
Role of Hydrogen-Related Defects in Photocatalytic Activity of ZnO
Films Grown by Atomic Layer Deposition
Robert Peter,* Kresimir Salamon, Ales Omerzu, Joerg Grenzer, Ivana Jelovica Badovinac, Iva Saric,
and Mladen Petravic*

Cite This: https://dx.doi.org/10.1021/acs.jpcc.0c01519 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The photocatalytic activity of ZnO films, grown by atomic layer deposition
on sapphire, was investigated for different amounts of residual hydrogen incorporated
unintentionally into the matrix during the crystal growth. A close correlation was found
between the level of incorporated hydrogen and the rate of photocatalytic degradation of
methylene blue on ZnO films. The rate of degradation is consistent with predominantly
zero-order reaction kinetics. An enhanced photocatalytic activity, observed for films of
predominantly (001)-oriented grains and low concentration of residual hydrogen, is
explained by the reduced number of hydrogen-related defects responsible for
recombination of charge carriers in combination with the preferential adsorption of
water on polar (001) surfaces of ZnO grains.

■ INTRODUCTION

Zinc oxide (ZnO) is a direct band gap II−VI semiconductor
with a wide range of attractive physical and chemical
properties, including a direct band gap of 3.37 eV, a large
exciton binding energy of 60 meV, the high transparency in
visible and near-ultraviolet spectral regions, low electrical
resistivity, high piezoelectric constants, biocompatibility, and
high chemical and thermal stability.1,2 It has been, therefore,
recognized as a promising material for applications in a large
variety of electronic and optoelectronic devices, from the light-
emitting diodes, photodetectors,3,4 or field-effect transistors5 to
the piezoelectric transducers,6 gas sensors,4 or solar cells,7 and
acoustic wave devices.8,9

In addition, ZnO has been widely studied over the past
decade as an alternative photocatalytic material to standard
photocatalysts, such as TiO2, WO3, or Fe2O3,

10 or some hybrid
nanomaterials functionalized with nanoparticles,11 to mention
just a few. In general, photocatalysis starts with the
photogeneration of electrons and holes in the material and
their transport to the surface, where they produce hydroxyl and
superoxide radicals from water and oxygen, respectively,
adsorbed at the photocatalyst surface. These radicals initiate
redox reactions at the surface.10,12 However, the charge carriers
can rapidly recombine directly or at the trapping sites at the
surface or within the bulk, resulting in low reactivity. In
addition, the efficiency of redox processes depends on the
number of reactive sites at the surface, that is, on the active
surface area, and on the wettability of surface (preferential
adsorption of water and contaminants on the surface).10

Therefore, the improvement of the photocatalytic process
involves the optimization of several mechanisms, from the
generation and separation of charge carriers to their trapping

and recombination with the increase of surface-active area and
wettability.
The most common recombination sites in semiconducting

polycrystalline films are interstitial atoms, vacancies, or grain
boundaries. These defects can create deep or shallow states
within the energy gap, affecting trapping and recombination of
electrons and holes and, therefore, deteriorating the photo-
catalytic activity at the surface.10,12 The creation of defects, as
well as the development of a different surface morphology,
depends on the material’s growth conditions. Therefore, the
general strategy for the growth conditions should comprise at
least three requirements: (i) reducing the number of defect
sites, (ii) generating an appropriate morphology of the surface
with a high specific area that will provide a great number of
reactive sites for increased adsorption of water and pollutants,
and (iii) providing a surface texture (preferential orientation of
crystal grains) with high wettability.
In the present paper, we explore the above three

requirements in order to maximize the photocatalytic activity
of thin ZnO films, with nanosize granular structures, grown by
atomic layer deposition (ALD). Previously, some other
nanostructures of ZnO, such as nanoparticles and nanowires,
were also studied for improved photocatalytic applications. For
example, one obvious advantage of nanoparticles is their large
active surface area, which, however, can be greatly reduced
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because of the ease of agglomeration of nanoparticles in
solutions. In addition, a post-treatment is usually required to
remove the nanoparticle catalyst from the solution, while
complete recovery of catalyst is quite difficult. On the other
hand, nanofilms of ZnO could also provide a large active
surface area (because of the nanosized grains) and can be
deposited on most substrates, and no post-treatment is
required while the films are almost completely recovered
after the photocatalytic process.13

