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Indium doped, and undoped, zinc oxide films were deposited using aerosol assisted chemical vapour
deposition (AACVD) at atmospheric pressure on glass substrates. Electrical measurements (I-V) showed
areduction inresistivity following the addition of indium, and XRD analysis revealed an associated switch
to c-axis preferred crystal orientation. The ability of the films to oxidise organic material on their surface
was analysed using stearic acid as the model contaminant under ultra-violet (UV, 365 nm) irradiation. The
In-doped films displayed a greater rate of organic decomposition, which we attribute to the formation
of a platelet surface structure having a larger surface area than the undoped films, on which the UV
generated electrons and holes may react to form active photocatalytic species. In addition we suggest
that the switch to c-axis crystal orientation may reduce the electron-hole pair recombination rate at
the grain boundaries, due to an improvement in crystallinity and related reduction in carrier scattering
losses, leading to an increase in photocatalytic organic decomposition rate.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Previously reported applications of indium doped zinc oxide (In-
ZnO) films include gas sensors [1], transparent anodes for organic
light emitting diodes (OLEDs) [2], ohmic contacts in GaN LEDs [3],
transparent electrodes in solar cells [4] and as channels in thin
film transistors [5]. To date the authors are aware of only one
investigation into the UV induced photocatalytic properties of In-
ZnO films. Yanning et al. [6] studied the antibacterial properties of
In-ZnO under ultra-violet irradiation, and saw an improved pho-
tocatalytic response following the addition of indium. However
a number of groups have reported UV activated photocatalytic
properties for elemental doped ZnO, where the dopant elements
include silver [7-10], lanthanum [11-13], aluminium [14], palla-
dium [15], and magnesium [16]. Doping to shift the absorbance
band of ZnO into the visible portion of the solar spectrum has
been reported through the addition of nitrogen [17-19], copper
[20], tantalum [21], chromium [22], manganese [23], sulphur [24],
carbon [24], co-doping with lanthanum and cerium [25] and cou-
pling nitrogen containing ZnO with tungsten and vanadium oxides
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[26]. In this present work indium doped zinc oxide films (In-ZnO)
were deposited by an atmospheric pressure aerosol assisted chem-
ical vapour deposition (AACVD) technique, onto glass substrates
from precursor suspensions containing 3 at.% indium ([In]/[Zn])
at 425°C. We have investigated the relationship between the
UV induced photocatalytic properties, resistivity, crystallinity and
morphology while also briefly examining the durability of the
deposited films.

2. Experimental
Film growth

Films were deposited onto glass microscope slides (VWR Inter-
national, Cat. No. 631-0163) in an atmospheric pressure aerosol
assisted CVD reactor, the configuration of which has been described
previously [27]. All depositions were carried out at 425 °C for 20 min
with a nitrogen carrier gas flow rate of 1.58 L/min. Undoped zinc
oxide films were deposited from precursor solutions containing
0.1 mol/L zinc acetate (Zn(O,CCH3);) in methanol (MeOH). Indium
doped films were deposited from 0.1 mol/L zinc acetate solutions
containing a 3at.%. suspension of indium chloride tetrahydrate
(IHC13-4H20).
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Characterisation methods

