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ABSTRACT

Undoped ZnO, as well as Ga-, In-doped and (Ga,In) co-doped ZnO thin films were deposited on glass
substrates by the spin-coating technique. The effect of cation composition on the structural, morpho-
logical, optical and electrical properties of ZnO-based films was studied. Introduction of 1.0—1.3 at% of Ga
in ZnO and ZnO(In) results in the enhancement of electrical and optical properties of the films. Intro-
duction of indium leads to the decrease of resistivity. Introduction of both elements allows to improve
the optical properties (the average transmittance achieves 97% in the range 400—800 nm) and to increase
the conductivity up to 3.6 S/cm that is three orders of magnitude higher than the corresponding value for
undoped ZnO. The effect of conductivity increase may be caused by the increase of donor elements
solubility in ZnO structure for co-doped films as compared to single-doped ZnO due to the decrease of
the lattice strain.

In-doped ZnO
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1. Introduction

Zinc oxide is a promising functional wide-gap semiconductor
with unique optical and electrical properties. ZnO-based materials
belong to the group of transparent conducting oxides (TCO). For the
majority of flat panel display applications crystalline Sn-doped in-
dium oxide (indium—tin-oxide, ITO) and also amorphous In—Zn—0
(I1ZO) films are used as transparent electrodes [1,2]. Indium-free
TCO materials have attracted much attention because of high cost
and future availability of indium. ZnO-based materials are prom-
ising candidates for ITO substitution. However pure ZnO is a rather
resistive material and the most studied matter is the doped zinc
oxide, which provides an opportunity to regulate the electrical and
optical properties over a wide range. Doping of ZnO with donor
impurities (Al, Ga, In) leads to the increase of the conductivity [1,2].
Co-doping of ZnO with two donor impurities provides some addi-
tional opportunities [3—5]. It was shown that co-doping allows for a
higher conductivity than single-doping. For example, co-doping of
ZnO with Al and In significantly improves the electrical properties
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of ZnO films prepared by off-axis rf sputtering, the amount of in-
dium used for these films is an order of magnitude smaller than for
ITO films [3]. This effect is explained by the decrease of lattice strain
in ZnO structure for (Al,In) co-doped films (dopant size compen-
sation effect) as compared to single-doped ZnO [3]. The introduc-
tion of two dopants, having the smaller and bigger ionic radii than
that of zinc ion, leads to the compensation of cell volume
compression caused by smaller ion with the tension in volume
caused by the bigger one, so the less strain occurs in the lattice [4].
Indium gallium zinc oxide films were prepared by pulsed laser
deposition for thin film transistors [5] and light emitting diodes [4].
It was found that ZnO films containing both gallium and indium
show better surface morphology and electrical properties than In-
or Ga-doped ZnO [4]. Search for the ZnO-based composition
optimal for TCO applications with the lowest indium content re-
mains an actual problem.

Spin-coating technique has several advantages among the other
methods for thin films deposition because of its simplicity, safety,
low equipment cost and ease of composition control. This method
was used for obtaining films based on gallium indium zinc oxides
for thin film transistors, however the lowest reported concentra-
tion of indium was 20 at% [In]/([In] + [Zn]) and all films were X-ray
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amorphous materials even after annealing at 600 °C [6]. As for ZnO-
based films, there have been some reports on ZnO(Ga) [7] and
ZnO(In) [8] thin films obtained by spin-coating technique, but in-
formation on (Ga,In)-containing ZnO films was not found in the
literature. In order to highlight the possible advantages of Ga and In
co-doping, it is necessary to compare the optical and electrical
properties of different series of films containing gallium, indium
and both elements and obtained in the equal conditions. In present
work we report on the synthesis of ZnO, ZnO(Ga), ZnO(In) and
Zn0O(Ga,In) thin films by spin-coating technique, as well as the
characterization of films microstructure, electrical and optical
properties.

