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Abstract: This work investigates the influence of substrate preparation and deposition conditions on the structural
properties ZnO thin films grown by reactive magnetron sputtering at low temperature on c-plane sapphire. The objective is
to optimize crystallinity and approach epitaxial growth by tuning parameters such as oxygen flow rate, substrate pre-
deposition annealing, surface activation, and post-deposition annealing. A systematic experimental approach was adopted,
using atomic force microscopy (AFM) to investigate the pre-annealed substrate surface, and X-ray diffraction (XRD) and
TEM to characterize structural features of the ZnO films. The results show that increasing the oxygen flow rate (from 12 to
15 sccm) and surface activation duration by plasma etching promotes elongation of the c-axis lattice parameter, associated
with in-plane compressive stress. Pre-deposition annealing of the substrate at 1350 °C for 12 hours in air generated step-
terrace structures and also promoted c-axis elongation, although with a reduction in crystal quality. Post-deposition
annealing consistently improved crystallinity and relaxed internal stress. Although epitaxy could not be confirmed due to
limitations in ¢-scan and TEM analysis, the study highlights the critical role of surface and interface engineering in

improving the structural quality of ZnO films.

1. INTRODUCTION

ZnO is a well-known transparent conductive oxide
(TCO) that combines high electron mobility, high thermal
conductivity, a wide band gap (3,37 eV) and large
excitation binding energy (60 meV) [1]. These properties
make ZnO a promising material for a wide range of
applications, including chemical gas sensors [2], UV
photodetectors [3] and solar cells [4]. Furthermore, the
crystalline quality of ZnO plays a pivotal role in defining its
performance in these contexts. Thanks to their excellent
lattice quality, ZnO single crystals are crucial for producing
high-performance ZnO-based photoelectronic devices.
They are also considered highly suitable for fundamental
studies aimed at understanding the mechanisms behind
semiconductor photocatalysis and diluted magnetic
semiconductors [5]. In addition, ZnO single crystals
represent a promising substrate option for the subsequent
epitaxial growth of other semiconductor materials [6].

ZnO films can be synthetized by several techniques,
such as electrochemical deposition [7], chemical vapor
deposition (CVD) [8], pulsed laser deposition (PLD) [9],
molecular beam epitaxy (MBE) [10] and magnetron
sputtering [u] [12]. Among these synthesis methods,
magnetron sputtering is particularly suitable for low-
temperature deposition. In this context, the Ar/O, gas
ratio has been shown to significantly influence the
stoichiometry of the resulting ZnO films. In these studies,
this effect was observed particularly at a high deposition

pressure of 7 Pa. Increasing the oxygen ratio enhances
oxidation during film growth, while the intensity of atomic
zinc emission gradually decreases, leading to a lower zinc
content in the film. Films deposited with an Ar/O, ratio of
1:4 were reported to exhibit large grain sizes, low defect
state density, and high optical crystalline quality [13 - 14].
Additional studies revealed that an oxygen flow rate (OFR)
of 8 sccm represents a critical value (c-OFR),
corresponding to the composition closest to stoichiometric
ZnO. However, it is important to note that complete
stoichiometry cannot be achieved, as room-temperature
magnetron sputtering operates far from thermodynamic
equilibrium, which favors the formation of point defects.
Furthermore, these studies demonstrated a clear transition
from sub-stoichiometric to over-stoichiometric ZnO as the
OFR increases beyond this critical point [15]. A deeper
understanding of this deposition technique is necessary to
understand the stoichiometry of the thin films during their
synthesis.

1.1 Physics of sputtering

Sputtering is a well-established physical vapor
deposition (PVD) technique extensively used in both
industry and academic research for the fabrication of thin
films. In its conventional form, the process involves the
ejection of atoms from the surface of an electrode (target)
through momentum transfer from ions generated in a
plasma. These ejected atoms then condense on a substrate,
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forming a thin film of the target material. A negative
potential is applied to the target, which acts as the cathode,
while the reactor chamber walls serve as the anode. Under
low-pressure conditions (typically between 0,1 and 10 Pa)
and in the presence of an inert gas such as argon (Ar), this
configuration establishes an electric discharge between the
cathode and anode. This discharge ionizes the argon gas,
producing Ar* ions that are accelerated towards the
negatively biased target due to the electric potential
difference. Upon impacting the target, the main effects
issued from the interaction of the Ar* ions with the surface
(Figure 1) are: (1) elastic reflection of the neutralized ion,
(2) emission of secondary electrons, (3) ejection of an atom
from the target surface, (4) implantation of the ion into the
target.