The ability of the films to degrade organic contaminants on
their surface was established with a stearic acid test. The stearic
acid (50 pl, 10 mmol in MeOH) was spin coated (2500 rpm, 505,
Chemat Technology, KW-4A) onto the film surface, following a
3 h pre-activation step where the samples were left under a UV
lamp. Two 18 W black light blue bulbs (BLB, 365 nm) were used
as the UV light source at an intensity of 3 mW/cm?2, monitored
with a UV radiometer and 365 nm sensor (UVP, UVX). The inten-
sity was maintained by adjusting the height of the bulbs relative to
the sample at the start of the experiment after a 20-30 min warm
up period. Following spin coating the substrates were placed in
an oven at 70°C for 10 min before being allowed to cool to room
temperature. The reduction of the CH peaks associated with the
asymmetric and symmetric stretching frequencies between 2800
and 3000 cm~! was monitored as a function of UV irradiation expo-
sure (Bruker IFS 66/S FT-IR). The integrated area under the peaks
(2810-2960cm~1) was then plotted against UV irradiation time
and the relative rate (cm~! min~1!) established, following a baseline
correction step (concave rubber band method, 30 iterations and 100
baseline points). The morphology of the films was analysed using
a Veeco D3100 atomic force microscope (AFM) operating in tap-
ping mode with an Asylum AC160TS silicon cantilever (tetrahedral
tip, radius <10 nm). X-ray diffraction was performed on a Phillips
PW3719 X’'pert materials research X-ray diffractometer (XRD) with
a CuKradiation source (A =0.154056 nm), between 26 angles of 20°
and 60°. The resistivity of the films was determined with a Keithley
617 electrometer between two coplanar aluminium contacts that
had been evaporated onto the deposited films. Secondary ion mass
spectroscopy (SIMS) analysis was carried out using a Cameca ims 3f
using an 0%* primary ion bombardment and positive secondary ion
detection to optimise the sensitivity to indium. The depth scales
were determined by measuring the sputtered crater with a Dektak
6 M. Atomic absorption spectroscopy (SOLAARM Series AA Spec-
trometer) was carried out on water samples in which an In-ZnO
film and blank microscope slide were immersed for up to 3 h.

3. Results and discussion

The use of our atmospheric pressure AACVD leads to the depo-
sition of thin films having graded uniformity characterised by the
appearance of coloured fringes related to the film thickness. This
is due in part to the depletion of precursors as they enter the
heated reaction zone, where they undergo film growth on the sub-
strate and reaction with the walls of the reactor. The corresponding
thickness of the fringes deposited in this study was determined
through FIB-SEM analysis on a ZnO film that had not been inten-
tionally doped. As such, where relevant to the analytical technique
employed, the thickness of fringe analysed is stated in the text.

SIMS analysis performed on both the undoped and In-doped
samples, Fig. 1(a) and (b) respectively, confirmed there was no
indium incorporated in the undoped films. Signals detected at
masses 113 and 115 in the undoped trace, Fig. 1(a), which quickly
decayed to zero, were attributed to molecular interferences of
low mass elements appearing at the same nominal masses as the
indium isotopes. Fig. 2(a) shows the X-ray diffraction data for an
undoped ZnO film and (b) an In-doped ZnO film deposited from a
precursor suspension containing 3 at.% indium recorded from areas
of film ~215 nm thick. Studying Fig. 2(a) in more detail, it can be
seen that the undoped ZnO films deposited were polycrystalline
with peaks at 31.8° (20) (100), 34.5° (260) (002),36.0° (260)(101),
47.4°(20)(102)and 56.4° (20) (1 10) with a principal (10 1) peak.
The broad background peak between 20° and 40° (20) is charac-
teristic of the glass substrate on which the films were deposited.
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Fig. 1. (a) SIMS analysis performed on an undoped ZnO film and (b) indium doped
ZnO film deposited by AACVD at 425 °C from a suspension containing 3 at.% indium.

