
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
ju

ni
 2

01
8.

 D
ow

nl
oa

de
d 

on
 0

3.
11

.2
02

5 
20

.3
3.

23
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Photocatalytic an
aSchool of Chemistry, Institute of Science,

University Avenue, Muang, Nakhon Ratc

carmalt@ucl.ac.uk
bMaterial Chemistry Centre, Department of

Gordon Street, London, WC1H 0AJ, UK
cDepartment of Mechanical Engineering, Un

7JE, UK

† Electronic supplementary informa
10.1039/c8ta01420e

Cite this: J. Mater. Chem. A, 2018, 6,
12682

Received 9th February 2018
Accepted 11th June 2018

DOI: 10.1039/c8ta01420e

rsc.li/materials-a

12682 | J. Mater. Chem. A, 2018, 6, 12
d electrically conductive
transparent Cl-doped ZnO thin films via aerosol-
assisted chemical vapour deposition†
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A simple, economical and effective solution-based chemical vapour deposition (CVD) technique, aerosol-

assisted CVD, has been successfully applied to produce inexpensive Cl-doped ZnO films using Zn acetate

dihydrate and FeCl3. X-ray photoelectron spectroscopy and the increase in cell parameters from powder X-

ray diffraction determined that Cl had been doped into the wurtzite ZnO lattice. The Cl-doping had

a significant effect on the morphology of the thin films synthesised and resulted in an improvement in

the visible light transmission and lower electrical resistance (typical resistivities of doped films �10�2 U

cm). The highest transmittance (% T) of 85% was obtained when 7 mol% FeCl3 was used in the precursor

solution and the lowest resistivity of 4.28 � 0.41 � 10�2 U cm was obtained with 5 mol% FeCl3. The

greatest photocatalytic activity of stearic acid degradation under UVA irradiation was obtained on using

10 mol% FeCl3, resulting in the highest formal quantum efficiency (FQE) of 3.0 � 0.1 � 10�4 molecule

per photon. These films, therefore, display transparent conducting oxide and photocatalytic properties,

giving multifunctional characteristics and promising applications.
Introduction

Transparent conducting oxide (TCO) materials have the unique
coexistent properties of high optical transparency and high
electrical conductivity that contribute to various electronic
devices such as liquid crystal displays (LCDs), touch panel
screens, E-paper, defrosting windows, electrochromic windows
and mirrors, photovoltaics, exible electronics and invisible
security circuits.1,2 Semiconducting oxides with large band gap
energies (>3.1 eV) and the ability to be doped to generate low
resistivity (<10�2 U cm) are required for TCO properties.3 Even
though Sn-doped In2O3 (ITO) and F-doped SnO2 (FTO) are the
most widely used TCOs because of their excellent properties of
low electrical resistivity with high transparency,1,4–6 In2O3 has
the disadvantages of high cost of extraction and processing, as
well as concern over the relative scarcity of indium ores. Sn also
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has also suffers from price uctuations compared to other
elements, such as Zn.7

Zinc oxide (ZnO) is a promising candidate for TCOs because
it is well known as an intrinsic n-type semiconductor with
a wide band gap of ca. 3.37 eV; moreover, it has high thermal
stability,8 is inexpensive, earth abundant and relatively nontoxic
compared to ITO and FTO.8–12 Doping is a strategy to enhance
the electrical conductivity of TCO materials. Cation dopants
such as Al3+, Ga3+, In3+,13–19 Sc3+,20 Si4+ (ref. 21 and 22) and Cu23

and anion dopants such as F�,16,24,25 Cl� (ref. 26) and N3�,27 have
all been successfully incorporated into ZnO thin lms. Anion
doping is considered to be a superior route to obtain high
carrier concentration and mobility while maintaining high
transparency, because the conduction band (CB) is less per-
turbed by the dopant and thus the scattering of electrons in the
CB is minimized.1 F-Doping has been extensively studied and
the resulting materials show excellent properties,5,28,29 investi-
gations on the use of other anions, such as Cl, are relatively
limited. However, there have been some reports on the elec-
trical, optical and photoelectrochemical properties of Cl-doped
ZnO, which show the potential of Cl doping.30–35 Therefore, we
were interested in exploring further the novel properties of
ZnO:Cl, in particular the lm deposition method which has
been shown to play a key role in modifying the lm properties.
Aerosol-assisted chemical vapour deposition (AACVD) is an
effective technique to control the morphology and
This journal is © The Royal Society of Chemistry 2018

