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In this study, combinatorial atomic layer deposition (C-ALD) has been used to deposit layered ZnO and
TiO, nanolaminates on both oxide-covered Si(100) wafers and glass substrates to assess the influence of
substrate and each layer on the structure of the resulting nanolaminates and their photoactivity towards
dye degradation. In addition, for comparison to these layered structures, C-ALD has been used to
directly create oxide films consisting of an approximately equal mixture of Zn?* and Ti** ions using the
concept of under-dosing in order to deposit sub-monolayer quantities of each oxide per complete
C-ALD cycle. A nucleation delay was observed for ZnO deposited directly on the substrate and the
subsequent TiO, layer, the latter to a lesser extent. The reason for the difference in nucleation delay is
due to the dissimilar surface groups. For the deliberately layered structures, it was found that ZnO
appeared to possess a templating influence on the TiO, layer grown subsequently on both substrate
types. XRD analysis showed strong preferential orientation for (002) which indicates the polycrystalline
manner of the ZnO film. XRD results also suggested that layer growth was substrate-dependent as
crystalline TiO, was only identified on glass substrates. The nanolaminate structures were found to be
stable in that the layer structure remained intact after annealing at 400 °C for 1 hour in contrast to the
comparison to the mixed ZnO:TiO, (1:1) film which showed evidence of ZnO segregation and
crystallisation. Concerning photocatalytic activity, no evidence was found for any enhancement of
photoactivity in the mixed or nanolaminate films, the most photoactive films being those consisting of
ZnO deposited onto glass substrates.
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such as electrical,"”> mechanical,® optical®® and thermal
properties.” The number of publications on the topic is increas-

Introduction

Thin film materials are an essential part of the modern world
being relevant to all aspects of society as may be easily appre-
ciated when one considers electronics, energy, communica-
tions and medical issues. Nanostructured materials offer
unique, but more often unknown potential benefits that could
positively be applied in all of the areas cited arising from the
fact that the properties of atoms, groups of atoms and ultra-
thin layers are exploited rather than bulk materials.

Hybrid nanolaminate materials have attracted great atten-
tion in recent years due to the physical and chemical properties
that 2D nanosheets possess that their bulk counterparts do not
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ing and is predicted to continue to increase.® Noteworthy
reviews exist on the topic which explore the fundamentals
and importance of these materials® ' and also with a focus
on specific application fields."* The applications of hybrid films
are almost endless, ranging from use as capacitors,"> "> dielec-
trics and insulators,"®>® encapsulation layers/protective
coatings,”*** lubricants®> and optical waveguides.*®
Specifically, nanolaminates are multicomponent systems
consisting of alternating layers of materials such as metals
and metal oxides. Each layer has an associated thickness on the
nanometre scale.’” Mixing a wide variety of materials makes it
possible to fine-tune a material in terms of its properties,
composition and structure.*® Films of this type can be readily
prepared using atomic layer deposition (ALD) - particularly
when deployed in a combinatorial sense using multiple pre-
cursors, since ALD is a method that is capable of producing
precise films with constant thickness.*>*® A similar approach
has been used in various CVD processes where the term

© 2022 The Author(s). Published by the Royal Society of Chemistry
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combinatorial CVD has been employed.*'™*> By analogy, we
name our process combinatorial ALD or C-ALD in order to
describe a process in which the individual ALD processes for
the growth of two or more materials are combined. The use of
the term C-ALD simply gives these mixed ALD processes a
collective name and distinguishes them from processes that
involve only one type of material growth cycle. The unique
conformity and precision of ALD enables sub-nanometre
design and control of these true nanolaminates thus facilitat-
ing the realisation of unique materials properties through this
combinatorial approach. Indeed C-ALD provides a route to the
fabrication of a truly vast number of potentially new materials,
being based on sets of layers of differing materials, layers
consisting of mixtures of sub-monolayer quantities of various
materials, materials where doping is spread or confined to
particular layers or even the creation of new types of alloys.

Using C-ALD it is thus potentially possible to create materials
that have new electronic, magnetic and optical properties. Many
such properties depend on bulk phenomena which then manifest
as new surface phenomena.’ Photocatalytic activity is a good
example of such a phenomenon, in which the creation of excitons
via the absorption of light of energy greater than the band gap of the
material results in the formation of highly oxidizing surface species,
capable of destroying organic materials such as pollutants and
micro-organisms. Arguably, the most well-known examples of
photocatalytically active metal oxide materials are TiO, and ZnO.

