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a b s t r a c t

In this study, ZnO/ZnAl2O4/Zn2TiO4 composite nanostructured thin films are deposited

assisted with hollow-cathode glow discharge (HCD). The films are deposited using various

argon-oxygen gases mixture (0e50% O2), and its effect on film quality, optical and electrical

properties is examined. Remarkably, instead of metallic targets, ZnO, TiO2, and Al2O3

powders filled in hollow-cathode are used for deposition, and thus no specific metallic

targets are required in this technique. The deposited films consist of hexagonal wurtzite

ZnO structure, ZnAl2O4, and Zn2TiO4 phases, and the crystalline size of films increases for

higher oxygen contents. The thickness of films reduced by increasing oxygen contents, and

all deposited films exhibit transmittance higher than 82%. The carrier concentration and

mobility increase, whereas resistivity decreases when a higher amount of oxygen is added.

This study shows that HCD can effectively synthesize the composite film with good optical

and electrical properties. Additionally, the film’s properties and elemental composition can

be tuned by changing the gas composition, and thus, no separate target metallic materials

with the specific composition are required.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1 e Schematic diagram of (a), hollow-cathode discharge setup, (b), cross-sectional representation of hollow cathode

(c) ATZO powder-filled hollow cathode.

Table 1 e Labeling of samples and processing conditions used for the deposition of ATZO films.

Sample Partial pressure of oxygen in argon Total pressure Temperature Time Power

ATZO1 0 10 Pa 200 �C 0.5 h 150 W

ATZO2 1.5 Pa

ATZO3 2.5 Pa

ATZO4 5 Pa

Fig. 2 e X-ray diffraction pattern of ATZO powder after sintering with Rietveld refinement.
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Fig. 3 e (a), X-ray diffraction pattern of ATZO coated samples with different gases composition, (b), Rietveld refinement of

XRD pattern of ATZO4 sample.
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1. Introduction

The transparent conducting oxides (TCO) films exhibit

exceptional optical and electrical properties. They have broad

applications, such as solar cells, sensors, liquid crystal dis-

plays, photodetectors, active-matrix organic light-emitting

diodes, and photo-electrochemical water splitting [1e3].

Amongst TCO films, indium tin oxides (ITO) are widely used in

the industry, but they are harmful to human health and are

expensive and thus needed to be replaced [4]. Zinc oxide (ZnO)
is an active candidate for TCO films due to its cost-

effectiveness, high-temperature stability, and non-toxicity

[5]. However, it exhibits low electrical conductivity, and thus

its applicability is limited [5].

To resolve ZnO films’ low electrical conductivity, it’s

doping with several impurities reported in the literature. It

includes doping with IIIA group elements, and significant

improvement in ZnO films’ electrical conductivity is obtained

[6]. Specifically, aluminum (Al) doped ZnO films (AZO) are

widely prepared by numerous techniques, and an increase in

electrical conductivity of ZnO films is described [7]. Besides
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Fig. 4 e The crystalline size and FWHM of ATZO coated

samples with different gases composition.
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this, titanium (Ti) doping is also beneficial to enhance the ZnO

film’s conductivity [8]. However, Ti-doped ZnO film (TZO) ‘s

electrical conductivity is very sensitive to the amount of Ti,

and excess doping can act as scattering centers, which even

can cause a reduction of electrical conductivity [8,9]. To avoid

abundant Ti doping, and to obtain better results, Al and Ti co-

doping is widely considered.

