Structural and physical characterisation of transparent conducting
pulsed laser deposited In,O3—ZnO thin films
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Indium-zinc oxide thin films, with compositions ranging from In,Os to ZnO, were prepared by pulsed laser
deposition using a substrate temperature of 500 °C and an oxygen pressure of 10> mbar. X-Ray diffraction
studies coupled with transmission electron microscopy revealed that the texture and the structure of the films
are composition dependent with however a preferred orientation for all compositions, excluding In,O3 for
consideration. As the Zn/(Zn+ In) atomic ratio increased, the film structure evolved from cubic In,03 to
hexagonal ZnO via a hexagonal layered Zn;In,O , 3 structure. An average transmittance of 85-90% in the
visible region was obtained for all films independently of the composition. The maximum conductivity
(6=1500 S cm™ ') was reached for a film having an atomic ratio Zn/(Zn+In)=0.5 (i.e. Zn,In,Os).

1 Introduction

During the last decade, transparent conducting oxides (TCO)
films have been used in a variety of optoelectronic devices such
as displays, solar cells and electrochromic devices. At present,
ITO (Sn doped indium oxide) is the most commonly used TCO
material due to its excellent properties with a conductivity of
1000-5000 S cm ™' and an optical transparency of 85-95% in
the visible region. However, in the search for lower cost
transparent conducting oxides with similar or even better
properties than ITO, a large number of studies have recently
been devoted to new materials.'~ One of the promising systems
is the indium-zinc oxide system. Moriga er al® studied the
structural and physical properties of phase relationships in
bulk In,03-Zn0O, and revealed nine homologous compounds
of Zn;In,Oy , 3 composition (k=3,4,5,6,7,9, 11, 13 and 15),
where the highest conductivity and the lowest transparency
were observed for Zn;In,O4. However, the authors pointed out
that, as the conductivity increases with decreasing k, a lower-
order member of the series, Zn,In,Oy , 3 (k=1 and 2), unstable
at the bulk level, should have a higher conductivity than that of
Zn3In,0g. Therefore, high interest was devoted to the thin film
route, which should be more suitable for the preparation of
metastable phases.”'> In a recent paper, we showed using
pulsed laser deposition that the growth conditions, leading to
the highest conductivity of the Zn;In,O4 composition, were an
optimum oxygen pressure of 10”3 mbar and an optimum
substrate temperature of 500 °C."

In this paper, we report the study of indium-zinc oxide
pulsed laser deposited films with compositions ranging from
In,05 to ZnO. The influence of the composition (i.e. the atomic
ratio x=Z7n/(Zn+ In)) on the structural and physical properties
of the films is discussed on the basis of what has been learnt
from bulk studies.

2 Experimental

Indium-zinc oxide thin films were deposited on a 1 cm? glass
substrate by pulsed laser deposition using a KrF excimer laser
beam (Lambda Physik, Compex 102, =248 nm) with a laser
fluence of 1-2 J cm 2. The base pressure in the chamber was of
the order of 10~ ¢ mbar. Deposition times were typically 40 min
with a repetition rate of 10 Hz (0.16 to 0.23 A per shot). The
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substrate temperature and the oxygen pressure were fixed at
500 °C and 10> mbar, respectively. The targets were pellets of
ZnO and In,O; mixtures in stoichiometric proportions.
Zn;In,Op .3 (3<k<15) stable phases were obtained using
the ceramic process reported by Moriga ef al.® For the other
mixtures, metastable in the bulk state, stoichiometric propor-
tions of ZnO and In,O3 powders were heated for 5 days at
1250 °C. The targets had a density between 80 and 90% of the
theoretical value.

The crystallinity of the films was examined by X-ray
diffraction (XRD) with a Philips diffractometer model PW
1710 (Acuk,=0.15418 nm). The surface morphology and the
composition of the films were investigated by scanning electron
microscopy with a Philips XL 30 field emission gun (FEG)
coupled to an Oxford Link instrument for energy-dispersive X-
ray spectroscopy (EDS). In the following the Zn/(Zn+ In)
atomic ratio is described as x. Transmission electron micro-
scopy was carried out using a JEOL 2010 microscope.

