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ABSTRACT: Extrinsically doped ZnO is widely used as a transparent
conducting electrode and has the potential to alleviate the demand on the
expensive but ubiquitous Sn-doped In2O3. Here, we report for the first time
the synthesis and characterization of molybdenum-doped ZnO via a
chemical vapor deposition route. Films were grown by using diethylzinc,
molybdenum hexacarbonyl, toluene, and methanol. All films had visible
light transmittance of ∼80% and electrical resistivity of 10−3 Ω·cm with the
lowest resistivity of 2.6 × 10−3 Ω·cm observed for the 0.57 at. % Mo-doped
film. X-ray photoelectron spectroscopy of the surface species and X-ray
diffraction based calculations of the ZnO unit cell parameters suggest that
Mo is present in the 4+ oxidation state, thus contributing two electrons for
electrical conduction for every Zn2+ ion replaced in the lattice.
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■ INTRODUCTION

Transparent conducting oxides (TCOs) are an important
component in many widely used devices such as solar cells,
flat-screen displays, and touchscreens.1−3 They are semi-
conductors that are transparent (>80%) to the visible
wavelengths of the electromagnetic spectrum because of an
optical band gap of ≥3.1 eV and have almost metal-like
electrical resistivity (≤10−3 Ω·cm) due to extrinsic dopants.3−5

Sn-doped In2O3 (ITO) is currently the most widely used TCO
material achieving resistivities as low as 10−4 and 10−5 Ω·cm;
however, because of the scarcity and high cost of indium,
alternative materials are in high demand.6,7

ZnO is a nontoxic, earth abundant, and thus inexpensive
semiconductor compared to In2O3. Furthermore, unlike ITO,
ZnO is chemically stable under hydrogen plasma that is
employed in the fabrication of microcrystalline Si based solar
cells and thin film transistor−liquid crystal displays (TFT-
LCDs).8,9 ZnO is highly suitable as a TCO due to its optical
band gap of 3.37 eV and intrinsic n-type conductivity that is
thought to originate from adventitious hydrogen.10,11 How-
ever, the resistivity of nominally undoped ZnO is often too
high for application in electronic devices. To reduce the
resistivity to 10−3 Ω·cm or below, extrinsic donor dopants are
necessary. Al3+ is widely used, as it is a shallow donor dopant in
ZnO that contributes to one electron for conduction for every
Zn2+ substituted. However, because of the small ionic radius of
Al3+ (0.39 Å), ZnO:Al can suffer from poor stability.9,12

Another donor dopant that is also often used is Ga3+ which has
a larger ionic radius of 0.47 Å and shows better stability while
donating one electron for conductivity.9,12 Recently, a strategy
to further enhance the conductivity of ZnO by using even

higher valence donor dopants (e.g., W, Nb, and Mo) that can
contribute more than one electron for conduction have been
employed.8,13,14

Mo is stable in the 4+ or 6+ oxidation states and thus when
substitutionally doped on Zn sites can contribute two or four
electrons, respectively, into the conduction band of ZnO to
enhance the electrical conductivity. Previous studies for Mo-
doped ZnO have shown promising resistivities in the 10−3 and
10−4 Ω·cm range.8,15−17 However, these films have, in most
cases, been grown by ultrahigh-vacuum physical vapor
deposition (PVD) techniques.8,15,17 To date, no Mo-doped
ZnO films have been grown via chemical vapor deposition
(CVD).
Aerosol-assisted chemical vapor deposition (AACVD) is a

specialized form of CVD used to prepare thin films. AACVD
uses soluble precursors instead of vaporizing volatile precursors
used in the traditional atmospheric pressure (AP)CVD, which
could offer a larger range of precursors to be chosen to avoid
some of hazards, including corrosivity, pyrophoricity, flamma-
bility, explosivity, and environmental toxicity.18,19 Compared
to other synthetic technologies, there are also some other
benefits of AACVD, such as easily controlled morphology,
stoichiometry, and film thickness and a relatively simple
process that operates at ambient pressure, resulting in low
cost.18−24 Hence, AACVD is a prospective method to
synthesize TCO thin films. Moreover, AACVD has been
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used to fabricate many thin films with excellent functional
properties.22,23,25

