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In this work, we present a large, tenfold enhancement in the photocatalytic activity of thin ZnO films grown
by plasma-enhanced atomic layer deposition (PE-ALD) at 100 °C, compared to values obtained for thin ZnO
films deposited by a conventional thermal ALD method at the same temperature. Thus, we have demon-
strated that we can deposit thin ZnO films using the PE-ALD method both at low temperatures and with a
high photocatalytic ability. A number of structural (SEM, EDX, HRTEM, GIXRD, XRR, XPS, SIMS) and optical

(UV-Vis, PL) experimental techniques have been employed to elucidate a possible physical origin of the ob-
served remarkable difference in the photocatalytic activity of thin ZnO films grown by the PE-ALD method
compared to those grown by the thermal ALD method.

1. Introduction

Zinc oxide (ZnO) has been known as a white powder polycrystalline
material for centuries and has been used mainly as a white pigment.
With the advent of modern electronics in the 1920s and 1930s, research
on electronic properties of ZnO and its first applications in electronics as
a material for rectifiers and varistors have started [1]. The electronic
properties of ZnO are still extensively explored for the development of
novel biosensors and gas sensors, transparent thin-film transistors
(TFTs), optical devices or solar cells [2]. A systematic research on the
photocatalytic properties of ZnO started in the early 1950s [3,4] and
continues until today. ZnO is a wide gap semiconductor (E, = 3.2 -3.4
eV) that can be photoexcited with UV light and thus charged with ad-
ditional free charge carriers. The role of photo-excited electrons and
holes in photocatalytic processes has been well established since 1967
[5], when quantitative experiments on ZnO single crystals have
demonstrated that chemical processes of reduction and oxidation in
aqueous solutions are initiated by photocreated electrons and holes, re-
spectively, which could successfully migrate to the surface of a ZnO
sample. The first applications of ZnO in photo-degradation of organic
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water pollutants have appeared in the mid-1990s [6] using ZnO in the
form of fine powder. Very soon, it became evident that it would be
more advantageous to fix the photoactive ZnO material on a rigid sup-
port in order to remove the photocatalyst from the solution more easily
later, after the photodegradation process is completed. For this reason,
extensive applications of thin ZnO films in photodegradation processes
were started in the early 2000s [7].

ZnO can be synthesised in the form of a thin film by various tech-
niques: RF magnetron sputtering [8], ion beam sputtering (IBS) [9],
molecular beam epitaxy (MBE) [10,11], chemical vapour deposition
(CVD) [12,13], atomic layer deposition (ALD) [14] or pulsed laser de-
position (PLD) [15,16]. Each of these techniques has a different bal-
ance of characteristics that are commonly required in practice, e.g.
sample quality (crystallinity), deposition rate, low cost, etc. Among
them, ALD has some unique features. For example, by varying the ALD
parameters (mainly deposition temperature), one can synthesise thin
ZnO films with a wide range of structural (crystal grain sizes and orien-
tations, chemical composition) and physical (electrical conductivity,
optical absorption, photoluminescence) properties. An even more im-
portant specific property of the ALD method, especially for photocatal-
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ysis applications [17], is the ability to deposit conformal thin films on
highly corrugated and even porous substrates [18] with nanometre-
scale thickness control [19].

The ALD temperature window for the deposition of thin, stoichio-
metric ZnO films spans a temperature range between 120 °C and 180
°C. For many applications, such as the use of thermosensitive sub-
strates, it is prerequisite to perform ALD deposition at lower tempera-
tures [20]. Recently, it has been shown that thin ALD films of ZnO de-
posited at 100 °C and below exhibit significant photocatalytic ability
[21]. However, compared to the films synthesised at temperatures
above 150 °C [22], their photocatalytic activity is much weaker. To fa-
cilitate the ALD process at temperatures below the ALD temperature
window, one can use the plasma enhanced atomic layer deposition (PE-
ALD) process [23]. The PE-ALD process generally uses the same precur-
sor for zinc (diethylzinc - DEZ), but plasma-activated O, gas is used for
the oxygen precursor, instead of water [24]. Compared to thermally
grown ZnO ALD films, the films grown by the PE-ALD method have a
smaller grain size and a preferential (100) growth direction [24], a high
electrical resistivity [25], a low charge carrier density and carrier mo-
bility [26], a much stronger excitonic emission [27] and an atomic Zn/
O ratio lower than the stoichiometric one [28,29].