Both ZnO and TiO, are wide band gap semiconductors with
band gap energies in the region of 3.2-3.4 eV.*>*? The similar-
ity in band gap energies of TiO, and ZnO and their similar
photocatalytic mechanisms suggest TiO, and ZnO as suitable
materials to be coupled together. Previous work synthesizing
ZnO/TiO, laminates involved the use of E-beam evaporation,**
sol-gel methods,***® ALD*"~** and spatial ALD*° with alterna-
tive precursors. The findings of these studies showed improve-
ments in crystallinity and quality of ZnO as a direct
consequence of a TiO, under layer,** the successful degrada-
tion of organic dyes,">*® enhanced friction coefficients*® and
increased GPC of TiO, when deposited on ZnO as opposed to
itself.*® Interestingly, as the number of bilayers increased with
the total thickness and composition of the films remaining the
same, an enhancement of the optical transmittance was
observed.””*® XRD spectra of nanolaminates revealed weaker
signature peaks for the same thickness nanolaminates with
more bilayers, suggesting the possibility of tuning nanolami-
nates from crystalline to amorphous phase. As the number of
bilayers decreased for films with the same overall thickness, the
refractive index (RI) decreased.>

In terms of the photocatalytic properties of both ZnO and
TiO, it is interesting to consider whether the functionalities will
both act together and be enhanced or degraded when the
materials are combined in various nanolaminate structures.
Possible enhancements of photocatalytic activity may arise
from greater photocarrier separation arising for example from
the ability of ZnO to act as an electron transport layer.>'™* On
the other hand a loss in photocatalytic activity may arise from
structural factors related to templating effects.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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In order to try to examine these and other potential issues
we have studied the growth of nanolaminates of ZnO and TiO,
using a C-ALD approach. Nanolaminate structures have been
prepared with the specific aim of combining the photocatalytic
properties and robustness of TiO, with the transparent con-
ducting behaviour and photoactivity of ZnO. In addition we
have grown a mixed ZnO/TiO, layer by deliberately under-
dosing during the metal precursor parts of the ALD cycle.
Fig. 1 and 2 are schematic representations of the structures
grown and examined here. The spacing and thickness of the
ZnO and TiO, layers in the nanolaminates have been carefully
controlled and the resulting materials studied using electron
microscopy, atomic force microscopy and optical absorption
spectroscopy. In addition the photocatalytic properties of the
layers were examined using a combination of contact angle
measurements and a simple dye test, comparing TiO, layers
both with and without ZnO under-layers (and vice versa), in
order to assess the magnitude and range of ZnO templating
influence on the photo active nature of the TiO,.

Experimental
Preparation of TiO,/ZnO composites

TiO,/ZnO bilayer laminate films were deposited on glass and
Si(100) substrates using a Cambridge Nanotech Fiji 200 ALD
system. Diethyl zinc (DEZn) (min. 95% Strem Chemicals),
tetrakis(dimethylamido)titanium(iv) (TDMAT) (99% Strem Che-
micals) and water were used as precursors at a growth tem-
perature of 200 °C. Argon (Ar) was used a carrier gas to
transport the precursor molecules into the chamber. During
the deposition process, the diethyl zinc and water were sus-
tained at room temperature while the temperature of the
titanium precursor container; was set to a temperature of
80 °C to ensure sufficient vapour pressure was generated. Pulse
times were 0.4 s, 0.2 s and 0.1 s for TDMAT, diethyl zinc and
water respectively accompanied with a 10 s argon purge
between precursor pulses to remove redundant ligands. The
deposition rate was controlled at 2 A per cycle for ZnO layers
and 0.5 A per cycle for TiO, layers. The deposition depth of both
ZnO and TiO, layers was 40 nm. Films were produced with ZnO
layer (40 nm) followed by TiO, layer (40 nm) and vice versa. For
comparison, TiO, and ZnO films were grown with a thickness
of 40 nm using the same precursors already mentioned. A
laminate consisting of ZnO and TiO, multilayers, (4 nm
ZnO + 4 nm TiO,) x5 was grown. A deliberately mixed ZnO/
TiO, 1:1 film was also grown by alternating very short (0.05 s)

N bilayers

1 bilayer
Ti0,/ZnO

Fig.1 Schematic of the TiO,/ZnO nanolaminates.
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40 nm

Fig. 2 Schematic of the true ZnO: TiO, 1:1 nanolaminate.

pulses of each precursor until the desired thickness of 40 nm
was reached.