In this paper, the growth of Mo-doped ZnO thin films on
glass substrates via aerosol-assisted chemical vapor deposition
(AACVD), a specialized form of CVD that is easily scalable
and cost-effective, operating at ambient pressure has been
investigated.18

■ EXPERIMENTAL SECTION
Film Synthesis. Caution! Diethylzinc is a pyrophoric substance that

ignites spontaneously in air and therefore must be handled under an inert
atmosphere.
Depositions were performed under N2 (BOC Ltd., 99.99% purity)

flow. Diethylzinc (ZnEt2, 15 wt %) in toluene (99%), molybdenum
hexacarbonyl ([Mo(CO)6], 99%), and methanol (99%) were
purchased from Sigma. The methanol was freshly dried over
magnesium and stored over sieves prior to use while ZnEt2 and
[Mo(CO)6] were used as received. Toluene was purchased from Alfa
Aesar and stored under alumina columns and dried with Anhydrous
Engineering equipment. Glass substrates were cleaned with detergent,
water, and isopropanol and then dried in a 70 °C oven.
ZnEt2 (0.5 g, 4.05 mmol) in toluene (20 mL) was placed in a glass

bubbler. In a separate bubbler, [Mo(CO)6] (0.5, 1, 2, 3, and 4 mol %
relative to Zn) was dissolved in methanol (20 mL). Both bubblers
were connected to the CVD reactor via a Y-piece. The solutions were
atomized by using a piezoelectric device (Johnson Matthey liquifog).
The aerosol mists were delivered to the AACVD reaction chamber via
a Y piece and a water-cooled baffle and passed over the heated
substrate (float glass with a SiO2 barrier layer) by using N2 carrier gas
at 0.6 L min−1 × 2.26 Depositions were performed at 450 °C and
lasted until the precursor solution was fully used. After the deposition
the substrates were cooled under a flow of N2. The glass substrate was
allowed to cool with the graphite block to <50 °C before it was
removed. Coated substrates were handled and stored in air.
Film Characterization. X-ray diffraction (XRD) was performed

by using a modified Bruker-Axs D8 diffractometer with parallel beam
optics and a PSD LynxEye silicon strip detector. A monochromated
Cu Kα source operated at 40 kV with 30 mA emission current was
used. The incident beam angle was set at 0.5°, and the 2θ range of
10°−65° was measured with a step size of 0.05° at 1 s/step. A JEOL
JSM-6301F field emission SEM at an accelerating voltage of 5 keV
was used for scanning electron microscopy (SEM) measurements
(samples were coated with gold to avoid charging). Optical
measurements were performed using a PerkinElmer Fourier transform
Lambda 950 spectrometer over a wavelength range of 300−2500 nm.
X-ray photoelectron spectroscopy (XPS) was performed by using a
Thermo Scientific Kα photoelectron spectrometer using monochro-
matic Al Kα radiation. Higher resolution scans were recorded for the
principal peaks of Mo(3d), Zn(2p), O(1s), and C(1s) at a pass
energy of 50 eV. The peaks were modeled by using CasaXPS software

with binding energies adjusted to adventitious carbon (284.5 eV) for
charge correction. Hall effect measurements were performed using the
van Der Pauw method to determine the resistivity (ρ), free carrier
concentration (n), and mobility (μ).

■ RESULTS AND DISCUSSION

Nominally undoped and Mo-doped ZnO films were grown on
glass substrates from the two-pot AACVD reaction of ZnEt2 in
toluene and [Mo(CO)6] in methanol at 450 °C under N2 flow
(see the Supporting Information). All films were well adhered
to the substrate, which passed the Scotch tape test.27 The bulk
Mo concentration in the films was determined via energy
dispersive X-ray spectroscopy (EDS) to be 0, 0.34, 0.40, 0.57,
1.00, and 1.57 at. % from the 0.5, 1, 2, 3, and 4 mol % relative
to Zn of Mo(CO)6 in the AACVD precursor solution (see the
Supporting Information).
Figure 1a describes the X-ray diffraction patterns for the