The photocatalytic properties of the ZnO films grown by the PE-
ALD method have not been tested so far. The aim of the present work
was to investigate and explain the differences in the photocatalytic ac-
tivity of thin ZnO films grown by either the PE-ALD or the regular ther-
mal ALD method by measuring the physical properties of the two types
of films using a range of structural and optical experimental tech-
niques. Among the latter, photoluminescence is particularly closely re-
lated to photocatalytic processes, since both photoluminescence and
photocatalytic properties depend on the type and concentration of de-
fects (i.e. charge traps) in a material [30, 31, 32].

2. Materials and methods
2.1. ALD synthesis

Atomic layer deposition of ZnO thin films was carried out in Beneq
TFS 200 system at a deposition temperature of 80 °C. For the PE-ALD
growth, DEZ (STREM Chemicals) and O, gas plasma were used as zinc
and oxygen precursors, respectively. The growth cycles for PE-ALD de-
position included pulses of DEZ (250 ms) followed by a 1.25 s purge
with N, gas (purity 6.0), 3 s plasma exposure and 6 s purge with high-
purity nitrogen. The capacitively-coupled plasma source was operated
at 13.56 MHz and 150 W. For thermal ALD growth, the pulse times for
DEZ and deionized H,0 were 200 ms and 180 ms, respectively, followed
by 1 s purge cycles with N, gas. The ALD synthesis parameters for ther-
mal ALD and PE-ALD deposition of ZnO thin films are outlined in Table
1. Glass microscope slides (for photocatalytic activity measurements
and XRD), fussed silica wafers (for optical measurements) or silicon
wafers (for HRTEM, XPS, XRD, SEM, EDX and SIMS characterization)
were used as substrates for bot types of films. The film thickness was
monitored with SEM and it was determined to be in the range of 100
+10 nm for all samples.

Table 1
The ALD synthesis parameters for thermal ALD and PE-ALD depositions of
ZnO thin films used in further experiments.

Thermal ALD PE-ALD

pulse duration pulse duration
DEZ 200 ms DEZ 250 ms
purge 1ls purge 1.25 s
H20 180 s O, plasma (150 W) 3s
purge 1s purge 6s
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2.2. Characterisation of morphology, crystal structure and chemical
composition

Surface morphology was examined using a Jeol JSM-7800F SEM
instrument (Jeol Ltd., Tokyo, Japan) with an electron beam accelerat-
ing voltage of 10 kV and a working distance (WD) of 2 mm. The EDX
analysis was performed on the same instrument with an electron beam
accelerating voltage of 12 kV. A more detailed structural information
on grain size and orientation was obtained using the conventional TEM
operating at 200 kV (JEM 2100, Jeol Ltd., Tokyo, Japan). Fast Fourier
transform (FFT) and other image analyses were performed using Gatan
Micrograph software.

The crystal structure of the samples was studied by grazing inci-
dence X-ray diffraction (GIXRD) method. The GIXRD measurements
were performed on a diffractometer equipped with a Co X-ray tube and
a W/C multilayer for beam shaping and monochromatization. Dif-
fracted spectra were collected with a curved position sensitive detector
(RADICON) placed 120 mm from the sample. The GIXRD measure-
ments were performed at a fixed grazing incidence angle of o; = 1°,
where the X-ray penetration depth covers the thickness of the ZnO
films. X-ray reflectivity (XRR) was used to determine thickness and av-
erage density of the ZnO films. The XRR measurements were performed
using the same setup as the GIXRD, but with a different detector (Hecus
PSD-50M) located 500 mm from the sample. The XRR data were col-
lected using a series of diffuse scattering spectra as a function of inci-
dence angle ¢; (0° <a; < 2.5°, step 0.003°) from which the intensity of
specular refection, corrected for background and diffuse component,
was determined.

X-ray Photoelectron Spectroscopy (XPS) measurements were per-
formed in a SPECS spectrometer equipped with a monochromatized
source of Al Ka X-rays of 1486.74 eV and the Phoibos MCD 100 elec-
tron energy analyzer. The typical pressure in the UHV chamber was in
the range of 10-7 Pa. The photoemission spectra around the Zn 2p; , and
the O 1s core levels were recorded with the electron pass energy of 10
eV. The experimetal XPS curves were deconvoluted using several sets of
mixed Gaussian-Lorentzian functions with Shirley background sub-
traction [33].