http://crossmark.crossref.org/dialog/?doi=10.1039/c8ta01420e&domain=pdf&date_stamp=2018-06-28
http://orcid.org/0000-0003-2453-9134
http://orcid.org/0000-0002-6936-0499
http://orcid.org/0000-0001-9566-4122
http://orcid.org/0000-0002-5290-1332
http://orcid.org/0000-0001-7661-1690
http://orcid.org/0000-0003-1788-6971
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ta01420e
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA006026


Fig. 1 The schematic illustration of aerosol assisted chemical vapour
deposition (AACVD) apparatus.
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simultaneously the properties of the deposited lms.36 More-
over, it is a simple, sustainable and scalable deposition lm
fabrication technique37 that allows for the use of a variety of
precursors with appropriate solubility in a suitable solvent.12 In
the procedure, soluble halide precursors can be utilised which
are generally cheaper than metal–organic precursors.38

In general, TCO lms have poor photocatalytic activity and
photocatalytic lms show poor TCO properties.39 For example,
W-doped TiO2 and Nb-doped TiO2 lms are good photocatalysts
and electrically conductive (resistivities were 6.3� 10�1 to 6.3�
10�2 U cm and 5.8 � 10�2 to 1.3 � 10�3 U cm, respectively) but
they are coloured;40,41 P-doped TiO2 lms are also good photo-
catalysts but their conductivity (resistivities were 1.69–6.49 U

cm) as well as transparency (% T is less than 80%) have not yet
passed the requirement to be considered good TCO materials.42

In general, multifunctional properties are not commonly
observed in most lms. The ability to synthesize lms that
display both good electrical and photocatalytic properties whilst
being transmissive of visible wavelengths would therefore be of
benet for multifunctional devices.

Here, the Cl-doped ZnO lms were prepared by a simple,
economical and potential lm deposition, AACVD technique for
the rst time. Photocatalytic properties of ZnO:Cl lms are rst
observed. Photocatalytic transparent conducting Cl-doped ZnO
thin lms are described as promising materials for sustainable
applications.

Experimental
Film synthesis

All lms were synthesised via aerosol assisted chemical vapor
deposition (AACVD). Zn(II) acetate dihydrate, Zn(OAc)2$2H2O,
($98%, Sigma-Aldrich) and ferric chloride anhydrous, FeCl3,
(98%, Aldrich) were used as the Zn and Cl precursors respec-
tively. All precursors were used as received without further
purication. Methanol (99.9%, Fisher Scientic) was used as
the solvent. Nitrogen gas (99.99%, BOC) was used as the carrier
gas.

In a typical deposition, the precursor solution was prepared
by dissolving Zn(OAc)2$2H2O (0.50 g, 2.28 mmol) in methanol
(20 mL). FeCl3 was dissolved in methanol and then added to the
zinc acetate solution in the corresponding mol% of 0, 1, 3, 5, 7,
10 and 15. Each precursor was stirred until separately for ca. 5
minutes and then mixed by stirring to give the nal precursor
solution. A glass substrate, coated with a 50 nm SiO2 barrier
layer (NSG Pilkington Ltd), with the dimension of 3.2 mm �
45 mm � 100 mm was used. The SiO2 barrier layer is important
to prevent leeching of ions between the substrate and the lm.
Prior to depositing, the substrate was cleaned by detergent,
isopropanol and acetone, respectively. The AACVD apparatus is
illustrated in Fig. 1. The substrate was placed on a carbon
heating block, which was enclosed in a quartz tube. The top
plate of stainless steel of 4.8 cm � 15 cm was suspended over
the substrate approximately 8 mm to assist the laminar ow of
the aerosol. In the deposition, the obtained precursor solution
was atomised using a ‘Liquifog’ piezo ultrasonic humidiers
(Johnson Matthey). The aerosol or mist was generated and
This journal is © The Royal Society of Chemistry 2018
transported to the heated substrate through the baffle via
nitrogen carrier gas with a ow rate of 1.5 L min�1. The depo-
sition temperature was 500 �C for all samples. A typical depo-
sition would take 15–20 minutes in order for all of the solution
to aerosolize, aer which the substrate was le to cool under
a continuous ow of nitrogen gas and removed when the
temperature of reactor was below 100 �C. The lm was cut into
pieces of 1 � 1 cm2 prior to the characterisations.
Film characterisation