Jian et al. [10] deposited AleTi co-doped ZnO films on a glass

substrate by RF magnetron sputtering. They found a decrease

in optical transmittance and increased band-gap energy by

additional Ti doping in the AZO film. Liu et al. [11] used DC

magnetron sputtering to deposit AleTi co-doped ZnO films on a

glass substrate and investigated the effect of sputtering pres-

sure. The electrical conductivity of ATZO films was found to be

dependent on the sputtering pressure. Wei et al. [12] synthe-

sized ATZO film using various concentrations of Ti doping

(0e3 wt. % TiO2) using RF magnetron sputtering. They found

that films’ refractive index increases with an increase in Ti

contents, whereas the film’s lowest resistivity can be obtained

using 1% TiO2 doping. Lin et al. [13] compared the electrical

properties of AZO and ATZO films and found that AZO film’s

thermoelectric properties reduce at high temperatures. Lien

et al. [14] used an inline RF sputtering system to deposit ATZO

films on the glass substrate. They reported that this cost-

effective inline sputtered ATZO film can be used as an alter-

native as front contact of a-Si: H thin-film solar cell. Lin et al. [9]

compared the electrical and optical properties of ZnO, AZO,

TZO, and ATZO films deposited by RF sputtering. They found

the highest transmittance and lowest resistivity of ATZO films

than all other samples. Davoodi et al. [15] used the solegel

method to deposit the ZnO, AZO, and ATZO films on a glass

substrate. They observed that ZnO film’s resistivity decreases

by adding Al (AZO) and further decreasing by adding Ti (ATZO).

In another study, Davoodi et al. [16] investigated the effect of Ti

concentration (0.1e0.5 at. %) on the ATZO film’s electrical and

optical properties by the solegel method. The films showed a

decrease in optical transmittance and an increase in resistivity

by enhancing the Ti concentration. Besides the aluminum and

titanium doped ZnO, zinc aluminate ZnAl2O4 and zinc titanate

(Zn2TiO4) are of wide interest due to exceptional properties,

including mechanical resistance, low-temperature sinter-

ability, thermal stability, and good diffusion, and is suitable for

optoelectronic applications [17,18].

As described above, usually ZnO and ZnO/ZnAl2O4/Zn2TiO4

composite films are obtained by using conventional techniques

including solegel method [16], physical vapor deposition [10],

chemical vapor deposition [7], atomic layer deposition [19],

pulsed laser deposition [20], electrochemical deposition [21],

magnetron sputtering [22] and e-beam evaporation [23].

Regrettably, these techniques exhibit certain limitations: in

solegel, CVD, and electrochemical deposition, various chem-

icals are used (such as zinc acetate dehydrate, zinc acetylacet-

onatehydrate),whichareenvironmentallyhazardous [16,21,24],

and thus these techniques are not very feasible. Furthermore,

the PVD technique has low-deposition efficiency, requires

complex equipment,metallic targets, andhas a high deposition

cost [25].ThedepositionbyPLD isalsoquiteexpensivedue to the

use of high-cost lasers [26]. These limitations demand more

innovative techniques for the deposition of TCO films.
Recently we reported the deposition of the antibacterial

silver coating on fabric samples assisted with hollow cathode

glow discharge (HCD) and found exceptional results [27]. With

a similar apparatus, here we synthesized ZnO/ZnAl2O4/

Zn2TiO4 composite nanostructured thin films by using ZnO,

TiO2, and Al2O3 powder-filled hollow cathode as a target ma-

terial. The effect of argon-oxygen gas composition on the

characteristics of the film is examined. As the HCD has high

deposition efficiency, relatively low-cost equipment, metallic

targets with specific dimensions are not necessary, and

deposited film composition can be changed by changing gas

admixture (varying inert gas concentration). Thus this work is

predicted to be of considerable importance in TCO film

deposition.
2. Experimental details

In this work, ZnO/ZnAl2O4/Zn2TiO4 composite nanostructured

thin films (ATZO) are deposited on a glass substrate. Before the

synthesis of films, glass sampleswere cleaned in an ultrasonic

bath by using isopropyl alcohol, acetone, and later on, washed

by distilled water. Themixture of powers ZnO, TiO2, and Al2O3

(Aldrich) powders with 98.9% purity was filled in a hollow

cathode to make the target material. The powdermixture was

prepared with 4% Al doping and 2.5% Ti doping, and later on,

the mixture was sintered in an argon atmosphere at a tem-

perature of 1200 �C and a time of 2 h. Subsequently, the

powder mixture was sieved through 400 mesh to normalize

grain size. The powder mixture was then compacted in a

hollow cathode with cylindrical geometry made with AISI-316

steel using a hydraulic press using 20 MPa pressure. A hole

with a diameter of 2.4 mmwas drilled inside a hollow cathode

to allow the gas flow. The mixture of compacted powder

showed high homogeneity with a spherical shape. With par-

ticle size around 80e150 nm and crystallite size equal to

48.67 ± 9.67 nm, they are consistent with the properties

required to make ceramic targets based on oxides [28,29].