Various deposition techniques have been used to grow high-
quality ZnO films for photocatalytic applications, including
molecular beam epitaxy, metalorganic chemical vapor deposi-
tion, pulsed laser deposition, radiofrequency magnetron
sputtering, ion beam sputtering, or ALD.14−20 Among them,
ALD possesses several unique features. It is characterized by
monolayer-by-monolayer growth of thin films, where pre-
cursors containing elements of the final film chemically react at
the very surface of the substrate, followed by the removal of the
excess reactants from the processing chamber. In this way, the
growth process is self-limiting and allows an accurate control of
film thickness. Some other practical advantages of ALD include
excellent conformity, high uniformity over a large area, and
good reproducibility.21 In addition, the high chemical reactivity
of precursors used in ALD allows deposition of ZnO films at
considerably lower temperatures compared with temperatures
applied in some other deposition techniques, which are often
above 500 °C.22 Indeed, the high quality polycrystalline ZnO
films have been deposited by ALD at temperatures as low as
100 °C.23,24

Native defects in the ZnO crystal lattice include mostly
vacancies, antisites, and interstitials. Among them, oxygen
vacancies, VO, and zinc interstitials, Zni, have been considered
as sources of n-type conductivity of ZnO, while zinc vacancies,
VZn, have been identified as the main compensating centers in
n-type ZnO.2 In addition, VZn is the most stable defect in ZnO,
having, at the same time, the lowest formation energy of all
native defects.2,25 Therefore, one expects the formation of at
least modest concentrations of VZn during the ALD growth of
ZnO. On the other hand, the as-grown ALD films are always
contaminated unintentionally with a large amount of
impurities,26,27 especially with hydrogen that is unavoidably
present in all techniques used for the growth or the
modification of ALD films and which can easily penetrate
into any host matrix. For example, both precursors used in
ALD growth of ZnO contain a considerable amount of
hydrogen. In ZnO, hydrogen atoms can either occupy
interstitial sites or form very stable VZn-H complexes.2,25,28 H
atoms are bonded to VZn through the formation of strong O−
H bonds.25 The presence of OH and H bonds in ZnO was
found previously to promote the recombination of charge
carriers on ZnO surfaces.29

On the other hand, ALD synthesis of ZnO usually results in
polycrystalline wurtzite films, where the texture (preferential
orientation of the ZnO grains) strongly depends on the growth
conditions and the type of the substrate.30 Therefore,
controlling the crystal growth direction is of crucial importance
for photocatalytic applications of ZnO. At the same time, the
ZnO texture can influence some other chemical and physical
properties of the material. For instance, the (001) orientated
grains are needed for a good piezoelectric activity of the
ZnO,6,8,9 while ZnO films with (100) or (110) textures
provide high conductivity and are suitable for transparent
conductive oxide applications.22,31

For the present study, ZnO films with different textures and
concentrations of residual hydrogen were grown by ALD on
sapphire substrates. The selection of appropriate substrates is
critical as it controls the properties of the synthesized
material.32,33 The advantages of sapphire substrates for the
ZnO growth are low cost and the high crystalline perfection of
large sapphire wafers, while the relatively large lattice mismatch
to ZnO of about 18% does not prevent the growth of high
quality ALD films.22 In addition, the wurtzite (001) sapphire
plane has the highest atomic packing density and the minimum
surface free energy,34 making the growth of ZnO with the c-
axis perpendicular to the sapphire surface thermodynamically
favorable.
The elemental composition and the relative fraction of

hydrogen bonds in the deposited films were determined in the
present study from secondary ion mass spectrometry (SIMS)
and X-ray photoemission spectroscopy (XPS) measurements,
while SIMS was also used for the in-depth uniformity and film
thickness measurements. The surface morphology was
monitored by scanning electron microscopy (SEM). The
crystalline structure of all films was obtained by X-ray
diffraction (XRD) measurements. The photocatalytic activity
of ZnO films was evaluated from the degradation rate of
methylene blue (MB) in an aqueous solution under the UV
illumination.