X-ray photoelectron spectroscopy (XPS) spectra of Zn 2p, Fe 2p,
Cl 2p and O 1s were investigated to conrm the oxidation states
as well as compositions of constituent elements. A Thermo
Scientic K-alpha spectrometer with a monochromatic Al Ka
radiation, a dual beam charge compensation system and
constant pass energy of 50 eV were utilised. The collected
spectra were tted using CasaXPS soware. The C 1s peaks at
284.5 eV were used as reference for binding energy calibration.
X-ray diffraction (XRD) measurement, using a Bruker-Axs D8 X-
ray diffractometer with parallel beam optics equipped with
a PSD LynxEye silicon strip detector, was performed to check the
phase purity of the lms. Monochromatic Cu Ka1 and Ka2 X-rays
(l ¼ 1.54056 Å and 1.54439 Å, respectively), with the intensity
ratio of 2 : 1, were generated using a voltage of 40 kV and
a current of 40 mA. The incident beam angle was kept at
a grazing setup of 1�. XRD patterns were collected with 2q range
of 10–66� with a step size of 0.05� by a scan rate of 4 s per step.
Le Bail renement using GSAS and EXPGUI soware43,44 was
done to get the cell parameters. Scanning electron microscope
(SEM) images and side-on SEM images were gained to study the
surface morphology and lm thickness, respectively, using
a JEOL JSM-6301F Field Emission instrument with an operated
acceleration voltage of 10 kV. UV/vis transmittance spectra were
measured to obtain the optical properties by using a Perkin
Elmer Lambda 950 UV/vis/NIR Spectrophotometer. Surface
topology and roughness (root mean squared, Rq) were charac-
terised using an atomic force microscope (AFM, Bruker Multi-
mode 8). The tips were used in the ScanAsyst tapping mode to
scan the area of 1.0 mm � 1.0 mm, respectively, with 512 scans.

Hall effect measurement with the van der Pauw method was
carried out on an Ecopia HMS-3000 to investigate the electrical
properties: resistivity (r), carrier concentration (n) and carrier
J. Mater. Chem. A, 2018, 6, 12682–12692 | 12683
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mobility (m). A magnetic eld of 0.58 T and an input current of 1
mA to 1 mA were applied for the measurement.

To determine the photocatalytic properties, the test of stearic
acid degradation was studied. A thin layer of stearic acid was
coated on lms by dipping in a 0.05 M stearic acid solution in
chloroform using a bespoke dip coating apparatus, which
withdraws the substrate at a xed rate vertically from the stearic
acid solution. Fourier transform infrared (FTIR) spectra were
collected in the absorbance mode in the range of 2700–
3000 cm�1, using a Perkin Elmer RX-I instrument, to monitor
the C–H bond decomposition under UVA (l ¼ 365 nm) light
exposure. A 2 � 8 W blacklight-bulb (BLB) UVA lamps (Vilber-
Lourmat) with the irradiation of �0.5 mW cm�2, as measured
by a UVX meter (UVP), were used in the test. The linear
regression of the initial 30–40% degradation steps (zero-order
kinetics) with a conversion factor (1 cm�1 z 9.7 � 1015 mole-
cule of stearic acid per cm2)45 was utilised to determine the
photocatalytic activity rates as formal quantum efficiency (FQE)
value.
Results and discussion
Film synthesis

In the synthesis, the precursors Zn(OAc)2$2H2O and FeCl3 were
dissolved in methanol. At low concentrations (below 5 mol%) of
FeCl3 the solution was clear and colourless. However, at higher
concentrations (>5 mol% of FeCl3) some white colloid was
observed in the mixed solution, which may result due to the
formation of iron hydroxides or iron oxohydroxochlorido
species. The undoped ZnO lms deposited were typically darker
in hue than the doped lms. This was attributed to higher
carbon contamination in the undoped lms, which was
conrmed by the presence of C 1s XPS spectra in the bulk of
lms. The prepared lms become more transparent with
increasing the amount of FeCl3. Fig. 2 shows a photograph of
the most transparent lms prepared using 7 mol% FeCl3 in the
solution precursor (right) compared with bare glass (le). The
15 mol% FeCl3-loaded precursor solution resulted in the
deposition of a hazy lm and hence it was not further charac-
terised for optical and electrical properties.