Characterization techniques

The surface morphology of the film was observed using scan-
ning electron microscopy (SEM) using a FEI Quanta 650 FEG
High Resolution Scanning Electron Microscope. The crystal-
linity of the TiO,/ZnO films was analysed by X-ray diffraction
(XRD) using a PANalytical X'Pert Pro diffractometer, with Cu Ko
(4 = 0.154 nm) radiation from 10 to 70° at a step size of 0.02°
under 45 kV and 30 mA. Grazing incidence XRD (GIXRD) was
carried out on a Rigaku Ultima with an incidence angle of 2°.
The XRD results were compared to the Joint Committee on the
Powder Diffraction Standard cards (JPCDS). The interface of the
bilayer was observed using transmission electron microscopy
using FIB/TEM (JEOL JEM 2100). Atomic Force Microscopy
(AFM) measurements were carried out in the non-contact
mode, with an XE-100 apparatus from Park Systems, using
sharp tips. The topographical 3D AFM images were taken over
the area of 1 x 1 pm? The images were processed with XEI
(v.1.8.0) Image Processing Program developed by Park Systems.
The UV-Vis transmission spectra were recorded in the range of
200-1000 nm using a PerkinElmer Lambda 950 UV/VIS/NIR
spectrometer. The composition and binding energies of the
films were investigated by X-ray photoelectron spectroscopy
(XPS) using a Kratos AXIS_ULTRA spectrometer with the follow-
ing parameters; sample temperature: 20-30 °C and X-ray gun:
mono Al Ko 1486.58 eV; 150 W (10 mA, 15 kV). Samples were
sputtered with Argon Gas Cluster source (10 keV, Ar1000+
clusters) for 2-3 s in order to remove the carbon over layer
contact angle (CA) measurements were obtained using a Data
Physics OCA 15EC system utilising a sessile drop arrangement
at room temperature. A Hamilton 100 pL syringe was used to
dispense 1 pL water droplets onto the surface. Small volumes
were beneficial to avoid gravity-induced drop shape alteration
and to diminish evaporation effects during CA measurements.

Evaluation of photocatalytic activity

The photocatalytic activity was evaluated by degradation of dye
under UV light irradiation. A dropper was used to add the dye of
choice to the top of the film and a metal rod (3 mm K-bar) was
used to spread the dye across the film. The dye was allowed to
dry and subsequently exposed to UV light (3.30 mV cm™?). A
qualitative approach was applied to monitor and record the dye
degradation over time which involved the use of a handheld
digital scanner.
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Results and discussion

The surface morphologies and structural properties of TiO,/
ZnO films

Fig. 3 shows the GIXRD pattern of selected samples. For both
ZnO grown on TiO, and vice versa, the most predominate peaks
can be attributed to hexagonal ZnO with the (002) peak being
most evident. Strong preferential orientation for (002) indicates
the polycrystalline manner of the ZnO film. This corresponds to
wurtzite ZnO. On glass substrates, peaks are again visible for
hexagonal ZnO but interestingly also seen are peaks that may
be attributed to anatase TiO,. The GIXRD patterns suggest that
ZnO is somewhat crystalline. Interestingly, the XRD pattern of
both ZnO:TiO, (1:1) and ZnO-TiO, (bilayer x5) appear to be
strikingly similar on both glass and Si(100) substrates. A crystal-
line peak at approximately 52° on the Si(100) substrate is seen
for both films and is assigned to TiO,(105), indicative of the
anatase phase. The observed GIXRD peaks compare to standard
JCPDS file data.

SEM reveals that the underlying structure of the ZnO layer
affects the structure of the TiO, grown on top. This can be seen
by comparing the morphology of TiO, grown directly on the
substrate versus TiO, grown on ZnO (Fig. 4 and 5). The
morphology is comparable to ZnO. Growth also appears to be
substrate-dependent based on the SEM images obtained. A
difference can be seen between TiO, deposited on (a), the
oxide-covered Si(100) substrates and (b), the glass substrates.