The film was deposited using a low-pressure plasma pro-

cessing unit, which consists of a hollow-cathode system on the

upper flange, as schematically illustrated in Fig. 1. The vacuum
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Fig. 5 e Surface morphology and corresponding cross-sectional SEM images of ATZO coated samples with different gases

composition (a), argon gas. (b), 15% O2 in argon. (c), 25% O2 in argon, (d), 50% O2 in argon.
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chamber was made up of boron silicate, having a 300 mm

diameter and 400 mm height. It was equipped with an infrared

pyrometer to monitor the system temperature to avoid over-

heating of the cathode. A potential difference of 600 V and a

current of 0.25 A was used to generate glow discharge. The ver-

tical separationbetweenhollowcathode and substratewasfixed
at 5 cm. To remove impurities as an oxide layer from the com-

pacted powder’s surface, a pre-sputtering was carried out for

30min, keeping the pressure of 10 Pa and gas flow rate of 20 cm3/

min. Theprocessing conditions are summarized inTable 1. After

the preliminary experiments by changing the processing time

(using the same setup, effect of treatment time is also reported

https://doi.org/10.1016/j.jmrt.2021.04.026
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Fig. 6 e Elemental composition of ATZO coated samples with different gases composition obtained by EDS analysis.
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for silver filmdeposition [27]), to attain the sufficient thickness of

layerwith good optical and electrical properties, processing time

was kept fixed for 30 min. The mechanism involved in hollow-

cathode glow discharge for the thin film’s deposition is

described in the literature [30]. It is proposed that due to the

strong electric field, sputtering of atoms occurs in the hollow

cathode, and these atoms travel from wall to wall in the hollow

cathode [30]. These sputtered atoms can be deposited on the

substrate surface byhigh gasflow inside thehollowcathode [30].

The structural properties were analyzed using high-

resolution X-ray diffraction (Shimadzu, XRD-7000 model)

consisting of a CuKa radiation source and operated by using

Bragg-Bretan configuration [31,32]. The XRD data were

analyzed by the Rietveld method with GSAS-II software. A

field emission scanning electron microscope (FESEM) (model

Zeiss Auriga 40) was used to evaluate surface morphology

and cross-sectional analysis. Atomic force microscopy (AFM)

with model Shimadzu SPM-9700 was used for surface

topography analysis. The hollow-cathode material’s

elemental composition was tested by X-ray fluorescence

(XRF) with BRUKER S2 Ranger equipment. The transmittance

of deposited films was tested by THERMO SCIENTIFIC spec-

trometer (GENESYSTM 10S UVeVis) in a range of

190e1100 nm and scanning speed of 2 nm/s. The optical

spectra were examined by the envelope method, and the

Tauc equation was used to calculate the band-gap [33]. The

interference theory was used to measure layers’ thickness

with transmission curves [34].

d¼ l1l2

2njl1 � l2j (1)

In this equation, l1 and l2 represents wavelengths of

adjacent peaks in transmission spectra, and n stands for the

material’s refractive index. A four-point probe method was

used to examine films’ electrical properties, operated by direct

current (0e1 A and 0e50 V). A current of 0.1 mA was used to

measure the resistivity.
3. Results and discussion

The films are deposited using ZnO, TiO2, and Al2O3 mixture

powder filled in the hollow cathode, which is used as a target

material, and its sputtering is used for film deposition. To

analyze the structural characteristics of powder, its XRD

pattern is provided in Fig. 2. It depicts the characteristics peaks

of hexagonal ZnO (wurtzite) structure, with the P63mc sym-

metry group [35]. It shows various crystallographic planes, and

the film is polycrystalline and has no preferential orientation.