■ EXPERIMENTAL SECTION
The growth of ZnO films on (001) oriented sapphire
substrates, c-Al2O3 (Semiconductor Wafer Inc.), was carried
out in a Beneq TFS 200 system. Diethylzinc (DEZ,
Zn(C2H5)2) and distilled water (H2O) were used as zinc
and oxygen precursors, respectively. Prior to the deposition,
the sapphire substrates were ultrasonically cleaned in acetone,
distilled water, and isopropanol and dried with N2 gas. One
growth cycle consisted of 180 ms pulse of DEZ, followed by 1 s
purge with high-purity nitrogen (purity 6.0), 180 ms pulse of
H2O, with the final purging step with N2 for 1 s. The number
of ALD cycles was kept fixed at 450 for all deposition
temperatures, giving the films thickness within the range of 80
± 20 nm. In the present study, we focus on the photocatalysis
on samples grown within the temperature range of 60−180 °C,
where a significant change in the level of incorporated
hydrogen was detected.
The XPS analysis was carried out in a SPECS instrument

equipped with a Phoibos MCD 100 electron analyzer and a
monochromatized source of Al Kα X-rays of 1486.74 eV. The
spectra, recorded with an electron pass energy of 10 eV, were
deconvoluted using mixed Gaussian−Lorentzian functions
with Shirley background subtraction.35 The binding energy
(BE) scale of XPS spectra was calibrated by the reference
carbon C 1s peak, adjusted to the BE of 285.0 eV.
A Hiden SIMS workstation, equipped with the quadrupole

mass analyzer, was employed for the SIMS measurements,
where the bombardment with 3 keV O2

+ or 5 keV Cs+ primary
ions at an impact angle of 45° were used for the collection of
secondary ions. The depth of all SIMS craters was measured
with a Dektak XT stylus surface profiler.
The surface morphology was imaged using a Jeol JSM-

7800F SEM in a surface-sensitive gentle beam mode with an
electron accelerating voltage of 0.7 kV. The crystalline
structure was established from XRD measurements using a
Siemens D5000 diffractometer with Cu Kα radiation and a
Goebel mirror in conventional θ−2θ geometry. The in-plane
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and out-of-plane relationships between the ZnO epilayers and
the substrate were determined by measuring the pole figures at
the (101) and (002) ZnO reflections. The pole figure
measurements were performed using a 4-circle-θ-θ diffrac-
tometer (Empyrean/Panalytical) in parallel beam geometry
with Cu Kα radiation, a point detector, and a collimator in
front of the detector.
Finally, the photocatalytic activity of ZnO films was

evaluated from the degradation rate of MB solution under
UV irradiation for different times (0−6 h). The ZnO samples
of 2 cm × 1 cm were dipped into a water solution of MB of
initial concentration of 3.5 × 10−5 M (where M is the molar
concentration in mol/L or mol/dm3) and irradiated using a
UV lamp of 254 nm and 6 W. The absorption spectrum of the
MB solution was taken every 30 min using a UV−Vis
spectrophotometer (Thermo Scientific, Evolution 201),
monitoring the change in intensity of the characteristic
absorbance peak of MB at 664 nm.

■ RESULTS AND DISCUSSION
The high level of residual hydrogen, unintentionally introduced
during the ALD growth of ZnO films, is expected in all samples
as both ALD precursors used in this study, DEZ and H2O,
contain hydrogen. In ZnO, hydrogen either occupies
interstitial sites or forms very stable VZn-H complexes, by
forming strong bonds with oxygen. In both cases, the chemical
shift in the XPS spectra around the O 1s core-level could
indicate the presence of hydrogen (i.e., the presence of O−H
bonds).36 Photoemission spectra around the O 1s level, for the
samples grown at 60 and 180 °C are shown in Figure 1. Prior

to the XPS measurement, the samples were exposed to the 1
keV Ar+ ion bombardment for 5 min within the analytical
chamber of the XPS instrument, in order to remove carbon or
residual gases adsorbed on the surface during exposure of ZnO
samples to the atmosphere.
Both spectra exhibit a distinctive structure, deconvoluted

into two components: the main peak at the BE of 531.1 eV was
assigned to the photoemission from O2− ions of the Zn−O
bonds in the ZnO matrix,37,38 while the less intensive feature
located at BE of 532.7 eV has been assigned previously to the
photoemission from oxygen in Zn−OH or OC bonds.37,38 As
the C 1s signal was not observed in XPS survey spectra (see

