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A B S T R A C T

The preparation of ZnO thin films with controlled electrical resistivity and optical properties is often challenged
by the presence of defects, such as oxygen vacancies or interstitial zinc. Here, we investigate the material
properties of ZnO polycrystalline thin films prepared by thermal Atomic Layer Deposition (ALD) with the presence
of molecular oxygen pulsing during the growth. By means of structural, electrical and optical characterizations,
we identify key growth parameters of this unusual ALD process. Unexpectedly, the influence of oxygen molecules
on the crystallography, microstructure and morphology of ZnO films is significant from hundred-nanometers to
micrometer thick film. The electrical resistivity of the films grown with oxygen gas shows a dramatic increase
from 3 to 4 orders of magnitude. Additionally, photoluminescence measurements reveal that deep-level emissions
caused by defects located deep in the band gap can be reduced by applying an adequate pulsing of oxygen gas
during the process. Finally, we conclude with a discussion about the degree of consistency between the chemical
composition, the inner strain and the optical and electrical properties of the films obtained with the different
thermodynamic parameters of growth. Several hypotheses are discussed in order to understand the dominance of
(002) orientation in the presence of oxygen during the ALD growth process.
1. Introduction

The control of surface morphology and preferred crystallographic
orientation has played an essential role in ensuring and upgrading the
performance of electronic devices based on zinc oxide thin films [1].
Wurtzite hexagonal zinc oxide has attracted considerable attention due
to its excellent properties for transparent electronics, such as a wide
direct band gap of 3.37 eV [1,2], large exciton binding energy of 60 meV
[3], but also for MEMS actuators with its piezoelectric properties [4].
Therefore, they have been found in vast applications from UV light
emitting diodes (LED) [5], flat panel displays [6], and solar cells [7] to
gas sensors [8,9], surface acoustic wave devices (SAW) [10], and nano-
generators [11–14]. The properties of zinc oxide thin films strongly
depend on their surface morphology and crystallographic structures, and
therefore, processing efforts are required for them to fit specific appli-
cations. For instance, the non-polar m-plane (100) and a-plane (110) of
l-Maris).
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ZnO crystals are beneficial for high-efficiency LED and transparent
conductive oxide applications [15,16], whereas polar c-plane (002) ZnO
thin films are employed for potential applications containing sensors
[17], nanogenerators [13], piezotronics [18–22], and energy harvesters
[23], due to the spontaneous and piezoelectric polarization effects along
the c-axis [1].

For piezoelectric-based applications, ZnO thin films are required to
give preferred (002) orientation and high resistivity (or low leakage
current) to ensure the highest output voltages. Several fabrication
methods have been reported to achieve polar-plane (002) ZnO thin films,
including low gas pressure [24] or control of the Ar:O2 ratio in sputtering
[25], high substrate temperatures and an oxygen-rich environment in
pulsed laser deposition (PLD) [26], plasma-enhanced chemical vapor
deposition (PECVD) [27], and atomic layer deposition (ALD) [28].
Among these techniques, ALD has emerged as a suitable method for the
synthesis of high quality, (002)-oriented and highly conformal thin films
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with low structural-defect density. Additionally, the relatively low tem-
peratures of the ALD processes are compatible with both inorganic and
fragile organic substrates. In an ALD process using diethylzinc (DEZ) and
water as precursors, the non-polar (100) orientation dominates at low
temperatures between 100 �C and 250 �C. Conversely, the polar (002)
preferred orientation can only be observed at relatively elevated tem-
peratures for ALD, above 250 �C [28,29].

Recently, M. A. Thomas et al. [30] have reported that using oxygen
radicals produced during ALD processes can strongly affect the surface
morphology, crystallite structure and electrical properties of the ZnO thin
films at temperatures as low as 200 �C. In their work, the ZnO thin films
were grown with DEZ and water as precursors, and the films were treated
in situ by oxygen plasma after each cycle–a method called plasma
enhanced thermal ALD (PET-ALD). They have observed a giant
enhancement of resistivity (about seven orders of magnitude) of the
PET-ALD ZnO films compared to simple ALD films without oxygen
plasma treatment, and have attributed it to a lower concentration of
oxygen vacancies as a result of their neutralization by oxygen radicals
after the plasma treatment. They suggested that the ethyl ligands from
DEZ can be further cleaved/combusted by energetic oxygen radicals, thus
modifying the morphological and crystalline structures. However, the
growth mechanism of the preferred (002) orientation has not been
clarified in detail. R. Huang et al. [31] have applied in situ plasma O2
treatment after each DEZ –water ALD cycle to highlight the possibility of
modulating the ZnO film resistivity and the Fermi level. However, the
supercycled ALD processes they proposed were found to barely influence
the crystalline orientation. Only S. Park and Y. Lee [32] reported the use
of oxygen gas after each cycle of DEZ and water to grow ZnO thin films by
thermal ALD without any plasma enhancement. The presence of a mo-
lecular oxygen pulse during the ALD process of ZnO profoundly influ-
enced the film morphologies, the crystalline structures, and the electrical
properties. The film crystallite modified robustly from nonpolar (100)
preferred orientation to polar (002) preferred orientation, and the re-
sistivity of the films increased by two orders of magnitude. Nevertheless,
open questions remain about the growth mechanisms, the reason for the
significant increase of the electrical resistivity, and the influence of this
process on other physical properties like strain or optical absorption.

In the present study, we have systematically investigated the effects of
oxygen gas introduced during thermal ALD processes on the ZnO thin
film properties by varying the thermodynamic growth parameters. We
varied the pulsing time of the molecular oxygen introduced during the
process and the substrate temperature separately. The results obtained
suggest that by applying the relevant oxygen pulse time and substrate
temperature, the crystallographic structure of ZnO films can be highly
controlled from random orientations to the preferentially polar orienta-
tion. Moreover, due to uncommon treatment by oxygen molecules during
the ALD growths, not only electrical and optical properties but also the
electronic properties are significantly impacted, as proven by novel
characterizations such as four-point probe, UV–visible optical spectros-
copy, photoluminescence measurements, and x-ray photoelectron spec-
trometry. The dramatic increase of the electrical resistivity from 3 to 4
orders of magnitude is expected for improving current leakage issues in
the piezoelectric applications of ZnO thin films as actuators or strain
sensors. Additionally, the photoluminescence measurements reveal that
deep-level emissions caused by defects located deep in the band gap can
be reduced. This would have a positive impact on the UV light emission
efficiency of ZnO devices like LED. Subsequently, based on those results,
the possible growth mechanisms and rational interpretations for the
significant increases of resistivity, as well as correlations of the structural,
optical and electronic properties of ZnO films are discussed.