The Hiden SIMS instrument, equipped with the quadrupole mass
analyzer, was used for secondary ion mass spectrometry (SIMS) mea-
surements, collecting positive Zn and O ions during sputtering with 3
keV Ar+ primary ions at an incident angle of 45°.

2.3. Optical spectroscopy

For optical spectroscopy measurements, we used 100 nm thick ZnO
films deposited on UV-grade fused silica substrates. The optical absorp-
tion was measured with the Perkin Elmer Lambda 750 UV-Vis-NIR
spectrophotometer in the spectral range from 200 nm to 800 nm. The
photoluminescence emission and excitation spectra were measured on
the same samples using Perkin Elmer LS 55 fluorimeter in the same spec-
tral range.

2.4. Photocatalytic activity testing

The photocatalytic activity of the thin films was tested by monitor-
ing the decomposition of methylene blue (MB) in deionized water under
UV illumination. The solution had the initial MB concentration of
4 X 10-5M, the volume of 15 mL, while the active surface of the thin
ZnO films had the lateral dimensions of 1 cm x 3 cm. The solutions were
illuminated with the Osram UV lamp HNS 6 W G5. A decay of MB con-
centration was measured by recording the optical absorption of MB at
664 nm at constant time intervals of 60 min.



3. Results and discussion
3.1. Structure and chemical composition

The surface morphologies, as obtained by SEM, for the films synthe-
sised by the ALD and the PE-ALD methods are shown in Fig. 1. The ALD
film (Fig. 1 a)) consists of densely packed well-defined grains with sizes
between 10 nm and 20 nm. Compared to the ALD film, the PE-ALD film
(Fig. 1 b)) consists of much smaller grains (5 nm to 10 nm).

A detailed TEM study reveals more information about the grain
crystallinity and morphology of both films. High-magnification images
of the samples (Fig. 2 a) and b)) confirm the grain size distribution al-
ready estimated from SEM images. For the PE-ALD sample (Fig. 2 b),
the grains are more clearly visible than in the SEM image. Their size
range from 5 nm to 10 nm and they appear rounded. FFT (Fig. 2 d) of
the high resolution (HR) image shows a clearly visible diffraction pat-
tern corresponding to the (010) and (011) planes of wurtzite-type ZnO.
The (002) diffraction spots are barely resolvable, presumably because
the crystals are small and the intensity of the (002) diffraction peak is
the smallest among the three. For the ALD sample, a high magnification
TEM image (Fig. 2 a) reveals that the grains are columnar (extended
along the surface normal direction), with some of them grown through-
out the entire thickness of the film. In the lower region, they appear
smaller, while in the upper region of the film they become ticker and
have diameters up to 25 nm. The high magnification image shows that
the single grain retains its crystallinity, but the bright and dark contrast
in the HR image along the growth direction indicates that the structure
is likely to consists of stacking faults and other two-dimensional de-
fects. Similar to the PE-ALD film, the (010) and (011) diffraction spots
are clearly visible in the FFT image, but this time the diffraction spots
corresponding to the (002) planes are also resolvable. Most of the later
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planes are oriented in the direction of growth, as can be seen in Fig. 2 ¢
(indicated by a single arrow). Similar to hydrothermally grown films,
[34] pointed grains usually grow all the way to the top but exhibit re-
duced dimensionality due to structural defects, which is expressed as
bright lines in the Fourier diffraction pattern along the growth direc-
tion (Fig. 2 ¢, indicated by a double arrow).

Similar observation about structural differences between the two
films can also be inferred from the GIXRD spectra (Fig. 3). For both, the
ALD and PE-ALD films, the position of the GIXRD peaks in the experi-
mental curves coincides eith the diffraction peaks of the wurtzite ZnO
powder, indicated at the bottom of Fig. 3. However, the relative inten-
sities of the measured Bragg peaks show that the ZnO crystallites are
preferentially orientated. The spectrum of the ALD film shows the dom-
inant (002) peak, which means that the c-axis of most ZnO crystallites
is oriented within + /-15° to the normal of the film surface [35]. On the
other hand, the strongest (100) peak for the PE-ALD film is consistent
with the (100) type of texture, although the texture is much less pro-
nounced. In other words, the fraction of randomly oriented ZnO crys-
tallites is larger in PE-ALD films than in thermal ALD films.