Waugh et al. [28] investigated the effect of deposition tempera-
ture, between 400 °C and 650°C, on the crystal orientation of ZnO
films grown using AACVD from a zinc acetate precursor solution.
At 400°C their principal peak was (101) with a change towards
(002) at 450°C. In contrast Walters and Parkin [29] deposited
ZnO films using AACVD from zinc acetylacetonate at 400°C and
500°C, reporting a dominant (002) peak at the lower deposition
temperature and (100), (002),(101) and (102) planes at 500°C.
It is not clear from either study if the choice of zinc precursor
directly influenced the preferred orientation of film growth. The
AFM image corresponding to a representative film thickness in
which the XRD was recorded for the undoped film is shown in
Fig. 2(c). Spherical grain structures were observed with an aver-
age diameter of ~32nm. The influence of introducing indium as
the dopant into the ZnO films on the crystal orientation of the
films is shown in Fig. 2(b). Clear evidence of a change in the pre-
ferred orientation, as defined by Conley and Ono [30] was found
since a (002) peak which is at least five times higher in intensity
than the (100) peak as measured by XRD, can be seen. No peaks
corresponding to zinc-indium or indium oxide compounds were
detected. The AFM image in Fig. 2(d) is illustrative of the surface
morphology of the doped films at the film thickness the XRD was
performed. Large platelet structures can clearly be seen. These were
estimated to be approximately 220-230nm in diameter. Yoshida
et al. [31] deposited ZnO and In-ZnO films using spray pyrolysis
with indium acetate as the dopant. Their undoped films exhibited
a hexagonal wurtzite structure, while the addition of 0.5-1at.%
concentration ([In]/[Zn]) showed a striking change in preferred
orientation towards the (002) plane, combined with the appear-
ance of a morphology consisting of layered hexagonal platelets
with irregular edge like grains, which decreased as the In loading
reached 3 at.%. They also witnessed the preferred orientation switch
to the (101) plane as the In concentration reached 7 at.%. A similar
switch from (002) to (101) with In loading has been witnessed
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Fig. 2. (a) XRD of an undoped ZnO film, (b) XRD of an In-ZnO film deposited from a starting suspension containing 3 at.% In, (c) corresponding AFM image of the undoped
ZnO film and (d) corresponding AFM image of the In-ZnO film. The XRD measurements and AFM images were taken on an area of film ~215 nm thick.

by other researchers in the area [32,33]. In contrast to the work
reported by Yoshida, Lopez et al. [34] deposited In-ZnO films via
a chemical spray technique using indium nitrate, sulphate, acetate
and chloride as the doping sources, and found that all films exhib-
ited a (101) preferred orientation, which was independent of the
doping source and film thickness. Large flake-like structures were
seen in their films deposited with indium sulphate as the doping
source, whereas films deposited using indium chloride exhibited a
spherical grain-like structure.

The resistivity of the undoped and In-doped films was estab-
lished through the measurement of [-V curves, as shown in Fig. 3(a)
and (b), on an area of the films ~130nm thick. The resistance
for each sample showed no significant dependence on the atmo-
sphere in which they were measured. The sheet resistance for
the undoped and In-doped films was found to be 2.21 x 108 Q/sq
and 5.52 x 103 Q/sq corresponding to a resistivity of 2.87kQ cm
and 0.072 2 cm respectively, calculated from the product of the
film thickness (cm) and sheet resistance (ohms). It is clear that,
in addition to altering the film morphology and preferred crystal
orientation, the incorporation of indium into the lattice has a sig-
nificant influence on the electrical properties of the films, where the
resistivity is reduced more than five orders of magnitude. A num-
ber of other researchers have seen a similar behaviour through the
incorporation of indium into ZnO films. Shinde et al. [35] deposited
In-doped ZnO films from aqueous zinc acetate solutions using a
spray pyrolysis technique at 400°C, followed by a 200°C post