2. Materials and methods

Thin films were deposited onto glass substrates by spin-coating
method. Metal nitrates Zn(NOs),-6H,0, Ga(NOs3)s3-8H-0,
In(NOs3)3-4.5H,0 were dissolved separately in 2-methoxyethanol
by stirring at room temperature for 2 h. Then solutions were
filtered and mixed together to obtain the composition [M]/
(IM] + [Zn]) = 0 + 5 at%, M = Ga, In. The solutions containing both
Ga and In ions were prepared analogously, the concentration of
gallium was fixed at 0.74 at% [Ga]/([Ga] + [Zn]) and the concen-
tration of indium was varied in the range 0 + 4.7 at% [In]/
([Ga] + [In] + [Zn]). The total concentration of metal ions in all
prepared solutions was 0.4 M. Throughout this paper, the compo-
sition of the films will be given as the ratio [M]/([M] + [Zn])-100%
(at%) for ZnO(M) films and [M]/([Ga] + [In] + [Zn])-100% (at%) for
ZnO(Ga,In) films, M = Ga, In.

The microscope slides were used as the glass substrates. They
were cleaned in acetone and then in deionized water for 10—15 min
using an ultrasonic bath and then dried at 200 °C for 10 min.

Because of the bad adhesion between the glass surface and the
prepared solutions a sublayer of ZnO was deposited on substrates.
The solution used for this layer contained 0.4 M Zn(CH3COO); and
0.4 M monoethanolamine in ethanol. This layer was deposited at
2000 rpm for 30 s using Spin-coater KW-4A and dried at 200 °C for
15 min.

Thin films from 2-methoxyethanol solutions were deposited on
the glass substrates with ZnO sublayer at 2000 rpm for 30 s using
Spin-coater KW-4A. After the deposition of each layer, the films
were dried at 200 °C for 5 min. The procedures from coating to
drying were repeated several times. Finally, all films were slowly
(1.3 K/min) heated up to 500 °C, annealed at 500 °C for 6 h in the air
atmosphere and then cooled with a furnace to the room
temperature.

The composition of films was determined by the inductively
coupled plasma mass spectrometry (ICP-MS) on a quadrupole ICP
mass spectrometer (Agilent 7500c; Agilent Technologies, Wald-
bronn, Germany). The sample introduction system consisted of a
robust Babington nebulizer with a Scott spray chamber (Agilent
Technologies). The data were acquired and processed with ICP-MS
ChemStation (version G1834B) software package (Agilent Tech-
nologies). ®°Ga and 7'Ga, "3In and In, %6Zn and ®8zn isotopes
were used for analytical measurements in order to control the
possible interferences and matrix effects. Nitric acid (65%, Suprapur
grade), used for dissolution and acidification of all standards and
samples (at 1% (v/v) HNOs), was provided by Merck (Darmstadt,
Germany). High-purity water for the ICP-MS analysis was from a
Milli-Q purification unit (Millipore, Bedford, USA). The ICP-MS
single element standards (Ga, In and Zn; 10 mg L~!) were the
products of High Purity Standards (Charleston, USA). To obtain
sample solutions, the films were washed off from glass substrate
with 1 ml of 65% nitric acid and then diluted by water.

The phase composition and the crystal structure were deter-
mined by X-ray diffraction (XRD) measurements (DRON-3M, CoK,
radiation, A = 1.7903 A). The crystallite size (dxgp) of ZnO was
estimated from the broadening of the (002) XRD peak using the
Scherrer equation.

The thickness of the films was determined using profilometer
Talystep (Taylor-Hobson), before measuring a part of film was dis-
solved in dilute nitric acid to form a step “surface of film” — “glass
substrate”.

The surface morphology of the films was characterized by
atomic force microscopy (AFM, NanoScope 3a (Digital Instruments,
USA)).

The resistance of the films was determined by four point probe
measurements using 302 Resistivity probe stand (Lucas Signatone
Corp.) and Keithley 2400 Series SourceMeter (Keithley Instruments,
Inc.). For the comparison of the electrical properties we used the
resistivity, which was calculated from the sheet resistance using the
thickness of the corresponding film. The use of resistivity allows us
to compare the electrical properties of all the films under investi-
gation. Optical properties were studied using UV—Vis spectropho-
tometer Cary 50 (Varian, Inc.). The absorbance values were
calculated using the thickness of corresponding layers.

In order to choose the sufficient number of layers for receiving
the good conductivity, the films with equal cation composition
(1.2 at% Ga) and different number of deposition cycles were ob-
tained. The film thickness increases and the sheet resistance R
decreases with the number of layers deposited by spin-coating
(Fig. 1). All presented data belong to the films annealed at 500 °C.
The films containing more than 10 deposited layers have approxi-
mately the same resistance, so according to this data, the deposi-
tion of 10 layers was chosen for other films. The thickness of
Zn0O(Ga), ZnO(In), ZnO(Ga,In) films containing 10 deposited layers
is within the range of 250—370 nm.

