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Abstract—(ZnO/Si0,),s thin-film multilayers consisting of nanocrystalline ZnO layers and amorphous SiO,
spacers with a bilayer thickness from 6 to 10 nm are synthesized in a single deposition process. An analysis of
the temperature dependences of the electrical resistivity of (ZnO/Si0,),s thin films shows that, in the tem-
perature range of 77—300 K, the dominant conductivity mechanism successively changes from hopping con-
ductivity with a variable hopping length in a narrow energy band near the Fermi level at temperatures of 77—
250 K to thermally activated impurity conductivity around room temperature. Using the obtained tempera-
ture dependences of the electrical resistivity, the effective density of localized states at the Fermi level and the
activation energy of impurity levels are estimated. The effect of heat treatment on the structure and elec-
trical properties of the synthesized films is examined. It is established that in (ZnO/Si0,),5 thin-film
systems at temperatures of 580—600°C, the ZnO and SiO, layers chemically interact, which is accompa-
nied by destruction of the multilayer structure and formation of the Zn,SiO,4 compound with a tetrago-

nal structure (sp. gr. [-42d).
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1. INRODUCTION

Zinc-oxide (ZnO) thin films exhibit a combination
of properties important for application, including
transparency in the visible electromagnetic-radiation
range and low electrical resistance, which is facilitated
by their wide band gap and the formation of nonstoi-
chiometric compositions or the embedding of corre-
sponding dopants [1—3]. The applicability of ZnO
thin films depends not only on their optical and elec-
trical properties; in addition, these parameters should
be combined with stability against the effect of envi-
ronmental factors, abrasion resistance, low electron
work function, compatibility with a substrate, and
other requirements for thin films of transparent semi-
conductors, depending on the area of their applica-
tion.

The properties of zinc oxide and compounds based
on it are determined primarily by the presence of oxy-
gen vacancies, the number of which can be controlled
by either introducing oxygen during synthesis of the
material or heat treatment of the films in an oxidizing
atmosphere [4]. Secondly, the properties are deter-
mined by the need for controlling the structural
(amorphous or crystalline) state, which is achieved via
the embedding of special amorphizers (Sn, Si, or other
dopants) [4].

These two approaches can be combined in a joint
vacuum deposition technique. Thus, in [5],
(Si0,) (Zn0O) o _ » (SZO) thin films with x = 2, 3, 4,
and 5 mass % were obtained by the RF magnetron
sputtering of ZnO and SiO, targets. It was found that

the lowest resistivity (4.5 x 1073 © cm) is obtained in
the film with x = 2 mass % Si. This film exhibited a
high (~85%) optical transparency in the visible wave-
length range, which was facilitated by a band gap of
more than 3.4 eV and a high (2.1) refractive index. The
electrical resistivity of this film after annealing for
30 min at 300°C in vacuum reached 10— Q cm, which
is comparable with tin-doped indium oxide (ITO)
films [6]. Consequently, SZO films are promising for
application as alternative film materials for transpar-
ent electronics.

Recently, it was proposed that multilayer hetero-
structures consisting of oxide semiconductor layers be
used as the channels of thin-film transistors (TFTs)
[7—9]. Interest in such structures is due to the fact
that, despite the intense use of wide-gap amorphous
oxide semiconductors and solid solutions based on
them as TFT channels, the instability and short life of
the operating characteristics in single-layer TFT chan-
nels due to different conditions (temperature, bias,
and illumination) are key problems in the application
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of transparent conducting oxides. This instability is
related to oxygen vacancies. At the same time, it is
well-known that carriers in transparent oxide semi-
conductors are provided by oxygen defects and the
density of oxygen vacancies determines the electrical
properties of oxide semiconductors. Thus, one has to
choose between operation stability and working char-
acteristics. In addition, available TFT-channel mate-
rials do not meet the requirements for the operation
speed, switching time, and carrier mobility.