Optical transmission spectra in the UV-visible and near
infrared regions (250-2500 nm) were obtained using a Varian
double beam, UV-Vis-NIR spectrometer “CARY-5E”. The
thickness of the film was determined by profilometry, using a
Dektak>St instrument. The obtained values were in the 400 to
550 nm range.

The conductivity of the samples was taken as the inverse of
the resistivity (p) which was determined using the four-point
probe method with applied currents of 1 to 50 mA. DC
voltages and currents were measured with a multimeter
(Keithley, 175A). The sheet resistivity was calculated as

(e

and the resistivity as p = p; W, where p is the resistivity, ps is the
sheet resistivity, V is the voltage, 7 is the current, W is the film
thickness, a and d are the sample lengths (in our case a=d), s is
the electrode spacing, and C (%,%) is a correction factor
accounting for the sample geometry.'> Hall-effect measure-
ments were carried out using the Van der Pauw method. In
order to reject noise, which would hide the lowest mobility
values, AC voltages and currents were measured with a PAR
124 type synchronized detector, while a 1.2 T magnetic field
was applied through the square sample.
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3 Results and discussion

3.1 Influence of the composition on film structure and
morphology

The study of the texture and the structure of the deposited films
and their evolution as a function of Zn/(Zn+ In) atomic ratio is
important in better understanding the electrical and optical
properties of these materials.

All films are dense and homogeneous and whatever the zinc
content, the Zn/(Zn+ In) atomic ratio is well preserved between
the target and the films.

TEM micrographs revealed that films are polycrystalline and
three different kinds of texture were observed depending on the
composition. As shown in Fig. 1a, for very low amounts of zinc
(x=0.15), films are formed with particles having a cubic shape,
and sizes ranging from 50 to 100 nm. As the zinc content
increases (x>0.30) the texture of the films evolves to a fiber
type layered structure (Fig. 1b), which is maintained for all the
compositions ranging from x=0.33 to x~0.90. For very high
zinc contents (Fig. 1¢), a columnar structure is observed. Such
a columnar structure has been previously identified for Al-
dope% zinc oxides having a hexagonal ZnO wurtzite struc-
ture.

X-Ray diffraction studies show that whatever the composi-
tion the films are textured, and their structure is composition
dependent. The XRD patterns exhibit sharp and strong
reflections ascribable to a cubic In,O5 structure at very low
zinc amounts and to a hexagonal ZnO structure at very high
zinc amounts, respectively (Fig. 2b and ¢). A pure In,O; film
presents two intense peaks located at 4.13 A (20=21.5°) and
2.92A (20=30.6°), which by reference to its crystalline
structure can be assigned to the (211) and (222) reflections,
respectively (Fig. 2a). Pure ZnO thin films are c¢-axis oriented,
and only two diffraction peaks located at 2.6 A (20=34.4°) and
1.3 A (20=72.6°) assigned to the (002) and (004) reflections of
ZnO wurtzite structure are observed. The addition of a small
amount of zinc oxide (i.e. x=0.15) to pure In,O5 leads to a
strong enhancement of the (222) reflection (Fig. 2b). For a Zn/
(Zn+1In) ratio greater than 0.30, only the intense reflection
together with two extra weak and broad ones remain (* in
Fig. 3a). As the amount of zinc is further increased, the intense
reflection shifts to higher 20 values, while remaining between
the In,O3 (222) and ZnO (002) peak positions (Fig. 3b). Indeed
the d(222) of In,O5 and the d(002) of ZnO correspond to the
distance between two close packed layers in each of the two
oxides. For films compositions between 0.60<x<0.88 a
comparison between the X-ray patterns of the films and the
corresponding powders for ZniIn,O4,3 (3<k<15) reveals
that reflections observed in the as-deposited film can be
assigned to the (00/) reflection position of the corresponding
powder, suggesting a c-axis orientation. Li e al.'” showed that
the basic structure of hexagonal Zn;In,O, . 3 powders consists
of InO, "~ layers interleaved with InZn,Oy ;™ (In/Zn-O layer)
layers along the c-axis. In this composition range
(0.60<x<0.88), the d-spacing deduced from the intense
reflection of the X-ray pattern matches well with two In/Zn—
O interlayer distances calculated from the Zn;In,O; 3
(3<k<15) structure of the corresponding powders. In
summary, XRD information suggests that the structure of
the In,O3-ZnO thin films evolves from cubic In,O3 to
hexagonal ZnO via a layered hexagonal Zn;In,O, , 3 domain.