2. Experimental details

The ZnO thin films were synthesized using standard precursors, such
as diethylzinc [DEZ, Zn(C2H5)2] (Strem Chemicals, Inc., France), deion-
ized (DI) MilliQ water (resistivity of 18.2 MΩ cm at 25 �C), and O2 gas
2

(stand-alone bottle, Air Liquide, alpha 2 O2 global purity � 99.9995%
mol with less than 0.5H2O ppm. mol impurity) in a commercial atomic
layer deposition reactor (TFS-200, Beneq, Finland). The Argon gas used
for purging during the ALD process was ALPHAGAZ™ 2 with a global
purity of �99.9999% mol with less than 0.5H2O ppm. mol impurity. The
supporting surfaces for the ZnO thin film deposition were 2 � 2 cm2

pieces of single crystal Si(100) wafer (Siegert GmbH, Germany, grade
Monitor), pristine and coated by sputtering (Bal-Tec Med 020 high vac-
uum coating system) with a 150-nm layer of nickel (target purity level of
99.999%, reference NI000565, Goodfellow GmbH, Germany) and glass
slides (Thermo Scientific, Germany). Prior to the synthesis of ZnO thin
films, the substrates were cleaned in acetone, isopropanol, DI water and
dehydrated for 20 min at 200 �C. Just before introduction into the ALD
reactor, an additional plasma cleaning (Plasma Therm 790 RIE, 120 W,
10 min, in Ar:O2 gases environment at 30 mTorr) was performed on the
substrates. The ZnO thin films were elaborated without using molecular
oxygen gas at a substrate temperature of 180 �C by the following four-
step sequence: DEZ pulse (0.1 s), Ar purge (5 s), DI water pulse (0.1 s),
and Ar purge (5 s). In contrast, when using oxygen gas pulsing, the ZnO
thin films were deposited at 180 �C by a sequence of six pulses; DEZ pulse
(0.1 s), Ar purge (5 s), O2 pulse, Ar purge (20 s), DI water pulse (0.1 s),
and Ar purge (10 s), where the pulsing time of oxygen gas varied between
1, 3, and 5 s. The temperature-dependent studies were performed using
the sequence of six pulses at substrate temperatures of 100, 150, 180, and
200 �C with a constant oxygen pulsing time of 1 s. The ZnO thin films
were deposited by 500 cycles for all studies, except for the films studied
by cross-section transmission electron microscopy (TEM) with 5000 cy-
cles, which were set to achieve a thicker layer of about 1 μm. Before
processes implying either DEZ/H2O or DEZ/O2/H2O precursors, we
performed zinc oxide deposition tests by using DEZ and O2 as precursors
for Zn and O, respectively. No film was formed [32] (not detectable by
ellipsometry) at a temperature of 180 �C, confirming the global purity of
the O2 gas source from moisture contamination. We also did the same
quality control of the Argon gas by pulsing only the DEZ precursor in the
same conditions, and no film was formed, thus also confirming the global
purity of the Ar gas source in the ALD reactor.

X-ray diffractometry (Diffractometer Bruker D8 Discover with Cu Kα
radiation and a 5-axis Eulerian cradle) was conducted in θ–2θ (Bragg-
Brentano) and in grazing incidence (ω ¼ 0.5�) (GIXRD) configurations to
estimate the crystalline quality of the ZnO thin films on all samples. The
measurement uncertainty in angle 2θ was estimated to 0.02�, based on
repetitive measurements following the sample alignment. For pole fig-
ures, the measurements were performed in θ–2θ mode with a measure-
ment in increments of 5� in ϕ (phi) and 3� in χ (chi). The measurement
was performed up to 72� in χ. The pole figures were performed using
collimated irradiation of 1 mm beam diameter. For both samples, pole
figures were performed on the (100), (002) and (101) peak positions. For
each peak position, the background was measured to the right and the
left of the peak position for one angle of phi only. The defocussing
correction was performed based on the number of counts measured on
the (104) and (113) peak positions of the NIST standard SRM1976. The
pole figure data treatment measured was performed using the MTEX
toolbox (version 5.1.1) [33] in conjunction with Matlab ®. The micro-
structure of samples was analyzed by scanning electron microscopy
(SEM) on a Helios Nanolab 650 FIB-SEM instrument (FEI Company,
USA). Cross-sectional configurations were carried out to further confirm
the thickness of the ZnO thin films measured by ellipsometry using a J.A.
Woollam M2000 instrument (analysis wavelength 300–1000 nm) with
three different angles 65, 70, and 75�. The growth rate was calculated as
the ratio of the thickness of the ZnO layer over the number of ALD loops.
TEM analysis in cross section and diffraction were performed on a JEOL
3010F microscope operating at 300 kV. The instrument has a 0.17 nm
atomic resolution. A four-point probe and Hall measurements (Ecopia
HMS-3000) were performed to measure the resistivity and carrier con-
centration of the thin film samples on glass substrates, respectively.
Elemental composition and chemical states were studied by x-ray
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photoelectron spectrometry (XPS) (Axis Ultra DLD, Kratos Analytical
Ltd.) using an x-ray source (Al Kα monochromated, E ¼ 1486.6 eV) at a
power of 150 W, and an energy resolution of 1.5 eV for survey scans and
0.55 eV for narrow scans determined on a silver sample. The surface area
analyzed was 110 μm � 110 μm. The spectra have been calibrated in
energy from the Zn 2p peak in ZnO at 1022.0 eV. The depth profiles were
carried out in the 3 mm � 3 mm etched area by an Arþ ion beam
operating at 2 kV and 2 μA. The UV–visible measurements (LAMBDA
1050 UV/Vis Spectrophotometer, PerkinElmer) were conducted in a
250-2000 nm-range wavelength to measure the transmittance and
reflection spectra of ZnO thin films on glass slides. Photoluminescence
(PL) measurements were carried out at room temperature in a Renishaw
inVia confocal micro-Raman spectrometer, with an excitation wave-
length of 325 nm provided by an 8 mW He–Cd laser focused through a
Thorlabs UV objective with 40�magnification and a numerical aperture
of 0.5. A 300 gr/mm grating enabled analysis in the 350–900 nm range.
The PL spectrum was normalized in intensity for the sake of clarity of
comparison between each sample analysis. A hexagonal
<0001>-oriented ZnO single crystal purchased from MTI Corporation
was characterized and taken as a reference spectrum.

3. Results

3.1. Effect of the pulsing time of oxygen

3.1.1. Structural and morphological properties
Fig. 1(a) illustrates the growth rate of ZnO thin films for varying

pulsing times of oxygen for a constant substrate temperature of 180 �C.
The growth rate of the ZnO films decreased significantly and stabilized
with increasing pulsing times: it was about 2.48, 1.82, 1.67, and 1.69 Å/
cycle for films grown with oxygen gas pulsing times of 0, 1, 3, and 5 s,
respectively.

Fig. 1(b) presents the grazing incident x-ray diffraction (GIXRD) for
four nickel-coated samples. For all ZnO samples, the diffraction patterns
match well with the standard diffraction patterns of the wurtzite ZnO
crystal structure (JCPDS-36-1451). ZnO thin films grown without oxygen
gas displayed a contribution from three different diffraction peaks, i.e.
the (100), (002) and (101) orientations. On the other hand, for ZnO thin
films grown in the presence of oxygen gas, the (002) diffraction peak,
which is characteristic of the polar plane, becomes dominant, and the
(100) and (101) diffraction peaks are reduced to tiny peaks located
around 31.77� and 36.22�, respectively (Fig. 1(b)). This indicates that
these films grow preferentially along the c-axis.