Figure S1 of Supporting Information), we rule out the
presence of O−C bonds in the O 1s photoemission from
Figure 1 and assign the smaller peak to the OH bonds. At the
same time, the photoemission around Zn 2p core-levels does
not exhibit any changes with the processing temperature (see
Figure S2 of the Supporting Information).
With the increase of the deposition temperature from 60 to

180 °C, the relative intensity of the OH-related peak decreases
(see Figure 1), clearly indicating the reduction of OH species
in samples grown at higher deposition temperatures. In order
to quantify the amount of hydrogen impurities, we plotted in
Figure 2 the relative concentration of the OH-related peaks as

a function of deposition temperature. The concentration
fraction of H-related peak (closed circles in Figure 2) is
decreasing almost linearly with the deposition temperature up
to 180 °C and exhibits no significant changes above that
temperature. A significant 40% reduction in relative hydrogen
content is observed in XPS when changing the deposition
temperature from 60 to 200 °C.
The stoichiometry of ZnO films does not change

significantly with the deposition temperature. The ratio of
Zn/O atoms (obtained from the XPS spectra) is close to 1 for
all samples grown between 100 and 160 °C, with some slightly
lower values for the lower deposition temperatures (see Figure
S3 of the Supporting Information).
We supplement the XPS measurements with SIMS in-depth

profiles of hydrogen. Typical SIMS in-depth profiles of
hydrogen, zinc, oxygen, and aluminum, together with the
profile of OH molecules, are shown in Figure 3 for a film
grown at 60 °C. The concentrations of Zn and O atoms are
quite constant throughout the film, with a sharp interface
between the ZnO film and the sapphire substrate (represented
in SIMS profiles by the Al signal). Constant and high SIMS
yield of H and OH ions throughout the film indicates an
efficient incorporation of H atoms into the matrix. In Figure 2,
we also show the intensity of the H signal from SIMS
measurements on all ZnO films, normalized to the Zn signal
(open circles in Figure 2). Without proper standard samples, it
is not possible to extract atomic concentration of hydrogen
from SIMS profiles. Therefore, Figure 2 displays only the
qualitative changes of hydrogen concentration with the
deposition temperature. However, a clear correspondence
exists between XPS and SIMS measurements, as shown in

Figure 1. Photoemission spectra around O 1s core-levels for samples
grown at 60 and 180 °C. Experimental curves are represented by
closed circles, while solid lines represent a numerical fit (mixture of
Gaussian and Lorentzian functions).

Figure 2. Relative fraction of OH bonds extracted from XPS
measurements (closed circles) and normalized intensity of the H
signal from SIMS measurements (open circles) as a function of
deposition temperature. Error bars are within the size of symbols.
Solid line is a guide for the eye.
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Figure 2. We also note the difference in relative change of OH
and H signals. While the relative OH concentration fraction
obtained by XPS changes by a factor of 1.7 between the lowest
and the highest deposition temperatures in Figure 2, the
intensity of the SIMS signal changes by a factor of 14.
Therefore, it seems that only a fraction of incorporated
hydrogen atoms is engaged in the O−H bonding.
We turn now to the analysis of the crystal structure of ZnO

samples by investigating their surface morphology by SEM.
Figure 4 shows several representative SEM micrographs of

ZnO films grown at 60, 140, and 180 °C. All films show
compact, granular structures with some obvious differences in
the size and the shape of the ZnO grains. The film grown at the
lowest deposition temperature has cylindrical and columnar
crystallites. The surface morphology changes in films deposited
at the temperatures above 100 °C, with the development of
wedge-shaped crystallites that are mixed with the columnar
grains. The cylindrical and columnar crystallites dominate
again the structure at higher temperatures (above 160 °C), as
shown in Figure 4, for a sample grown at 180 °C.
The surface morphology of ZnO films deposited at different

temperatures is related to the grain orientations within the
films. Figure 5 shows the characteristic θ−2θ XRD patterns of
ZnO films grown at 60, 140, and 180 °C together with the
calculated pattern of the randomly oriented ZnO wurtzite
crystallites. The θ−2θ scans already reveal strongly textured
films, as only 002 and 101 reflections are visible in the spectra.
All ZnO films examined in the present study show crystallites
having (001) and (101) planes parallel to the substrate surface.
Indeed, the most common crystal orientation for ZnO films
grown by ALD on sapphire is the (001) orientation,32,39,40

while some studies report on the mixture of (001) with some
other orientations, such as (101),23,32,41 (111),41 or (100).42

From the width of 002 reflections (see Figure 5), we have
determined the out-off-plane crystallite size of 16−25 nm.
These values are slightly lower than the average grain size of
20−35 nm, as estimated from the SEM images.

