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The effect of solvent on the functional properties
of zinc oxide films via AACVD

Oliver R. Marsh, Igra Ramzan, 2 Claire J. Carmalt® and lvan P. Parkin @2 *

Zinc oxide films were successfully synthesised from zinc acetate dihydrate in a dual-solvent mixture via
aerosol assisted chemical vapour deposition (AACVD). Preferential growth in the (002) and (100) crystal
planes was achieved through variation in the dielectric constants of the solvents. It was found that the
solutions with greater dielectric constants increased the growth in the (002) direction, whilst toluene, which
has a low dielectric constant, increased growth in the (100) plane. This leads to the ability to grow
functional zinc oxide films with specific morphologies for a range of PV devices to optimise electron
transport. Excellent conductivities of ~6 and 1.3 S cm™! were obtained for undoped zinc oxide, using
acetonitrile and toluene as the secondary solvents respectively, demonstrating that the morphology has
little influence on Hall effect measurements. All films were transparent, where some met industry standards,
reaching over 80% transmittance to visible light. Highly crystalline films have been produced, with low
FWHM confirmed by XRD analysis, making these films suitable for doping to enhance their functionalities as
electron transport layers. Water contact angle measurements confirmed the presence of both hydrophobic
and hydrophilic zinc oxide films. The origin of the differing surface wettability was attributed to varying
amounts of surface hydroxyl terminations, as determined by XPS analysis, demonstrating that the choice of
solvent in the AACVD process can modify the ZnO surface chemistry and optimise for antisoiling purposes.

Introduction

With solar power set to be the predominant source of energy
world-wide by the mid-2030s, the need for more efficient
photovoltaics (PVs) is higher than ever. The photocurrent
efficiency (PCE) of some commercially available PVs has
reached 26.7% for c-Si, 22.9% for CIGS (Cu(In,Ga)Se,), and
22% for CdTe solar cells.' The improvement in PCE has partly
come from the incorporation of interface layers between
photon absorption layers and the transparent conducting oxide
(TCO) or encapsulant layers which reduce charge recombina-
tion. One interface material of interest is zinc oxide, a highly
crystalline semiconductor where its wide band-gap (3.37 eV)
lends itself to having high transparency.*

Aerosol assisted chemical vapour deposition (AACVD) is a
method used to deposit thin films which has some major
benefits over its predecessor (atmospheric pressure (AP) CVD).
APCVD relies on the volatility of the precursors, whereas AACVD
only relies on the solubility of a precursor in a chosen solvent.”
Therefore, this opens the possibilities as to what precursors are
available for film deposition, with non-volatile precursors now
able to be deposited by AACVD. The choice of solvent is influen-
tial in the characteristics of the film grown, where morphology,
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phase structures, transparency, conductivity, and grain sizes can
all be affected.®” Zinc oxide can be deposited via AACVD from a
zinc acetate precursor that is soluble in a range of solvent
systems, each giving different film properties.

During AACVD, a precursor is dissolved in solvent and then
transformed into a mist using an ultrasonic nebuliser. This
aerosol mist is then carried to the deposition chamber in an
inert gas stream. The mist is heated to temperatures typically
ranging from 300 to 550 °C, where the solvent evaporates, leaving
the precursor to deposit onto the substrate. Using different
solvents affects the kinetics of this process, with higher viscosity
solutions producing larger droplets which takes more time to
completely evaporate.®® Thus, it is expected that higher viscosity,
and higher boiling point solutions will cause greater levels of
carbon incorporation into the films. Different solvents also cause
different reactive intermediates to form, which react homoge-
nously onto the substrates’ surface, affecting film properties.'®

Methanol is a commonly used solvent since its high polarity
allows for the high solubility of zinc acetate. Although non-
polar solvents such as hexane and toluene don’t have the ability
to dissolve zinc acetate, they can be utilised when incorporated
into mixtures with high methanol mole fractions. For a
MeOH:n-hexane solution where it’s mole fraction is 0.865, a
micellar regime occurs, where methanol makes up the hydro-
philic outer-core, and hexane the hydrophobic inner-core.'*
Zinc acetate interacts strongly with the methanol molecules

© 2026 The Author(s). Published by the Royal Society of Chemistry
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in the outer core, hence why the dissolution takes place with no
phase separation.