In order to quantify the preferred (002) orientation of the ZnO films,
we defined a Grazing Incidence Texture Coefficient (GI-TC) for the hkl
plane, as shown by the following equations:
Fig. 1. (a) Growth rate, and (b) grazing incidence x-ray diffraction pattern (ω ¼ 0.5
nickel (111) peak was used as a reference to track the shift of the diffraction peaks o
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GI�TCðhklÞ¼ IrðhklÞ
N�1

P
IrðhklÞ (1)
N

and

IrðhklÞ¼ IðhklÞ
�
I0ðhklÞ

(2)

where IðhklÞ are the relative intensities of ðhklÞ peaks measured on the thin
film samples, I0ðhklÞ corresponds to the relative intensity for the same

reflection on an isotropic randomly oriented ZnO powder (NIST Standard
SRM674B) measured in exactly the same configuration, and N is the
number of Bragg reflections considered. Here, N ¼ 3 because we inves-
tigated the orientations (100), (002), and (101). This expression of the
GI-TC, although close to the TC definition found in Ref. [34,35], cannot
be assimilated to it since we performed the measurement at grazing
incidence, with the same incident angle for all samples, and not in θ-2θ
mode. By construction, as for TC, the GI-TC is 1 for a non-textured sample
and has a value of N for single oriented crystals.

To verify that the ZnO powder really is isotropic and randomly ori-
ented, a measurement was performed in θ-2θ mode and compared to the
reference pattern in the JCPDS database. As shown in Fig. S2 in the
Supporting Information, the Texture Coefficient (TC) of the three Bragg
peaks (100), (002), and (101), as defined in Refs. [34,35] were almost
exactly 1, confirming that the powder really was isotropic and randomly
oriented and consequently could be used as a reference pattern.

The GI-TC values of the ZnO thin films on nickel-coated silicon sub-
strates, which are shown in Table 1, clearly confirmed that the strong
domination of (002) crystal orientation outweighs the (100) and (101)
orientations in the ZnO thin films grown with oxygen gas (see Fig. S3,
Supporting Information). In addition, the GI-TC (002) of the ZnO film
grownwith 1-s oxygen gas pulsing shows the highest value in comparison
to the other samples. This implies a highly preferred orientation along
the c-axis for this sample.

The pole figures shown in Fig. 3 give complementary information
about the preferred orientation of the ZnO grains in the polycrystalline
film grown without [Fig. 3(a)] and with [Fig. 3(b)] the presence of mo-
lecular oxygen pulsing (1 s) at a sample temperature of 180 �C. The
calculated Orientation Distribution Functions (ODF) deduced from the
measured pole figures show that indeed some degree of texture is present
on both samples. Thus, the pole figures of the ZnO film grown with the
presence of molecular oxygen pulsing [Fig. 3(b)] present a preferred
orientation along the c-axis without any significant misalignment. It can
be seen that the (002) orientation (along the c-axis) is significantly more
pronounced in the ZnO thin film grown with the presence of the oxygen
gas. This change in texture is confirmed by the calculated texture index/
entropy [36] changing from 2.42/-0.43 for the ZnO film grown without
the O2 gas (Fig. 3(a)) to 6.89/-1.34 for the ZnO grown with the O2 gas
�) of ZnO thin films grown at 180 �C with different oxygen pulsing times. The
f ZnO films. The black dashed vertical line highlights the shift of the (002) peak.



Table 1
Sample references, thicknesses, lattice constants, induced intrinsic strain, grazing incidence texture coefficient, oxygen over zinc ratio (O/Zn), and photoluminescence
intensity ratio (INBE/IDLE) of ZnO thin films processed with different pulsing times of oxygen and substrate temperatures.

Sample Thickness (nm) a(Å) c (Å) Strain (%) [a] |ΔStrain| (%) [b] |ΔStrain|thickness (%) [c] GI-TC [d] O/Zn ratio INBE/IDLE

(100) (002) (101)

0 s 124.2 3.237 5.193 �0.345 0.86 1.87 0.27 0.92 � 0.02 1.81
1 s 91.1 3.241 5.216 0.096 0.441 0.105 0.25 2.63 0.12 0.96 � 0.03 17.24
3 s 83.4 3.249 5.218 0.134 0.038 0.024 0.22 2.67 0.11 0.93 � 0.03 4.70
5 s 84.7 3.245 5.220 0.173 0.039 0.004 0.20 2.68 0.12 0.95 � 0.04 3.98
100 �C 72.6 3.251 5.225 0.269 1.06 1.59 0.34 0.98 � 0.04 1.94
150 �C 84.2 3.251 5.221 0.192 0.077 0.037 0.47 2.33 0.20 0.95 � 0.04 5.25
180 �C 91.1 3.241 5.216 0.096 0.096 0.022 0.25 2.63 0.12 0.96 � 0.03 17.24
200 �C 103.6 3.237 5.201 �0.192 0.288 0.040 0.26 2.61 0.13 0.95 � 0.04 2.85
Ref.[e] – 3.253 5.211 – – – – – 18.06

a Strain is calculated by ε ¼ c� c0
c0

with c0 ¼ 5.211 Å.
b Absolute strain change calculated as jεn�1 �εnj from the previous strain column. n is the row index in the table.
c Absolute strain change induced by thickness change calculated as jεn�1 �εnj from the thickness column, according to T. Singh et al. [64].
d Grazing incidence Texture Coefficient GI-TC (see Figs. S3 and S4 in the Supporting Information).
e References: 1) The ZnO reference (JCPDS-36-1451) is used for the lattice parameters a and c; 2) hexagonal<0001>-oriented ZnO single crystal purchased fromMTI

Corporation was used for the photoluminescence intensity ratio (INBE/IDLE).
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[Fig. 3(b)]. The change in texture is also reflected in themeasured TC and
GI-TC shown in Figs S2, S3 and S4 (Supporting Information), where the
value of the (002) reflection is close to 3 for the sample grown with the
presence of molecular oxygen pulsing (1 s) at a sample temperature of
180 �C.

Furthermore, a remarkable shift of the (002) diffraction peak of ZnO
thin films fabricated under different pulsing times of oxygen gas was
observed. Here, zinc oxide thin films were deposited on nickel-coated
silicon substrates, but we observed the same tendency when they were
deposited on a glass sample as shown in Fig. S1 in the Supporting In-
formation. For all the samples, the diffraction peak of nickel (111) was
located at the same position (around 2Ɵ ¼ 44.59�) before and after ALD
processes ramping up from 100 �C to 200 �C, and was used as a reference
to track the shift of the ZnO (002) peak considered. Therefore, a shift in
the (002) diffraction peak for the ZnO layer was an intrinsic effect due to
the presence of oxygen gas during ALD processes. The positions of the
(002) diffraction peak is noted in Table 1. It was around 34.5� for a ZnO
thin film fabricated without using oxygen gas. By introducing oxygen gas
Fig. 2. SEM top view micrographs of ZnO thin films grown at 180 �C with an oxyg
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during the process, it shifted markedly to lower angles. The (002) peak
positions were 33.34, 33.33 and 33.32� for ZnO films with oxygen gas
pulsing times of 1, 3, and 5 s, respectively. The ZnO reference (JCPDS-36-
1451) gives a value of about 34.38� for the (002) peak position. In
comparison to the peak position referenced for wurtzite ZnO in the
database, the (002) diffraction peak on the ZnO thin film without oxygen
gas was located at a higher angle, whereas that of the ZnO thin film using
oxygen gas is located at lower angles. The lattice parameters a and c of
the wurtzite hexagonal structure ZnO were calculated by using Bragg’s
law (cf. detailed expression in the supporting information) and their
values for all films are listed in Table 1. It showed that the strain state of
ZnO films changed from compressive to tensile for ZnO films with an
increasing O2 pulsing time. In the case of tensile strain, the unit cells of
ZnOwere elongated along the c-axis, while they slightly shrunk along the
a-axis.