Figure 1: Main effects issued from the interaction of the Ar*
ions with the target surface.

This traditional sputtering setup, however, typically
results in low deposition rates and porous films. This is
mainly because the sputtered atoms undergo multiple
collisions with gas-phase atoms before reaching the
substrate, reducing their kinetic energy and directionality.
To enhance deposition efficiency and improve film quality,
a magnetron configuration is commonly employed. In this
setup, the cathode (target) is equipped with two concentric
magnets with opposite polarities, generating a magnetic
field. Under the presence of electric and magnetic fields,
electrons emitted by the target create a plasma region
above it, enhancing ionization rates and, consequently, the
sputtering yield, which can be described as the number of
sputtered atoms per incident ion.

For the deposition of compound thin films such as
oxides, nitrides, or carbides, reactive magnetron sputtering
is used. This approach involves sputtering a metallic target
in a reactive gas atmosphere, typically composed of argon

and a reactive species like O,, N, or CH,. The reactive gas
reacts at the film surface with the metallic atoms, forming
the desired compound.

Controlling the reactive gas flow is crucial, as it affects
both the stoichiometry of the film and the stability of the
plasma. Reactive species can interact not only with the
sputtered atoms but also with all exposed surfaces,
including the target, leading to the formation of a
compound layer on the target itself, a phenomenon known
as target poisoning. At low flow rates, it is observed a
metallic mode, as most of the reactive species are trapped
in the reactor walls, and a small poisoning of the target is
observed. On the contrary, at higher flow rates, the target
is completely poisoned by the reactive gas, forming a
compound on its surface [16 - 17].

Previous studies [17] have proved that increasing the
oxygen flow rate in reactive sputtering progressively
oxidizes the target surface, resulting in reduction of the
discharge voltage (V) and of the deposition rate. This
transition, occurring between 5 and 15 sccm, corresponds
to a shift from metallic to compound sputtering mode
(Figure 2). The tendency of both the deposition rate and
discharge voltage to saturate at lower values as the oxygen
flow rate approaches 15 sccm indicates that the target
undergoes nearly complete oxidation.
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Figure 2: Growth rate (white dots) and discharge voltage
(black dots) as a function of the [17].

1.2 Defects in ZnO films

ZnO material crystallizes in the hexagonal wurtzite-
type structure, with lattice parameter a = b = 3,249 A and ¢
= 5,2024 A [18][19]. When it comes to intrinsic defects -
point defects which involve only the constituent elements
of the crystal -, they can strongly influence the optical and
electrical properties of a semiconductor. Because of that, it
is important to understand their incorporation and
behavior in ZnO.

Different point defects are present in this material,
such as zinc and oxygen vacancies (Vz and Vo,
respectively), and zinc and oxygen interstitials (Zn; and O;,
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respectively). At zinc-rich regions, Zn; and Vo are
predominant and act as donors, with the latest having the
lowest energy formation among all the ZnO defects (1 eV
at the oxygen-poor limit) [20]. They play an important role
in photocatalysis, since they are well-known for enhancing
the photocatalytic activity (PCA) [21]. On the other hand,
in oxygen-rich regions, O;and Vz,are predominant and act
as acceptors, with the latter having the lowest energy
formation [1].

For experiments performed using RF magnetron
sputtering, it has been reported that, by increasing the
oxygen percentage, the c-axis parameter of the ZnO thin
film deposited on silicon substrates showed an elongation
accompanied by stress in the film, related to native defects
induced at the interstitial site [22].

Having discussed the types of defects commonly
observed in ZnO thin films and their formation
mechanisms, it is also essential to consider how growth
conditions influence the overall film morphology and
microstructure. For this purpose, the Structure Zone
Model provides a useful framework to understand the
relationship between deposition parameters and the
resulting structural characteristics.

1.3 Structure zone model

The growth of thin films involves a sequence of surface-
driven processes that occur when atoms from a vapor or
sputtered phase condense onto a solid substrate. This
process typically progresses through three main stages: the
initial adsorption and nucleation of atoms, the subsequent
growth of crystalline domains through incorporation of
additional atoms, and the eventual development of the
film’s microstructure through grain coalescence or
boundary migration. These stages are governed by a
complex interplay of thermodynamic and kinetic factors,
which together determine the final morphology and
structural characteristics of the film [17].