The nature of zinc oxide interfaces can be tuned for different
PV technologies, depending on the surface roughness and
conduction band of the photon absorber which has been
deposited onto it. Smooth surfaces have been shown to
increase adhesion with the absorber layer, whereas rougher
surfaces improve light scattering. Hence, tuning the surface
roughness of ZnO would be a powerful way to optimise electron
transport across the film interface, increasing PCE.® Another
consideration is the band alignment at the boundary between
the interface layer and the photo absorber. Sanchez-Perez et al.
has demonstrated that the solvent mixture can significantly
alter the band-gap of the zinc oxide film using Zn(acac), as the
precursor.'”> Optimising the band-gap improves electron trans-
fer by ensuring that the barrier for charge extraction is not too
high or low. Hydrophobic and hydrophilic surfaces are becom-
ing increasingly attractive for antisoiling purposes. The degree
of wettability can be controlled by surface modifications, the
surface free energy and surface roughness of the films. Some
previous literature outlines routes to achieving various degrees
of wettability, using materials such as n-octadecyl thiol, poly-
ethylene terephthalate, and poly-vinyl alcohol."**® Whilst these
reports have all been greatly successful, they require additional
synthesis steps which can often be time consuming and expen-
sive. In this study, we have found that the solvent affects the
surface chemistry of zinc oxide films, changing their wettabil-
ity. This has led to a facile route for surface modifications to
improve the films antisoiling properties. To our knowledge,
this is the first time that the dielectric constant of the solvent
and the texture coefficient of the (002) plane have been related,
allowing for control of the film’s orientation. This paper also
provides an in-depth discussion of how a dual solvent mixture
affects the physical properties of zinc oxide films such as carrier
mobility, morphology and transmittance of visible light, which
can further be optimised for the films’ use as interfacial layers
in solar cell design.

Experimental

All AACVD depositions were carried out using nitrogen (99.99%,
BOC, Surrey, UK) as the carrier gas, with a flow rate of 1 L, min™".
Zinc acetate dihydrate (0.5 g, 2.28 mmol) was the precursor of
choice, purchased from Alfa Aesar, and no purification was
required. A precursor solution was made up in a thinned out
round bottom flask, where zinc acetate dihydrate was dissolved
in 30 mL of solvents (Table 1). Acetic acid (~1 mL) was added to
all solutions to aid solubility; the flask was then mixed ultra-
sonically for 15 minutes each. The glass substrates that are to be
deposited on were 3.2 mm thick barrier glass (Pilkington Tech-
nology Management Limited, Lancashire, UK). These were
cleaned ultrasonically using a methanol and acetone solution,
then were dried in an oven prior to deposition.

Before misting, the glass substrate was placed on top of a
carbon block inside the AACVD apparatus (Fig. 1) which was
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Table 1 Solvent systems used for each deposition. The boiling point,
viscosity, and dielectric constant data are representative of solvent 2

Dielectric
Solvent 1  Solvent 2 Boiling Viscosity ~ constant
(20 mL) (10 mL) point (°C) (cp, 20 °C) (20 °C)
Methanol Methanol 64.7 0.55 32.6
Methanol Toluene 110.6 0.59 2.4
Methanol Ethyl acetate 77.0 0.46 6.02
Methanol n-Hexane 69.0 0.31 1.89
Methanol Tetrahydrofuran (THF)  66.0 0.55 7.6
Methanol Acetonitrile 82.0 0.37 37.5

subsequently heated to 450 °C. A top plate was also preloaded
which sat vertically 8 mm above the substrate to ensure laminar
flow. Once the temperature was reached, the solution was
deposited onto the substrate as a mist. The mist was generated
by a 1.6 MHz piezo ultrasonic atomiser (Johnson Matthey) and
transferred to the AACVD rig via a nitrogen carrier gas. After all
reactions went to completion, the apparatus was cooled at
10 °C min~" under nitrogen gas, to yield zinc oxide films.

Characterisation

Scanning electron microscope images were taken using a JEOL
JSM-7600F at an acceleration voltage of 10.0 kV. Film thick-
nesses were calculated by averaging the thickness across the
substrate at three separate locations from side-on images. X-ray
diffraction patterns were recorded using a Malvern Panalytical
Empyrean X-ray diffractometer, which used monochromatic
CuKo, and ko, radiation wavelengths of 1.54056 and 1.54439 A
respectively. These wavelengths were emitted at an intensity of
2:1 with a voltage of 40 kV and a current of 40 mA. Data were
collected for 20 angles of 10-80° at 0.05° intervals, each taking
0.5 seconds per interval. FWHM was found using data collector
software powered by Malvern Panalytical. UV-Vis spectroscopy
was conducted using a Shimadzu 3600i plus spectrometer over
a range of 200-3000 nm. Hall measurement data were collected
using an Ecopia SPCB-01 set-up, where resistivity, conductivity,
and carrier mobility data were found using a ~1 cm? substrate.
One dimensional "H NMR spectra were collected using a Bruker
Avance Neo 500 and analysed using MestReNova software.
Water droplet surface contact angles were measured using a

Top plate  Substrate Quartz
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Fig. 1 AACVD apparatus.
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Fig. 2 XRD patterns of zinc oxide films grown using different solvent
mixtures. The reference data is of hexagonal wurtzite (JCPDS no. 00-036-
1451). The peaks observed at 31.76, 34.41, 36.25, 47.53, 56.59, 62.85, 67.94,
and 69.09 correspond to the (100), (002), (101), (102), (110), (103), (112), and
(201) respectively.'®

Kriiss DSA25E drop shape analyser and subsequently analysed
using Kriiss Advance software. Transmittance and reflectance
data were collected on a Shimadzu UV-3600i plus. X-ray photo-
electron spectroscopy (XPS) was conducted on a Thermo K-
alpha X-ray photoelectron spectrometer, and analysed using
Avantage software.