Top-view SEM micrographs of ZnO thin films are shown in Fig. 2. It
can be seen in Fig. 2(a) that the ZnO thin film grown without using ox-
ygen gas clearly shows a distribution of different grain orientations with
en pulsing time of (a) 0 s, (b) 1 s, (c) 3 s, and (d) 5 s. The scale bar is 300 nm.



Fig. 3. Calculated Orientation Distribution Functions (ODF) from XRD pole figures of ZnO thin film deposited at 180 �C a) without and b) with the presence of O2 gas
pulses during the ALD growth. In this figure, the depicted poles are denoted using the Bravais-Miller notation (h k i l) with h þ k þ i ¼ 0. The corresponding measured
pole figures are shown in Figs. S5 and S6 in the Supporting Information document.
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wedge-like shaped crystallites parallel to the substrate and fine-columnar
crystallites perpendicular to the substrate. It is consistent with the x-ray
diffraction data that shows a mixture of (100), (002), and (100) orien-
tations. Fig. 2(b)-2(d) present the top-view SEMmicrographs of ZnO thin
films processed with oxygen. Interestingly, a significant change in the
morphologies of those films can be observed, in that they are composed
of grains which are mostly vertically oriented along the (002) direction
(see Fig. S7 in the Supporting Information). Finally, we did not observe
any significant difference between ZnO films grown with different
pulsing times of oxygen gas; all exhibit the same morphology and have
comparable grain diameters (from 12 to 18 nm).

We investigated the evolution of the grain structure and size distri-
bution by cross section and diffraction TEM on a thicker ZnO layer of 1
μm for the growth process without (Fig. 4) and with (Fig. 5) the presence
of molecular oxygen pulsing (1 s) at a sample temperature of 180 �C.
Similarly to the previous results, both were performed on a nickel bottom
layer. At the end of the process, a top capping layer of aluminum nitride
(AlN) was also applied by ALD in the same reactor. The cross section
micrographs in Fig. 4(a) highlight a rough polycrystalline ZnO layer of
1.14 μm thickness with a widening of grain sizes from 20 nm at the
bottom to 100 nm on top. For 5000 ALD cycles, the growth rate is of 2.28
Å/cycle and the film roughness was estimated to about 120 nm. The
detailed view [Fig. 4(b)] of the bottom part of the cross section confirmed
small diameter grains from 20 to 30 nm. The TEM diffraction pattern
[Fig. 4(c)] shows the <011> pole orientation of the monocrystalline
silicon substrate with (111), (200), (022) intense spots and the main ring
peak of the (111) orientation of the nickel bottom layer, and for the ZnO
layer, weak ring peaks without preferential orientation. The cross-section
5

micrographs in Fig. 5(a) highlight a regular (002) textured ZnO layer of
0.97 μm thickness with a regular preferential orientation of columnar
grains with a constant diameter of 40 nm from bottom to top. For the
same number of 5000 ALD cycles, the growth rate is reduced to 1.94 Å/
cycle in agreement with the previous tendency observed in Fig. 1(a). In
addition, the ZnO film roughness was about 30 nm. The TEM diffraction
pattern [Fig. 5(b)] clearly revealed an intense peak for ZnO relative to a
highly preferential (002) orientation, that is a (002) ZnO spot in a small
arc shaped parallel to (200) Si, the normal direction to the substrate.
Thus, columnar ZnO grains are similar to monocrystalline grains with
their normal direction close to (002) parallel to (200) Si. The same pre-
vious diffraction peaks occur for the silicon substrate and the nickel
bottom layer with the (111) ring peak. We performed the same ALD
recipes for ZnO growth on an AlN bottom seed surface with a similar TEM
cross section and diffraction analysis as depicted in the “Supporting In-
formation” document (Figs. S8 and S9). We observed the same qualita-
tive and quantitative tendency of the ZnO film growth as for the nickel
bottom layer. For the process without the presence of oxygen gas pulsing
(Fig. S8), a ZnO film thickness of 1.26 μmwas obtained for a growth rate
of 2.52 Å/cycle and a film roughness of 190 nm, with sharp grains. We
still observed a widening of grain sizes from 70 nm at the bottom to 200
nm on top. The TEM diffraction pattern in Fig. S8(c) showed relatively
strong peaks for the ZnO layer coming from grains without privileged
orientation. (002) and (100) ZnO are no longer in a preferential position.
For the process in the presence of O2 gas pulsing (Fig. S9), we observed a
regular (002) textured ZnO layer with a regular preferential (002)
orientation of columnar grains with a constant diameter of 50 nm from
bottom to top. The TEM diffraction pattern in Fig. S9(b) clearly revealed



Fig. 4. Transmission Electron Microscopy (TEM) images of ZnO ALD growth during 5000 cycles at a substrate temperature of 180 �C without the presence of O2 gas
pulsing. a) Cross-section view detailing the stacks with nickel as the bottom layer and AlN as the top capping layer. b) Detailed view of the bottom part of the ZnO film
at the interface with the nickel layer. c) Diffraction pattern obtained with a 700 nm selected area diaphragm.

Fig. 5. Transmission Electron Microscopy (TEM) images of ZnO ALD growth during 5000 cycles at a substrate temperature of 180 �C with the presence of O2 gas
pulsing in each cycle. a) Cross-section view detailing the stacks with nickel as the bottom layer and AlN as the top capping layer. b) Diffraction pattern obtained with a
700 nm selected area diaphragm.
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an intense peak for ZnO relative to a highly oriented (002).

3.1.2. Electrical and optical properties
In order to evaluate the effect of using oxygen gas during ALD growth

on the electrical properties of ZnO thin films, we performed four-point
probe measurements. Fig. 6 shows the resistivity of ZnO thin films as a
function of oxygen pulsing time. There was a huge increase in the re-
sistivity of ZnO thin films when using oxygen gas during ALD synthesis.
While the ZnO thin film had a resistivity of about 0.09 Ω cm without
6

using oxygen gas, the ZnO thin films processed with oxygen were around
three orders of magnitude more resistive with values of 56.66, 16.77, and
13.72 Ω cm corresponding to ZnO thin films elaborated with 1, 3, and 5 s
of O2 pulses, respectively.

The effects of using oxygen gas during ALD growth on the band gap
energy and optical properties of the films can be concluded by measuring
the optical transmittance spectrum. Fig. 7 depicts the optical trans-
mittance spectrum of ZnO thin films grown with and without using ox-
ygen gas. The average transmittance of the ZnO films in either the visible



Fig. 6. Resistivity of ZnO thin films as a function of the pulsing time of oxy-
gen gas.

Fig. 7. Optical transmittance spectra of ZnO thin films deposited with different
pulsing times of oxygen gas. The inserted figure refers to Tauc plots.