deposition anneal. They reported a reduction in resistivity in the
pre-annealed and annealed films deposited from precursor solu-
tions containing up to 3 at.% In-doping (InCls), due to an increase
in the free electron concentration following doping. Their post
annealed films showed a significant increase in conductivity and
mobility as compared to non-annealed samples. This was partially
attributed to an improvement in the crystallinity of the films after
annealing. They proposed that the enhancement of the films’ crys-
tallinity is associated with an increase in the grain size which leads
to areduction of the defects at the grain boundaries. Moreover, this
reduces the scattering losses, lowering the number of electron trap
states and increasing the measured carrier concentration (n). How-
ever, not all studies into the influence of In-doping on grain size
report an increase in grain size. Ilican et al. [36] reported a reduc-
tion in crystallinity and grain size through the addition of In (InCl3)
to ZnO films deposited by spray pyrolysis. Their trend in resistivity,
however, was in good agreement with Shinde et al. such that after
an initial decrease in resistivity as a function of In concentration in
the starting solution (1 and up to 3 at.% for Ilican and Shinde respec-
tively), the resistivity increased. This is attributed to a reduction
in the mobility through enhancement of film disorder, probably
due to grain boundary segregation of In impurities, reported by
Joseph etal.[37] to be In(OH)3, and a subsequent dispersion of car-
riers. Similarly Ahmad et al. [38] prepared In-doped ZnO nanowires
through thermal evaporation reporting an increase in carrier con-
centration and mobility leading to an increase in conductivity. It
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Fig. 3. (a) I-V curve for the undoped ZnO film and (b) for the In-ZnO film measured
on an area ~130 nm thick.

is clear from our own study, that as well as a switch to a c-axis
preferred orientation the crystallinity of the In-ZnO films showed
a significant improvement (Fig. 2(a) and (b)), which in combina-
tion with the expected increase in carrier concentration through
In-doping led to a reduction in film resistivity.

Fig. 4 shows the reduction in integrated area of the sym-
metric and asymmetric C-H stretching frequencies of the stearic
acid molecule, recorded on the FT-IR as a function of UV irradia-
tion time for both the In-doped and the undoped ZnO films. The
mechanism through which semiconductor photocatalysts degrade
organic contaminants on their surface has been previously dis-
cussed in considerable detail [39]. In short, electrons (e~) in
semiconductor photocatalysts may be promoted from the valence
band to the conduction band through the absorption of a photon
with energy greater or equal to the bandgap energy (Egg), leav-
ing behind a hole (h*) in the valence band. The electron-hole pairs
generated in such a way may either recombine in the bulk material,
or migrate to the surface where they can undergo reduction (e™),
or oxidation (h*), reactions with adsorbed acceptors or donors on
the surface, generating photoactive species capable of decompos-
ing organic contaminants. For example the hole may react with
surface hydroxyl groups forming hydroxyl radicals that can sub-
sequently oxidise organic contaminants. The electron may react
with adsorbed oxygen to form superoxides which is reported to be
reduced to hydrogen peroxide and water through intermediates
that act as sources of hydroxyl radicals [40].

0.4 1
0.35 - o O

o

w

*
0
0

I
0.25 - ¢

0.15 - *

Intergrated Area [cm™!]
= o
- N
L 4
*

1

0.05

0 T T T T —
0 50 100 150 200 250
Time [Minutes]

Fig.4. Stearicacid degradation as a function of UV irradiation time for (¢) the In-ZnO
doped film and (O) the undoped ZnO film.

The stearic acid test provides a relatively simple route to evalu-
ate the ability of photocatalytic semiconductors to oxidise surface
organic contaminants under UV irradiation, and is employed by a
number of research groups in the area [41-43]. Studying Fig. 4 in
detail it can be seen that the In-ZnO film had a greater rate of stearic
acid degradation than that of the undoped film (0.001 cm~! min~!
compared to 0.0003 cm~! min~! taken from the gradient of a linear
trend line plotted across the whole data set). A blank glass stearic
acid test control was performed by spinning stearic acid onto a
piece of blank glass substrate. The integrated area was found to
be 0.00004 cm~! min—!. When compared to the integrated area for
the doped and undoped films respectively it can be seen that the
influence of the UV light on the stearic acid is minimal, and also
that the rate of degradation on the undoped film is relatively low.
Using a conversion factor of 9.7 x 101> molecules of stearic acid
to be equivalent to an integrated FT-IR area value of 1cm™1, as
reported by Mills and Wang [44], a plot of the number of molecules
of stearic acid remaining on the film, as a function of UV irra-
diation time was made. From the plot the initial rate of stearic
acid removal (molecules per second) was calculated and used to
determine the formal quantum efficiency (FQE) of the films as
described by Mills and Wang using formula (1). Calculation of the
FQE revealed a rate of stearic acid degradation of 1.67 x 10~6 and
5.68 x 1076 molecules/photon for the undoped and In-doped film
respectively.