3. Results and discussion
3.1. Cation composition

The cation composition of the films annealed at 500 °C differs
from the cation ratio in solution. For all of the films the increase of
doping element concentration as compared to the solution
composition was found. The most strongly this effect was observed
for ZnO(Ga) films with high gallium concentration. The closest
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Fig. 1. The dependence of sheet resistance R; and film thickness on the number of
deposited layers. Number “0” is devoted to ZnO sublayer. The inset shows the profile of
film boundary obtained by profilometer.
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values to initial solution composition were found for ZnO(Ga,In) co-
doped films. We assume that this effect is caused by the partial
dissolution and removal of zinc oxide from previously deposited
layers. Comparing the hydrolysis constant values of Zn**, Ga3* and
In** (pK = 9.0, 2.6 and 4.0, respectively [9]), one can find the
decrease of pH for the solutions of the same concentration in the
following order: Zn®* >> In®>* > Ga3*. The increase of the acidity of
the solution leads to the partially dissolution of surface zinc oxide
and its removal (for example, in the form of zinc ion — Zn(H,0)2*)
from the substrate while rotating.

3.2. Phase composition and microstructure

The phase composition of thin films was determined by X-ray
diffraction. Thin films dried at 200 °C are X-ray amorphous mate-
rials. After the annealing at 500 °C the appearance of poly-
crystalline ZnO (wurtzite) phase is observed for all ZnO-based films
(Fig. 2). The quality of the diffraction patterns does not allow the
accurate determination of ZnO unit cell parameters. The diffraction
pattern of undoped ZnO film shows a small increase of relative
intensity of (002) peak (growth orientation along c-axis) than for
ZnO powder (Fig. 2b).

For ZnO(Ga), ZnO(In) and ZnO(Ga,In) thin films only the re-
flections of ZnO phase were observed on the XRD patterns, no
gallium- or indium-containing phases were detected. In general,
the increase of donor impurity content leads to the broadening of
peaks indicating the decrease of ZnO grain sizes dxgp according to
Scherrer equation (Fig. 3). The influence of gallium and indium
donor impurities on ZnO grain size is similar and the effect of both
cations in ZnO(Ga,In) is additive. The observed dependence could
be associated with the distribution of gallium and indium between
volume and surface of zinc oxide grains. The decrease of dxrp(ZnO)
with the growth of donor impurity content could be due to
segregation of amorphous Ga- and In-containing phases on the
surface of ZnO grains. This trend has general character and was
observed for Sn0O,, Fe;03, MoOs3, and V,0s5-based nanocrystalline
materials in form of powders [10] and thin films [11]. The presence
of impurities on the surface of the growing crystallites slows their
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Fig. 3. The dependence on ZnO grain size dxgp calculated from the broadening of the
(002) XRD peak on donor impurity content. The dash line indicates the approximation
of experimental data by power-law dependence (equation (1)).

growth under the isothermal annealing due to the so-called
Smith—Zener diffusion inhibition (Zener pinning) [12], according
to which the maximum size of the crystal grain D, is determined by
the volume fraction f and the size r; of the particles, segregated on
the surface of the growing crystallites:

Ts
i
It was shown by Monte-Carlo simulations, that for the two-
phase nanocrystalline/amorphous films, the increase of the amor-
phous phase volume fraction should lead to a significant reduction
in the size of nanocrystalline particles at fixed temperature and
duration of isothermal annealing. The reducing of the crystallite

size with the volume fraction of the amorphous phase segregated
on their surface is described by a power law [13].
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Fig. 2. XRD patterns of (a) — ZnO film; (b) — ICDD [75—576] data for ZnO powder; films obtained from the solutions with the following cation ratio: (c) — ZnO(Ga) — (1) 0.7 at%, (2)
1.0 at%, (3) 3.0 at% Ga; (d) — ZnO(In) — (4) 0.5 at%, (5) 1.0 at%, (6) 3.0 at% In; (e) — ZnO(Ga,In) — 0.7 at% Ga and (7) 0 at%, (8) 0.5 at%, (9) 1.0 at%, (10) 4.7 at% In.