This situation can be resolved by fabricating bi- and
multilayer TFT channel structures with a high carrier
mobility and high stability of the operating character-
istics. The authors of [10] synthesized a transparent
TFT channel material by forming ZnO and Al,O; lay-
ers using atomic layer deposition (ALD). The charac-
teristics of a transistor with pure ZnO and ZnO/Al,O;
multilayer channel materials were compared. It was
found that the ZnO/Al,0O; multilayer with a total
thickness of ~22 nm used as a TFT channel exhibits
electrical properties better than those of ZnO. This
improvement was attributed to the directed growth of
ZnO crystallites with the ¢ axis perpendicular to the
multilayer growth front caused by the embedding of
Al,O; spacers, which is accompanied by an increase in
the carrier mobility in the ZnO layers.

In this study, we investigate the structure and phys-
ical properties of (ZnO/Si0O,),s multilayer thin-film
systems consisting of 25 ZnO/Si0O, bilayers and the
effect of heat treatment on the stability of the multi-
layer structure and its electrical properties.

2. EXPERIMENTAL

The (ZnO/Si0,),s thin films were synthesized by
the ion-beam sputtering of ZnO and SiO, ceramic tar-
gets in an argon atmosphere (99.998%) at a pressure of
7 x 10~* Torr according to the procedure described in
[11]. The targets were mounted on water-cooled cop-
per substrates and placed in different sputtering posi-
tions in the vacuum chamber. To implement layer-by-
layer deposition, the substrate was moved from one
sputtering position to another by rotating the substrate
holder around the axis of the sputtering chamber.
Deposition was carried out onto single-crystal silicon
substrates with the (100) crystallographic orientation
for structural investigations and glass substrates for
studying the electrical properties. During deposition,
the substrates were kept at room temperature. In order
to obtain different ZnO and SiO, thicknesses, a V-shaped
screen was set between the target and the substrate
holder during a single deposition process. The sub-
strate holder was rotated at a speed of 0.13 rpm for the
(Zn0O/Si0,),s films.

The layer thickness was estimated using separate
ZnO and SiO, films preliminary deposited at pre-
selected process parameters for depositing multilayer
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structure. The film thickness was measured with an
MII-4 optical interferometer. Knowing the number of
revolutions of the substrate holder, we calculated the
film thickness obtained for one passage of the sub-
strate through the material deposition zone, i.e., the
thickness of a single layer of one of the deposited
oxides. The thickness of a single layer of the second
phase of the multilayer structure was determined sim-
ilarly.

The number of revolutions of the substrate holder
specified the number of bilayers in the (ZnO/Si0,),s
multilayer film. Using the described technique,
25 bilayers were formed. The bilayer thickness ranged
from 7.4 to 9.6 nm; with an increase in the bilayer
thickness, the ZnO-layer thickness increased from 3.9
to 6.3 nm and the SiO,-layer thickness decreased from
3.5to 3.2 nm. The film structure was studied by X-ray
diffraction on a Bruker D2 Phaser diffractometer
(Acukor = 1.54 A) using the DIFFRAC.EVA 3.0 soft-
ware with the ICDD PDF Release 2012 database.
Cross-sectional transmission electron microscopy
(TEM) study was carried out on a Hitachi HT7700
TEM with an accelerating voltage of 100 keV (W source).
The samples were prepared using a Hitachi FB2100
focused ion beam (FIB) system (a single-beam FIB) at
an accelerating voltage of 40 kV and additional finish-
ing with low-energy Ar* ions. The sample thickness
was ~30—40 nm. The surface of the (ZnO/Si0,),s thin
films was coated with an amorphous SiO layer formed
by thermal deposition to protect against Ga*-ion
beam etching.

The dependences of the resistivity on the bilayer
thickness and temperature were measured by the two-
probe dc method using a B7-78/1 universal digital
multimeter. The relative error in measuring the resis-
tivity of the thin films was no more than 2%.

3. EXPERIMENTAL RESULTS
3.1. Structure of the Synthesized Films

Figure la shows the X-ray diffraction data for the
(Zn0O/Si0,),5 heterostructures. In the angular range
of 20 = 30°—40°, the X-ray diffraction patterns of the
(Zn0O/Si0,),s thin films contain one broad maximum
at 20 =~ 34° independent of the bilayer thickness. The
peak position and shape are in good agreement with
the position of the ZnO(002) reflection obtained
under similar conditions (the upper panel in Fig. 1a)
[12], which may indicate that the (ZnO/Si0,),; films
are nanocrystalline.