Rate of removal of SA (molecules/s)
Rate of incident light (photons/s)

FQE (SA) = (1)

The samples used for the measurement had a graded film
thickness due to the nature of the AACVD process as previously
discussed. The maximum film thickness in each case was ~220 nm
and ~150 nm for the undoped and In-doped films respectively. It
would be expected that a thicker film would have a superior rate
of photocatalysis due to increased light harvesting, however it can
be seen in our study that the thinner In-doped film had a ~3-fold
increase in the rate of stearic acid molecule removal per photon.
A number of factors can influence the rate of organic degradation
on the surface of semiconductor photocatalytic films, namely (1)
impurities due to the film processing technique used (2) surface
morphology (3) film thickness analysed (4) elemental doping and
(5) crystallinity:

(1) Impurities: Evans et al. [45] deposited TiO, films by atmo-
spheric pressure CVD on stainless steel substrates, and investigated
the effectiveness of SiO, barrier layers, deposited by flame assisted
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CVD, in preventing ions from the substrate (iron, chromium and
nickel) diffusing into the TiO, films during the high tempera-
ture deposition process acting as recombination centres for the
UV generated electron-hole pairs. Their study found that when
SiO, barrier layers, ~30 nm and ~120 nm thick, were employed an
improvement in photoactivity, determined through a stearic acid
test, was seen with the thicker barrier layer proving more effec-
tive. In our particular study no barrier layers were employed to
prevent diffusion of ions, particularly Na*, from the glass substrate
into the ZnO films. It is therefore conceivable that if a barrier layer
were employed in future experiments, an increase in the rate at
which organic contaminants are degraded may be seen. (2) Mor-
phology: Ali et al. [46] investigated the relationship between film
morphology and photocatalytic activity on ZnO films deposited
by magnetron sputtering, hydrothermal growth and a combina-
tion of magnetron sputtered templates with a hydrothermal film
overlaid. Their study found that using a sputtered template fol-
lowed by hydrothermal film growth produced a well aligned rod
like structure, which also possessed the greatest photoactivity dur-
ing the degradation of methylene blue. In contrast films deposited
hydrothermally onto plain glass substrates lacked alignment and
subsequently possessed a reduced photoactivity. The AFM images
shown in Fig. 2(c) and (d) clearly show a significant difference in the
surface morphology of the undoped and In-doped films. In-doping
produced high surface area platelet structures at film thicknesses
over ~50nm. A higher surface area can lead to a greater num-
ber of sites at which electron-hole pairs can be generated to take
part in the photocatalytic reaction and helps to explain in part
why, with a lower maximum film thickness in the area tested,
the In-ZnO film had a higher rate of stearic acid degradation. (3)
Thickness: Chen and Dionysiou [47] deposited dip coated layers
of TiO, on stainless steel substrates and noted that increasing the
film thickness increased the rate of photocatalytic degradation of
4-cholorobenzoic acid. This was attributed to an increase in the
fraction of UV light absorbed by the film. In the case of our partic-
ular photoactivity analysis, the In-ZnO film was thinner (150 nm)
than the undoped film (220 nm), eliminating this as a possible cause
for the observed increase in organic degradation rate. (4) Doping:
In terms of elemental doping of UV activated zinc oxide photocata-
lysts, itis commonly reported that the dopant e.g. silver, lanthanum
or palladium act as traps for photogenerated electrons, reducing
the incidence of electron/hole pair recombination, and increasing
the number of hydroxyl radicals formed on the surface through the
oxidation of surface hydroxyl groups by the hole [7-9,12,15]. (5)
Crystallinity: Kenanakis and Katsarakis [48] investigated the degra-
dation of stearic acid on c-axis orientated ZnO nanowires and saw
an improved rate of photocatalytic activity for the nanowire films,
as compared to the ZnO sol-gel seed layers. This was credited to
their enhanced crystallinity and large surface to volume ratio. As
previously discussed an improvement in crystallinity can increase
grain size and reduce boundary defects and carrier scattering losses
lowering the number of electron trap states which, in combination
with a higher surface area for the In-ZnO film in our study, most
likely accounts for the observed increase in the rate of stearic acid
decomposition as compared to the thicker, undoped film.