T
80

T LI | ’ | D D DA | L DL | €S T ] oy °
30 40 50 60 50 60 70 80
20, ° 20, °



N.A. Vorobyeva et al. / Vacuum 114 (2015) 198—204 201

The XRD patterns of the films (Fig. 2) show a preferred growth
orientation along c-axis, other orientations are also presented with
comparatively low intensities. It can be assumed that the segregation
of the impurity-containing amorphous phases leads to the crystal
growth in the direction [002] which is more kinetically favored [14].
Also different crystallite orientation in the ZnO-based films may be
caused by the difference in the precursor chemistry [14]: pH of the
solution; viscosity; the presence of different concentrations of cat-
jons (zn?*, Ga®*, In*) and anions (OH-, NO3 ) which can adsorb on
the surface of grains and regulate the oriented growth.

AFM images for ZnO, ZnO(Ga), ZnO(In) and ZnO(Ga,In) films
after annealing at 500 °C are shown in Fig. 4. All the films have
granular structure. In all cases the introduction of donor element
leads to the decrease of particle size as compared to undoped ZnO
film. The mean surface roughness changes non-monotonously with
the impurity content. The introduction of small amount of donor
impurities (about 1 at%) leads to the decrease of this parameter
from 100—150 nm down to 20—50 nm. Further increase of dopant
concentration results in a slight increase of the surface roughness.
This growth may be caused by the increased agglomeration

Zn0O

ZnO(In)

al.7% In

at.% In

Fig. 4. AFM images of ZnO, ZnO(Ga) (from top to bottom: 0.7, 1.0, 3.0, 5.0 at% Ga in the initial solution), ZnO(In) (from top to bottom: 0.5, 3.0, 5.0 at% In in the initial solution) and
Zn0(Ga,In) (0.7 at% Ga; from top to bottom: 0.5, 2.9, 4.7 at% In in the initial solution) films. The size of each image is 2.0 x 2.0 pm.
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between the smaller grains, which possess the larger free surface
energy and, consequently, the higher tendency toward agglomer-
ation. The lowest values of surface roughness were obtained for co-
doped samples: this parameter increased from 20 to 30 nm with
the indium content.

3.3. Electrical properties

The dependence of ZnO(Ga) resistivity on gallium content has
non-monotonous character (Fig. 5). The introduction of small
amount of gallium (up to 1.2 at%) leads to the decrease of the re-
sistivity. Gallium acts as a donor impurity in zinc oxide and oc-
cupies cation sites in the ZnO lattice that leads to the increase of
free charge carriers concentration according to the quasi-chemical
reaction (Kroger—Vink notation of point defects is used) [1]:

M,03 —2M3,, + 208 + 2¢/ + %oz

Further increase of gallium content results in the increase of
resistivity. The non-monotonous change of the resistivity may
indicate that Ga total concentration >1.2 at% exceeds the gallium
solubility limit in zinc oxide. At high gallium concentration the
formation of some kinds of neutral defects containing gallium
atoms may occur, resulting in the decrease of the free electron
density [15]. Also the increase of gallium concentration in the films
results in the decrease of films crystallinity (Fig. 2¢), which can
influence on the conductivity. It was shown for amorphous ZnO(Ga)
and ZnO(Ga,In) films obtained by pulsed laser deposition [16] and
amorphous gallium indium zinc oxide films (In:Zn = 1:1) obtained
by spin-coating technique [6] that the increase of gallium concen-
tration leads to the decrease of electron mobility, and this effect
may predominate over the increase of electron concentration at
high gallium content. Moreover the decrease of conductivity with
gallium content for films containing more than 1.2 at% Ga may be
caused by the segregation of gallium-containing phases with rela-
tive high values of band-gap energy (Eg(GayO3) = 4.9—5.0 eV;
Eg(ZnGap04) = 4.4—4.7 eV) [17]. The analogous dependence of
conductivity change with gallium content was obtained for nano-
crystalline ZnO(Ga) powders [18].