——2ZnO:TiO, (1:1)
——ZnO-TiO, (bilayer x5)
ZnO on TiO,
——TiO, on ZnO
TiO,
——2Zn0
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Fig. 3 GIXRD patterns recorded from TiO, (light blue), ZnO (pink), TiO,
on ZnO (dark blue) and ZnO on TiO; (green), ZnO-TiO, x5 bilayer (red)
and ZnO: TiO, 1: 1 (black) grown on (a), an oxide-covered Si(100) substrate
and (b), glass substrates. See insert caption for detail.
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Fig. 4 SEM images following ALD growth on Si(100) substrates: (a) TiO,
(b) ZnO (c) TiO, on ZnO and (d) ZnO on TiO..

Fig. 5 SEM images following ALD growth glass substrates: (a) TiO,
(b) ZnO (c) TiO, on ZnO and (d) ZnO on TiO..

Larger surface features are evident on the glass substrate. These
data are analysed further in a later section.

The Scherrer eqn (1) was applied which relates the full width
at half maximum height (FWHM) for the XRD peaks to the
grain size.

_ KJ
" Pcosl

1)

where K is the shape factor, 4 is the X-ray wavelength, f is the
FWHM (full width at half maximum) (radians) and 6 is the
angle of diffraction. The FWHM for the ZnO(002) peak was used
in the equation. A comparison was made with grain sizes
obtained via the Scherrer method® and the intercept
method.”® The results are seen below in Table 1. Grain sizes
obtained by the Scherrer method were consistently smaller

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of crystallite size calculated by the Scherrer equa-
tion and the intercept method along to ZnO(002) crystal plane

Scherrer method Intercept method

Thin film crystallite size (nm)  crystallite size (nm)
ZnO on TiO, Si 12.1 22.7

Glass 12.0 21.9
TiO, on ZnO Si 14.9 29.3

Glass 15.0 29.5

than those obtained using the intercept method. For the latter,
measurements correspond to random but forced fixed place-
ment of a line on an image. Therefore, observer interpretation
and variations in patterns must be considered. In the case of
ZnO, rod-like grains have random placement which does not
lend itself to accurate measurement via the intercept method.

Transmission electron microscopy (TEM) images are pre-
sented in Fig. 6. In these images the darker layer is ZnO and the
lighter layer is TiO,. The brighter layer seen below the TiO, is a
SiO, interfacial layer as the Si(100) substrate is naturally
oxidized. From Fig. 6(a) it is seen that the ZnO layer is thinner
than the TiO, layer despite the fact that the nominal growth
rate of 2 A per cycle was expected for ZnO and 0.5 A per cycle for
TiO, which should have resulted in both layers having thick-
nesses of 40 nm. From the TEM images measured layer
thicknesses of 35 nm for ZnO and 55-60 nm for TiO, were
obtained. This observation suggests that there was a delay in
the nucleation of the ZnO layer at the start of the ALD growth
process. It is possible that ZnO may self-inhibit when growing
on Si and as a result there may be a need to fine tune the recipe
to correct this discrepancy.

In support of this proposal it is apparent that in contrast to
the SiO,/ZnO/TiO, structure, the SiO,/TiO,/ZnO structure
shows similar layer thicknesses for the TiO, and ZnO layers,
Fig. 6(b). From these TEM images it is evident that ZnO is
crystalline due to clear lattice plane images being present in the
TEM image and TiO, is amorphous which explains why no
diffraction peaks were obtained in the XRD pattern on Si
substrate.

Fig. 7 shows TEM images of true nanolaminate films. Again,
the darker layers represent ZnO and the lighter coloured layers
represent TiO,. The nanolaminate remains intact and the layers

Fig. 6 (a) TEM images of (a) the Si(100)/ZnO/TiO, and (b) the Si(100)/
TiO,/ZnO bilayer structures grown on the naturally-oxidized Si(100) sub-
strates. Note the differences in layer thickness for the darker, ZnO layers
when comparing both structures.