The Bragg peaks in the small-angle region are
indicative of the formation of a periodic layered struc-
ture (inset in Fig. 1a). This is confirmed by TEM
microphotographs of the (ZnO/SiO,),s thin-film
cross section (Fig. 1b). Electron diffraction study
revealed amorphous SiO, phases indicated by a diffuse
halo in the electron diffraction patterns of crystalline
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Fig. 1. (a) X-ray diffraction patterns for the ZnO thin film
and (ZnO/Si0,),5 heterostructure with a bilayer thickness
of hp;= 8.72 nm (the inset shows the X-ray diffraction pat-
terns of the (ZnO/Si0,),5 heterostructures with different

bilayer thicknesses measured in the region of small Bragg
angles). (b) TEM microphotograph of the cross section
and electron diffraction pattern for the (ZnO/SiO,),5 thin

film with A, = 7.76 nm.

ZnO, which can be observed as arched reflections
(inset in Fig. 1b). Based on analysis of the high-reso-
lution microphotographs and electron diffraction pat-
terns, we can conclude that the ZnO spacers are nano-
crystalline. According to the electron diffraction
patterns, the layers contain crystallites with two ori-
entations described by the relation (100)[001] ||
(110)[001]; the (001) axes of ZnO nanograins are per-
pendicular to the layer planes in the multilayer struc-
ture. It should be noted that the arrangement of the
layers relative to the substrate plane is somewhat mis-
oriented, which manifests itself as blurring of the elec-
tron diffraction reflections.

Thus, the (ZnO/Si0,),s thin film structure is a
multilayer system with nanocrystalline ZnO layers
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Fig. 2. Resistivity p of the (ZnO/Si0,),5 thin-film hetero-
structures measured at 7= 300 K on (a) the bilayer thick-
ness /1,;and (b) the temperature.

separated by amorphous SiO, layers and the ZnO in
the layers has a strong texture with the (001) axis.

3.2. Electrical Properties of the Synthesized Films

Figure 2 presents the measured resistivity of the
synthesized structure as a function of the bilayer thick-
ness A, Measurements of the resistivity in an electric
field applied parallel to the layer plane showed that the
conductivity of the films increases with the bilayer
thickness, which results from a slight decrease in the
SiO, spacer thickness and an increase in the ZnO
spacer thickness.

To establish the main conductivity mechanisms in
the synthesized (ZnO/Si0,),s films, we studied the
temperature dependences of the resistivity in the tem-
perature range of 77—300 K (Fig. 2b). It can be seen
that the dependences p « f{7) have a negative tem-
perature coefficient of resistance (TCR), which is
characteristic of semiconductor materials. With an
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Fig. 3. Temperature dependences of the resistivity of the
(Zn0O/8Si0,),5 thin films in the coordinates (a) In(p)

AT~Y% and (b) In(p) x f(1/T) (numerals show the bilayer
thickness /).

increase in the bilayer thickness #4,, the TCR in the
investigated temperature range decreases.

The obtained experimental dependences (Fig. 2b)
for the (ZnO/Si0,),s films were reconstructed in the

Table 1. Parameters of the (ZnO/Si0,),5 thin films with dif-
ferent bilayer thicknesses 4,, calculated using the model of
hopping conductivity over localized states near the Fermi
level in the temperature range from 80 to 250 K

hy, nmM B, K |g(Fp),eV'ecm™| R(200K), nm
8.21 | (44.253)*| 4.97 x 10% 2.03
8.94 | (28.380)*| 2.94 x 10%! 1.3
9.56 | (21.438)*| 9.03 x 10 0.98
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coordinates In(p) « f(1/7T"), where the exponent n
took values of 1/4, 1/2, and 1, as well as In(p) «x A(InT)
and (p) « f(In(7)). Analysis of the experimental data
presented in Fig. 2b showed that, in the temperature
range of 77—250 K, the resistivity is satisfactorily
described by a straight line in the coordinates In(p) «
S(1/T"/%) (Fig. 3a), which is indicative of hopping con-
ductivity with a variable length of hopping over local-
ized states lying in a narrow energy band near the
Fermi level. Then, according to [13], the conductivity
has the form

B 1/4
c=e - R2vth(EF)exp(—;) , (D

where

B= . 16 ’
a kpg(ER)

e is the elementary charge, R is the average hopping
length, v, is the interaction phonon-spectrum factor,
T is the absolute temperature, g(Ep) is the density of
states at the Fermi level, a is the electron wavefunction
localization radius, and kg is the Boltzmann constant.