Results and discussion

The solvent used during AACVD was found to have a large impact
on the morphology and optoelectronic properties of ZnO thin
films. During this process a dual-solvent mixture was atomised
using an ultrasonic humidifier. Despite all solvent being trans-
ferred to the reactor, some residue of zinc acetate was left behind
in all cases. High quality films were produced throughout,
passing the Scotch tape™ test showing good adhesion, high
transparency, and the ability for reproducible results.

The coordination chemistry in the solution phase of the zinc
precursor was studied by "H NMR. This indicated that there
was no direct evidence for the existence of methanol, or any
other secondary solvents coordinating to zinc acetate (Fig. S1-
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S13). One observation was the peak broadening of the singlet at
0.94 ppm, compared to other solvent mixtures. This was
indicative of an OH group, when a methanol:n-hexane mixture
was used. Peak broadening can explain micellar formation
mentioned previously, as a broader peak shows a dynamic
hydrogen bonding network.'® However, NMR studies were not
conclusive in realising the coordination chemistry of zinc
acetate in various solvents, and the changes in these structures
in the gas phase are widely unknown.

X-ray diffraction (XRD) patterns provide information regard-
ing the crystallinity, orientation, and crystallite sizes for the films
produced. Fig. 2 shows XRD patterns for the films grown using
different solvent mixtures. The solvent system used affects the
crystallinity of the films as observed by the full width half
maxima (FWHM) of the (002) crystal planes (Table 2). Since the
variable was the solvent mixture, the difference in crystallinity of
the films must be due to the solvents physical and chemical
properties such as the boiling point, viscosity, and dielectric
constant. A low boiling point, low viscosity, and high dielectric
constant are ideal requirements for a good precursor mixture
due to the ease of droplet formation (dielectric constant), and the
ease of evaporation (low boiling point, low viscosity).

XRD data reveal that a mixture of MeOH:acetonitrile has the
smallest FWHM, indicating high crystallinity (Fig. 2). This is
because this solvent mixture has the highest dielectric constant
with low viscosities, meaning that smaller droplets form."”
Using methanol only also gives similar results, however they
are not as extreme, as its viscosity and dielectric constant are
lower than acetonitrile. Despite MeOH:n-hexane films having
no phase separation, this was the only mixture in which zinc
acetate did not fully dissolve, and a solution with a pale white
colour was observed. However, good quality films were still
achieved with XRD showing high crystallinity, and a similar
preference for growth as with just methanol.

The crystallite diameters were calculated using the Scherrer
equation:”

kA
D_[)’COSG

D is the average size of the crystals, k is a dimensionless shape
factor which has been taken as 0.9 in this instance, 4 is the
wavelength of the incident X-rays, f# is the FWHM in radians,
and 6 is the Bragg diffraction angle in radians.

Table 2 Crystal data regarding the six solvent mixtures investigated. The texture coefficient and FWHM are that of the (002) crystal plane. The relative
intensity of the peaks is calculated by dividing the normalised (002) and (100) peaks by each other. The relative intensity for the reference (JCPDS no. 00-
036-1451) is 0.77. The errors for film thickness are in brackets within the table

Relative intensity Crystallite
Texture FWHM (002) of (002) against diameter/nm Film
Solvent coefficient (002) (+/— 0.0083) the (100) peak (+/— 0.9 nm) thickness (nm)
MeOH 3.86 0.261 7.45 31.9 313 (+36)
MeOH + toluene 0.73 0.469 0.20 17.0 390 (iZS)
MeOH + ethyl acetate 2.64 0.234 2.39 34.1 498 (+32)
MeOH + n-hexane 3.89 0.297 10.98 28.0 670 (£56)
MeOH + THF 3.22 0.275 5.00 30.2 435 (i83)
MeOH + acetonitrile 4.72 0.232 40.00 35.9 428 (+61)
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Fig. 3 Texture coefficient data compared to a standard from the National
Institute of Standards and Technology (NIST). The red dotted horizontal
line indicates a texture coefficient of 1, deviation from this line shows a
preference for orientation.