Mater. Adv., 2022, 3, 2896-2907 | 2899
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Fig. 7 TEM images of ZnO and TiO, multilayers laminate (4 nm ZnO +
4 nm TiO,) x5 at (a) 20 nm and (b) 10 nm.

can clearly be distinguished. In support of the earlier proposal
that the growth of the ZnO on the oxidized Si(100) surface is
somewhat inhibited, from Fig. 7 it is possible to see clearly that
the first of the very thin ZnO layers simply did not grow due
to the proposed delay in nucleation. Interestingly in this
example, the TiO, layers were thicker than expected, being
some 6 nm as opposed to the expected 4 nm. The GPC of
TiO, grown on ZnO appears to be greater than that of pure TiO,
deposited directly on substrate. The opposite is observed with
ZnO where the GPC of ZnO deposited on TiO, is reduced
compared to that of pure ZnO grown directly on the substrate.
This may be explained by considering surface chemisorption
reactions. ALD is very sensitive to the chemical activity of the
growth surface. Differences may exist in the chemical activity of
the TDMAT and DEZn precursors and these differences could
explain the resulting GPC values. A similar result has been
observed in other ALD experiments.””"*®

As seen in Fig. 8 the TEM images of the mixed ZnO/TiO,
(1:1) layer reveal that after annealing some new deposits
appear at the surface of the layer which also appears to have
reduced in overall thickness from roughly 32 nm to 29 nm.
Given the tendency of ZnO to readily form crystalline deposits it
is proposed that the new deposits consisted on ZnO nanocrys-
tals that form via segregation of Zn>* ions from the mixed layer,
oxidation and crystallisation. With this proposal in mind ZnO
lattice constants were calculated in accordance with Bragg’s
law®® Using 1.54 A for /. (Cu Ko radiation). The values for d; the
interplanar spacing for ZnO(002) and (100) orientations are
2.68 A and 2.9 A respectively, confirming that the deposits were

(1:1) layer (a) before and
(b) after, annealing at 400 °C for 60 minutes in air.

2900 | Mater. Adv, 2022, 3, 2896-2907

View Article Online

Paper

Fig. 9 TEM image of the annealed mixed ZnO/TiO; layer focusing on one
of the deposits that appear at the surface of the layer after annealing at
400 °C for 60 minutes in air.

most likely ZnO nanocrystals having a predominant orientation
on the (002) direction as the interplanar spacing measurement
was in agreement with the theoretical value. It has previously
been reported that annealing ALD ZnO produces films prefer-
entially oriented with the c-axis perpendicular to the
substrate.’>®" Fig. 9 shows the interplanar spacing within the
ZnO nanocrystals as observed using TEM.

Atomic force microscopy (AFM) was employed to evaluate
the surface topography of the ZnO, TiO, and ZnO/TiO, nano-
laminate films. AFM images recorded for all films are presented
in Fig. 10. The sampling surface area of the films analysed was
1 x 1 um?. The lighter coloured areas in the images indicate
higher surface features. The Z scale of the AFM data is situated
to the left of each image. The Z scale values vary from sample to
sample with a maximum of >20 nm for ZnO deposited on TiO,
on glass substrate.

The RMS roughness was evaluated for each of the films.
These results are displayed in Table 2. It can be seen from the
results that RMS roughness increases for all films grown on
glass substrates when compared to the same films deposited on
Si substrate. This supports the proposal that growth is
substrate-dependent as previously implied from the XRD
results. Comparing TiO, and TiO, grown on ZnO, the RMS
roughness values are practically the same on glass substrates,
at ca. 1.49 nm and 1.5 nm respectively. However, the RMS
roughness value doubles in the case of growth on the Si(100)
substrate from 0.64 nm for TiO, alone to 1.2 nm for TiO, grown
onto ZnO on Si(100). In other words the surface of the TiO,
layer is considerably rougher when deposited onto ZnO grown
on Si(100) as compared to that obtained when the TiO, was
deposited directly on the Si(100) substrate.

Comparing ZnO and ZnO deposited onto TiO,, again the
RMS roughness values are very similar on glass substrates
although a slight increase in RMS roughness is observed when
the ZnO is deposited onto the TiO, layer grown on glass, having
a slightly larger value at 1.77 nm as compared to 1.68 nm.
Similarly the RMS roughness value obtained from the surface of
the ZnO layer deposited onto the TiO, layer grown on the
Si(100) substrate is again higher than that for ZnO grown

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 AFM images of (a) TiO5, (b) ZnO, (c) ZnO on TiO,, (d) TiO, on ZnO,

(e) mixed ZnO: TiO, (1:1) layer and, (f) x5 bilayers.
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Table 2 RMS roughness values for the various films produced here as a
function of substrate type

RMS roughness of
films grown on glass
substrates (nm)

RMS roughness of films
grown on Si(100)
substrates (nm)

ZnO 1.49 0.64
TiO, 1.68 1.27
ZnO on TiO, 1.77 1.64
TiO, on ZnO 1.50 1.21
Zn0:TiO, (1:1)  1.63 0.61
mixed layer

ZnO/TiO, X5 1.24 0.80

directly on the Si(100) substrate, at 1.64 nm versus 1.27 nm,
although the increase in RMS roughness isn’t as substantial as that
observed for the TiO, layer. For the nanolaminate stacks, RMS
roughness values were found to be lower in comparison to the other
films, being ca. 1.24 nm on glass and 0.8 nm on Si(100).

