formation
of a layered structure (SnO,/In,05)4 With continuous SnO,
and In,Oj; interlayers. The sign of the thermopower for all
investigated films is negative, which indicates that the main
charge carriers in both SnO, and In,O5 thin films and in lay-
ered (SnO,/In,05)¢, thin-film heterostructures are electrons.

In order to estimate the effect of the concentration and
mobility of charge carriers on the specific electrical resist-
ance, the Hall effect in layered thin-film heterostructures
of (SnO,/In,05)¢e Was studied. The results of these studies
showed that the dependences between the concentration n
and the mobility p, of free charge carriers and the equiva-
lent bilayer thickness for layered thin-film heterostructures
(Sn0O,/In,03)49 have a complex shape (Fig. 4). The concen-
tration of charge carriers is n~ 10*° cm™, it increases several
times with a thickness corresponding to the transition from
an island structure to a multilayer one. The obtained val-
ues are consistent with the results of In,O; thin films study
[21]. The charge carriers’ mobility slightly decreases until
hy; <2.5 nm, and then increases by an order of magnitude
with increasing hy;> 2.5 nm.

To explain the observed data, it is necessary to return to
the process of growth of layered thin-film heterostructures
on a rotating substrate during ion-beam sputtering of SnO,
and In,0; targets. At the hy; <2.5 nm, the (SnO,/In,05)¢g
film is the island interlayers that is equivalent to the for-
mation of a two-phase amorphous system. The electrical
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Fig.3 Dependences of the electrical resistivity (a) and thermopower (b) versus equivalent bilayer thickness hy; of (SnO,/In,03)4q layered thin-

film heterostructures
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Fig.4 Dependences of the concentration n and the mobility p, of free
charge carriers versus the equivalent bilayer thickness (h;) for (SnO,/
In,05)4y layered thin-film heterostructures

conductivity of such system is determined by the ratio of the
most conductive In,O5 and the least conductive SnO, oxide
phases. With an increase in the size of indium oxide islands
in interlayers, they contact with each other and form a quasi-
two-dimensional percolation cluster. This increases the con-
centration of dangling bonds at the interfaces, and, therefore,
electrons (Fig. 4). As a result the electrical resistivity of the
film is reduced (Fig. 3a). An increase in the defectiveness
of the transfer channel (the main source of charge carriers in
wide-gap semiconductors is oxygen vacancies) reduces the
electron mobility due to their localization (Fig. 4). This also
leads to a blurring of the localized states band and decrease
in the derivative of the density of electronic states of dn/dE.
As a result, the thermoelectric power decreases (Fig. 3b).
In other words, the presence of a chaotic potential due to
randomly distributed charges in the space charge region at
the interfaces of a semiconductor multilayer structure leads
to strong localization [22].

@ Springer

At hy;>2.5 nm, a layered structure is formed from amor-
phous SnO, and In,O; continues interlayers. In this case,
it can be assumed that In,O; interlayers will be the main
conduction channel. As the thickness of the In,O; interlayers
increases, there will be a transition from strong localization
to the so-called weak localization state [23, 24]. This leads
to an increase in carrier mobility (Fig. 4).

To establish the dominant mechanisms of electrical
transfer in the obtained multilayer systems, the tempera-
ture dependences of the electrical resistivity p(T) and the
thermopower S(T) were studied in the temperature range
from 80 to 300 K (Fig. 5). As can be seen in Fig. Sa, as
the temperature increases, the electrical resistance of the
studied samples decreases, and the thermopower curve has
a maximum (Fig. 5b).

1.4 Discussion of the results

The observed experimental results are discussed taking into
account the peculiarities of the (SnO,/In,0;)q heterostruc-
tures growth process upon layer-by-layer deposition of SnO,
and In,O;. At the hy;<2.5 nm the film is characterized by
an island structure, which is equivalent to the formation of
a two-phase amorphous system. The electrical conductivity
of such systems is determined by the ratio of the most con-
ductive In,0; phase and the least conductive phase of SnO,.
Let us consider the features of the electric transfer processes
based on the analysis of the temperature dependences of
the specific electrical resistance and thermopower of such
heterogeneous systems.

For the (SnO,/In,05)e films with hy; <2.5 nm the obtained
experimental dependences of the electrical resistance on tem-
perature (Fig. 5a) were replotted in the coordinates InR vs 1/
T", where n took values %4, Y2, 1, InR versus InT and InR versus
In (1/T). The dependencies of the thermopower (Fig. Sb) were
represented in the coordinates S versus InT, S versus 1/T and S
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Fig. 5 Dependences of the electrical resistance (a) and thermopower (b) versus temperature for (SnO,/In,0;)¢, layered thin-film heterostruc-

tures. The thickness of the bilayer hy; in nm is indicated near the curves

versus 1/T'2 [17]. Joint analysis of the depicted on Fig. 5 data
showed that at temperatures of 80—180 K the electrical resis-
tivity and thermopower are linear in the coordinates InR versus
1/T" and S versus 1/T"? (Fig. 6). According to the model of
hopping conductivity with variable jump length over localized
states lying in a narrow energy band near the Fermi level [25],
the expression for electrical conductivity is as follows [17]

. 1/4
c=e¢ -R-vph-g-exp(—T) . 2
where

16
B=———
2 k- g(Ey) &)
and
1/4
R = 3 , )
2r-a-g(Eg) k- T
18¢
2.25
16}
G 2,53
5 14
£
12
2,85
10 1 i 1 J
0,26 0,28 Oiio 1/‘?,32 0,34
T,K a

E is the electron charge, R is the hopping length, v, is the
factor of the phonon—phonon interaction, T is the absolute
temperature, g(Ep) is the density of states at the Fermi level,
a is the localization radius of the electron wave function, k
is the Boltzmann constant.