In order to quantify the texture, we determined the fractions
of (001) and (101) textures for each film, by comparing the
relative intensities of measured and calculated 002 and 101
reflections, respectively. A strong dependence of the texture
fraction on the deposition temperature is found, as shown in
Figure 6. The preferential orientation of grains changes from

(001) for samples grown at lower deposition temperatures to
the mixture of (001) and (101) oriented grains at intermediate
temperatures (100−150 °C) and back to the dominance of
(001)-grains at temperatures above 150 °C. The morphology
of films observed with SEM is consisted with the texture
fraction: the (001) texture is dominant in films with the
columnar crystallites, while the films with a higher fraction of
(101) texture show more wedge-shaped crystallites.
Interestingly enough, the films grown at 120−200 °C show a

strong in-plane ordering of the ZnO grains. The in-plane
epitaxial relationship between the ZnO film and the sapphire
substrate was extracted from the pole figure measurements.
Briefly, we show in Figure 7 the representative (002) and
(101) pole figures for the film grown at 180 °C. All maxima
appearing in the pole figures can be explained with the (001)
and (101) preferred orientations (red circles and blue squares
in Figure 7, respectively), confirming that the other possible
orientations are not present in the films, in full agreement with

Figure 3. SIMS in-depth profile of a ZnO film grown at 60 °C.

Figure 4. SEM micrographs of samples grown at deposition
temperatures of 60, 140, and 180 °C.

Figure 5. θ−2θ XRD patterns of ZnO films deposited at 60, 140, and
180 °C. Calculated XRD pattern for ZnO powder is shown at the
bottom.

Figure 6. (101) and (001) ZnO texture fractions as a function of
deposition temperature taking into account normalized peak
intensities. Solid line is a guide for the eye.
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the θ−2θ measurements of Figure 5. In addition, the epitaxial
relationships between the substrate and the film can be
determined from (104) reflections from the c-Al2O3 substrate
(denoted with black crosses in Figure 7). More details are
given in Supporting Information (Figure S4).
Turning now to the photocatalytic activity of ZnO films, we

recall that the degradation rate, r, of water solution of pollutant
molecules of concentration C (MB in our case) can be given
by the differential rate equation

= − [ ] = [ ]r C t k Cd /d n (1)

where k is the rate constant and n is the order of reaction.12

The solutions of eq 1 for the zero order reaction (n = 0) and
the first order reaction (n = 1) are

= −C C ktt 0 (2)

and

= −C C ktexp( )t 0 (3)

respectively, where t is the exposure time of MB solution to
UV and C0 and Ct are the initial and the instantaneous
concentration of MB solution, respectively. Therefore, a plot of
Ct against t gives a straight line for a zero order reaction, with
slope equals −k and intercept equals C0. Similarly, the rate
constant for a first order reaction is determined from the slope
of a ln(Ct/C0) versus t straight line, with intercept equalling
zero.
The degradation rate of water solution of MB, measured in

the present study on ZnO surfaces grown at 60, 100, 140, and
180 °C, is better described by the zero order reaction, as
shown in Figure 8, for a lin−lin plot of C0 − Ct as a function of
the UV exposure time, t (given in minutes), for ZnO samples
grown at 60, 140, and 180 °C, respectively (for the clarity of
presentation, only results for three temperatures are shown in
Figure 8). As expected from the eq 2, the plot gives a straight
line whose intercept equals 0 and slope equals −k (we note
that for a zero order reaction, the unit of k is M min−1). The
linear fitting deviation is given by the correlation factor R2 that
is close to 1 for fittings, as in Figure 8, strongly supporting the
linear relationship between Ct and t, that is, the dominance of
the zero order photocatalytic kinetics. The values of rate
constants normalized to the active surface of ZnO films are
7.56 × 10−8, 8.10 × 10−8, 8.20 × 10−8, and 11.24 × 10−8 M
min−1 cm−2 for 60, 100, 140, and 180 °C, respectively. For
comparison, we show in Supporting Information, Figure S5,

the corresponding ln(Ct/C0) versus t curves, clearly exhibiting
much worse correlation factors for the linear fittings.
The zero order kinetics is characteristic for photocatalytic

reactions in which the degradation rate does not change with
the concentration of pollutants (water solution of MB in the
present study). In other words, the pollutant is in large excess
and the catalyst surface is completely covered by the pollutant.
At such saturation coverage, any change in the concentration
does not influence the photocatalytic kinetics.43 While the
most photocatalytic data on ZnO in literature were analyzed
using the first order kinetics,44,45 there are several reports on
the zero order reactions for different photocatalytic materials,
including TiO2,