To confirm the evolution of the structure in the films, high-
resolution transmission electron microscopy (HRTEM) experi-
ments on the complete system were investigated.'® Briefly, these
measurements confirm that the microstructure of the films is
strongly composition dependent. The presence of a layered
Zn;In,Oy 3 type structure domain (with k ranging from 1 to 15
and even more) for films with 0.33 <x <0.90 compositions was
revealed. Each grain or fiber is subdivided into smaller regions
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Fig. 1 TEM micrographs of indium-zinc oxide thin films with a) Zn/
(Zn+1In)=0.15, b) Zn/(Zn+1In)=0.60 and ¢) Zn/(Zn+In)=0.98.

or domains. These domains are all polytype each having a
layered structure formed of two InO, " layers interleaved with
(k+1) In/Zn-O layers but the k value might be different
between various domains. Global observation shows that those
domains are randomly distributed within the film. Never-
theless, for each film with a nominal Zn/(Zn+ In) composition
the corresponding Zn;In,Oy , ;3 phase remains dominant. The
formation of a multitude of polytype domains within films
results in a broadening of the X-ray diffraction peaks. It is
interesting to note that, for x=0.50, a layered Zn,In,Os
structure, metastable in bulk, is observed for the first time. On
the other hand, for the composition corresponding to k=1
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Fig. 2 Thin film X-ray diffraction patterns of a) pure In,03, b) indium—
zinc oxide with Zn/(Zn+1In)=0.15 and c) indium-zinc oxide with Zn/
(Zn+1In)=0.98.

(x=0.33), a mixture of a layered ZnIn,O, structure and pure
In,Os5 is observed.

3.2 Influence of the composition on the physical properties of the
films

For transparent conducting oxides, good electrical properties
can be achieved but often at the expense of transmission. The
mechanisms of optical transmission and electrical conduction
are interdependent. In this section, the optical properties of the
films are first discussed, followed by a discussion on the
variation of the electrical properties.

3.2.1 Optical properties. All the films are colourless inde-
pendent of their composition. Fig. 4 shows the transmission
spectra in the UV-visible and near infrared (300-2500 nm) for
x<0.66. In the visible region, the transmittance remains close
to 85-90%, whatever the zinc content. The main difference
takes place in the near infrared region where, for any x>0.60
composition, the transmittance is very similar to the x=0.66
whereas for low zinc contents noticeable changes are observed.
It is well known that in the case of heavily doped
semiconductors the Drude model, based on the Free Electron
Theory, can be applied to describe the optical properties of thin
films." In the near infrared region, the transmittance drops as a
result of free electron absorption. Briefly, in this region, the
decrease in the transmittance is associated with an absorption
peak followed by an increase in the reflectivity corresponding
to the plasma frequency w,, that can be expressed as

(ui = (4nne® /m*e.,) 0))

where 7 is the nearly free carrier concentration, m* the effective
mass, e the elementary charge and &, the dielectric constant
extrapolated towards high energy. Therefore, as a first
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Fig. 3 X-Ray diffraction patterns of indium-zinc oxide thin films with
a) Zn/(Zn+ In)=0.66 corresponding to a Zn;In,O¢ composition and b)
x=27Zn/(Zn+ In) compositions varying from 0.33 to 0.88 corresponding
to ZniIn,O, .3 (k=1,2, 3,4, 5,7, 11 and 195).
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Fig. 4 Optical transmission spectra of ITO and indium-zinc oxide thin
films with x=Zn/(Zn+ In) compositions varying from 0 to 0.66.