When compared to TiO, thin film photocatalysts the durability
of ZnO films is known to be relatively poor at extreme pH levels
and under UV illumination [49]. As such we performed basic dura-
bility tests on our In-ZnO samples and found that when immersed
in dilute acid (0.1 mol HCl, <5 min) and solvent (MeOH, 24 h), com-
plete dissolution of the films occurred. Immersion of the In-ZnO
film in de-ionised water appeared to have no visible effect, how-
ever atomic absorption spectroscopy measurements performed on
aliquots of the deionised water, taken at 1 h intervals for up to 3 h,
revealed some dissolution when compared to water samples taken
from an immersed blank microscope slide (Table 1).

Table 1
Concentration of Zn found in samples of DI water in which an In-ZnO film and blank
microscope slide had been immersed for up to 3 h.

Concentration (ppb)

In-ZnO film Blank Microscope Slide
DI water 22.0 0
1h 124.7 16.1
2h 191.3 17.9
3h 156.5 16.7

Liang and Weimer [50] have recently published data on the
photoactivity passivation of titanium dioxide nanoparticles by
molecular layer deposition (MLD) of alucone and atomic layer
deposition (ALD) of aluminium oxide (Al,O3) showing the particles
retained a significant amount of photoactivity when coated with a
~1.2 nm thick Al,03 film which then decayed to zero as a ~3.6 nm
film was overlaid. The ALD technique is well known for depositing
thin films that have excellent uniformity and conformallity, and
Al, 03 is recognised as an electrical insulator with excellent chem-
ical resistance in acidic and basic conditions. What is interesting to
note is that despite the insulating properties of Al,Os it is still pos-
sible for the electron-hole pairs to migrate through the TiO, and
thin Al, 03 film to take part in photocatalytic reduction and oxida-
tion reactions on the surface. It may be possible with careful film
selection and process conditions to overlay a protective film that
would improve the durability of the ZnO, while retaining sufficient
photocatalytic activity on the protective films surface.

4. Conclusions

We have grown undoped and In-doped ZnO films on glass
substrates using an atmospheric pressure chemical vapour depo-
sition technique. We have shown that In-ZnO deposited in this
way exhibits UV induced photocatalytic properties, combined with
a decrease in resistivity as compared to undoped films. Adding
indium to the zinc oxide precursor solution influenced the pre-
ferred orientation and morphology of film growth with the c-axis
plane becoming dominant, while also producing a surface charac-
terised by large platelet structures. The combination of morphology
and crystallinity is believed to account for the observed improve-
ment in the rate of organic contaminant decomposition when
compared to the undoped films, most likely due to a reduction in
the recombination rate of the electron-hole pairs at grain bound-
aries, and a larger surface area on which photocatalytic species
(hydroxyl radicals and superoxides) may form. However the dura-
bility of the films during simple tests proved to be quite poor. As
such practical applications involving a combination of the visible
light transparency, the conductivity and the self-cleaning abilities
of the In-ZnO films are limited in their current state. We propose
that it may be possible to improve the durability of the In-ZnO
films through the deposition of a suitable thin film that allows the
underlying In-ZnO to retain its photocatalytic and conductive prop-
erties. Atomic layer deposition, with its ability to conformally coat
complex structures would be a suitable technique for this.
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