XRR measurements have shown that the density of the PE-ALD film,
determined from the critical angle [36], is ~ 20% lower than the bulk
density of ZnO, while no density deficiency was found for the ZnO film
deposited by the thermal ALD method.

Further information on the chemical composition was obtained
from the XPS measurements. The photoemission around O 1s core-
levels (Fig. 4 b) implies a large deviation in the chemical composition of
the PE-ALD film. While the Zn 2p, , spectra show a symmetrical struc-
ture with peaks from both ALD and PE-ALD surfaces centred at the
binding energy (BE) of 1022.4 eV, characteristic of Zn2+ ions in ZnO.
The O 1s spectra consist of two components: the main peak at BE of
531.5 eV (attributed to photoemission from O2- ions in a ZnO matrix)
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Fig. 1. SEM images of the topographies of ALD, (a) and PE-ALD, (b) thin ZnO films. The histograms below each image show the crystal size distribution ob-

tained using ImageJ software.



Fig. 2. HRTEM images of thin film cross sections for ALD, (a) and PE-ALD,
(b) thin ZnO films. FFT of HRTEM images for ALD, (c) and PE-ALD, (d) thin
ZnO films.

——— Thermal ALD
—— PE-ALD

Intensity

| | T N B
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Fig. 3. GIXRD spectra of ALD and PE-ALD thin ZnO films.

and a smaller peak shifted to the higher BE (533.0 eV). The smaller
peak is usually attributed to oxygen contamination by O-H groups
from the surface [37, 38]. However, low coordinated oxygen ions, i.e.
the oxygen ions adjacent to the Zn vacancies, have also been identified
as responsible sites for the photoemission at 533 .0 eV [39, 40]. There-
fore, a higher intensity of the 533.0 eV peak in the PE-ALD sample may
indicate a deficiency of Zn atoms (Zn vacancies) in this sample.

XPS measurements also allow the determination of the Zn/O atomic
ratio from the integrated areas under the fitting curves of the experi-
mental Zn 2p, , and O 1s peaks (after Shirley background subtraction),
normalized to the corresponding values obtained from a stoichiometric
epitaxial ZnO thin film. In this way, the Zn/O atomic ratio of 0.85 was
found for the plasma-deposited film, while the expected, nearly stoi-
chiometric value was obtained for the thermally grown ZnO film,
which is in agreement with the results in [41].

Further evidence for the nonstoichiometric composition of the PE-
ALD film was provided by SIMS measurements on both films (see Sup-
plementary Material). Indeed, the relative SIMS intensities of the Zn
and O profiles measured on ALD and PE-ALD films show the same 15%
Zn atomic deficiency in the PE-ALD film. EDX analysis has shown (see
Supplementary Material) that the atomic ratio of Zn is 16 % lower in
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Fig. 4. XPS photoemission spectra of PE-ALD and ALD grown ZnO thin
films recorded around (a) Zn 2p;,, and (b) O 1s core-levels. The experi-
mental curves are represented by open circles, while the solid lines repre-
sent numerical fits.

the PE-ALD sample, which agrees almost exactly with the values ob-
tained by the XPS and SIMS methods.

However, the Zn deficiency is not high enough to explain the 20%
lower density of the PE-ALD films (as found with XRR), where every
fourth Zn atom should be missing in the crystal structure. Therefore, we
suggest that about half of the density decrease could be attributed to
the porosity of the PE-ALD film, although this cannot be clearly con-
firmed by the HRTEM image (Fig. 2 b).

3.2. Optical absorption and photoluminescence

The optical properties of the PE-ALD thin ZnO film also differ signif-
icantly from those of the ZnO ALD film. The optical absorption is much
more smeared below 400 nm (Fig. 5 a), indicating a less ordered crystal
structure, while the semiconductor bandgap of EPFID = 3.52 eV is
strongly blue-shifted to compared to the value for the ALD thin film
EALD = 3.26 eV (both determined from a Tauc plot shown in Fig. 5 b).

Photoluminescence (PL) measurements have shown even larger dif-
ferences between PE-ALD and ALD samples. The intensity of excitonic
band-to-band photoemission, centered at 390 nm, is greatly enhanced
in the PE-ALD film (Fig. 6 a), as photoexcitation is much more efficient
in both the UVC (280 nm to 315 nm) and UVB (200 nm to 280 nm)
spectral regions (Fig. 6 b).