Interestingly, the mixed ZnO/TiO, 1: 1 layer grown on a glass
substrate had one of the highest results in terms of RMS
roughness, at ca. 1.63 nm. In contrast, the same structure
grown on the Si(100) substrate had one of the lowest RMS
roughness values, at ca. 0.61 nm.

Fig. 10 below present AFM images for the nanolaminate
films. For all images, films deposited on glass substrates are
the left and films deposited on Si(100) substrates are on
the right.

XPS was employed to characterise the chemical bonding and
composition of the films. Fig. 11(a)-(c) show the XPS spectra of
the Ti 2p, Zn 2p and O 1s peaks after mild argon-ion sputtering
designed to remove the surface contamination that arises due
to handling in air. The major doublet peaks at 459 eV and
465 eV in Fig. 11(a) can be assigned to Ti 2p;/, and Ti 2pyj,
peaks of Ti-O bonding, consistent with the literature that exists
for Ti0,.**°>% The spectra can also be fitted with a second
doublet at Ti 2p3, at approx. 457.5 eV which can be attributed
to Ti(m) oxide and hence Ti**.*>* The 2 peaks seen in Fig. 11(b)
at 1021 eV and 1044 eV correspond to Zn 2p;/, and Zn 2p4, and
corresponds to accepted XPS data for ZnO found in the
literature.”® The O 1s spectrum depicted in Fig. 11(c) shows a
peak at 529 eV which is attributed to oxygen bound to metal
ions in the form of Ti-O and Zn-O species.*®

The XPS data are entirely consistent with the growth of the
target materials and do not indicate that layers are deficient in
terms of any particular species. However, for the films which
terminate in a TiO, layer, or for the deliberately mixed films,
XPS can be particularly useful as a means of detecting Ti**
species which have been reported to play a crucial role in
determining the photocatalytic activity of the film. Ti*" for-
mation may arise from oxygen vacancies created as a result of
oxygen diffusion.®! Table 3 lists the percentage of Ti** present
in the TiO, only film, the ZnO/TiO, x5 nanolaminate stack, the
ZnO/TiO, bilayer nanolaminate and the ZnO:TiO, (1:1) as
determined from the Ti 2p XPS data:

From Table 3 it may be seen that the layered nanolaminate
structures has 20-25% of the titanium present as Ti** and the

Mater. Adv., 2022, 3, 2896-2907 | 2901
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Table 3 Percentages of Ti** present in the various nanolaminate films
studied

Sample % Ti*"
TiO, 25.6
ZnO/TiO, X5 21.9
TiO, on ZnO 20.5
Zno:TiO, (1:1) 8.8

rest as Ti*". These surfaces may provide photogenerated hole
traps and assist with enhancing photocatalytic activity. Hole
traps can increase the excited electron lifetimes located near
the surface oxide species. This offers an opportunity for a
greater chance of surface reactive oxide species (ROS)
generation.®>™®” This will be further discussed in terms of
photocatalytic activity later. However, mixed nanolaminate
Zn0:TiO, (1:1) is seen to behave differently that it has a lower
relative concentration of Ti** and Ti 2p;, peak of the dominant
Ti(iv) oxide is shifted to a lower binding energy of 458.3 eV
suggesting that the immediate chemical/structural environ-
ment of the Ti*" is different to that of the other layered TiO,
nanolaminates.