46 SrTiO3,
47 or Fe3O4.

48

In order to explain the improved photocatalytic efficiency at
higher deposition temperatures (see Figure 8), we point first at
the increase in efficiency of about 30% for films grown at 180
°C, compared to films grown at 60 °C, although both films are
showing the dominance of (001)-oriented grains [with 60 °C-
film exhibiting even slightly a higher concentration of (001)-
grains]. This observation contradicts the well-established
behavior of photocatalytic activity of ZnO thin films and
nanostructures, which exhibit the highest photocatalytic
activity for (001)-oriented grains,44,49−51 namely, the high
absorption rate of water on polar (001) planes generates the
contact of more pollutants with the active sites on the surface,
resulting in the higher degradation rate of pollutants in
aqueous solution.44,49−51 However, comparison of results
presented in Figures 6 and 8, clearly demonstrates that a

Figure 7. ZnO (002) and (101) pole figures for a film grown at 180 °C. The maxima are indexed with red circles or blue squares corresponding to
the reflections originating from (001) and (101) textures of ZnO, respectively. The 104 Al2O3 substrate reflections are denoted by black crosses.

Figure 8. Change in concentration of MB solution, C0 − Ct, as a
function of time exposure to UV light for the films grown at 60 °C
(closed circles), 140 °C (open circles), and 180 °C (closed triangles).
R2 is the correlation factor for the linear fitting of the experimental
data.
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higher photocatalytic activity (up to 30% as found in the
present study) can be achieved on films with a lower fraction of
(001)-oriented grains. Therefore, some other competing
processes within the ZnO films determine the low photo-
catalytic activity of films grown at low deposition temperatures.
We recall here a recent study45 suggesting that hydrogen
impurities can influence the photocatalytic properties of ZnO
thin films. The strong dependence of the residual H
concentration on the deposition temperature found in the
present study (see Figure 2) supports this suggestion. We
argue that H-related defects, such as interstitial hydrogen or
islands of amorphous ZnOxHy phases within the crystalline
ZnO matrix,45 may act as trapping and recombination centers
for charge carriers. Consequently, the number of free charge
carriers reaching the surface of ZnO is reduced, reducing in
turn the production of chemically highly reactive hydroxyl and
superoxide radicals, essential for decomposing MB to carbon
dioxide, water, and mineral acids.10 The film grown at 60 °C
contains the largest amount of H-induced defects, decreasing
the photocatalytic efficiency of this film despite the highest
fraction of (001)-oriented grains on the surface. Obviously, the
high concentration of trapping/recombination sites in this case
overcomes the benefit of a high absorption rate for water. On
the other hand, although a lower fraction of (001) grains
grown at higher temperatures reduces slightly the water
absorption efficiency, this reduction is compensated with the
lower concentration of hydrogen-related defects, leading to the
higher photocatalytic efficiency of films grown at higher
temperatures.
Finally, we consider several types of hydrogen-related

defects in the ZnO matrix that might be responsible for the
observed changes in photocatalytic activity. As already
mentioned, there are several possible sites for the incorpo-
ration of hydrogen atoms into the ZnO matrix: (i) they can be
placed at interstitial positions, (ii) they can form VZn-H
complexes, or (iii) they can be incorporated into the
segregated amorphous ZnOxHy phase.2,25,28,45 The existence
of interstitial H or VZn-H complexes in ZnO has been found
previously to change the lattice parameters,2,52 while the
existence of a ZnOxHy phase may cause a small chemical shift
in the XPS spectra around Zn 2p levels related to the
formation of Zn−OH bonds.53 As no detectable changes have
been observed in the Zn 2p photoemission peaks (See Figure
S2 in Supporting Information), we argue that large islands of
amorphous ZnOxHy are not likely to form in samples examined
in the present study.
On the other hand, the ZnO lattice parameter c, extracted