A similar difference in PL between thermally and PE-ALD grown
ZnO thin films has already been observed by others [27]. That the in-
tensity of UV excitonic emission depends on the stoichiometry of a ZnO
film has been found previously in experiments on thin ZnO films synthe-
sized by the magnetron sputtering method [42]. Namely, the intensity
of excitonic emission is generally higher in films with higher oxygen
content.
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Fig. 5. Optical absorption spectra of ALD and PE-ALD thin ZnO films (a),
and the same spectra plotted in a Tauc plot (b) from which the semicon-
ductor band gaps were determined: E; (ZnO — ALD)) = 3.26 eV and E,
(ZnO - PE-ALD)) = 3.52 eV.

3.3. Photocatalytic activity

Data obtained from measurements of the photodegradation of the
MB dye in aqueous solution under UV illumination is shown in Fig. 7 a).
To quantify the rate of degradation, we describe the concentration de-
cay with one rate constant k [43]:

C ()= C(0)exp(—kt)

where C(0) is the initial dye concentration and t is the exposure time to
UV illumination. Plotting the same data on the semi-logarithmic graph
(Fig. 7 b), the rate constant k can be extracted from the slope of the
straight portion of the plot:

In[C@)/C0)] =—kt

The value for the rate constant for the ALD film, k,;;, = 0.8 x 10-3
min-, is comparable to values previously obtained by others [22, 38].
However, the rate constant for the PE-ALD film, kpp,;, = 2.7 X 10-3
min-1 cm-2 is even higher than the values for the most effective ALD
films synthesised by thermal ALD at higher temperatures (> 150 °C).
Apparently, we can achieve high photocatalytic activity of thin ZnO
films even at low deposition temperatures by using the PE-ALD method.

It is known that ultrathin ZnO films deposited by thermal ALD lose
their photocatalytic ability upon prolonged exposure to UV light in
aqueous solution due to corrosion [44]. To test the stability of our PE-
ALD ZnO thin films, we have performed several successive 7 hour
degradation cycles on the same sample (see Supplementary Material).
It is found that only after the 3rd cycle the photocatalytic activity of
the film starts to deteriorate significantly. The equivalent set of mea-
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Fig. 6. Photoluminescence emission (a) and excitation (b) spectra of ALD
and PE-ALD thin ZnO films.

surements on thermal ALD samples shows a slight improvement in the
photocatalytic activity, although it remains much lower compared to
the photocatalytic activity of the PE-ALD film. Higher stability of the
thin ZnO films used in our experiments compared to the films presented
in [44] can be attributed to the higher thickness of our films (100 nm
compared to 28 nm in [44]).

The photocatalytic activity of the ZnO film surface depends on a
steady-state concentration of photoexcited charge carriers at the very
surface. The steady-state concentration is determined by a rate of pho-
togeneration and a rate of recombination. From the excitation spectra
(Fig. 6 b), it can be seen that UV excitation is much more efficient in the
PE-ALD film. Moreover, our measurements, as well as some previously
published by other groups [24-26], have shown that the specific resis-
tivity of the PE-ALD thin ZnO films, p > 10% Qcm, is orders of magni-
tude higher than the resistivity of the thermally grown ALD thin ZnO
films (typically p ~ 10 Qcm for the films thermally grown at 100 °C). A
lower degree of crystallinity of the PE-ALD also strongly reduces the
charge carrier mobility and accordingly increases the charge carrier
separation time, leading to a reduced recombination rate. Both effects
lead to a higher charge concentration on the active semiconductor sur-
face and thus to an increase in catalytic activity. It should be noted
that these findings are in agreement with some previous research on
nanostructured ZnO [45], where was also observed that a higher defect
concentration promotes the photocatalytic activity of the ZnO mater-
ial.

4. Conclusions
The results presented in this study reveal different morphology and

texture properties of thin ZnO films synthesised by the PE-ALD method
compared to the films synthesised by the thermal ALD method. Conse-
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Fig. 7. Photodegradation curves of methylene blue dye in aqueous solution
under UV illumination plotted in linear (a) and semi-logarithmic (b) plot.

quently, the PE-ALD films show different physical properties: much
lower charge mobility and much higher excitation capacity in the UV
spectral region. Such altered physical properties (compared to those of
the thermally ALD synthesised thin ZnO films) lead to a strong, tenfold
increase in photocatalytic activity.
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