The values of B in Eq. 2 for the studied films were deter-
mined from Fig. 6a. Assuming that the process of carrier trans-
port is limited by jumps between indium dangling bonds, to
estimate the density of localized states, we take the localization
radius equal to the radius of the ion In ax 1 nm [26]. Then,
according to [17], applying expressions (2)—(4), it is possible
to estimate the parameters of an amorphous multilayer film
using the hopping electron conductivity model with variable
jump length over localized states lying in a narrow energy
band near the Fermi level (Table 1).

The average jump energy has been estimated also (Table 1),
which in the case of variable-jump lengths should be equal
to [25]

1/4
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Fig.6 Dependences of InR versus 1/T'* (a) and S versus 1/T2 (b) for thin films (SnO,/In,05)s. The thickness of the bilayer h,; in nm is indi-

cated near the curves
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Table 1 Parameters of (SnO,/In,05)4, thin films, calculated in frames of the electron hopping model with variable jump length over localized
states lying in a narrow energy band near the Fermi level, in the temperature range 80-180 K

hy, nm B4 B, K 2(Ep),1/(eV cm®) R at 180 K, nm S, kV/K (m ) Wyrms €V

(T=180K) 9E  JE=E; eV~ (T=180K)
(T=180K)

2.25 40.86 2.79%x10° 6.66x 10" 4.64 0.173

2.53 39.83 2.52x10° 7.38x10" 4.52 85.02 7.90% 107 0.169

2.85 13.05 29%10° 6.40x10% 1.48 48.52 2.25%107 0.055

If the hopping mechanism of conduction with a variable = and

hopping length is due to localized states lying in a narrow

energy band near the Fermi level in the studied temperature S = 2r k2_T dlng (EF) g

range is dominant, then the thermopower should be written 3 e JE E:EF’ (®)

as [25]

2
s K /—T'B<alng(E)> _ ©
E=E;

2e oE

The experimental values of the thermopower in the temper-
ature range of 80-190 K, where the Mott law is true for electri-
cal conductivity, satisfy the law S~f (1/T"?) (Fig. 6b). Tak-
ing into account the previously obtained values of B from the
temperature dependences InR versus 1/T"* and experimental
data S (Fig. 6b), it is possible to estimate the logarithm of the
density of localized states with respect to energy for different
temperatures [25]. The results of such estimates for the (SnO,/
In,03), films studied at T=180 K are presented in Table 1.

To describe the temperature dependences of electrical con-
ductivity in the temperature range of 180-250 K, we apply the
model of hopping conductivity over nearest neighbors; then,
according to [25], for the electrical resistivity and thermoelec-
tric power

Winn
e (M), .
15¢ 2623
14‘W
. 13}
G 258
~ 12}
5 W
£ 1}
2,85
10 bt =

9 1 I I 1 A 1 1
40 42 44 46 48 50 52 54
1000/T, K a

-S, pV/K

where Wy is the activation energy of the jump, given for
jumping over the nearest neighbors by the expression [17]

3

Wyng = ——————

where R is the average distance between the nearest neigh-
bors, g(Ep) is the density of states at the Fermi level.

The experimental dependences of the electrical resistance
and thermopower in the temperature range of 180-250 K
have linear dependences in the coordinates InR versus
1000/T and S versus T, respectively (Fig. 7a, b). Using for-
mulas (7) and (8), we estimate from Fig. 7a, b the values
of the jump activation energy and the derivatives of the
logarithm of the density of localized states. The results are
shown in Table 2.

In the temperature range 250-300 K, the dependences
of the electrical resistivity and thermopower have linear
segments in the coordinates InR versus 1000/T and S ver-

sus 1000/T (Fig. 8a, b, respectively). Then, the following
100 253
90f =a-a"
80}
70
60
2,85
) MA—Z
A
40 1 1 I J
140 160 180 200 220
T, K b

Fig.7 Dependences of InR versus 1000/T (a) and S versus T (b) for thin films (SnO,/In,05)s,. The thickness of the bilayer h,; in nm is indicated

near the curves
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Table2 Parameters of (SnO,/In,05)¢e thin films, calculated from
the model of the hopping conductivity of electrons over the nearest
neighbors

