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Abstract. Zn-Ir-O thin films on glass and Ti substrates were deposited by reactive DC
magnetron sputtering at room temperature.
Structural and electrical properties were
investigated as a function of iridium concentration in the films. Raman spectrum of Zn-IrO (61.5 at.% Ir) resembles the spectrum of rutile IrO2 , without any distinct features of wurtzite
ZnO structure. SEM images indicated that morphology of the films surface improves with
the iridium content. EDX spectroscopy and cross-section SEM images revealed that the films
growing process is homogeneous. Crystallites with approximately 2 - 5 nm size were discovered
in the TEM images. Thermally activated conductivity related to the variable range hopping
changes to the non-thermally activated before iridium concentration reaches the 45 at.%.

1. Introduction
One of the obstacles to further developments of transparent electronics based on transparent
conductive oxide (TCO) thin films is lack of p-type conductors [1]. Thin films with delafossite
crystal structure (AMO2 ) based on Cu are the most widely studied p-TCO material, but it
suffers from low conductivity mainly due to low hole mobility [2]. In addition, elevated substrate
temperature, which is required for thin film deposition [3], is not suitable for deposition on
polymer substrates. From other p-TCO alternatives, such as binary oxides (ZnO:N, /As, /P,
NiO [4]), mixed oxides (In2 O3 -Ag2 O [5]) or spinels (ZnIr2 O4 [6], NiCo2 O4 [7]), the amorphous
thin films (Zn-Rh-O [8], Zn-Ir-O [9]) gained much interest due to low deposition temperature.
No long range order is required for p-type conductivity in these materials and therefore the
conductivity is independent of the film structure.
Earlier study [10] confirmed that the Zn-Ir-O films deposited by reactive DC magnetron
sputtering do not show any observable XRD peak features, indicating that these films are x-ray
amorphous. Electrical resistivity and transmittance of the films decreases considerably with the
iridium content.
Magnetron sputtering is a widely used technique for thin film deposition, providing a high
degree of composition control even for complex compound films. For binary metal oxides, either
varied target composition or co-sputtering of two metal targets can be used to vary the metalto-metal ratio in the films. The stoichiometry with respect to oxygen can be varied by varying
the partial pressure of oxygen in the sputtering atmosphere.
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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This paper reports on properties of x-ray amorphous Zn-Ir-O thin films deposited by
reactive DC magnetron sputtering. Structural and electrical properties were studied by Raman
technique, SEM, TEM, EDX and DC conductivity measurements as a function of temperature.
2. Experimental details
Zn-Ir-O thin films were deposited on glass and Ti substrates, coated simultaneously by reactive
DC magnetron sputtering from a metallic Zn (99.95 wt %) target with Ir (99.6 wt %) pieces on
the target surface in an Ar+O2 atmosphere. The substrates were washed in acetone and distilled
water before deposition. Vacuum chamber was pumped to base pressure below 1 × 10−5 Torr by
a turbo-molecular pump. During the deposition the substrate was kept at room temperature,
the sputtering was conducted at 10 mTorr working pressure and 100 W sputtering power. The
target to substrate distance was 5 cm. A set of samples was deposited at different oxygen to
argon gas ratios (1/4, 1/2/, 1/1) and at different fractions of iridium on the zinc target erosion
zone (1, 3, 5, 7, 10, 13, 15 %) to vary the atomic composition in the films. Pure c-ZnOx and
a-IrO2−x thin films were deposited as a reference samples.
Elemental analysis of Zn-Ir-O films was done by X-ray fluorescence spectrometer Eagle
III. The Raman shift from pulsed YAG laser (532 nm) was measured to further identify the
structure of Zn-Ir-O thin films. Backscattering geometry was used to collect Raman spectra.
Microstructural information on selected samples was obtained by high resolution scanning and
transmission electron microscopy (SEM:Tescan Lyra and TEM: Tecnai GF20). The powderlike TEM samples were prepared by mechanical scraping from glass substrates. The electrical
resistivity as a function of temperature was determined by Hall effect measurement system HMS
5000.
3. Results and discussion
3.1. Zn-Ir-O structural analysis
Normalized Raman spectra of Zn-Ir-O (6.7, 16.0, 24.1, 61.5 at.% Ir), x-ray amorphous iridium
oxide (a-IrO2−x ) and crystalline zinc oxide (c-ZnOx ) films are shown in Fig. 1. Dashed vertical
lines in Fig. 1 show the positions of the characteristic peaks of crystalline IrO2 (rutile) and ZnO

200

400

600

800

B

E

g

a-IrO

2g

A

1g

2-x

a-Zn-Ir-O (Ir 61.5 at. %)

a-Zn-Ir-O (Ir 24.1 at. %)

a-Zn-Ir-O (Ir 16.0 at. %)

a-Zn-Ir-O (Ir 6.7 at. %)

c-ZnOx

200

E

high
2

LO

A

1

400

600

800
-1

Raman shift (cm )