All the lms had good adhesion to the substrate, passing the
Scotch tape test and steel scalpel scratch test. The lms showed
Fig. 2 Photograph of bare glass (left) and 7 mol% FeCl3 loaded ZnO
film (right).

12684 | J. Mater. Chem. A, 2018, 6, 12682–12692
good stability aer six months storage under ambient condition
and they were stable to common solvents such as methanol,
isopropanol, acetone and chloroform. All lms were deposited
at 500 �C, since this temperature resulted in lms with the
optimum appearance, good coverage and the best electrical
properties, in comparison to lms deposited at 400 �C and
550 �C.
Elemental analysis

The chemical components and their oxidation states were
studied by X-ray photoelectron spectroscopy (XPS) which indi-
cated that Cl-doped ZnO thin lms had been deposited. XPS
core level spectra for Zn 2p, Fe 2p, Cl 2p and O 1s were per-
formed. No Fe was observed in any of the samples (both surface
and depth proling). It has been previously reported that Fe can
substitute at the Zn site in ZnO lms, which can be in the form
of either Fe2+ [ref. 46–48] or Fe3+ [ref. 49–52] or mixed Fe2+/
Fe3+.53,54 However, no Fe substitution was observed in these
lms deposited via AACVD. This could be a result of side reac-
tions occurring in the solution, such as a ligand exchange,
yielding iron acetate. Indeed, aer some AACVD depositions,
a red precipitate was observed in the bubbler which may be iron
acetate as this is insoluble and has been described previously as
a red solid if impure or mixed iron/zinc acetates (ESI†).55,56

Furthermore, this would result in Zn2+ and Cl� being present in
higher concentrations in the precursor solution. However, other
reactions are also possible, for example anhydrous FeCl3
undergoes hydrolysis to produce HCl and iron hydroxide and
the presence of HCl could result in Cl-doping.

Zn 2p and O 1s spectra of all lms show similar features;
therefore the Cl-doped ZnO lms formed using 10 mol% FeCl3
has been chosen as a representative example and is shown in
Fig. 3(a) and (b). The Zn 2p3/2 peak, observed at 1020.6
(�0.2) eV, was assigned to Zn2+–O bond (Fig. 2a).57,58 The O 1s
spectrum (Fig. 3b) can be deconvoluted into two peaks; the peak
at 529.5 (�0.2) eV, corresponds to O2� in the lattice and the
peak at 531.4 (�0.2) eV can be attributed to oxygen vacancies or
loosely bound oxygen species, such as adsorbed O2 and –OH.
This oxygen is related to chemisorption on the surface and at
the grain boundaries of the polycrystalline lms.59–62 The Cl 2p
XPS spectra of all the Cl-doped lms are shown in Fig. 3c,
indicating that Cl was introduced into the lms. The Cl 2p3/2
peak at around 198.4 (�0.2) eV corresponds to Cl–Zn bond. All
XPS values quoted correspond to those observed in the
literature.30,32,33

Although chlorine was detected within the XPS data, the
signal was weak with a low signal to noise ratio, hence the at%
of chlorine in all the Cl-doped samples was considered to be
below 1 at%, as this is the threshold of reliable detection for
XPS. Therefore, although chlorine can be detected and the
inuence of Cl can be seen in the change in preferential
orientation and lattice parameters from the XRD data (vide
infra), the measured values cannot be included as the error on
these would be greater than the value calculated from the XPS
data. Moreover, the calculated at% of Cl in the bulk by depth
prole was lower than that at the surface and less than 1 at%
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 High-resolution XPS spectra of (a) Zn 2p3/2 (b) O 1s of the Cl-doped ZnO film formed from 10 mol% FeCl3 and (c) Cl 2p for all films.
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(see ESI†). This suggests that the Cl concentration in the bulk
was considerably lower due to preferential sputtering of Cl
during the etching process, when Ar+ ion bombardment was
performed, as it is a light element similar to F,16 O63 and S.64
Fig. 4 XRD patterns of simulated bulk ZnO (ICSD #82028), undoped
and Cl-doped ZnO thin films. All films can be indexed as the single
phase of wurtzite ZnO.
Crystal structure