Furthermore, in addition to ZnO (ICSD-067848), it depicts the

ZnAl2O4 (ICSD- 026856) and Zn2TiO4 (ICSD-080850) spinal

phases, which indicates the occurrence of a chemical reaction

causedby the sinteringprocess in targets [35]. TheXRDpattern

of films deposited on a glass substrate with different gases

admixture is presented in Fig. 3(a). It shows that films depos-

itedunderall conditionscontain identicalphaseswithchanges

in their intensities. The films are polycrystalline, and the

indexation of ZnO peaks shows the hexagonal wurtzite struc-

ture. The ZnO peaks of the ATZO1 sample show the preferen-

tial orientation along the c-axis (002), but with higher oxygen

contents, other planes’ intensities also increase, and no spe-

cific orientation exists. Also, ZnAl2O4 and Zn2TiO4 phases exist

due toAl andTi’s presence in the sinteredZnO target [35,36]. As

the reaction enthalpy of ZnAl2O4 spinal is 0.83 eV, this spinal

structure’s formation is possible thermodynamically [37]. The

formation of zinc orthotitanate Zn2TiO4 is also easily possible

due to the reaction between ZnO and TiO2 [38].

As some peaks are merged and not observable, Rietveld’s

refinement of sample ATZO4 is provided in Fig. 3(b) to eluci-

date the peaks. The peaks in Fig. 3(a) appear to be sharp and

narrow, with an increase in oxygen contents, which is an

indication that the material exhibits high crystallinity [39].

The influence of oxygen contents can be further clarified by

estimating the crystalline size and FWHM, provided in Fig. 4. It

depicts an increase in crystalline size, whereas FWHM

https://doi.org/10.1016/j.jmrt.2021.04.026
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Fig. 7 e AFM topography of ATZO coated samples with different gases composition (a) argon gas, (b) 15% O2 in argon, (c) 25%

O2 in argon, (d) 50% O2 in argon.
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Fig. 8 e Surface roughness of ATZO coated samples with

different gases composition.
Fig. 10 e Average transmittance of ATZO coated samples

with different gases composition.

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 1 ; 1 2 : 2 4 2 6e2 4 3 7 2433
decreases by increasing oxygen contents. It shows that by

using argon gas (or low oxygen in argon gas), the deposited

ATZO film is less homogeneous, with higher crystallographic

faults, and thus long-range order in the film is reduced [40,41].

However, while increasing the oxygen contents, the volume

fraction of crystallized phases gets enhanced, which improves

the crystal properties [41]. Physically, it can be attributed to

the change in the film deposition rate by varying oxygen

contents in argon gas. The oxygen gas is highly electronega-

tive with a high affinity to electrons, decreasing the plasma

density. When oxygen contents increase, it reduces the elec-

trons, positive argon ions (due to a decrease in argon

composition) and produces more negative oxygen ions [40].

Furthermore, the ionization threshold of oxygen is signif-

icantly greater than argon gas, which weakens the glow

discharge, reducing the deposition rate [40]. When film

deposition rate (due to sputtering from hollow-cathode) is

slowed down, and thus enough time is available for sputtered

ions for their regular periodic arrangement on samples sur-

face. As a result, the crystalline film contains fewer defects
Fig. 9 e Transmittance variation as a function of the

wavelength of ATZO coated samples with different gases

composition.
[34]. On the other hand, by increasing the contents of oxygen,

wemay predict the formation of non-conducting clusters (like

Al2O3 due to the high affinity of Al with oxygen). Such clusters

can generate crystalline disorder in the film and perform as

carrier traps instead of electron donors [34]. Favorably, in our

results, such a non-conducting cluster is not observed, and

thus we can eliminate such probability.