Knowing the electron localization radius and B value,
we can estimate, using formula (2), the effective den-
sity of states at the Fermi level g(Ep). Taking the elec-
tron localization radius equal to the effective Bohr
radius

()

o = gl

B m*e2 )
where € is the ZnO static permittivity (8.5) [14], m* ~
m, is the effective electron mass, and e is the elemen-
tary charge. The calculation for ZnO yields az =
0.46 nm. The carrier hopping length for different film
compositions at a temperature of 200 K is determined
by the formula [13]

3

4

The parameters of the (ZnO/Si0,),s thin films cal-
culated from the results of processing of the data in
Fig. 3a using the model of hopping conductivity over

localized states at a variable hopping length are given
in Table 1.

The estimates given in Table 1 show that, with
increasing bilayer thickness, the density of electronic
states at the Fermi level increases. This is probably due
to the fact that, as the bilayer thickness increases, the
thickness of the ZnO spacers, which are mainly
involved in electrotransport, grows and the SiO,
spacer thickness decreases. Another important result
of the estimation is that the obtained average hopping
length is two to three times smaller than the ZnO sin-
gle-layer thicknesses, which confirms the validity of
formula (1) for three-dimensional hopping transport.
Consequently, zinc-oxide layers and the interface

R(T) = %aBl/ 14
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between the layers make a decisive contribution to the
conductivity of the (ZnO/Si0,),s thin films.

The experimental dependences of the resistivity in
the temperature range of 250—300 K are linear in the
coordinates In(p) « f(1000/7) (Fig. 3b). To describe
the temperature dependences of the conductivity in
this range, we use the thermally activated conduc-
tivity model; then, according to [13], the resistivity
should be

W
=Py exp| —— |, (5)
P ="Po ( kBTj
where W is the conductivity activation energy. Using
formula (5), we estimate the conductivity activation
energy from Fig. 3b. The estimates are given in Table 2.

The obtained W data correspond to the levels of Zn
interstitials, which are shallow donors in the ZnO
films [15]. Thus, the conductivity of the (ZnO/Si0,),s
thin films at temperatures close to room temperature
can be considered impurity-type, i.e., determined by
the impurity levels of the zinc-oxide spacers.

3.3. Effect of Heat Treatment on the Structure
and Electrical Properties of (ZnO/Si0,),s Films

To establish the effect of heat treatment on the
structure and electrical properties of the (ZnO/Si0,),s
thin films, we studied the temperature dependences of
the resistivity in the temperature range from room
temperature to 600°C in vacuum at a residual gas pres-
sure of P= 5 x 10~ Torr. Figure 4 shows the tempera-
ture dependence of the resistivity for the (ZnO/Si0O,),;
thin films with a bilayer thickness of 4, = 7.65 and
9.56 nm (curves I and 2, respectively) upon heating to
600°C and subsequent cooling. Upon heating above
room temperature, the resistivity of the samples
decreases and takes its minimum value at a tempera-
ture of ~300°C. Above this temperature, the resistivity
of the sample starts growing, while the most intense
growth in the resistivity is observed at 580°C for the
films with a thickness of /#,;,= 7.65 nm and at 530°C for
the sample with 4,,= 9.56 nm. The p(7) dependences
measured upon cooling have a positive TCR typical of
semiconductor materials; the resistivity of the
(Zn0O/Si0,),5 thin films with a bilayer thickness of
hy; = 9.56 nm (curve 2) became larger than the resis-
tivity of the (ZnO/Si0,),s thin films with 4,,= 7.65 nm
(curve ).