Fig. 8. Photoluminescence spectra of ZnO thin films deposited with different
pulsing times of oxygen gas at a constant ALD growth temperature of 180 �C.
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or infrared region was greater than 80% (glass substrate included). The
use of oxygen gas during ALD growth induced a higher transmittance of
the ZnO films in the infrared domains, whereas a lower transmittance in
the visible regions was observed. Namely, the transmittance in infrared
and visible regions of ZnO samples with and without oxygen gas is
around 85–90% and 80%, 75–80% and 80–92%, respectively. Notably,
shallow necks are observed in the UV range (below 400 nm) and their
transmittance is higher for the processes with oxygen gas. In fact, these
shallow necks were reported before in numerous studies, yet the plau-
sible explanation for it was not mentioned [37–40]. For ZnO nanorods, A.
F. Abdulrahman et al. [41] proposed thin films where the transmittance
increases when the crystallite size is smaller due to decreased optical
scattering. Additionally, the authors mentioned that the transmittance
increases with the preferred c-axis orientation, which is consistent with a
reduction in light dispersion at grain boundaries as the film structure
becomes more oriented along the c-axis. On the other hand, thicker films
increase the optical scattering, which reduces the transmittance of the
thin layer. Considering the regular (002) textured ZnO was obtained in
the presence of oxygen gas during ALD growth, the resulting columnar
structure for equivalent film thicknesses and a small grain diameter along
the c-axis could fit a similar explanation for the higher transmittance
edge in the UV range.

The band-gap energy values of the ZnO thin films can be derived from
the Tauc plots, as shown in the detail inserted in Fig. 7. The reflectance
and transmittance spectrum of the ZnO films and a reference glass slide
was determined to calculate the absorption spectrum of the films (not
shown here). For a direct band-gap semiconductor, the relationship be-
tween the absorption coefficient α and photon energy հν is given by
Ref. [42]: (αհν)2 ¼ A(հν – Eg). Here, հ is Planck’s constant; A is a constant
and Eg is the optical band gap. By extrapolating the linear part of the Tauc
plots to α¼ 0, the band gap can be determined to be about 3.25 eV for the
ZnO thin films processed without oxygen gas, and goes up to 3.30 eV for
7

films grown with oxygen pulses, as depicted in Fig. 7. A detailed calcu-
lation is given in the Supporting Information.

The room temperature photoluminescence (PL) spectra (Fig. 8) are
dominated by strong near band edge (NBE) emission with a peak energy
of 3.28–3.31 eV, indicative of the typical excitonic characteristic. The full
width at half maximum (FWHM) comprises between 209 and 304 meV
for the grown polycrystalline samples, compared with the reference ZnO
monocrystalline with a FWHM of 100 meV. The relatively broad line-
width and asymmetric line shape of the NBE emission as compared to the
PL signal of the reference single crystal can be attributed to the crystalline
quality. For all samples, a broad emission band centered in the green
spectral region (2.15–2.35 eV) can also be observed. Although the sci-
entific community has not yet reached a consensus about this visible
luminescence, it is accepted that it results from defect-related deep-level
emission (DLE), that is, electron transition from the bottom of the con-
duction band to an antisite defect. The PL intensity ratios of the NBE to
DLE emission peaks (INBE/IDLE) are given in Table 1.

3.1.3. Compositional and chemical state analyses
The composition and chemical state of oxygen and zinc have been

investigated by x-ray photoelectron spectroscopy (XPS) through analyses
of the O 1s and Zn 2p core levels, as illustrated in Fig. 9. The different O/
Zn ratios of ZnO thin films are listed in Table 1. It clearly shows that the
O/Zn ratios of ZnO thin films deposited using oxygen gas were higher
and closer to 1 than that of a ZnO thin film grown without using oxygen
gas, corresponding to a lower concentration of oxygen vacancies in the
films. It confirms that the higher resistivity achieved in those ZnO thin
films is due to fewer oxygen vacancies.

Detailed XPS information of the chemical state of zinc and oxygen
was extracted from the Zn 2p and O 1s narrow scans of the ZnO samples.
Before any energy calibration, it is worth remarking that the Zn 2p and O
1s peak position of the ZnO film, grown without the presence of oxygen
gas, is located at 0.3 eV, a lower binding energy that the ZnO thin films
produced with oxygen gas (spectra not shown here). This sample clearly
exhibits a lower intrinsic resistivity allowing a better evacuation of the
charges. Fig. 7(a) and (b) illustrate the oxidation state of Zn 2p and O 1s
core levels and of ZnO thin films, respectively after energy calibration, as
well as illustrating intensity normalization for comparison reason-
s.Whereas the Zn 2p peaks present no evolution according to synthesis
conditions, an increase of the shoulder located above 532 eV is observed
in the O 1s spectrum when oxygen gas is added in the synthesis process.
Generally, the O 1s peak can be adjusted by two components as we did on
Fig. S12 (Supplementary Information): a main oxygen peak located at ~
530.60 eV [43–45] attributed to the O–Zn bonds in a hexagonal wurtzite
structure, and a secondary oxygen peak at 532.25 eV, usually related to
Zn–OH bonds, chemisorbed oxygen [44,45], or both. For longer pulse
times of oxygen gas during the growth, the main and secondary oxygen
peaks remain unchanged both positions and relative intensities. The
relative intensities of the secondary oxygen peak were about 0% and 10%



Fig. 9. XPS spectra for ZnO thin films synthesized with different oxygen pulsing
times: (a) Zn 2p3/2 band, (b) O 1s band. The XPS spectra were acquired after Ar
þ sputter cleaning.
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for ZnO films grown without and with oxygen gas, respectively. The
binding energy of the secondary oxygen peak can be attributed to Zn–OH
bonds originating from water, and/or chemisorbed oxygen. In the case of
growing ZnO thin films with oxygen gas, oxygen molecules or ions are
adsorbed at grain boundaries [44]. As a result, one possible scenario is a
contribution of chemisorbed oxygen on the secondary oxygen peak for
the ZnO films using oxygen gas during growth. This scenario will be
elaborated further in the Discussion section. It is worth mentioning that
an increase in the full-width-half-maximum of the O 1s peak in associa-
tion with the shift of Zn 2p peak could confirm the presence of oxygen
vacancies, leading to a low resistivity of the ZnO films fabricated without
oxygen gas.
3.2. Effect of substrate temperature

3.2.1. Crystallographic structure and morphologic properties
Fig. 10(a) shows the growth rate of ZnO thin films grown with 1-s

oxygen gas pulsing at different substrate temperatures. It can be seen
that the growth rate increased monotonously with substrate tempera-
tures from 100 �C to 200 �C. This result differs from previous reports on
the dependence of the growth rate on substrate temperatures for ZnO
thin film grown with DEZ and DI water as precursors [46,47]. In those
studies, it was shown that the growth rate of ZnO thin films was almost
unchanged for temperatures ranging from 100 �C to 180 �C, which is the
so-called ALD growth window. The growth window describes a tem-
perature range where the growth rate is both constant and self-limited
due to the balance between chemical reactivity and physical
Fig. 10. (a) Growth rate, and (b) grazing incidence x-ray diffraction pattern (ω ¼ 0.5
was used as a reference to track the shift of the diffraction peaks of ZnO films. The
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desorption. Interestingly, the growth rate of ZnO thin films in our
experiment did not follow these studies, but increased constantly in the
investigated temperature range of 100–200 �C. This implies that, by
inserting the oxygen gas during ALD processes, the equilibrium between
chemical reactivity and physical desorption in our experiment could be
broken and the growth window in this case could be shifted to a higher
temperature range.