The surface appearance and cross-sectional view of ATZO

films obtained by SEM analysis are provided in Fig. 5, which

shows a substantial change in surface appearance and layer

thickness. The film deposited using argon gas (ATZO1) depicts

the irregular distribution of sputtered particles, having a non-

uniform shape and particle size. The film comprises certain

voids between particles, and in some regions, particles are

agglomerated to form bunches. The particle’s boundaries

cannot be visualized clearly and have a blurred appearance.

Similarly, the film deposited with low contents of oxygen

(ATZO2), few voids between particles, and agglomeration of

particles is also evident on the surface. The surface is covered

by regularly distributed spherical particles, in contrast, the

film is deposited by higher oxygen contents (ATZO3 and

ATZO4). The particles are closely spaced and do not contain

apparent voids. As explained earlier, this is due to a decreased

rate of deposition by increasing oxygen contents, and thus

adequate time is available for particles to be deposited in an

orderly arrangement. This explanation is well-supported by

the cross-sectional SEM images, which shows that film is

sufficiently thick (1553 nm) for argon treated sample and

thickness decreases (365 nm) by increasing oxygen contents.

It shows that ATZO film’s thickness can be monitored effec-

tively by altering the processing gases’ composition. The

elemental composition of deposited films is depicted in Fig. 6.

The EDS spectra are repeated several times, and the average of

measured elemental composition is reported here. It shows

that with the increase in oxygen contents in argon gas, the

quantity of oxygen in the film increases, while the sputtered

materials from the hollow cathode, including Ti, Al, and Zn,

are decreased. This trend is in well-agreement with the XRD

and SEM results (i.e., it favors increased sputtering from

hollow-cathode and film deposition rate). Also, the elemental

https://doi.org/10.1016/j.jmrt.2021.04.026
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Fig. 11 e Calculated layer thickness of ATZO coated

samples with different gases composition.
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composition supports the phase structure presented in XRD

analysis.

The surface topography of ATZO deposited films under

various gases composition is obtained by AFM and presented

in Fig. 7. It depicts that the surface of films is not analogous,

and significant topography changes are evident. The film

deposited using argon gas or low oxygen contents shows a

rougher appearance with the particles’ non-homogeneous

distribution. In contrast, when a higher amount of oxygen is

added, the film shows a smooth surface appearance and

relatively homogenous particle distribution. The surface
Fig. 12 e Variation of ahv2 with photon energy and band-gap f
roughness ðRaÞ of films is compared in Fig. 8, which shows a

decrease in surface roughness by increasing the gases

admixture’s oxygen contents. Its justification is evident from

previous results. When a higher amount of oxygen is added,

the deposition rate is reduced, and particles are distributed in

a periodic arrangement and have a dense structure.

The transmittance curves of ATZO films obtained by

UVevisible spectrometer are presented in Fig. 9. The corre-

sponding average values of transmittance in two ranges,

400e900 and 420e900 nm are presented in Fig. 10. This range

is adopted because below 400 nm, the transmittance de-

creases rapidly to zero [34]. The average transmittance for all

deposited films is higher than around 82% in the range

420e900 nm, while a small decrease of transmittance for

400e900 nm range. The appearance of interference fringes

endorses that film has outstanding film quality with homo-

geneity, explicitly for the ATZO films deposited in the pres-

ence of oxygen gas [42]. It shows the reflection from the

deposited film, and it represents that no severe absorption or

scattering occurs from the bulk of the film [42]. The thin-film

interference theory is used to estimate film thickness by

transmission spectra, presented in Fig. 11. It shows that the

film thickness trend is similar to the thickness obtained from

SEM analysis but a slight variation in their values. This small

mismatch between thickness values can be ascribed to the

sensitive dependency of layer thickness measurement on the

refractive index [42].

The band-gap of the film can be related to the optical ab-

sorption coefficient as follows:

aðhvÞ ¼ A
�
hv� Eg

�n
(2)
or ATZO coated samples with different gases composition.
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Fig. 13 e Variation of resistivity, carrier concentration, and mobility for ATZO coated samples with different gases

composition.
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Here, n is a material-dependent factor and is 1= 2 for direct

band-gap semiconductor. The optical band gap is obtained by

using the linear fit of the graph between ðahvÞ2 andhv, as

shown in Fig. 12. The variation of band-gap values is also

shown in Fig. 12, and a decrease in band-gap energy is

observed when a higher amount of oxygen is added. The

change in band-gap energy occurred due to film stresses

described by the quantum confinement theory [34].