The electrical resistivity of ZnO(In) films decreases monoto-
nously with the indium content (Fig. 5). The introduction of indium
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Fig. 5. The dependence of resistivity of films as a function of donor impurity content
for (1) — ZnO(Ga), (2) — ZnO(In), (3) — ZnO(Ga,In) films.

leads to the increase of electron concentration as for gallium (re-
action (2)). However, contrary to the gallium doping, the increase of
indium concentration in amorphous indium gallium zinc oxide
films (obtained by pulsed laser deposition) [16] and in ZnO(In) films
(obtained by spin-coating technique and containing 0—10 at% of
indium) [19], results in the increase of the electron mobility. The
possible segregation of indium-containing phases (ZnsIn,Og,
Zn3In,0g) on zinc oxide grains does not lead to the increase of re-
sistivity because of relative high conductivity of these phases
comparing to ZnO [19].

The introduction of both gallium and indium in ZnO films leads
to the more pronounced decrease of the resistivity values
compared to Ga- or In-doped films (Fig. 5). The simultaneous
introduction of both elements in ZnO structure may result in the
dopant size compensation, which allows to achieve higher dopant
solubility while retaining ZnO structure. It was shown for ZnO(A-
LIn) films that the dopant size compensation effect leads to the
decrease of cell volume change and to the improved electron
mobility as compared to single-doping [3]. Assuming that Ga and In
occupy regular Zn sites in ZnO lattice (reaction (2)), their coordi-
nation number would be 4 (wurtzite structure). The effective ionic
radii of Zn?*, Ga>* and In>* for this coordination number are 0.60,
0.47 and 0.62 A, respectively [20], the mismatches to Zn?* radius
are —22% for Ga>* and +3% for In*. So in the case of indium the
higher solubility in zinc oxide could be expected as compared to
gallium. However it was shown that gallium could substitute Zn
states in the octahedral interstitials [21]. The Frenkel-type defects
in ZnO leads to the formation of neutral (an() and ionized (Znj)
zinc interstitials. Since oxygen octahedral coordination is observed
for Gap03 and Iny03 oxides, it may be more preferred for substi-
tution than tetrahedral coordination in ZnO regular sites. The
effective ionic radii for these ions for coordination number 6
(interstitial state in ZnO lattice) are 0.74, 0.62 and 0.80 A for Zn?",
Ga®* and In®*, respectively [20], the mismatches to Zn?** radius
are —16% for Ga>* and +8% for In>*. The difference of ionic radii
comparing to Zn?* radius leads to the large strain in the lattice for
single-doped ZnO. For both coordination numbers the effective
jonic radius for zinc ion is located between Ga>* and In>* values, so
the effect of dopant size compensation may result in the increase of
donor impurity solubility, which leads to the enhancement of
morphology of ZnO-based films (ZnO(Ga,In) films have the most
smooth surfaces as compared for single-doped films) or crystal
quality of ZnO-doped particles.

3.4. Optical properties

Optical absorbance spectra of ZnO(Ga) and ZnO(In) films
annealed at 500 °C are shown in Fig. 6. The appearance of well
distinguishable peak at 3.42 eV on absorbance spectrum of undo-
ped ZnO film (Fig. 6a, line 1) may be attributed to the exciton band.
The existence of exciton emission in ZnO even at room temperature
is due to relatively high exciton binding energy of ~60 meV (for bulk
Zn0), which is 2.4 times larger than the room-temperature thermal
energy (ksT = 25 meV, kg — Boltzmann constant) [1,2]. Only one
peak is found because of close lying and thermally broadened
exciton transitions. With the increasing of donor impurity centers
concentration the exciton peak becomes broader and then disap-
pears for the samples with high gallium or indium content. The
introduction of donor impurity and, correspondingly, the increase
of electron concentration, lead to the screening of the Coulomb
interaction of electron and hole in the exciton. The influence of
donor impurity concentration on the ZnO absorbance spectra could
be determined by intraband screening and Pauli blocking [22]. The
presence of the exciton peak leads to the difficulties in the band-
gap calculation. The use of the extrapolation of linear portion in the
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plot of (Abs*hv)? against (hv) is not correct because of the overlap of
the exciton peak and the band-gap edge. These effects are close
enough and it is impossible to resolve the overlapping and to
separate the effects carefully. The shift of exciton peak position on
absorbance spectra with gallium and indium content (Fig. 7) may
be attributed to the decrease of the exciton binding energy due to
screening of the Coulomb energy. Also introduction of gallium and
indium causes the decrease of grain size (as was seen from XRD and
AFM data) that may lead to the increase of band-gap energy
(quantum confinement effect). For ZnO(Ga,In) thin films the
exciton peak is not observed because of relatively high total con-
centration of donor impurities.