The evolution of the crystallographic structure of ZnO thin films was
evaluated by GIXRD, as shown in Fig. 10(b). It clearly shows the domi-
nance of the (002) diffraction peak of the ZnO thin films at above 150 �C.
Particularly, the ZnO thin films possess highly oriented (002) crystal
orientation at 180 �C and 200 �C, indicating film growth with the c-axis
perpendicular to the substrate surface. At the low temperature of 100 �C,
however, the preferred (002) orientation is lost, and the diffraction
pattern displays a contribution of non-polar (100) and (101) planes, as
well as polar planes (002). This is consistent with previous reports [27,
28], which showed that (100) and (002) diffraction peaks were found for
ZnO thin films deposited at low substrate temperatures (135–150 �C).
The degradation of the (002) preferred orientation can be caused by the
suppression of crystal growth in this temperature range. As shown in
Table 1, the GI-TC was calculated to quantify the preferred orientations
of the films. According to the GI-TC calculation, a highly preferred (002)
orientation was observed on the films grown at 180 �C and 200 �C, i.e.
GI-TC (002) > 2.5 for the three Bragg reflections considered. The films
grown at 150 �C and especially at 100 �C show amore isotropic randomly
oriented distribution of (100), (002) and (101) crystallographic orien-
tations, i.e. GI-TC (002) < 2.5 for the three Bragg reflections considered
(see Fig. S4, Supporting Information).

It is also worth mentioning that the shift of the (002) peak can be
observed on ZnO thin films grown under oxygen gas with different
substrate temperatures, as listed in Table 1. The (002) peak shifted to
higher angles with increasing substrate temperatures, as illustrated in
Fig. 10(b). For example, it was 34.28� and 34.50� for the ZnO thin films
processed at 100 �C and 200 �C. Notably, the (002) peak of the ZnO films
at 200 �C is likely to return to the (002) peak position of the ZnO films
grown at 180 �C without using oxygen gas. This could imply that the
oxygen gas desorption on the film surface or a change in the chemi-
sorption processes (from molecular to ionic form) could occur at 200 �C
[48].

SEM micrographs (Fig. 11) strongly confirmed the evolution of a
crystallographic structure displayed on XRD data. While at high tem-
peratures, the ZnO thin films contains fine-columnar grains perpendic-
ular to the substrate surface, the ZnO thin films grown at lower
temperatures display a distribution of grains with their polar c-axis
perpendicular and parallel to the substrate surface (Fig. S7, Supporting
Information). It was also found that the crystalline distribution of ZnO
thin film elaborated at 100 �C with an oxygen gas pulsing (Fig. S10,
�) of ZnO thin films with different growing temperatures. The nickel (111) peak
black dashed vertical line highlights the shift of the (002) peak.



Fig. 11. SEM top-view micrographs of ZnO thin films with different substrate temperatures (a) 200 �C, (b) 180 �C, (c) 150 �C, and (d) 100 �C. The scale bar is 300 nm.
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Supporting Information) is very similar to that of a ZnO thin film syn-
thesized without oxygen gas at 180 �C (Fig. 2(a)), but the grain size is
slightly finer from 6 to 16 nm average diameters.

3.2.2. Electrical and optical properties
Fig. 12 illustrates a substrate temperature resistivity dependence of

ZnO thin films grown in the presence of oxygen gas. In general, the re-
sistivity decreases as the substrate temperature increases. With the
exception of the film grown at 180 �C, the resistivity was a bit higher than
that of the film at 150 �C. There were about 1196.08, 45.02, 56.66, and
14.39 Ω cm for the ZnO thin films grown at 100, 150, 180 and 200 �C. It
should be noted that the resistivity of the ZnO thin film grown at 100 �C
was significantly higher than that of others and four orders of magnitude
higher than that of the ZnO thin film grown at 180 �C without oxygen.
This increase of resistivity at low processing temperatures has been re-
ported previously [48,49]. The plausible reason for this is a lower carrier
concentration at lower substrate temperatures in which the resistivity is
mainly determined by inter-grain (grain boundary) transport [50,51].
The inter-grain scattering is due to the build-up of potential barriers from
the trapping of electrons at the grain boundaries. To confirm the corre-
lation, Hall measurements were performed in the van der Pauw config-
uration to determine the carrier concentration of the ZnO thin films
without and with using oxygen gas. The carrier concentration was 7.11
Fig. 12. Resistivity of ZnO thin films deposited at different substrate
temperatures.
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� 1019 cm�3 and 4.08 � 1016 cm�3 for the ZnO thin films grown at 180
�C without and with oxygen with a pulsing time of 1 s, respectively. The
carrier concentration of the ZnO thin film grown at 100 �C with oxygen
gas pulsing was estimated at 1014 cm�3 due to the limit of the Hall
measurement with our equipment for highly insulating materials, as re-
ported by F. Werner for low mobility polycrystalline thin films [52]. In
addition, in our processes, chemisorbed oxygenmolecules can be trapped
at the grain boundaries, which will increase the potential barrier, pre-
venting inter-grain electrical transport. Therefore, in this study, a
simultaneous contribution of two phenomena will further decrease the
electrical conductivity of ZnO thin films.

Optical transmittance spectroscopy was carried out to study the
impact of substrate temperatures on the optical properties of ZnO thin
films (Fig. 13). The average transmittance values of all thin films were
above 80% in the visible and infrared regions except for the film grown at
100 �C. It should be pointed out that the transmittance values in the
visible region slightly increased as substrate temperatures went up. The
Tauc plots were also performed to determine the optical band gap of
those films, as displayed in the insert in Fig. 13. The band gap values of
the ZnO films grown at 150 �C and above are all equal to 3.29 eV while
that of the film grown at 100 �C was slightly larger with 3.33 eV, as
depicted in Fig. S13 (Supporting Information).
Fig. 13. Optical transmittance spectroscopy of ZnO thin films deposited at
different substrate temperatures. The inserted figure refers to Tauc plots.



Fig. 14. Photoluminescence spectra of ZnO thin films deposited at different
substrate temperatures at a constant O2 pulse time of 1 s during ALD growth.
The spectra have been normalized for the sake of clarity.

Fig. 15. XPS spectra for ZnO thin films synthesized at different substrate tem-
peratures: (a) Zn 2p3/2 band, (b) O 1s band. The XPS spectra were acquired after
Ar þ sputter cleaning. The XPS spectra for ZnO thin films synthesized at
different substrate temperatures: (a) Zn 2p3/2 band, (b) O 1s band.
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Here also, the room temperature PL spectra (Fig. 14) are dominated
by strong excitonic NBE emissions with peak energy between 3.26 and
3.31 eV. The FWHM of the NBE emission peaks comprises between 278
and 368 meV for the grown polycrystalline samples, compared with the
reference ZnO monocrystalline with a FWHM of 100 meV. The broad-
band emission band centered in the green spectral region (2.15–2.35 eV)
can also be observed for every sample. The PL intensity ratios of the NBE
to DLE emission peaks (INBE/IDLE) are indicated in Table 1.

3.2.3. Compositional and chemical state analysis
X-ray photoelectron spectroscopy was carried out to study the influ-

ence of substrate temperatures on the chemical stoichiometry and surface
bonding of the ZnO films. The in-depth O/Zn ratio was used to under-
stand the effect of substrate temperature on the stoichiometry of the ZnO
films. It is clearly shown in Table 1 that the highest value of O/Zn ratio
belonged to the film grown at a low temperature of 100 �C, whereas the
values of the films grown above 150 �C remain almost unchanged. This is
consistent with the discussion by E. Guziewicz et al., and T. S. Bjørheim
et al. [47,53] that the formation of defects, such as zinc or oxygen va-
cancies, can be suppressed in the low temperature regime because of
insufficient activation energy.