XRD patterns of all lms (Fig. 4) can be indexed as the single
phase of hexagonal wurtzite ZnO (space group: P63mc). The
preferred orientation illustrates itself through differences in
peak intensity from sample to sample. This generally occurs
during the lm growth in order to minimise the internal stress
and surface energy.65 ZnO lms have the preferred orientation
of (002) plane along the c-axis which is normally observed in
ZnO lms as a result of lm growth mechanism resulting in the
most densely-packed and thermodynamically-favourable plane
in the wurtzite structure.66 The preferred orientation changed to
the (101) plane for the Cl-doped ZnO lms formed using 1–
5 mol% FeCl3 and then back to the (002) on increasing the
amount of FeCl3 (7–15 mol%). It is worth noting that the (101)
plane preferred orientation was observed in the case of Cl-
doped ZnO lms prepared by atomic layer deposition32 and
Cl-doped ZnO nanospheres67 and microdisks,68 whereas the
This journal is © The Royal Society of Chemistry 2018 J. Mater. Chem. A, 2018, 6, 12682–12692 | 12685
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(002) plane was observed for Cl-doped ZnO nanodisks69 and
nanowires.70 This suggests that the preparation methods and
form of sample inuences the preferred orientation. Cell
parameters a, c and cell volume (Fig. 5), which were obtained
from Le Bail renement, increased from undoped to Cl-doped
ZnO lms. This is expected for incorporation of Cl into the ZnO
structure, since a comparison of ionic radii indicates that O2�

(ri ¼ 1.40 Å) is substituted by the bigger anion Cl� (ri ¼ 1.81 Å).71
Surface morphology

SEM images (Fig. 6) illustrate that the morphology of the ZnO
lms can be affected by Cl doping. This can be rationalised
from the preferred orientation change, which can be seen from
XRD patterns (Fig. 4). The inclusion of Cl into the ZnO lattice
had a signicant effect on the surface morphology, such that
even low levels of Cl in solution caused a change in the grain
shape, as can be seen in the lm formed using 5 mol% FeCl3. It
was also observed that the average grain size increased with the
increase of mol% FeCl3; this corresponds to the increase in
crystallite size determined from Scherrer analysis (Table 1). The
morphology present in the samples was different to Cl-doped
ZnO lms prepared via ALD, which was expected due to the
effect of the different deposition techniques.32 However, the
morphology changed to hexagonal for the lm formed using
15 mol% FeCl3, this was also observed in ZnO thin lms formed
with acetic acid added to the precursor solution.72 Side-on SEM
images (Fig. 6, inset) were used to gain the thickness of the
lms, which are given in Table 1.
Surface topology

AFM images (Fig. 7) show the topology of the lms and give
information about the lm roughness, which is reported as the
root mean squared (rms) roughness value. The undoped ZnO
lm had a rms of 12.9 � 2.2 nm while the Cl-doped ZnO formed
from 10 mol% FeCl3 had a similar rms of 15.4 � 2.0 nm.
Fig. 5 Variation of cell parameters a, c and cell volume of the films
with a change of mol% FeCl3 added to the precursor solution. The
increase of cell parameters confirms the incorporation of Cl into the
ZnO lattice.

12686 | J. Mater. Chem. A, 2018, 6, 12682–12692
Interestingly, the surface area difference of the undoped ZnO
lm and the Cl-doped ZnO formed from 10 mol% FeCl3 were
not signicantly different.
Functional properties

Photocatalytic properties. The photocatalytic properties of
the lms were investigated during degradation of stearic acid
under UVA irradiation. The photocatalytic reaction can be
described as:73

CH3ðCH2Þ16CO2Hþ 26O2 ������!
ZnOðhv$EgÞ

18CO2 þ 18H2O (1)

The results of the photocatalytic testing are conveniently
expressed in terms of formal quantum efficiency (x), which
indicates the number of stearic acid molecules degraded per
incident photon. It can be seen in Fig. 8 that the activity of the
pure ZnO lm was extremely poor whilst addition of small
amounts of Cl precursor had a dramatic effect on photocatalytic
performance. The best activities were recorded for the lm
deposited from 10 mol% FeCl3 with the highest x of 3.0 � 0.1 �
10�4 molecule per photon, which was about 18 times greater
than that of undoped ZnO lm.