Transmission values are determined by the composition and the
thickness of film. The effect of film thickness is smaller than that
caused by the film composition: no strong correlation was observed
for the transmission and thickness changes for films with different
cation ratio. This fact allows us to consider the change of trans-
mittance as a function of cation ratio.

Fig. 8 shows the transmittance spectra of ZnO and ZnO(Ga) thin
films in the range of 320—800 nm. ZnO(Ga) films are transparent in
the visible region. The change of transmittance values at
400—800 nm are shown in the inset of Fig. 8. The average trans-
mittance for ZnO film is about 89% in this range. Introduction of
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Fig. 7. The dependence of exciton peak position (Epeak) on concentration of Ga (1) and
In (2) in zinc oxide films.

gallium leads to the increase of minimum transmittance values.
However for high gallium concentration the highest value of the
transmittance in the range 400—800 nm decreases. Introduction of
0.6—1.2 at% Ga leads to the increase of average transmittance up to
95%, further increase of gallium content results in the decrease of
average transmission.

The same tendency in the change of average transmittance is
observed for ZnO(In) films (Fig. 9), although the values are smaller
comparing to ZnO(Ga). The maximum average transmittance was
found for ZnO(In) film containing 0.3 at% In. Introduction of 10 at%
of indium leads to the decrease of average transmittance down to
about 80%. The highest value of the transmittance at 400—800 nm
decreases with indium content. The films with high indium and
gallium concentration look slightly white probably because of light
scattering at the interfaces and grains.

Zn0(Ga,In) co-doped film (1.3 at% Ga, 0.7 at% In) is the most
transparent and its average transmittance achieves 97% in the
range 400—800 nm (Fig. 10). Comparing to ZnO(In) films, intro-
duction of small amount of gallium in ZnO(Ga,In) films leads to the
significant increase of transmittance for the films with approxi-
mately equal indium content. Introduction of both gallium and
indium leads to the increase of maximum and minimum values of
films transmittance at 400—800 nm. This fact may be explained by
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Fig. 8. Transmittance spectra of ZnO(Ga) thin films prepared from the solutions con-
taining (1) — 0 at%, (2) — 0.25 at%, (3) — 0.7 at%, (4) — 1.0 at%, (5) — 3.0 at%, (6) — 5.0 at%
Ga. The inset shows maximum (a), average (b) and minimum (c) values of trans-
mittance at 400—800 nm depending on the films composition.
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the formation of more perfect crystal structure for ZnO(Ga,In) films
due to the decrease of lattice strain. The changes of the surface
roughness may influence on the transmittance values: the increase
of the roughness leads to the optical scattering of light. The pres-
ence of X-ray amorphous impurities at the grain boundaries of
highly-doped films (>1.5 at% of donor elements) also leads to the
light scattering.

4. Conclusions

Zn0O(Ga), ZnO(In), ZnO(Ga,In) films were prepared on glass
substrates using spin-coating technique with further annealing at
500 °C. Only ZnO (wurtzite) phase was observed for all films. The
structural, morphological, electrical and optical characteristics of
thin films were studied. The increase of gallium and indium content
leads to the decrease of crystallite size of ZnO. Introduction of
1.0—1.3 at% of gallium in ZnO and ZnO(In) results in the enhance-
ment of electrical and optical properties of ZnO(Ga) and ZnO(Ga,In)

films as compared to undoped ZnO. Introduction of indium in ZnO
and ZnO(Ga) films leads to the monotonous decrease of resistivity.
The highest average transmittance in the range of 400—800 nm was
obtained for co-doped ZnO film containing 1.3 at% of Ga and 0.7 at%
of In. So, to sum up, co-doping of ZnO with gallium and indium is
preferable to single-doping. Introduction of both gallium and in-
dium allows to increase conductivity by 3 orders of magnitude as
compared to ZnO for films with rather low concentrations of in-
dium. This effect may be caused by the decrease of lattice strain in
ZnO structure for co-doped films as compared to single-doped
(effect of dopant size compensation) and, consequently, the in-
crease of solubility of donor elements in ZnO structure.
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