Despite XRD data showing that the films have different
intensities in different crystal planes, when compared to a
standard powder sample it is apparent that ZnO films depos-
ited via the AACVD process naturally prefer growth in the (002)
plane.'® This is shown in Fig. 3, where a texture coefficient was
calculated using the following equation:

I(hkl) /To (hkl)
— " I(hkd) /o (hkl)
N§

Texture coefficient (hkl) =

where I is the measured intensity, I, is the intensity if the
standard is used, and N is the number of reflections. Note that
if the film had the same orientation as the standard, all the
peaks would be at a value of 1. The texture coefficient is a way to
quantify how great the propensity is for crystal growth in a
particular direction compared to a reference, and this is known
as preferential orientation.

In the XRD data (Fig. 2), the (101) peak is more intense than
the (002) for the toluene mixture and is very similar to when
using ethyl acetate. In these instances, the (100) plane has
become more prominent, due to being geometrically linked by
the a axis. By the same reasoning, the (101) and (002) must also
be related by the ¢ axis, hence, to remove this inherent correla-
tion, the relative intensities of (002) against the (100) plane
were calculated and are shown in Table 2. In Fig. S14, the
texture coefficient and the ratio of the (002)/(100) planes are

© 2026 The Author(s). Published by the Royal Society of Chemistry
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shown to be related by an exponential curve model. The
tendency for preferred growth in the (002) plane is therefore
very sensitive to the dielectric constant of the solvent mixture. It
is also weakly correlated to the structure factor, since an
exponential model best fits the data instead of a linear one.

All the solvent mixtures have at least two thirds of the
solvent mixture containing methanol, the most polar of all
organic solvents. This is significant when understanding the
layering of hexagonal zinc oxide, where Zn and O atoms stack
alternatively along the c-axis creating a polar crystal structure.’
Therefore, it is expected that a droplet containing the solution
of the highest dielectric constant will have the strongest inter-
actions with the c-axis on the substrate, causing the high degree
of self-texturing observed.* The texture coefficient for the (002)
plane increases as the dielectric constant of the solvent mixture
increases, indicating that control over the films’ preferential
orientation can be achieved by choice of solvent. Using toluene
as the secondary solvent produced ZnO films with little pre-
ference in the (002) plane. Toluene, being the least polar
solvent, meant that there was a much greater influence for
growth in the non-polar (100) and (101) directions, showing the
sensitivity to solvent in the AACVD process. These observations
are consistent with Sanchez et al., who reported similar pre-
ferential orientation using methanol:toluene mixtures when
using diethyl zinc as the precursor.”! The only exception to
this trend was the mixture comprised of methanol and hexane.
The preference for growth is understood to be due to zinc
acetate interacting with just methanol molecules, since hexane
is the least polar solvent, and hence will have the weakest
attractions to the precursor. There is a moderate relationship
between the dielectric constant of the secondary solvent and
the texture coefficient as it has a regression value of 0.71 (Fig.
S15). Due to preferential orientation being controlled by the
solvent mixture, this process has been shown to be reproduci-
ble, where when the same solvent is used, the same preference
for growth was observed.

AACVD is just one of many techniques that are available for
thin-film synthesis. The texture coefficients calculated show
preferred growth in the (002) direction, which is directed by the
polar interactions of methanol and zinc acetate with the polar c-
axis. Spin-coating has been shown to result in low preference
for deposition in the c-axis. Sunaina et al. used a mixture of
ethanol and ethylene glycol via thermal decomposition of zinc
acetate dihydrate at 300 °C, where zinc oxide films showed the
greatest preference in the (100), (101), and (110) crystal
planes.”” Kamaruddin et al. used a sol-gel method with zinc
acetate dihydrate and isopropanol, where the dominant peaks
were (100) and (101), and the (002) plane was present at roughly
half the intensity.”® Plasma-assisted mist CVD (PAMCVD),
reported by Takenaka et al. showed the preference of (002)
from a solution of ethanol and zinc acetate in a O,/Ar plasma.>*
Using APCVD can also form zinc oxide nanostructures with
preference for the (002) plane, from zinc acetate dissolved in
water.>® Spin-coating and PAMCVD use a similar solvent sys-
tem, but the reason for contrasting orientations is due to the
methodology itself, where gas phase and liquid phase

Mater. Adv., 2026, 7, 3328-3338 | 3331
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Fig. 4 SEM pictures at 20000x magnification (a) MeOH, (b) MeOH:toluene, (c) MeOH:hexane, (d) MeOH:ethyl acetate, (e) MeOH:THF, and (f)

MeOH:acetonitrile. Each scale bar is 1 um in length.

chemistry produce different reactive species for deposition.
AACVD produces films with dominant crystal planes in the
(002), (100), and (101) directions due to different reactive
species forming in the gas phase from the solvent system used.