The improved photocatalytic efficiency of Cl doped ZnO thin
lms compared with undoped ZnO thin lms were likely due to
changes in morphology, as shown in the SEM images (Fig. 6).
Morphology is reported to be one of the most important factors
affecting the photocatalytic activity. The changes inmorphology
come from the defect point in crystalline structure aer Cl
incorporation into the ZnO lattice, this allows us to believe that
more reactive centres are produced and therefore causes the
enhanced photocatalytic process.74 Moreover, crystal face
exposition is also an important factor75,76 since it was reported
that the (101) plane show higher photocatalytically activity than
that of (001) in ZnO.77 This agrees with our work where (101) is
the preferred orientation in some lms. However, many factors
need to be taken into consideration for the enhancement in
photocatalytic efficiency, which cannot be concluded by a sole
factor.
Transparent conducting oxide (TCO) properties

Optical properties. Fig. 9 shows the transmittance spectrum
of all the lms. The glass used as the substrate showed a %
Tl400–700 of 89%. The undoped ZnO lms displayed relatively
low transmittance in the visible region, 68% (l ¼ 400–700 nm),
as previously discussed this is attributed to carbon contami-
nation. The Cl-doped ZnO lms all displayed higher trans-
parency; the lms deposited using 5–10 mol% FeCl3 have %
Tl400–700 greater than 80% with 7 mol% displaying the highest
visible light transmission of 85%. This suggests that Cl-doping
is an effective method to increase the optical transparency of
ZnO thin lms while electrical conductivity is preserved, this
has also been described previously.26,30–33 It is interesting to note
that attempts to use ZnCl2 in place of FeCl3 to form Cl-doped
ZnO lms resulted in the formation of grey, hazy and poorly
adhered lms with very low Cl incorporation.
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 SEM images of ZnO and Cl-doped ZnO films with mol% FeCl3 loading of (a) 0 mol%, (b) 1 mol%, (c) 3 mol%, (d) 5 mol%, (e) 7 mol%, (f)
10 mol% and (g) 15 mol%. Side-on SEM (inset) shows film thickness.
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To obtain the band gap energy, the optical properties of the
lms have been measured. The Tauc plot (Fig. 10), which is the
plot of (ahn)2 vs. hn was utilised to estimate the band gap energy
This journal is © The Royal Society of Chemistry 2018
for ZnO. The absorption coefficient (a) was obtained from
Lambert's equation: a ¼ 1/t[2 � log(% T)] where t and % T are
the lm thickness and % transmittance, respectively. The band
J. Mater. Chem. A, 2018, 6, 12682–12692 | 12687
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Table 1 Cell parameters a, c, cell volume V, crystallite size and film thickness

Mol% FeCl3 a (Å) c (Å) V (Å3) Crystallite size (Å) Thickness (nm)

0 3.2506(11) 5.2067(11) 47.65(3) 207.23 � 0.25 930
1 3.2505(7) 5.2091(12) 47.67(3) 297.07 � 0.50 470
3 3.2511(4) 5.2089(8) 47.68(1) 276.80 � 3.82 450
5 3.2523(2) 5.2119(5) 47.74(1) 328.83 � 2.94 460
7 3.2536(4) 5.2134(5) 47.80(1) 406.97 � 7.71 570
10 3.2539(4) 5.2152(4) 47.82(1) 377.27 � 1.31 580
15 3.2553(2) 5.2133(1) 47.84(1) 518.97 � 4.14 —
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gap energy of ZnO was 3.31 � 0.01 eV, which agrees with other
works.32,78–81 In the case of Cl-doped ZnO lms, which are
degenerated semiconducting lms, the band gap was estimated
from the corrected Tauc plot to amend the underestimation
when the Tauc method is used.82 The band gap of Cl-doped ZnO
lms increases from that of undoped lms (Table 2). Previously
DFT calculations have shown for Cl-doped ZnO that the
substitution of O by Cl introduces a shallow donor state derived
mainly from Cl 3s states. The Fermi level shis to the CB,
resulting in an increase in optical band gap energy according to
the Burstein–Moss effect.83 However, the variation in Cl content
does not signicantly affect the band gap energy.
Fig. 7 AFM images of (a) undoped ZnO and (b) 10 mol% FeCl3 doped Z