Optical properties

The optical transmittance spectra for ZnO:TiO, (1:1), ZnO/
TiO, (x5 bilayer), ZnO/TiO, and TiO,/ZnO bilayer nanolami-
nate structures grown on glass can be seen in Fig. 12. The
average transmittance over the entirety of the visible wave-
length range 400 to 550 nm is >60% rising to a maximum of
~80% at 400 nm for the TiO, on ZnO sample and to ~90% for
the ZnO on TiO, sample. At 380 nm, a strong absorption peak is
evident due to the fundamental band gaps of the materials. A
slight bump is seen at 350 nm which may be a consequence of
the film being a composite of two separate layers. The trans-
mittance values for both films decline to ~0% at lower
wavelengths due to near complete absorption in the UV region.
The ZnO/TiO, and TiO,/ZnO bilayer nanolaminates absorb
more strongly in the UV/visible region in comparison to the

100 -

——2Zn0:Ti0, (1:1)
——ZnOITiO, (x5 bilayer)
90 ~ ZnO on TiO,
80 - ——TiO,0n ZnO
70 4
. 604
X
= 50
40
30
20 4
10
0 T T T T T T 1
200 250 300 350 400 450 500 550

X (nm)

Fig. 12 Transmittance spectra of the ZnO:TiO, (1:1), ZnO/TiO, (x5
bilayer), ZnO/TiO, bilayer nanolaminate structures grown on glass.
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ZnO:TiO, (1:1) and ZnO/TiO, (x5 bilayer) films. A blue shift in
the wavelength of the absorption edge is observed with the
ZnO:TiO, (1:1) and ZnO/TiO, (x5 bilayer) films with ZnO:
TiO, (1:1) possessing the greatest effect on the shift. The blue
shift observed may be explained by the Burstein-Moss effect. In
this instance, the optical band gap of a semiconductor is
increased with increasing electron concentration as the con-
duction band is occupied with excited electrons. The bottom of
the conduction band is filled with donor electrons. According
to Pauli’s principle no two electrons may occupy the same state
hence leading to a blockage in low-energy transitions which in
turn enhances the optical band gap.®® The structure of the
latter films resemble that of Ti-doped ZnO (TZO). Hence, the
carrier concentration may effectively be increased as Ti could
be behaving as a donor material.

Contact angle and photocatalytic activity

Contact angle (CA) measurements were taken in order to get an
idea of the hydrophilic or hydrophobic nature of the films. In
general a low surface energy and a rough microstructure equate
to super-hydrophobicity.®® The CA was measured prior to UV
exposure, after 30 minutes and after 1 hour UV exposure. All
values displayed are taken from films that had been annealed
at 400 °C for 1 hour in air.

Initially, films grown on the glass substrates had lower CAs
than those grown on Si(100) substrates. In some ways this
would not be unexpected since XRD revealed that on these
samples there was evidence of anatase formation and anatase is
generally found to be the most photoactive form of TiO,.”°
Following 30 minutes UV irradiation, the CAs decreased for all
samples except for the TiO, on ZnO grown on glass sample
(Fig. 13) and for ZnO/TiO, (x5 bilayers) grown on Si (Fig. 14).
After 1 hour UV exposure, the CA for TiO, on ZnO grown on
glass increased dramatically. Out of all the samples, the CAs for
the ZnO:TiO, (1:1) films were found to be the some of the
highest, however a slight decrease in CA with increasing
irradiation time was observed. CAs of <5° were recorded for
TiO, on glass after UV exposure which is indicative of super-
hydrophilicity. This is again indicative of some photoactivity
arising from the presence of some anatase. Although no general
consensus exists to explain why, amorphous TiO, surfaces are
not found to be particularly photoactive while anatase surfaces
are the most photoactive.”®

Morphological influences may also influence CA values. In
our case particularly if the TiO, adopts the shape of the ZnO
grown directly beneath it as in the case of the TiO, on ZnO
grown on Si(100) substrate sample (see Fig. 4(c)). The CA data
for this sample is shown in the red solid line in Fig. 13 and
reveals that the CA remains high despite UV irradiation for an
hour. In this particular case it would be tempting to assume
that the very prominent texturing of the TiO, surface that arises
from the ZnO template underneath dominates the CA response
completely. However a similar level of texturing, albeit less
uniform in nature, arises for TiO, on ZnO grown on a glass
substrate and as may be seen from the red dotted line in Fig. 13
this material has a low CA value to start with which actually

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Contact angle measurements for ZnO/TiO, (x5 bilayers) and

ZnO: TiO; (1:1) grown on both Si(100) and glass substrates, after annealing

at 400 °C for 1 hour in air and then exposed to UV radiation, as a function

of time.

increases during UV exposure. Such potentially conflicting
results are indicative of the fact that CA measurements are at
best only a very rough guide to wards understanding the
hydrophobicity or hydrophilicity of a sample surface.