Scanning electron microscope (SEM) images provide a
detailed picture of the surface morphology of thin-films. There
is a difference in grain sizes across the films (Fig. 4), and the
discrepancy in the crystallite sizes calculated is mentioned in
the previous section. Larger grains are formed by films having
lower surface energies and lower preference for orientation,
causing coalescence of smaller crystallites into larger grains.”®
In Fig. 4, zinc oxide films display a range of morphologies that
are a direct consequence of the use of different solvent systems.
When methanol, hexane, and THF are used, hexagonal discs
form (4a, 4c, 4e). The film grown using ethyl acetate (4d) is also
formed by hexagonal discs but the grains are randomly orien-
tated, with many laying on their side rather than flat. A low
preference for orientation, shown by the texture coefficients
lying between 0.5 and 2.5, causes the morphology to become
less ordered, hence the lack of distinct grains. Fig. 4c differs
from other hexagonal structures, in this case there is a high
degree of stacking, with nucleation sites at the centre of the
hexagons. Zinc oxide grown using methanol and toluene (4b)
forms films with small, triangular shaped grains which is
exemplified by its preferential growth in the (100) plane, and
its high FWHM in the (002) plane (Table 2). Methanol and
acetonitrile films form pyramid-like structures which have a
high desire for growth in the (002) direction. The addition of a
secondary solvent that is less polar than methanol shows less
preference for growth along the (002) plane, until another plane
becomes more dominant, such as when using toluene. Since all
mixtures are miscible, zinc acetate is able to fully dissolve, and

3332 | Mater. Adv, 2026, 7, 3328-3338

can therefore interact with solvents less polar than methanol,
in which case the preference for growth in the (101) and (100)
non-polar planes increases.”” This has a roughening effect on
the films due to more irregularly shaped grains, as shown in the
side-on SEM images inFig. 5. For electron transport layer (ETL)
applications smoother surfaces have shown to result in higher
PCEs due to the greater surface contact between the grains.>®

The hexagonal discs shown are common to zinc oxide films
grown via AACVD.*® Hexagonal grains are able to be synthe-
sised by other methods such as solution phase synthesis, and
spin coating.*® Different morphologies have been observed
when using other techniques, such as spray pyrolysis where
rod-like and spherical-shaped grains are grown, even though
the XRD pattern reveals a dominance in the (002) plane.*! Dip
coating has been shown to produce films that are granular and
rod-like, and nanorods can be formed via thermal
evaporation.?>*> The choice of precursor, solvent, and deposi-
tion technique is crucial in dictating the morphology, and the
preferential growth in zinc oxide thin films. In these experi-
ments, we show that the morphology is able to be dictated by
changing only the solvent used, leading to a facile and selective
route for a range of zinc oxide thin films.

Side-on SEM images (Fig. 5) provide information with regard
to the surface roughness of the films. The thickness varies across
the films (Table 2), and the images have been taken in different
areas across each substrate, where the conductivity was found to
be the greatest. This was due to high conductivity being the
selection criteria for analysis, since our focus was on the TCO
properties of zinc oxide. Another reason for thickness variation
across the substrate was due to the droplet nucleation rates, as
they differ with the solvent system. In the case of methanol:hex-
ane, the area of film with the highest conductivity was found

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Side-on SEM images: (a) MeOH, (b) MeOH:toluene, (c) MeOH:hexane, (d) MeOH:ethyl acetate, (e) MeOH:THF, and (f) MeOH:acetonitrile.

towards the end of the substrate, whereas for the other solvents,
the area of interest was somewhere in the middle.

The electronic properties for zinc oxide are commonly
related to the film thickness, grain overlap and uniformity, as
well as the amount of oxygen vacancies, Vi across the crystal
structure. Films deposited using acetonitrile and toluene
as the secondary solvents show high conductivities of 6.13
and 1.3 S cm™* respectively. The preferential growth in different
crystal planes provides evidence that the orientation and mor-
phology of zinc oxide can be selected, with little sacrifice to its
electronic properties. THF has very low conductivity; its appar-
ent high roughness, which can be gauged from the error in
thickness calculation, increases electron scattering at the grain
boundaries.*® The carrier concentration is five to seven orders
of magnitude lower than the other solvent systems, thus redu-
cing the number of electrons that percolate through the grains.

Standard AACVD procedures for zinc oxide films from zinc
acetate using only methanol as the solvent.**** When one third
acetonitrile is added, the conductivity and mobility both increase
by 50 times to 6.13 S cm™ ' and to 2.00 cm® V' s respectively
(Table 3). This follows the following equation by which the
carrier concentration, conductivity, and mobility are related by:

g =qnpu

where ¢ is the conductivity, g is the elementary charge, n is the
carrier concentration, and y is the mobility.*® Despite films using
methanol and acetonitrile having the same carrier concentra-
tions, the improvement of the electron mobility is due to changes
in surface morphology from hexagonal platelets to truncated
pyramids, and the increase in preference for the (002) plane
(Fig. 6).*”°® It is deduced that the mobility and carrier concen-
tration are inversely related to each other, and indeed that is what
the experimental data show in Fig. 6, with a high regression value
of 0.98. As all films were deposited on highly resistive barrier
glass, substrate contributions to the conductivity can be ruled
out, and were not subtracted in the calculations.