approximation as the zinc content increases to a ratio of
x=0.60, the lowering of the transmittance level in the near
infrared region may be associated with an increase in the carrier
concentration (n). This tendency was indeed confirmed from
Hall-effect measurements as reported in Fig. 5. The average
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Fig. 5 Variation of the carrier concentration (n) (®) and the optical
band-gap (E,) estimated from optical spectra (A) as a function of the
Zn/(Zn+1In) ratio and the structure evolution.
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transparency window of InyO;—ZnO is considerably greater
than that of typical ITO films. Indeed, in our system, the free
carrier concentration is in the order of 10%° cm 3, instead of
10?! cm 3 for ITO. Thus, a lower carrier concentration shifts
the IR transmittance cutt-off to higher wavelength, leading to a
widening of the optical window.

In the UV region, the transmission falls very sharply due to
the onset of fundamental absorption. The marked decrease in
the transmittance at wavelengths shorter than about 400 nm
is ascribed to the band-gap energy (E,), the values of which,
given in Fig. 5, are determined by extrapolation of the linear
portion of o® versus hv, where o is the absorption coefficient.
Herein we only consider direct transitions occurring within
polycrystalline materials under the parabolic band hypoth-
esis. Indeed, pure In,O; and pure ZnO oxides have both
intrinsic band-gaps (3.7 and 3.3 eV respectively) where the
main interband transition is direct. For x <0.70, the band-gap
continuously decreases from 3.70 to 3.25 eV and then slightly
increases. For high zinc content (x>0.80), regardless of the
composition, the band-gap remains constant at about
3.4eV. In the very high zinc content region, the In,Os—
ZnO thin films should be better described as indium doped
zinc oxide. Therefore, the optical band-gap value, slightly
higher than that of ZnO (3.3 eV), would result from a band
filling effect associated with a blue shift of the absorption
edge known as the Moss—Burstein shift.?’ Burstein has
reported that the increase in the optical band-gap with an
increase in the electron concentration is related to the Fermi
level being raised within the conduction band in degenerate
semiconductors. In summary, the optical band-gap is shifted
towards short wavelengths with high carrier density values. A
correlation between the band-gap energy and the electron
concentration reveals that for x<0.4 the Moss—Burstein
theory cannot be applied, in the sense that the carrier
concentration increases while the optical band-gap continu-
ously decreases (Fig. 5). At this stage, we can assume that
Zn>" ionized impurities would act as electron traps in the
In,05 lattice; when the content of these defects increases, the
corresponding localized levels within the band-gap would
overlap the bottom of the conduction band, thus reducing the
optical band-gap, and releasing the trapped -electrons.
Moreover, one can suppose that the decrease in the band-
gap energy can be tied to the evolution of the In,O3 band
structure towards a new band structure specific to ZngI-
n,0; ;3 materials. To complete this optical study, a model of
the optical spectra is being investigated, and will be reported
in the near future. In general all the In,O3~ZnO thin films
have a smaller band-gap than the well known ITO
(Eg~4.2 eV), which permits absorption of more undesirable
ultraviolet radiation.

3.2.2 Electrical properties. Hall effect measurements reveal
that considering the obtained carrier concentrations
(n>10*cm™?) all films are degenerate, and according to
Hall effect deviation they are n-type semiconductors. Moreover
the electrical conductivity decreases as a function of tempera-
ture, exhibiting metal-like charge transport behavior for all
films, which is typical of degenerate semiconductor materials.
The n-type conduction is probably due to free electrons
originating from oxygen vacancies caused by the very low
oxygen pressure during the deposition (10~> mbar). Fig. 6
presents the conductivity (), carrier concentration (r) and Hall
mobility (u) of our films versus Zn/(Zn+In) content.
Compared to pure In,0s, a slight addition of ZnO to In,03
leads to a decrease in both the mobility and the conductivity,
followed by an increase to reach a maximum conductivity value
of 1500 S cm ™!, a mobility (1) of 27 cm® V™' s™! and a carrier
concentration (1) of 3.4x10*°cm™>, for the x=0.50 ratio,
which is usually referred to as “Zn,In,0Os”. These values can be
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Fig. 6 Variation of the conductivity (¢) (®), the carrier concentration
(n) (@), and the mobility (1) (A) as a function of Zn/(Zn + In) ratio and
the structure evolution.

favourably compared with the highest ¢ values of 1000 S cm ™
obtained for a Zng 46In,0; ¢ film deposited by MOCVD,!! and
of 2500 Scm™! for a Zn,In,Os composition deposited by
magnetron sputtering.?!