undoped and Mo doped ZnO thin films. Bragg reflections were
seen at 31.8°, 34.4°, 36.3°, 47.5°, 56.6°, and 63.0°, which can
match the standard data of ZnO pattern and represent the
(100), (002), (101), (102), (110), and (103) planes of the
expected wurtzite phase of ZnO.28 No secondary oxide phases
for zinc and/or molybdenum were visible. Applying the
Scherrer equation to the XRD data showed that the undoped
ZnO film had an estimated crystallite size of ca. 30 nm while
the doped samples were all roughly 20 nm (see the Supporting
Information). It is important to note that the Scherrer equation
has a large associated error, and therefore the values obtained
only provide an indication of trends.29

Typical of AACVD grown thin films, compared to the
standard pattern, all the films studied here show degrees of
preferred orientation in various crystallographic directions. The
preferred orientation was quantified by determining the texture
coefficient (TC) for each plane with the results shown in
Figure 1b, where TC values above one indicate a preference for
that plane and a TC value below one is a lack of preference.
The undoped ZnO film prefers to grow in the (100) plane and
shows a lack of growth of the (102), (110), and (103) planes.
Again, this is likely a result of substrate influence.30 With Mo
doping, in most cases, the (100) and (101) planes are
preferred, with the (002) plane also preferred but only at the
higher doping levels of 0.57, 1.00, and 1.57 at. %. This is
atypical of previous reports of Mo-doped ZnO thin films and
cation (Al, Ga, W, Sc, and Mg)-doped ZnO in general, which
all show only a strong preference for the (002)
plane.15−17,19,31−35 This is expected as the (002) plane has

Figure 1. (a) XRD patterns showing the standard, undoped, and Mo-doped ZnO films prepared at 450 °C to be in the wurzite phase of ZnO. No
secondary phases are visible. (b) Results of the texture coefficient calculation. A TC value of above 1 indicates preference in that direction.
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the lowest surface energy in the ZnO crystal. The impact of the
preferred orientation on the morphology of the films as
determined via scanning electron microscopy (SEM) im-
ages can be found in Figure 2. The nominally undoped film

shows a morphology consisting of platelet-like features of
varying sizes randomly orientated. The morphology of ZnO
films is dependent on a range of factors including substrate,
substrate temperature, carrier gas, precursor, and oxidant
source. ZnO films grown on glass from ZnEt2 by using
AACVD often have platelet-like features such as the ones seen
here. Upon the introduction of Mo, the ZnO films appear to
become flatter with the morphology composed of globular
grains of various dimensions that are parallel to the substrate.
This is supported by the XRD results where preferred
orientation was observed in various crystallographic directions
for the ZnO:Mo films. This indicates that crystal growth was
taking place evenly as opposed to in one particular plane, such
as the (002) which often grows perpendicular to the substrate
leading to a more textured morphology.
The X-ray photoelectron spectroscopy (XPS) results for the

deposited thin films can be seen in Figure 3. As expected, the
oxidation state of Zn in all cases is 2+, with a binding energy of
1022.1 eV observed for 2p3/2, which corresponds well with

literature results for ZnO (Figure 3a).36 For the Mo-doped
samples the Zn3/2 peak position generally shifts to slightly
lower values between 1021.5 and 1021.8 eV (Figure 3a).
Figure 3b displays the high-resolution scans in the Mo 3d
region which were performed for all films. For dopant
concentrations between 0.34 and 0.57 at. %, only a small
bump with a low signal-to-noise ratio was observed, and thus
peak fitting to determine oxidation state was not practical
(Figure 3b). For the 1.00 and 1.57 at. % Mo films, peak fitting
of the asymmetric Mo 3d peaks was performed using a pair of
doublets. The primary 3d5/2 peak for both films was centered
at 232.2 eV, matching Mo6+ with the secondary 3d5/2 peak
situated at 230.4 eV and corresponding to Mo4+.37

The Mo6+ observed on the surface of both the 1.00 and 1.57
at. % doped films is likely a result of surface oxidation and has
been previously reported for Mo-doped metal oxides.38