Transparent films were grown across all solvent mixtures
exhibiting transmittances between 56 and 80% (Table 4). The
transmittance values differ between solvent mixtures used,
likely due to varying degrees of residual carbon incorporated
into the films. Adventitious carbon was found to be present on
all films (Fig. S16), where the main C 1s peak was charged
referenced to 284.8 eV. Oxygen XPS also showed the presence of
some O-C species at ~533.0 eV (Fig. 9). Although etching
wasn’t conducted to provide depth scans, it is well understood
that the decomposition of the zinc acetate causes carbon to be
incorporated into the lattice structure of the films.>* The SEM

Table 3 Electronic properties of zinc oxide films grown using different solvent systems

Solvent Conductivity (S cm ™) Resistivity (Q cm) Mobility (em* V™" s7%) Carrier concentration (cm ™)
MeOH 0.120 8.35 0.040 1.89 x 10*°
MeOH:toluene 1.300 0.77 3.65 2.22 x 10"
MeOH:ethyl acetate 0.180 5.57 11.10 1.01 x 10"
MeOH:hexane 0.614 1.63 1.28 3.00 x 10'®
MeOH:THF 1.47 x 107* 6800 26.7 3.51 x 10*?
MeOH:acetonitrile 6.130 0.16 2.00 1.89 x 10%°

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The mobility values have been plotted against the carrier concen-
tration, and a linear regression analysis was undertaken. An R? value of 0.98

shows a very high correlation and highlights the reliability of the Hall data
measured.

images (Fig. 4) are all homogenous, so the presence of carbon
nanoclusters is unlikely. All films were found to be air stable
after 5 months, where the transmittance values were all within
~2%. Only methanol showed a diminished transmittance to
visible light which could indicate that some surface reactions
occurred with air over time. However, this may not be the case
and could be due to the positioning of the sample in the UV-vis
apparatus, since all other films showed much smaller deviation
from when initially tested.

The films varied in thickness (313-625 nm) depending on
the solvent system used. The film density could be a factor as to
why there is such variation in film thickness, but no testing was
conducted to investigate this. Research groups such as Smith
et al. have used X-ray fluorescence and ellipsometry in conjunc-
tion with SEM, where zinc oxide films with lower preferential
orientation in the c-axis had greater film densities.*® Moreover,
the surface energy and tension of the solvents used affects the
rate at which droplets evaporate, where larger ones are more
likely to be lost through the exhaust. Thus, there will be a
thickness gradient across the substrate, where the amount of
film deposited will vary across the choice of solvents. Thicker
films tend to be more opaque, whereas thinner films have
shown to have higher transparencies.*" For this study, the layer
thickness was not a control, and so optical testing was merely
done to show that these zinc oxide films are transparent and

Table 4 Transmittance and reflectance data for zinc oxide thin films grown
using different solvent systems. The values used were taken at 550 nm

Transmittance Reflectivity (%)
Solvent (%) (550 nm) (550 nm)
MeOH 80.3 9.6
MeOH:toluene 73.2 15.4
MeOH:ethyl 77.0 11.7
acetate
MeOH:hexane 56.6 11.3
MeOH:THF 76.2 11
MeOH:acetonitrile 58.5 9.2
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can become more transparent at lower film thicknesses. Indus-
try standard fluorine doped tin oxide glass shows transmit-
tances between 79 and 91%, and the films deposited in this
study are nearing, or meet these standards.*> ZnO films have
been used as interface layers to transport electrons away from
the solar layer to reduce charge recombination.*® These film
thicknesses range from 20 to 190 nm, so if the zinc oxide films
produced were to be utilised as interface layers the transpar-
ency will improve as thinner films are required.

The UV-vis spectra show curves exhibiting a wave-like nature
(Fig. S17), which is from the variation in thickness across the
films. It is hard to achieve perfect uniformity using AACVD in
small scale static reactors, and so deviation of film properties
across the surface is observed. Those solvent systems which have
high surface tensions and boiling points are more likely to
contaminate the film with carbon.** However, despite toluene
having the highest boiling point, the transmittance is still
reasonably high at 73.2%.

Physical and chemical methods for the deposition of zinc
oxide are well documented in the literature and have been
summarised in Fig. 7. Whilst direct current (DC) magnetron
sputtering has been found to produce films of the highest
conductivities, exceeding 350 S cm ™', its pitfall is the cost and
scalability of the technique. Out of the others, ultrasonic spray
and hydrothermal methods are just below the conductivities
achieved using acetonitrile in this study, making AACVD a great
choice for an industrial technique. Other methods show high
transmittance of visible light, but exhibit low conductivities,
which are essential for TCO materials.