To explain the above-described p(7) dependences,
we analyze the structure and phase composition of the
(Zn0O/Si0,),s thin films subjected to heat treatment.
Figure 5 presents X-ray diffraction patterns of the
(Zn0O/Si0,),s multilayer structure with a bilayer thick-
ness of /,; = 9.21 nm after heat treatment in a vacuum
chamber with a residual pressure of P= 5 % 10~* Torrand
different temperatures. The presented in Fig. 5a /(20)
dependences measured in the small Bragg angle range
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Table 2. Energies of activation of the conductivity W for
(Zn0O/Si0,),5 thin films in the temperature range of 250—
300 K

hy, M W, eV
7.53 0.110 £ 0.020
8.21 0.053 £0.008
9.56 0.040 = 0.007
8.94 0.032 £0.005

of 20 < 7° show that heat treatment in vacuum at tem-
peratures below 500°C does not lead to destruction of
the multilayer, although the reflections begin to
slightly broaden, which can be interpreted as a slight
blurring of the interfaces due to mutual diffusion of the
layer materials. The stability of the nanostructured
state against heat treatment at temperatures of 7" <
500°C is confirmed also by investigations in the angle
range of 20 = 24—45°. The average ZnO crystallite
size was estimated using the Scherrer formula [16]

D= 0.89A , (6)
bcos®

where A is the X-ray wavelength (1.54 A for CuK, radi-
ation), b is the reflection full width at half maximum,
O is the Bragg angle, and D is the average crystal size.
Estimation showed that heat treatment at a tempera-
ture of 7= 400°C leads to a slight increase in the crys-
tallite size (from 5.6 to 5.7 nm) as compared to the
films in the initial state; however, an increase in the
annealing temperature to 7= 500°C caused a decrease
in the crystallite size to 4.6 nm, which originates from
mutual diffusion of the layer materials and the onset of

0 100

200 300

T,°C

400

Fig. 4. Temperature dependences of the resistivity of the
(Zn0O/Si0,),5 thin films with different bilayer thick-
nesses /; measured in a vacuum chamber with a resid-
ual pressure of P =15 X 10~ Torr. (1) hp;=7.65 nm and
(2) hp;=9.56 nm.
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Fig. 5. X-ray diffraction patterns of the (ZnO/SiO,),s
thin-film heterostructures with a bilayer thickness of /;; =
9.21 nm after heat treatment in a vacuum chamber with a
residual pressure of P =5 X 10~* Torr and different tem-
peratures for 30 min.

their chemical interaction. It should be noted that the
thickness of the ZnO single layer in the initial sample
was 5.7 nm, which is quite consistent with the esti-
mated crystallite sizes.

An increase in the heat-treatment temperature to
600°C leads to chemical interaction between the ZnO
and SiO, layers and formation of the Zn,SiO, com-
pound with a tetragonal structure (sp. gr. 1-42d) (the
upper panel in Fig. 5b) and to an increase in the ZnO
crystal size to ~19 nm. All this leads to destruction of
the multilayer structure, which is confirmed by the
absence of reflections in the X-ray diffraction patterns
in the region of small 20 values (the upper panel in
Fig. 5a). The occurrence of the nonconducting
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Zn,S5i0, phase manifests itself in the growth of the
resistivity of the (ZnO/Si0,),s thin films after heat
treatment at 7= 600°C.

4. CONCLUSIONS

(Zn0O/Si0,),s multilayer thin films consisting of
nanocrystalline ZnO layers and amorphous SiO,
spacers were synthesized by ion-beam sputtering. The
bilayer thickness in the obtained structures ranged
from 6 to 10 nm. In the temperature range of 77—
300 K, the temperature dependences of the resistivity
for the synthesized films were studied. It was estab-
lished that, in the (ZnO/SiO,),s thin films in the
investigated temperature range, the dominant con-
ductivity mechanism successively changes from hop-
ping with variable length in a narrow energy band near
the Fermi level at nitrogen temperatures to impurity at
temperatures close to room temperature. Based on the
investigated temperature dependences of the resistiv-
ity, the effective density of localized states at the Fermi
level and the activation energy of the impurity levels
were estimated.

The effect of heat treatment in vacuum on the
structure and electrical properties of the synthesized
films was examined. It was found that the multilayer
structure of (ZnO/Si0,),s thin films is stable up to
temperatures of 560—600°C, at which the ZnO and
Si0, layers chemically interact with destruction of the
multilayer structure, formation of the Zn,SiO, com-
pound with a tetragonal structure (sp. gr. [-42d), and
growth of ZnO crystals.
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