Figure 1. Raman spectra of Zn-Ir-O (6.7, 16.0, 24.1, 61.5 at.% Ir), a-IrO2−x and c-ZnOx .
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(wurzite) [11,12]. Experimental configuration allows to detect only Ehigh
and ALO
in ZnO case.
1
2
−1
In the Raman spectrum of Zn-Ir-O (6.7 at.% Ir) a band at 712 cm is well observed. Intensity of
this band decreases with the iridium concentration and disappears before concentration reaches
24.1 at.%. It is possible that this band corresponds to any solid solution of Zn and Ir oxides (for
example Zn2 IrO4 or Ir2 ZnO4 ). We are not aware of any Raman spectra for these compounds
available in the literature. Though Raman spectrum of similar compound Zn2 SnO4 have strong
Ag symmetry band at 668 cm−1 , with other Raman active bands being of low intensity [13].
Our ab initio calculation of lattice vibrations for crystalline Zn2 IrO4 gives high frequency Ag
vibration at 601 cm−1 . Raman spectrum of Zn-Ir-O (61.5 at.% Ir) mainly consists of IrO2 phase
and resembles the spectrum of a-IrO2−x , without any distinct features of wurtzite ZnO. Due
to amorphous Zn-Ir-O structure Raman peaks are extremely wide. The absolute intensity of
c-ZnOx spectrum is significantly lower compared to a-IrO2−x spectrum, therefore, Raman data
does not allow to draw definite conclusions about the presence or absence of ZnO phase in the
films. Again, to our knowledge, there is no Raman literature data of amorphous ZnO thin films
to compare with.
Zn-Ir-O thin films with low iridium concentration (6.7 at.%) have approximately 100 - 200
nm large particles on the surface (Fig. 2(a)). The cross-section SEM images of this film revealed
that the bottom surface contains nano-sized holes of approximately 150 nm diameter (Fig. 2(d)).
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Figure 2. SEM images of Zn-Ir-O (6.7(a), 24.1(b), 40.6(c) at.% Ir and cross-section of 6.7(d)
at.% Ir.
It could be speculated that the holes may be related to the way the islands grow and coalesce on
the substrate in the beginning of the deposition. Size and concentration of the particles decreases
with the amount of iridium (Fig 2(b)) and disappears before the iridium concentration reaches
40 at.% (Fig. 2(c)).
Fig. 3(a,b) shows the TEM images of the Zn-Ir-O (6.7, 67.4 at.% Ir) thin films. Atomic
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rows observed in the TEM images indicate that all the Zn-Ir-O thin films contain randomly
oriented crystallites with approximately 2 - 5 nm size. These nucleation centers do not grow
large enough to fill the whole volume of the film, amorphous atomic network is still observed
around the nano-crystallites.
200 nm distance of the samples was scanned by energy dispersive x-ray spectroscopy (EDX).
EDX results indicate that all the elements (Zn, Ir, O) are distributed uniformly across the film.
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b

Figure 3. TEM images of Zn-Ir-O (6.7(a), 67.4(b) at.% Ir) thin films.

3.2. Zn-Ir-O electrical properties
The electrical transport properties of the samples were investigated by measuring the DC
conductivity as a function of temperature between 90 K and 330 K. Fig 4(a) shows the lnρ
as a function of 1000/T (K−1 ) and T (K). Since the experimental data do not have linear
behaviour against 1000/T axis, the experimental
data cannot be fitted by the general conduction


Ea
activation mechanism ρ(T ) = ρ0 exp − kB T , which is commonly used to characterize the band
conduction for semiconductors. Hopping conduction is one of the major features exhibited by
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Figure 4. lnρ as a function of 1000/T (K−1 ) and T (K) (a), and ξ as a function of iridium
concentration in the films (b).
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semiconductors with disorder structure [14] and this mechanism of conductivity is widely used for
the interpretation of the experimental data. Generally, temperature dependence of the resistivity


ξ

is given by ρ(T ) = ρ0 exp − TT0 . Value of ξ depends on the model of conductivity (ξ=1/4
Motts variable range hopping (VRH) without Coulomb interaction [14], ξ=1/2 Shklovskiis VRH
with long range electron-electron Coulomb interaction [15] and ξ=1 thermally activated band
conduction). The movement of the charge carriers in electric field in the hopping conductivity is
realized as tunnelling transitions with absorption or emission of phonons within a narrow strip
of the localized states in the vicinity of the Fermi level. The solid lines in Fig. 4(a) are the
theoretical fitting to the experimental data according to lnρ=a+bTξ , where a, b and ξ are fitting
parameters. Exponent ξ from the fits to the experimental data of all samples as a function of
iridium concentration is shown in Fig. 4(b). Zn-Ir-O thin films with the iridium concentration
in the range from 0 to 16 at.% are not conductive. A thermal activated transport is found in
the 16 – 45 at.% iridium concentration range indicating semiconductor behaviour. Values of
ξ indicate that this thermal activated transport is related to the VRH. The almost constant
resistivity i.e. not thermally activated conductivity is observed in the 45 – 100 at.% iridium
concentration range.
4. Conclusions
Based on SEM and EDX studies, x-ray amorphous Zn-Ir-O thin films deposited by reactive DC
magnetron sputtering are homogeneous in composition. However, high resolution TEM images
revealed that structure contains randomly oriented nano-crystallites with approximately 2 - 5
nm size. Raman studies indicate that nano-crystallites are related to the IrO2 phase at high
iridium concentration (61.5 at.%). Phase of nano-crystallites at low iridium concentration has
not been established.
Thermally activated variable range hopping is the dominated electrical mechanism in the ZnIr-O thin films with the iridium concentration from 16 to 45 at.%. Further increase of iridium
content changes the electrical mechanism to the non-thermally activated conductivity.
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