Self-cleaning glass is imperative to maintain high solar
absorption in PV modules due to build-up of dust particles.
Hydrophobic and superhydrophobic films allow water mole-
cules to effectively roll off their surface, picking up dirt in the
process. They have water contact angles (WCA) > 90° and
>150° respectively, which stems from possessing low surface

DC Magnetron
100 5 Sputtering
AACVD
10 3 (Acetonitrile)

S Ultrasonic Hydrothermal
8 13 Spray ALD
g AACVD
= 0.1 (Methanol)
S 013
g Spin Coating
=}
-g 0013 Spray Pyrolysis
o}
O

0.001 o

o Sol-gel Spin Coating

1E-5 : . . . | |

40 50 60 70 80 90 100

Transmittance (%)

Fig. 7 A Ragone plot showing literature data for the conductivities and
transmittance of zinc oxide thin films.>*#>=5° The red dots show chemical
routes, and the blue dot shows a physical route for thin film deposition.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 The WCA measurements of a 5 uL water droplet on ZnO films
grown using various solvent mixtures. The associated error for each WCA
measurement is shown. The O—-Zn/O-H ratios are calculated via dividing
the respective peak areas from the XPS fits

Water contact Error 0O-Zn/O-H
Solvent angle (%) (+/="9) ratio
MeOH 106.3 1.96 2.19
MeOH:toluene 92.83 1.41 0.57
MeOH:ethyl acetate 91.46 2.67 0.60
MeOH:THF 107.4 4.32 1.41
MeOH:hexane 80.9 9.61 0.64
MeOH:acetonitrile 81.6 2.69 1.65

14,51

energy and high roughness. Whereas hydrophilic and
superhydrophilic coated surfaces have WCA < 90° and <10°
respectively. The mechanism of action is that water droplets
wet the surface, forming a thin water film, where light can then
pass through to the PV cell.

Zinc oxide is a non-toxic, transparent, and biocompatible
material which makes it suitable for commercial self-cleaning
glass. The superhydrophobic ZnO film has been synthesised on
steel substrates with a WCA of 158°, where the microstructures
trap air creating a liquid-air-solid interface.>> Conversely,
superhydrophilic ZnO films grown on glass via a hydrothermal
process show highly porous microspheres.®® These structures
show high surface roughness increasing the wettability of the
surface, thereby adhering to the Wenzel model.

WCA measurements were conducted to see if the films were
hydrophilic or hydrophobic in nature. Five water droplets were
placed on each film, where an average value was calculated as
shown in Table 5, and its associated error was found to arise from
the variation of wettability across the film’s surface. The median
measurement was chosen to be presented in Fig. 8, where images
of the water droplets on the ZnO surfaces are displayed.

The origins of the hydrophobicity can be from changes in the
amount of hydroxyl terminations on the zinc oxide surface.”*>*
Other reasons such as surface roughness and energetics were not
investigated in this report.”>>° X-ray photoelectron spectroscopy
was used to probe the surface makeup of the films, high-
resolution scans of the oxygen region are shown in Fig. 9, and
the relative hydroxyl concentrations are found in Table 5, with
the peak positions and FWHM data provided in Fig. S18.

Surface modifications can be engineered through solvent choice
and provide a facile route to forming moderately hydrophobic and
hydrophilic films. In the O 1s XPS spectrum of the ethyl acetate film,
the Zn-O region is at 529.74 €V and the O-H region is at 531.72 €V,
which agrees well with previous literature.””*® A high surface
concentration of hydroxyls is known to increase hydrophilicity by
promoting water adsorption.”>**° Using THF as the co-solvent
shows the highest WCA, its surface is made up of a significant
proportion of Zn-O terminations, and a small proportion of
hydroxyl terminated species, hence it’s hydrophobic nature. Using
hexane as the co-solvent yielded the most hydrophilic films, where
it contained the highest proportion of hydroxyl terminations.

The XPS results provide some insight into the origins for the
changes in wettability across the films studied. There is some

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 5 pL water droplets on ZnO films. (a) MeOH, (b) MeOH:toluene, (c)
MeOH:ethyl acetate, (d) MeOH:THF, (e) MeOH:hexane, and (f)
MeOH:acetonitrile.

—— Fittled Data
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Intensity (a.u.)
Intensity (a.u.)
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Fig. 9 XPS spectra of the oxygen 1S region, showing the presence of O—
Zn, O-H, and O-C species on the surface of zinc oxide. (a) Methanol, (b)
methanol:toluene, (c) methanol:hexane, (d) methanol:THF, (e) methano-
l:ethyl acetate, and (f) methanol:acetonitrile.

agreement that the amount of surface hydroxyls and hydro-
philicity are sufficiently related. Other surface properties
including surface free energy, and roughness can also contri-
bute to varying degrees of wettability. This could explain the
relatively low WCA of 81.6° in acetonitrile despite it having a
greater proportion of Zn-O to OH species at the surface.