Eg ¼Eg0 þ p2Z2

2mR2
� 1:786 e2

εR
� 0:248 Er (3)

Intheaboveequation,Eg0 denotes intrinsicband-gapenergyof

ZnO (room temperature), R stands for grain size, ε represents

dielectric constant and Eris the effective Rydberg energy. The

second term is the contribution due to blue-shift by quantum

confinement effect becauseof crystal grain size. The third term is

the contribution due to red-shift by Coulombic interaction
between holes and electrons. The band-gap is almost less than

the ZnO (except ATZO1) band-gap (~3.37 eV), and an additional

decrease by increasing oxygen contents in argon gas [34]. This

red-shift inband-gapcanbeattributedtothefilm’sstressesdueto

AleTi doping [34]. The compressive stresses are responsible for

increasing band-gap energy, whereas a counter effect of tensile

stresses [43]. Due to the addition of oxygen in argon gas, which is

highly electronegative, increases the O2� ions concentration and

thus the tensile stresses in theATZOfilm. Thus, due to increased

tensile stresses, the band-gap energy reduceswith an increase in

oxygen contents.

Theelectrical properties ofATZOfilmsasa functionofoxygen

contents are presented in Fig. 13. It shows that deposited films’

resistivity decreases by increasing the oxygen contents and

counter-trend of mobility and carrier concentration. This in-

crease incarrier concentration is attributed to the increase infilm

crystallinity when higher oxygen gas is used in film deposition

https://doi.org/10.1016/j.jmrt.2021.04.026
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[44]. The decrease in resistivity is due to adequate oxygen va-

cancies and increment in crystalline size [45]. This fact is also

responsible foran increase inHall-mobility in thedepositedfilms.

Thus, it shows that besides the successful formation of ATZO

films, it ispossible tochange its electrical properties by tuning the

composition of gases for film deposition.
4. Conclusions and final remarks

Here, ZnO/ZnAl2O4/Zn2TiO4 composite nanostructured thin

films are prepared using hollow-cathode glow discharge,

equipped with ZnO, TiO2, and Al2O3 powders filled inside

cathode as targetmaterials. The films are deposited by various

gases composition of argon-oxygen, and resultant structural,

electrical and optical properties are compared, and the

following are conclusions:

1. Hollow-cathode glow discharge is an efficient technique

for synthesizing transparent conducting oxide filmwithout

any metallic target material for sputtering.

2. The film’s composition, such as Al, Ti, and Zn’s elemental

percentage, can be tuned effectively by varying the gases

composition. Thus, it is not required to use targetmaterials

of specific composition to obtain the film with the desired

composition.

3. The deposited films consist of hexagonal wurtzite ZnO

structure, ZnAl2O4, and Zn2TiO4 phases irrespective of

gases admixture; the crystalline size increases by using

higher oxygen contents in argon gas.

4. The films show the optical transmittance higher than 82%,

and the band-gap lies between (3.25e3.38 eV), which shows

a decreasing trend by increasing oxygen contents. The re-

sistivity decreases, while carrier concentration and

mobility increase with an increase in oxygen contents.

The HCD is relatively low-cost equipment, requires less pro-

cessing time, inexpensive targets (compared tometallic targets in

magnetron or arc discharge), and no specific composition of tar-

gets required (because it can be tuned by gases composition). It is

advantageous over conventional chemical routes because no

toxic chemicals are used and is an ecological technique. Thus, it

canbeusedeffectively forthedepositionofZnO/ZnAl2O4/Zn2TiO4

composite nanostructured thin films.
Declaration of Competing Interest

The authors declare that they have no known competing

financial interests or personal relationships that could have

appeared to influence the work reported in this paper.

Acknowledgements

This study was financed in part by the "Coordenaç~ao de
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