The increase in the conductivity may be achieved by
increasing either the carrier concentration or the carrier
mobility. In our case the carrier concentration (n) is mainly
influenced by oxygen vacancies and the mobility (x) may be
influenced by the change in texture or structure of the films. For
x<0.50, excluding pure In,Os;, both the mobility and the
carrier concentration increase as the zinc content increases. The
initial enhancement of conductivity may be understood based
on the evolution of the film texture, which evolves from a grain
texture to a fibre texture, as the zinc content increases, thus
improving the mobility.

For 0.50<x<0.70 (2<k<7) the conductivity as well as the
mobility and the carrier concentration slightly decrease but for
higher zinc contents (0.70<x<0.90 or 7<k<15) the con-
ductivity becomes stable instead of continuously decreasing as
expected, which is mainly due to an increase in the carrier
concentration combined with a continuous mobility drop. This
carrier concentration trend can be explained as follows. For
x<0.90 the low oxygen deposition pressure (10~° mbar) may
have an enhanced reduction effect for the high zinc content
domain, increasing the carrier concentration and preventing
the decrease in conductivity within the composition. This
tendency will be totally consistent with the results of reduction
experiments previously performed in the Zn,In,O, 3 bulk
system.8 Indeed, the reduction of ZnIn,O, 3 powders in
forming gas leads to an increase in the conductivity with a
stronger effect for higher k values. Moreover, the mobility
decrease in the 0.50<x<0.90 range may be caused by an
enhancement of multiple polytype domain numbers as the Zn/
(Zn+1In) ratio increases, leading to the formation of additional
domain boundaries. However, as we explained in the previous
section, for each film in this range of compositions
(0.50 < x<0.90) the corresponding Zn;In,Oy ;3 phase remains
dominant, which enables a comparison between the bulk and
film properties. For bulk materials the mobility of Zn;In,Oy 3
powders was found to decrease as k increases:® however, no
real explanation was given for such a composition driven
mobility variation.

For very high zinc amounts, x>0.90, in comparison to pure
ZnO, the conductivity increased noticeably. Indium could act
as a dopant with respect to ZnO, providing free electrons in the
films (i.e. increase of n) and leading to an improvement of the
electrical properties in agreement with previous work.?® The
slight mobility decrease for indium doped zinc oxide as the
indium content increases (0.90 <x< 1) may be due to the fact



that indium atoms in the films not only produce conduction
electrons, but also deform the crystal structure. Defect
scattering in crystals usually results in a lower value of
mobility.

4 Conclusion

High quality In,O3-ZnO thin films with compositions ranging
from In,O3 to ZnO were prepared by pulsed laser deposition.
The best conductivity was found to be 1500 Scm ' for a
Zn,In,05 composition with a band-gap of about 3.5eV and a
transmission of 90% in the visible region. The optical properties
are slightly dependent on the film composition in the visible
region and the transmittance remains between 85 and 90%. On
the other hand, the structure and morphology of the films
depend on the composition. The structure of the films gradually
evolves from a cubic In,O; structure to a hexagonal layered
phase similar to Zn,In,O,,; materials, and exhibit a
hexagonal ZnO structure for very high zinc content. In this
last region, indium oxide acts as a dopant for ZnO and both the
conductivity and the band-gap remain stable at about
800 S cm ™' and 3.4 eV, respectively. For all compositions the
optical window is wider than for the well-known ITO, however
none of them allows the In,O3-ZnO film conductivity to reach
that of ITO. Nevertheless, this study provides a better
understanding of the relationship between the structural and
physical properties in this system, therefore opening new
possibilities for the selection of the right substituent so as to
obtain other metal substituted indium-zinc oxide films, which
could compete with ITO in terms of electrical conductivity.
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