Binding energies of Zn 2p and O 1s bands are presented in Fig. 15(a)-
(b), respectively. The shape of both peaks is very similar. No deviation of
the binding energies can be observed on Zn 2p and O 1s bands of the ZnO
thin films grown at different substrate temperatures. As noted in
Fig. 15(b), the O 1s peak can also be fitted with two sub-peaks, i.e. a main
peak at around 530.60 eV indicates the Zn–O bonding in the wurtzite
structure, and a secondary peak (532.25 eV) attributed to Zn–OH
bonding and/or chemisorbed oxygen.

4. Discussion

4.1. Correlations of chemical composition, optical properties, and electrical
properties

It has been pointed out that the electronic trapping at grain bound-
aries plays an important role in the electrical properties of polycrystalline
semiconductors [53–56]. The local charge of these traps induces a po-
tential build-up barrier for the electrons, which impedes the current flow
through the grain boundary [54]. In the presence of oxygen gas, oxygen
will be chemisorbed in form of molecular O2

� and/or atomic (O�, O2�)
ions [48] and will be trapped at the grain boundary [46]. Here, absorbed
oxygen species can capture electrons from the surface and inner of grains,
and then create depletion regions, which further increase the potential
barriers at the grain boundaries. Consequently, the potential barriers
prevent the electron flow, leading to an increase in resistivity of the ZnO
films. This was the situation for the ZnO thin films grown with oxygen
gas.

In general, the free charge carriers of intrinsic ZnO are mainly related
to some native defects, such as oxygen vacancies, which acts as donors,
increasing the surface conductivity. In an oxygen-rich environment, the
relatively large amount of chemisorbed oxygen species, acting as surface
acceptors, will neutralize the oxygen vacancies and donors, thus reduce
the surface conductivity [48]. The chemical composition and appear-
ances of the secondary oxygen peaks (532.25 eV) in XPS have confirmed
the suitable stoichiometry promoting the presence of oxygen on zinc in
ZnO thin films grown in the presence of oxygen gas. A stoichiometric
ratio O/Zn that is closer to one makes a film of higher resistivity. In fact,
the highest resistivity of our films (1196.08 Ω cm) was achieved on the
ZnO films grown at 100 �C with the highest value of O/Zn ratio (0.98). A
possible reason for interpreting the increase in resistivity of the ZnO thin
films can be based on chemisorption processes of oxygen gas on the
semiconducting surface. For the ALD processes with oxygen gas, oxygen
molecules are adsorbed on the surface of the ZnO thin films [48,57].
Those oxygen molecules absorbed play as scavengers, which can capture
electrons from the surface and the interior of the ZnO film [58,59]. The
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electron trapped in oxygen species causes a depletion layer, leading to an
increase in resistivity [48,57]. Depending on working temperatures,
adsorbed oxygen can appear in the form of molecular O2

� and/or atomic
(O�, O2�) ions. In general, this is controlled by the working temperature:
below 150 �C, the molecular form dominates while atomic ions dominate
above 150 �C. In our case, with ZnO thin films grown at 180 �C, the
presence of atomic ions would dominate.

In addition, the visible region of the photoluminescence spectra
illustrated the presence of deep-level emission (DLE) defects against the
ALD process parameters: the presence of the O2 pulses in the sequence
and the sample temperature during growth. These DLE defects come from
impurities or defects with high ionization energy located deep in the
band gap. It is accepted that these deep levels are mainly due to intrinsic
defects, impurities and/or a combination of both. Although their nature
remains uncertain with often contradictory explanations, there are three
main commonly accepted emission regions [60–62]:

(i) The green domain (G1) is located in a wavelength range of
~480–550 nm (~2.58–2.25 eV). This emission has been associ-
ated with gaps in oxygen vacancies simply ionized (VO

�), or ox-
ygen antisites, or even zinc vacancies (VZn

�).
(ii) The yellow-orange emission (G2) has wavelengths of ~550–610

nm (~2.25–2.03 eV). This corresponds to the gaps of oxygen va-
cancies doubly ionized (VO�), and interstitial oxygen (Oi).

(iii) The red emission (G3) of ~610–755 nm (~2.03–1.64 eV) has
been attributed to excess oxygen on the ZnO surface.
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As a result, it can be observed that the ALD processed at 180 �C with 1
s of oxygen gas pulsing has a larger intensity ratio of NBE to DLE emission
peaks (INBE/IDLE) (Table 1) with a defect presence comparable to the
reference ZnO single crystal. It can also be noted that the PL spectra
(Fig. 8) in the visible region (2.0–2.5 eV) shows a similar trend in elec-
trical resistivity (Fig. 6) to ZnO thin films grown at 180 �C and with 1–5 s
of oxygen pulse time. The 1s pulse sample presents the highest resistivity
and the lowest relative visible photoluminescence emissions compared to
the other pulse duration samples. The XPS analysis performed on the
samples rules out the hypothesis of the presence of a significant amount
of impurities (Fig. S11, Supporting Information). As a general tendency,
the presence of O2 during the processes allowed the intensity ratio of the
NBE to DLE emission peak to be increased probably by reducing the
oxygen vacancy defects. This opens an interesting perspective to improve
the UV light emission efficiency of ZnO in LED devices, with the possi-
bility of simultaneously modulating the electrical resistivity of the
material.

The dependence of electrical properties on the surface morphology
has been discussed previously in several works [27,48,49]. A higher
carrier concentration was found in the polar-plane (002)-texture films,
whereas a lower carrier concentration was displayed in the non-polar
(100), (101)-texture films. Furthermore, the higher carrier concentra-
tion was in concomitant with the higher defect density or lower stoi-
chiometry of the ZnO films. It is consistent with our observation, even
though the polar-plane (002) films grown with oxygen shown higher
resistivity in contrast to the ZnO films grown without oxygen. On the
other hand, a too large amount of oxygen during the ALD process with
pulsing times of 3 s and 5 s induced a decrease in resistivity (see Fig. 6),
but with a similar optical band gap as for 1 s of oxygen pulse grown
samples. The corresponding PL spectra (Fig. 8) showed an increase of the
yellow-orange emission (G2), which is a possible signature of interstitial
oxygen. The picture is different in the most resistive ZnO films grown
with oxygen at 100 �C, which show random crystallographic orienta-
tions, but the chemical composition was found to be the most stoichio-
metric in comparison to other films.

Moreover, TEM analysis in cross-section and diffraction patterns il-
lustrates the similar growth profiles of ZnO films (rough polycrystalline
with grains widening and regular (002) texture with columnar grains,
with and without the presence of the oxygen gas pulsing respectively) on
either a metallic (nickel) or an insulating (AlN) bottom seed layers. This
implies that the buffer layers have no significant impact on the ZnO thin
film structuring during growth. In addition, the detailed cross section by
TEM shows that the grains are actually interconnected at their bases.

A remarkable correlation between the chemical composition and the
optical band gap is observed. The optical band gap increased when the
O/Zn ratio increased in the ZnO films grownwith oxygen gas. This can be
understood as a filling of oxygen vacancies, annihilating the shadow
donor levels [27,59,63]. Interestingly, we noticed an evolution of the
strain to band gap energy as observed by T. Singh et al. [64] with an
increase of the band gap level against an increase of the tensile strain in
the ZnO thin film (Fig. S13, Supporting Information). The authors
correlated the ZnO film thickness with the induced inner strain. Table 1
relates the net out-of-plane strain calculated from changes of the c lattice
parameter. According to the strain-to-thickness relationship measured by
T. Singh et al. [64], in Table 1 we indicated the relative change of the
strain in absolute value due to the modulation of the thicknesses being
lower than that calculated from the c lattice parameter change measured
by GIXRD. This indicates a substantial contribution of the crystalline
orientation and/or chemical composition and relative impurities and
defects of the film compared to the thickness parameter on the induced
strain relative to the different ALD processes.