12688 | J. Mater. Chem. A, 2018, 6, 12682–12692
Electrical properties. Hall effect data was obtained for the
samples, as shown in Table 2. The resistivity of the undoped
ZnO lms prepared in this work (1.4 � 10�1 U cm) were similar
to that reported previously (1.3� 10�1U cm) for lms deposited
using Zn acetate dihydrate in methanol via AACVD.82

It can be seen that on substitution of Cl in ZnO lms a lower
resistivity was obtained from that of undoped ZnO lm, which
can be rationalised from the donor electrons generated from Cl.
As mentioned earlier, the DFT calculation shows that the
substitution of O by Cl introduces a shallow donor state derived
mainly from Cl 3s states. The Fermi level shis to the CB, thus
results in n-type semiconducting behavior.83 This is also
nO and 3D images of the same area (c) and (d).

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 The formal quantum efficiency (FQE) for the degradation of
stearic acid on undoped and Cl-doped ZnO films under UVA illumi-
nation. Pilkington Activ glass is used as reference. All ZnO:Cl films are
photocatalytically active and 10 mol% FeCl3 added show the best
efficiency.

Fig. 10 Tauc plots of ZnO films (a) and the corrected Tauc plot of
ZnO:Cl films with 1 mol% (b), 3 mol% (c), 5 mol% (d), 7 mol% (e) and
10 mol% Cl (f). A broadening parameter p/4G is obtained from the
separation of extrapolations along the edge of a (black) and a2 (blue)
plots against hn, then the parameter is added to the uncorrected band
gap to obtain a corrected estimate, as discussed by Poeppelmeier
et al.84 The extrapolated lines on x-axis show band gap energy (Eg). The
band gap energy obtained from ZnO:Cl films is larger than that of
undoped ZnO films according to Burstein–Moss effect.
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conrmed with negative value of carrier concentration. The lm
from 5 mol% FeCl3 exhibited the lowest electrical resistivity
of 4.28 � 0.41 � 10�2 U cm, the carrier concentration of
1.76 � 0.13 � 1019 cm�3 and the carrier mobility of 8.66 �
1.47 cm2 V�1 s�1.

The Cl-doped ZnO lms prepared in this work have electrical
resistivity in the same order of magnitude comparing to those
obtained using atomic layer deposition (0.55 at% Cl-doped ZnO
lms: r ¼ 1.215 � 10�2 U cm, n ¼ 5.901 � 1019 cm�3 and m ¼
31.81 cm2 V�1 s�1)32 and metal–organic CVD (r ¼ 3.6 � 10�2

U cm, n � 1020 cm�3 and m ¼ 9–14 cm2 V�1 s�1),31,34 but higher
than that prepared by physical layer deposition (2.4 at% Cl-
doped ZnO lms: r ¼ 6.344 � 10�4 U cm, n ¼ 4.04 � 1020

cm�3 and m ¼ 23.75 cm2 V�1 s�1).30,33 Computational studies
Fig. 9 (a) Transmittance and (b) reflectance spectra of all films and the spectrum of bare glass was collected as reference. ZnO:Cl films improve
% T from carbon-contaminated undoped ZnO film. The films with 7 mol% FeCl3 exhibits the highest % T of 85.

This journal is © The Royal Society of Chemistry 2018 J. Mater. Chem. A, 2018, 6, 12682–12692 | 12689
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Table 2 Functional properties: photocatalytic properties and TCO properties, which includes electrical properties and optical propertiesa

Mol%
FeCl3

Photocatalytic
properties

TCO properties

Optical properties Electrical properties

x

(� 10�4 molecule per photon) % Tl400–700 Eg (eV) n (� 1019 cm�3) m (cm2 V�1 s�1) r (� 10�2 U cm) Rsh (U ,�1)