from the 002 diffraction peaks of the θ−2θ scans, seems to
depend on processing temperature in the same qualitative way
as the SIMS intensity of the H signal (see Figure 9). The
changes in the lattice parameter c are small but measurable and
reproducible, as checked by two sets of films grown on c-Al2O3
substrates and one set of films on SiO2 substrates grown
simultaneously together with the sapphire substrates. The data
are shown in Figure 9. The value of c decreases from around
5.230 ± 0.005 Å for films grown at 60 °C to a saturation value
of around 5.195 ± 0.005 Å for films grown above 150 °C. In
the same figure, we display once again the normalized SIMS
intensity of the H signal (related to the hydrogen
concentration in ZnO; open circles in Figure 9). An obvious
correlation exists between the lattice distortion and the
concentration of hydrogen in ZnO films. This is a strong
indication that hydrogen atoms participate in the ZnO lattice

as interstitial defects, stretching the lattice, and, at the same
time, deteriorating the photocatalytic efficiency at lower
deposition temperatures (see Figure 8). We stress here once
again that the c parameter was determined from the 002
diffraction peak corresponding to the (001) oriented grains,
assuming the same incorporation rate of hydrogen into
crystallites of different orientations.
The comparison of XPS and SIMS measurements from

Figure 2, that is, the relative concentration of O−H bonds and
H atoms, respectively, indicates that the most H atoms
incorporated during the crystal growth are placed at the
interstitial positions. However, we argue that a fraction of H
atoms is involved in formation of highly stable complexes with
VZn in which the vacancy can bind one or two H atoms.25 In
addition, H atoms form strong bonds with the nearest O atom.
Hydrogenated Zn vacancies are very stable and are unlikely to
dissociate after formation.25 The presence of O−H bonds was
found to play an important role in electron−hole recombina-
tion in several semiconductors, including Zn surfaces,29 n-type
Si,54 or Ta3N5.

55 The present study, indeed, confirms the close
correlation between the relative concentration of O−H bonds
and the photocatalytic efficiency of ZnO related to the
recombination of charge carriers.

■ CONCLUSIONS
In conclusion, we examined the influence of residual hydrogen
on the photocatalytic activity of ZnO films grown by ALD at
different temperatures. The concentration of hydrogen atoms,
introduced unintentionally during the ALD growth, decreases
with the processing temperature as measured by SIMS. At the
same time, the relative fraction of OH bonds, obtained by XPS
measurements, shows similar behavior, although with signifi-
cantly a lower total change, indicating that only a fraction of
incorporated hydrogen is engaged in O−H bonds. We argue
that hydrogen atoms are either incorporated at interstitial
positions or form very stable VZn-H complexes with H atoms
bonded to VZn through the formation of strong O−H bonds. A
higher level of hydrogen, occupying interstitial sites in ZnO at
lower deposition temperatures, slightly stretching the lattice
parameter c, is in full agreement with our measurements. On
the other hand, the presence of VZn-H complexes in ZnO
promotes the recombination of charge carriers, thus degrading
the photocatalytic activity of ZnO films, again in full agreement
with our measurements for films grown at lower temperatures.

Figure 9. Lattice constant, c, extracted from the XRD measurements
as a function of deposition temperature, taken from two sets of ZnO
samples grown on sapphire (closed squares and closed circles) and
one set grown simultaneously on SiO2 (closed triangles). Open circles
represent normalized SIMS intensity of the H signal. Solid line is a
guide for the eye.
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An enhanced photocatalytic activity was observed for films
satisfying two conditions: the reduced number of hydrogen-
related VZn-H defects, responsible for the recombination of
charge carriers, and the dominance of (001)-oriented grains in
ZnO films, responsible for the preferential adsorption of water.
The rate of degradation of MB is best described by the zero
order reaction kinetics. In other words, the water solution of
MB used in the present study completely covers the active sites
on the ZnO surface.
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Baŕsony, I.; Barna, P. Nucleation and Growth Modes of ALD ZnO.
Cryst. Growth Des. 2012, 12, 5615−5620.
(33) Kavre Piltaver, I.; Peter, R.; Šaric,́ I.; Salamon, K.; Jelovica
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