Table 3 Activation energies of conduction and thermopower, as well
as the average jump energy for (SnO,/In,05)4y thin films in the tem-
perature range of 250-300 K

hy, nm S, uV/K ( dIng(E) ) Wianm: €V Ry, nm
(T=190 K) 9 JE=E; (T=190 K)
eV 1 (T=190 K)
225 40.86 2.79x 10° - -
2.53 39.83 2.52x10° 0.035 0.22
2.85 13.05 29x 10° 0.015 0.73

equations are valid for the temperature dependences of the
thermopower and electrical resistivity [17]

ER
p = poy - eXp <—ﬁ> (10)

where Eg is the activation energy of electrical conductivity.
k is the Boltzmann constant, T is the absolute temperature.

k (E
S=x- | tAl) (11)

where e is the electron charge, A is the constant, Ef is the
activation energy of the thermopower. Taking into account
Egs. (10) and (11), the experimental dependences (Fig. 8a,
b) can be used to estimate the values of the activation energy
of the conductivity ER and the thermoelectric power ES. The
results of this assessment are shown in Table 3.

An analysis of the experimental results (Table 3)
showed that the calculated values of the activation
energy of electrical conductivity and thermopower within
the error limit coincide only for the bilayer thickness
hy;=2.25 nm. In this case, we can talk about the hop-
ping mechanism by the nearest neighbors in the tail of the

e
10 b assscsssssssboi it bbbttt/

3,4 3:5 3:6 3:7 3:8 3:9 4:0
1000/T, K a

hy;, nm ER, eV ES, eV W, eV

2.25 0.0770.005 0.077+0.005

2.53 0.042+£0.005 0.036+0.005 0.006 +0.001
2.85 0.02+0.005 0.019+0.005 0.001 +0.0005

conduction band. For large thicknesses of the bilayer, the
values of the activation energy of electrical conductivity
and thermopower differ by a certain quantity W,, which
increases with decreasing thickness of the bilayer. If we
take the hopping mechanism as the conduction mecha-
nism in the studied composites, then, according to [25],
the difference in the energies of ER and E can act as a
criterion for determining the hopping conductivity with a
variable jump length for localized states in the tail of the
conduction band. Then the energy Wy, can be interpreted
as the energy of the jump, and formula (10) will be more
correctly rewritten in the form [17]

ER* + W,
p=pyexp —— ). (12)

where EX* = ES = E, — E, E is the energy at the edge of
the conduction band, Ey, is the Fermi, energy Eg* is the acti-
vation energy of electrical conductivity, k is the Boltzmann
constant, T is the absolute temperature.

The experimental dependences of the electrical resist-
ance on temperature (Fig. 5a) for films with hy;>2.8 nm
are satisfactorily straightened in the coordinates p versus
InT (Fig. 9). These dependences are typical for 2D and 3D
systems where conditions of weak localization of electrons

3:6 3:7 3:8 3:9 4:0
1000/T, K b

Fig. 8 Dependences InR versus 1000/T (a) and S versus 1000/T (b) for thin films (SnO,/In,05)4y. The thickness of the bilayer hy; in nm is indi-

cated near the curves
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x10° p, Q-cm

Fig.9 Dependences ph vs InT for thin films of (SnO,/In,05)49. The
thickness of the bilayer hy; in nm is indicated near the curves

are realized and the theory of quantum corrections to con-
ductivity is applicable [23].

Similar temperature dependences of the resistance was
observed in In,05:Sn films with a thickness of 7.5-1980 nm
which was accompanied by negative magnetoresistance [27,
28]. This phenomenon was described by the authors in the
framework of the theory of quantum corrections to conduc-
tivity in the weak localization mode for 2D and 3D systems.
Temperature dependences of electrical resistance showed a
minimum characteristic of weak localization. The minimum
of electrical resistance temperature shifts toward lower tem-
peratures with increasing film thickness. The indium oxide
layers in the present work have a lower interlayer thickness,
therefore, the minimum of electrical resistance in the stud-
ied temperature range is not observed. However, with an
increase in the thickness of indium oxide layers, the devia-
tion temperature from the linear depence p versus InT shifts
toward lower temperatures with an increase in the thickness
of the interlayer. Further research in this direction will con-
firm or refute the hypothesis put forward.

2 Conclusion

During the layer-by-layer deposition by the ion-beam
sputtering, heterogeneous (SnO,/In,03)¢, thin films are
formed. The (SnO,/In,05)¢y films has a rather complex
structure, which depends on the thickness of the bilayer.
At hy; <2.5 nm, (SnO,/In,05)¢, films consist of amorphous
island SnO, and In,0;. With an increase in the equivalent
thickness of more than 2.5 nm, continuous amorphous In,05
and SnO, layers form a multilayer structure.

The structure of the (SnO,/In,05)¢, films and the tem-
perature range of their study determine their electrophysi-
cal properties. It has been established that for thin films

@ Springer

of (SnO,/In,03)¢¢ with hy; <2.5 nm, there is a consistent
change of the prevailing conduction mechanism: a variable
range hopping conduction over localized states near the
Fermi level, hopping conduction over the nearest neigh-
bors and hopping transfer of carriers excited into localized
states near the band edges at close to room temperatures.
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