Without bulk analytical techniques such as hard XPS
(HAXPES), it is difficult to confirm the oxidation state of
the Mo within the bulk; however, the detection of Mo4+ on the
surface despite surface oxidation and the ionic radius of Zn2+

(0.6 Å) being more closely matched to that of Mo4+ (0.65 Å)
than that of Mo6+(0.41 Å) suggests that Mo4+ is likely the
principal form in the bulk. This is confirmed by the unit cell
parameters calculations that showed upon doping an expansion
of the ZnO lattice was observed as opposed to a contraction.
The unit cell parameters of undoped and doped films were

determined by the modeling of the XRD patterns using JADE
software (Table 1). The parameters a and c and the volume for
the nominally undoped ZnO were calculated to be 3.2522(2)
Å, 5.2103(3) Å, and 55.108(6) Å3, respectively. These values
are slightly larger than the standard values (3.243 Å, 5.195 Å,
and 54.636 Å3) for wurtzite ZnO, primarily due to substrate-
induced strain on the CVD grown thin films.30,39 Upon doping
with Mo, the unit cell expands linearly (intercept = 55.108(4)
Å3, slope = 0.12(3), and R2 = 0.85) with dopant concentration
(see the Supporting Information). This also suggests that
substitutional doping is indeed taking place with Mo replacing
Zn as opposed to only MoOx phase formation.

Figure 2. SEM images for the morphology of the (a) undoped and
(b) 0.34, (c) 0.40, (d) 0.57, (e) 1.00, and (f) 1.57 at. % Mo-doped
ZnO films prepared through AACVD.

Figure 3. Core level XPS analysis showing the oxidation states of the (a) Zn and (b) Mo on the surface of the undoped and Mo-doped ZnO films.
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Figure 4 shows the bulk concentration, carrier mobility, and
resistivity of the ZnO and Mo-doped ZnO films from the Hall

measurements. The nominally undoped sample has a bulk
concentration of 1.31 × 1020 cm−3 and a mobility of 16.19 cm2

V−1 s−1, leading to a resistivity of 3.7 × 10−3 Ω·cm. The bulk
concentration is high for a pure ZnO sample but not atypical of
ZnO films grown by using ZnEt2.

26 Though not fully
understood, the high intrinsic conductivity is attributed to
adventitious hydrogen.10,11,26 Upon incorporation of Mo into
the lattice, there is a slight drop in the bulk concentration to
1.01 × 1020 cm−3 (presumably due to possible self-
compensating mechanisms, e.g., the formation of Zn
vacancies),9 a drop in the carrier mobility, and thus an
increase in the resistivity to 4.9 × 10−3 Ω·cm. The lowest
resistivity of 2.6 × 10−3 Ω·cm was measured for the 0.57 at. %
Mo concentration arising primarily from a high bulk
concentration of 2.4 × 1020 cm−3 as two donor electrons are
released for conduction for every Zn2+ substituted with Mo4+.
At higher concentrations of Mo (1.00 and 1.57 at. %) the bulk
concentration decreases (1.2 × 1020 and 0.6 × 1020 cm−3,
respectively) due to self-compensation, e.g., the formation of
acceptor point defects such as Zn vacancies that counter the
effect of the donor Mo4+ dopant.40 Another possible factor for
the decrease in carrier concentration and conductivity is that

possible limits of Mo solubility in ZnO have been reached,
giving rise to the formation of electrically inactive MoOx
secondary phases. Previous literature examples of Mo-doped
ZnO have estimated the solubility limit of Mo in ZnO to be at
ca. 1 at. %.41 As a result of these reasons, an increase in
resistivity to 4.6 and 8.2 × 10−3 Ω·cm was observed. The
carrier mobility of the ZnO:Mo films with lowest resistivity
(0.57 at. %) is 10.2 cm2 V−1 s−1, which is above the highest
carrier mobility data of Sc-doped ZnO (7.5 cm cm2 V−1 s−1),19