Photocatalytic activity was also investigated via dye degrada-
tion experiments. Films were coated with an even layer of basic
blue 66 dye and exposed to UV light and the change in the
colour of the ink was monitored and recorded over time by use
of a handheld digital scanner. Digital image analysis as
described by Mills et al. was used to assess photo-activity of the
films.”"

Fig. 15 below shows the films initially covered with a thin
layer of dye before UV exposure and after 150 minutes of UV
bleaching.
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Fig. 15 Images of the samples before and after 150 minutes UV irradiation
on glass substrate: (a) TiO, (b) ZnO (c) TiO, on ZnO (d) ZnO on TiO,
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By comparing the before and after images presented in
Fig. 15, it is concluded that the dye did not degrade to any
visual degree on the ZnO/TiO, x5 nanolaminate stack grown on
glass suggesting nearly complete inactivity (samples (e) in
Fig. 15). For the samples shown in (c) in these figures which
were the ZnO/TiO, bilayer samples grown on glass with the
TiO, layer on top of the ZnO layer, the dye only showed slight
discolouration suggesting that this sample had some, albeit
minimal levels of photoactivity.

Comparing the samples shown in (c) TiO, on ZnO and (d)
ZnO on TiO, (c) in these figures, the dye was again degraded
suggesting that these films also possessed some degree of
photoactivity. Similarly the samples shown in (f) also degraded
the dye to some extent showing photoactivity.

+ Sample has been annealed at 400 °C for 60 minutes in air.
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Table 4 Times to bleach for TiO,, ZnO, ZnO on TiO,, TiO, on ZnO, ZnO/
TiO, x5 and ZnO: TiO, (1:1) films

Sample Time to bleach (minutes)
TiO, 75.8

ZnO 69.3

ZnO on TiO,* 116.4

TiO, on ZnO 130.8

ZnO/TiO, x5 —

ZnO:TiO, (1:1)° 77.2

“ Two separate films of ZnO on TiO, were analysed so the average of
both values is being used for time to bleach.” Sample has been
annealed at 400 °C for 60 minutes in air.

Although some of the films display some degree of photo-
activity, the shortest time-to-bleach as determined by visual
inspection was around 69 minutes exposure.

By assessment of the time-to-bleach values given in Table 4,
it may be seen that the ZnO and TiO, films are the most
photoactive, followed closely by ZnO:TiO, (1:1). A value for
the time to bleach ZnO/TiO, x5 bilayer could not be calculated.

The results from the dye degradation experiments are in
good agreement with the CA values obtained for the films after
1 hour UV exposure. Interestingly, XPS results revealed that the
TiO, on ZnO film contained the highest percentage of Ti** on
its surface. However, CA and dye degradation experiments
suggest that this film is not particularly photoactive. The
presence of Ti** influences the electronic structure and surface
activity of TiO,.”* In particular it is likely that the presence of
Ti** extends the wavelength range where the material absorbs
into the visible region of the spectrum. If this were the case
then it might provide a mechanism whereby the visible light-
induced photocatalytic activity could become significant.”*”””
However as noted above, these samples were not found to be
photoactive using the tests employed.

Conclusions

TiO,/ZnO nanolaminates were deposited via an ALD process
which revealed a slight delay in nucleation with ZnO. SEM
showed that TiO, morphology follows that of the ZnO under-
neath. XRD results suggested that layer growth was substrate-
dependent as crystalline TiO, was only identified on glass. The
ZnO was polycrystalline as evidenced by the appearance lattice
fringes in the TEM images while the TiO, was amorphous. TEM
revealed that the laminates remained intact after annealing.
Nanocrystals were seen on top of the mixed Zn:Ti (1:1) film
and thus it is apparent that the mixed film is not stable towards
high temperature annealing. These results suggest that for-
mation of a nanolaminate structure may help with stability.
After 1 hour UV exposure, the TiO, yielded a CA value of <5°,
suggesting superhydrophilicity.

This study highlights how the use of an underlayer may act
as a template of morphology. It also suggests the possible role
of nanolaminates in stabilizing materials. In a practical sense,
TiO, may act as a stabilizer for ZnO in a TiO,/ZnO bilayer stack

© 2022 The Author(s). Published by the Royal Society of Chemistry
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when used as an anode material in lithium ion batteries
(LIBs).”®
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