4.2. Growth mechanisms of (002) preferred orientation

Control of the preferred orientation of ZnO thin films has been
investigated here with two varying thermodynamic parameters during
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the growth. Among deposition parameters such as the pulsing time of
precursors [65] and the substrate temperature, the temperature during
deposition was the most commonly used, as it enables the crystallo-
graphic orientation of the ZnO film to be controlled in a very efficient
way [27,28]. Three zones were identified based on the predominance of
(100) and (002) orientations: zone 1 (135–155 �C) where the films are
dominated by (100) and (002)-oriented crystallites; zone 2 (155–220 �C)
with a dominant (100) orientation and finally zone 3 at higher temper-
atures (220–300 �C) where the (002) orientation dominates. This sup-
pression of the (002) crystallographic orientation in the temperature
range of 155–220 �C has been discussed in previous works [27,28]. It
could be better understood by considering stacking sequences of the ZnO
(002) polar-plane, which can be seen as Zn/O/Zn/O … stacking se-
quences of the hexagonal type AbBaA … along its polar c-axis [66]. As a
result, the (002) polar surface could be negatively or positively charged,
corresponding to oxygen ion terminated ZnO (0001͞)-O or zinc ion
terminated ZnO (0001)-Zn. In the temperature range of 150–300 �C, it
has been demonstrated that the premature dissociation of DEZ precursors
may occur [67–69]. The dissociated ethyl groups can be cleaved further
into ethyl and methyl group fragments, such as CH3CH2 and CH3 in the
temperature range of 150–220 �C [28]. These anions can bond to the
positively charged ZnO (0001)-Zn polar surface, which prevents growth
along the polar c-axis direction. Our ZnO thin films, grown without using
oxygen gas during ALD processes, follows this abovementioned argu-
ment. In fact, the films show a crystallographic contribution of the
nonpolar-plane (100), (101) and polar-plane (002) orientations. How-
ever, this was no longer the case for the ZnO thin films processed in an
oxygen-rich environment, where the (002) polar-plane orientation
became a preferred orientation. It can be interpreted by a picture of
cleave/combustion processes during ALD growth. M. A. Thomas et al.
[30] pointed out that energetic O radicals from oxygen plasma cleave/-
combust the ligands CH3CH2 and CH3, which are bonded to Zn and
subsequently oxidize Zn. In our situation, when absorbing molecular
oxygen on the polar surface, the charges from the ZnO surface transferred
to the antibonding π* orbitals of oxygen, transforming it into a peroxo
radical (O2

�2) [58]. This can act as a reactive oxidant and homolytic
fission agent. Therefore, the surface in an oxygen-rich environment can
be cleaned up by further removing the ligands of ethyl groups. Conse-
quently, the (002)-oriented growth direction will be no longer sup-
pressed, but will keep growing and dominating with its lowest surface
energy for the fastest growth rate [25].

The growth mechanism of (002) the polar-plane orientation could
also be pinpointed by reviewing a stabilization aspect of the polar sur-
face, which has received significant considerations in the last few de-
cades [70–73]. Generally, the most crucial point of the growing (002)
texture is to control the formation of tetrahedral coordination sp3 in the
vapor phase and at the substrate surface in order to change the equilib-
rium state of the deposition [25]. Fujimura et al. [25] demonstrated that
a suitable sputtering gas condition with the ratio Ar:O2 ¼ 4:1 promoted
the tetrahedral coordination in the vapor phase. The suitable gas con-
dition could be related to the polar surface stabilization. In fact, on the
polar surface of sp3 hybridized tetrahedral coordination, the fulfilment of
electron counting has to satisfy a local charge-neutral surface and the
vanishment of the macroscopic dipole, by electrostatically stabilizing the
surface [73–75]. Several possible methods for this have been proposed,
i.e. the formation of 0.25 ml (monolayer) of zinc vacancies; adsorption of
0.25 ml O2 or combinations thereof for the case of ZnO (0001)-Zn polar
surface. Correspondingly, the ZnO (0001͞)-O polar termination can be
electrostatically stabilized through oxygen deficiency. P. Gorai et al.
revealed that theoretically, the lowest adsorption enthalpies were found
on the ZnO (0001)–Zn polar surface reconstruction that were formed
under O-rich and H-poor environments and stabilized by adsorbing O
species [58]. By contrast, ZnO (0001͞)–O surfaces were found to be sta-
bilized by involving adsorbed H under O-rich conditions. In our studies,
the preferred (002) oriented films were synthesized in an oxygen-rich
environment. Therefore, the ZnO (0001)–Zn polar surface



T. Nguyen et al. Results in Materials 6 (2020) 100088
reconstruction could be the most stable surface by adsorbing oxygen
adatoms and/or oxygenmolecules; this was confirmed by the appearance
of the secondary oxygen peak in XPS spectra. In the same time, the (002)
surface possesses the lowest surface energies (0.099 eV/Å2) in compar-
ison to (100) and (101) surfaces, which are 0.123 and 0.209 eV/Å2,
respectively. As a result, the (002)-oriented ZnO film keeps growing in
the preferable way.

5. Conclusion

In summary, the crystallographic, morphological, electrical, optical,
and electronic properties have been explored and evaluated for zinc
oxide thin films elaborated by thermal atomic layer deposition in the
presence of O2 pulses in the process. It has been demonstrated that using
oxygen gas during atomic layer deposition could profoundly affect the
properties of zinc oxide thin films. The crystalline structure can be highly
tuned from nonpolar plane orientations to a polar plane orientation by
inserting oxygen gas. The electrical resistivity of the films grown under
O2 conditions shown a dramatic increase of 3–4 orders of magnitude
contrary to that of the film grown without oxygen gas. It could be
interesting for improving the issue of current leakage for piezoelectric
applications of thin film ZnO as actuators or strain sensors. On the other
hand, the electrical properties and optical properties strongly correlated
to the electronic properties and chemical composition of zinc oxide thin
film. Indeed, the highest resistivity and the largest band gap were found
on the zinc oxide deposited with oxygen gas at the substrate temperature
of 100 �C, due to it having the lowest oxygen deficiency in comparison
with other samples. The intensity ratio of the near band edge emission to
the deep-level emission peak, with the deep-level emission caused by
defects located deep in the band gap, can be increased by applying an
adequate pulsing of oxygen gas during the process. This would have a
positive impact on the UV light emission efficiency of ZnO devices such
as LED. Also, several hypotheses were discussed in order to understand
the dominance of (002) orientation in the presence of oxygen during
atomic layer deposition; (i) homolytic fission of residual organic ligands
by peroxo radical (O2

�2), (ii) reconstruction and stabilization of the polar
surfaces. It could be possible that both mechanisms contribute simulta-
neously to the growth of a film with a (002) preferred orientation. This
theory should be tested by means of a theoretical calculation or molec-
ular dynamic simulation in order to have a complete picture of growth
mechanism. However, our study provides reliable methods to tailor the
preferred orientations and the optical and electrical properties of the zinc
oxide thin films in a simple and inexpensive way that is compatible with
the semiconductor industry in order to provide a possible benefit to
related applications.
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