Al-doped ZnO (9.0 cm cm2 V−1 s−1),42 Ga-doped ZnO (10.1
cm cm2 V−1 s−1),42 and In-doped ZnO (5.1 cm cm2 V−1 s−1)42

synthesized through AACVD.
The electrical properties reported in the literature for

ZnO:Mo films grown via PVD techniques such as reactive
magnetron sputtering and radio-frequency (RF) magnetron
sputtering are lower compared to the AACVD results here. Xiu
et al. report a resistivity that is quite low at 9.2 × 10−4 Ω·cm for
RF magnetron grown films on glass substrates.17 Another low
resistivity at 7.9 × 10−4 Ω·cm was achieved by Wu et al. for
reactive magnetron sputtered films.8 Such low resistivities were
obtained due to high carrier mobilities of 30.0 and 27.3 V−1

s−1, which are nearly three times larger than what was seen for
the films in this study. However, the synthetic route involving
AACVD is advantageous compared to PVD routes in that it
operates at ambient pressure and is highly scalable by using
inexpensive precursors, especially in the case of [Mo(CO)6].

21

Furthermore, the resistivity of 2.6 × 10−3 Ω·cm for the 0.57 at.
% Mo doped ZnO film in this study is the lowest resistivity
recorded for a ZnO:Mo film synthesized through a CVD route.
In addition, compared to some other doped ZnO films, which
have the same synthetic route (AACVD) as ZnO:Mo film in
this study, our ZnO:Mo film shows a relatively low resistivity
of 2.6 × 10−3 Ω·cm, while the lowest resistivity of Al-doped
ZnO, Ga-doped ZnO, and In-doped ZnO were 0.5 × 10−2, 1.3
× 10−2, and 1.7 × 10−2 Ω·cm, respectively.41,42

Figure 5a shows the ultraviolet−visible (UV−vis) spectra for
the films on glass substrates between 300 and 2500 nm. The
average transmittance of visible light (400−700 nm) for all
films is ca. 80% and is comparable to the PVD and spray
pyrolysis grown films reported in the literature.8,16,17 In general
the transmittance in the near-infrared region decreases with
increasing bulk concentration. The reflectance of the films is
on average ≥20% across all wavelengths and again comparable
to literature findings.8,16,17 Both the nominally undoped and
the doped films showed a band gap between 3.3 and 3.4 eV,
matching closely to the expected value of 3.37 eV (Figure 5b).

■ CONCLUSION
Polycrystalline ZnO and Mo-doped ZnO thin films were
grown on glass substrates by using AACVD. XRD analysis
showed all films to have no visible phase separation, with the
unit cell parameters calculated to show an expansion in the
ZnO lattice with Mo incorporation. This suggests that Mo4+,
with the larger ionic radius compared to Zn2+, was the primary
dopant instead of Mo6+. XPS analysis of the surface showed
both Mo4+ and Mo6+ (possibly due to surface oxidation) were
present. Hall effect measurements showed all films had low
resistivity with the 0.57 at. % ZnO:Mo film having the
minimum resistivity of 2.6 × 10−3 Ω·cm because of a relatively
high carrier concentration of 2.4 × 1020 cm−3. This is the
lowest resistivity reported for a ZnO:Mo film on glass
deposited from a chemical deposition route and the only
reported instance of electrically conductive ZnO:Mo having

Table 1. Unit Cell Parameters for the Undoped and Mo-
Doped ZnO Films Grown via AACVD

unit cell parameters

Mo concn (at. %) a (Å) c (Å) vol (Å3)

0 3.2522(2) 5.2103(3) 55.108(6)
0.34 3.252(2) 5.21(3) 55.10(6)
0.40 3.254(2) 5.212(6) 55.19(8)
0.57 3.256(2) 5.211(5) 55.25(7)
1.00 3.257(2) 5.205(2) 55.22(5)
1.57 3.257(3) 5.212(6) 55.29(10)

Figure 4. Electrical properties of the undoped and Mo-doped ZnO
films derived from Hall measurements displaying the trend in bulk
concentration, carrier mobility, and resistivity.
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been deposited via AACVD, which is considered as a
prospective synthetic technology.
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