In this study, only a 2:1 ratio of methanol to secondary
solvent was reported in detail, with a full analysis of the film’s
features being presented. However, using a 2:1 ratio of sec-
ondary solvent to methanol was investigated to see how pre-
ferential orientation changes with different solvent ratios. A
common theme with using one part methanol, is the poor
solubility of zinc acetate. Despite solutions showing poor
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mixing, some were aerosolised and formed thin films with
interesting morphologies, further showing the sole effect that
solvent has on the preferred orientation of the crystal planes.
The hexane: methanol solution was the only 2:1 mix that
could not form any film due to phase separations inhibiting
aerosolization. Ethyl acetate and methanol films show a diverse
range of crystal sizes (Fig. 10) which are triangular in shape.
The influence of an increase in the amount of ethyl acetate
compared to methanol is obvious when looking at the texture
coefficients, where a decrease in preference for the (002) plane
is met by an increase in (100) and (101) growth. The addition of
more ethyl acetate to solution lowers the overall dielectric
constant of the solution, and this is also concordant with the
data for THF. This adds further evidence for the influence of
the polarity of the solvent mixture during deposition. During
deposition, the zinc acetate is influenced by its surrounding
solvent molecules whether they are coordinating or not. The
attractive forces of zinc acetate and its close environment
interact strongly with either the polar (002), or the non-polar
(101) and (001) planes. Toluene being the least polar solvent
shows the most extreme difference in (002) crystal growth when
its concentration is increased. Its morphology is very irregular,
with deformed circular crystals, as well as triangular ones.
Acetonitrile has a higher dielectric constant than methanol
and so based on previous data it should be expected that
increasing the acetonitrile concentration increases the prefer-
ence for (002) growth. In fact, a lesser observed semipolar (103)
plane arises.®® Its been hypothesised that the amount of oxygen

| MeCM iyl acetate (2:1)

Ethyl actetale Methanal] . [ MeOH.
|ty acotate MoOH (21}

©

L LiL

.
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Crystal plana (N}
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NoGH ]
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PP W v
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Fig. 10 SEM images of zinc oxide films using a 2:1 ratio of the following
solvent mixtures (a) ethyl acetate:methanol, (b) THF:methanol, (c) tolue-
ne:methanol, and (d) acetonitrile:methanol. The corresponding XRD pat-
terns are to the right of the SEM images.
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in the atmosphere affects the texturing of the ZnO film.*" Since
acetonitrile is a non-oxygen containing solvent, when a 2 : 1 ratio
is used, there is not enough oxygen in the reaction vessel to allow
(002) growth. Instead, growth in a semipolar (103) plane is
preferred rather than a non-polar one, as seen when using
toluene. The conductivity of these films was very low, on the
order of 107* S ecm ™', which is due to poor overlap of grains on
the surface reducing the percolation of electrons.

Conclusions

In this study we have looked at a range of dual-solvent mixtures
and their effects on zinc oxide film properties. Preferential orien-
tation of zinc oxide crystal planes has been shown to be a direct
consequence of the solvent mixture chosen. The more polar
solvent mixtures cause growth to be increased along the polar c-
axis, allowing for preferential growth in the (002) direction shown
in XRD analysis.?® Using toluene as the secondary solvent causes
preferential orientation in the (001) plane with low preference for
the (002) plane. These findings are significant, since the texture
coefficient can be controlled using solvents of different dielectric
constants, without causing any significant loss in conductivity.

WCA measurements in conjunction with XPS proved that
the film morphology and surface terminations influenced the
hydrophobic and hydrophilic nature of the ZnO films. Solvent
mixtures containing methanol, toluene, ethyl acetate, and THF
produced films that were hydrophobic, whereas hexane and
acetonitrile formed films that were slightly hydrophilic in
nature. These findings can be useful for antisoiling purposes
for TCO devices including PV modules.

Methanol:acetonitrile films displayed the highest conductiv-
ity of 6.13 S em~ ' with moderate carrier mobilities. Their
pyramid-like structures show the signs of some defects at the
surfaces, that have separations between the grains. Annealing
in air has been shown to smoothen surfaces while increasing
PCE for organic solar cell design, and could further improve
conductivity.®> Methanol:hexane films showed conductivities
10 x lower than with acetonitrile but 5 x better than with just
methanol. Since the solvent systems just mentioned are all
highly crystalline, the use of dopants at low concentrations
could form highly conductive films that can subsequently be
optimised using different solvent mixtures.

The low solubility of zinc acetate in other solvents and the
poor mixing between solvents can be circumvented by control-
ling the temperature of the solvent. In PV devices, self-texturing
makes a huge difference in the PCE, where greater surface
contact with fewer surface defects produces more efficient
cells.”® The ability to tune the surface morphology has the
potential to produce zinc oxide films that are tailored to different
photon absorbers depending on their surface morphologies.
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