0 0.17 � 0.04 68 3.31 � 0.01 0.10 � 0.01 4.34 � 0.12 1400.00 � 44.97 15 053.8 � 483.6
1 1.44 � 0.14 76 3.35 � 0.01 0.86 � 0.11 6.35 � 0.84 11.91 � 0.01 2532.9 � 0.8
3 1.74 � 0.08 79 3.34 � 0.01 0.97 � 0.23 11.79 � 1.38 5.99 � 0.75 1331.9 � 167.4
5 2.40 � 0.26 83 3.34 � 0.01 1.76 � 0.13 8.66 � 1.47 4.28 � 0.41 929.8 � 89.46
7 2.78 � 0.10 85 3.34 � 0.01 1.11 � 0.30 9.90 � 1.04 6.41 � 1.13 1124.6 � 198.8
10 3.03 � 0.09 82 3.35 � 0.01 3.24 � 1.13 4.00 � 1.22 6.18 � 0.33 1064.8 � 57.2
15 2.08 � 0.24 — — — — — —

a n: charge carrier concentration; m: charge carrier mobility; r: bulk resistivity; Rsh: sheet resistance; x: formal quantum yield efficiency.
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have previously revealed that oxygen vacancy is the donor-type
defect which show the lowest formation energy under n-type
conditions; therefore it may also be valuable to take oxygen
deciency into an account for the conductivity in ZnO lm
prepared under an inert atmosphere like N2.85 It is also inter-
esting to mention that the thermodynamic study using Kröger
method proposed the possible defect impurities in Cl-doped
ZnO, which are Zn vacancy (VZn), Zn interstitial (Zi), oxygen
vacancy (VO) and chlorine donor (ClO).86 The defect in ZnO
system is well known to be strongly correlated to preparation
condition including temperature and atmosphere. This
suggests that the lm deposition route is an important factor
affecting the electrical properties of synthesised lms.

These results show that deposition of electrically conductive
and transparent Cl-doped ZnO lms onto inexpensive glass
substrates can be achieved via a one-step AACVD method
without the requirement for post-deposition annealing or
expensive vacuum apparatus. We have shown that the proper-
ties of the resulting Cl-doped ZnO thin lms can be tailored to
a specic application via altering the electronic, crystal and
surface texture properties of the lms. Thus, the Cl-doped ZnO
lms deposited via this simple AACVD route combine three
functional properties (optical transparency, electrical conduc-
tivity and photocatalysis) within the same lm making it
a promising alternative to conventional TCO or photocatalytic
materials. Furthermore, AACVD technique shows the potential
to provide multifunctional properties by tuning some parame-
ters, e.g., morphology, preferred orientation and surface
roughness.
Conclusions

Cl-doped ZnO lms have been successfully prepared via aerosol-
assisted CVD for the rst time from Zn acetate dihydrate and
FeCl3 in methanol. The substitution of Cl at O site into the ZnO
lattice was conrmed by the obtained pure phase of wurtzite
ZnO for all lms and the increase in cell parameters a, c and cell
volume, as well as the presence of Cl 1s XPS spectra. Fe was not
found in the lms, which might be due to side reactions of Fe
compounds as some red precipitates were observed in the
12690 | J. Mater. Chem. A, 2018, 6, 12682–12692
bubbler aer deposition. The Cl-doping signicantly affected
the morphology of the synthesised thin lms. TCO properties
were achieved from Cl substitution as high transmittance above
80% and low electrical resistivity in the order of 10�2 U cm were
observed. The highest transmittance (% T) of 85% was obtained
when using 7 mol% FeCl3 in the precursor and the lowest
resistivity of 4.28 � 0.41 � 10�2 U cm was obtained for 5 mol%
FeCl3. In contrast, the use of 10 mol% FeCl3 doping resulted in
Cl-doped ZnO thin lms which exhibited the best photocatalytic
activity of stearic acid degradation under UVA irradiation with
the highest formal quantum efficiency (FQE) of 3.0� 0.1� 10�4

molecule per photon. AFM images implied that the improve-
ment in photocatalytic activity results from surface morphology
and exposed crystal faces since the specic surface area of Cl-
doped ZnO lms from 10 mol% FeCl3 were not signicantly
different from that of plain ZnO lms. The surface morphology,
optoelectronic properties and crystallinity have been shown to
be dependent on the amount of FeCl3 present in the precursor
solution. These lms showed potential application as both
TCOs and photocatalysts; these multifunctional characteristics
expand the scope of applications such as self-cleaning87–89 at
panel displays. Furthermore, the AACVD methodology could be
utilised to tailor the functional properties of the lms towards
specic applications, such as for photocatalytic materials or
TCOs for photovoltaic devices.
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