A key aspect in understanding these mechanisms is the
behavior of adatoms—particularly their adsorption and
diffusion across the substrate surface. These phenomena
are influenced by properties such as surface energy and
surface tension of the substrate. To interpret how these
atomic-scale events translate into observable film
structures, the Structure Zone Model (SZM) is often used.
This model links the microstructure of a film to the
homologous temperature (Th), defined as the ratio
between the substrate temperature (T) during deposition
and the melting point of the target material (Tm), as shown
in Equation 1. Depending on the value of Th, the SZM
predicts different film morphologies, divided into three
zones and a transitional one (Figure 3).

Th—T 1
= — (1)

Zone |, defined by a homologous temperature below 0,3
(Th < 0,3), is characterized by limited adatom mobility and

low surface diffusion. As a result, the film develops a
porous columnar structure composed of thin, elongated
grains that are weakly bonded. This morphology reflects a
kinetically constrained growth regime, where adatoms lack
sufficient energy to rearrange or migrate significantly on
the surface.

Zone T, or the transitional zone, represents an
intermediate regime between Zones I and II. While the
overall columnar structure is still present, the grain
boundaries are more defined, porosity is reduced, and the
surface becomes denser and smoother compared to Zone
I. This zone indicates a modest increase in surface
diffusion, leading to improved packing density without
fully reaching the compact structures seen in higher-
temperature zones.

Zone Il corresponds to a homologous temperature
range of approximately 0,3 < Th < 0,45. Here, the increased
substrate temperature enhances adatom mobility, allowing
for greater surface diffusion. This promotes the formation
of dense, fibrous columnar grains with fewer voids and
improved crystallinity, resulting in a significantly more
compact and robust microstructure.

Zone 111, where Th > 0,45, is marked by extensive grain
boundary and bulk diffusion. Under these conditions,
grains grow into equiaxed shapes that span from the film-
substrate interface to the film surface. Enhanced atomic
mobility enables re-crystallization processes and promotes
the development of a highly ordered, fully dense
microstructure with improved crystallographic quality[23].

While the Structure Zone Model offers a general
framework for predicting thin film morphologies, specific
substrate-film systems can exhibit distinct behaviors. In
the case of ZnO grown on sapphire substrates, additional
factors such as lattice mismatch, surface preparation, and
epitaxial relationships come into play, significantly
influencing the film’s structural and crystalline quality.

TRANSITIONSTRUCTURE ~ COLUMNAR GRAINS

CONSISTING OF
DENSELY PACKED
FIBROUS GRAINS

POROUS STRUCTURE
CONSISTING OF TAPERED
CRYSTALLITES SEPARATED
BY VOIDS

RECRYSTALLIZED

Figure 3: Thorton zone model [23].

1.4 ZnO synthetized on sapphire substrates

High quality epitaxial thin films are necessary for
different applications, such as photonics and acoustic wave
devices. In general, ZnO films can be grown at high
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temperatures (400 - 1000°C), resulting in thermal strain
due to the difference in the thermal coefficients between
the substrate and the film, which affects the optical and
acoustic properties of the material [10]. For this reason,
lower temperatures (below 300°C) are required for the
growth of these films in order to minimize or eliminate
unwanted thermal strain. Room temperature deposition is
also an alternative for the epitaxial growth of ZnO films. It
has been shown that these films can be epitaxially grown
on c-sapphire substrates at near-room temperature by
magnetron sputtering[15].

ZnO films grown epitaxially on c-sapphire, which has
been shown to be the most appropriate substrate for ZnO
epitaxial growth [24], can also be used as an alternative
substrate for the epitaxial growth of GaN with high
structural quality, since a small lattice mismatch (~1,8%) is
presented between them [25 - 26], whereas conventional
substrates have a large mismatch with GaN, such as c-
sapphire (~16,1%). It is important to notice that their
growth on bulk ZnO shows less encouraging results and,
therefore, ZnO/c-sapphire is adopted [27].

Given the relevance of c-plane sapphire in epitaxial
growth, understanding its structural characteristics and
surface terminations is essential.

Sapphire is widely used as a substrate for the growth of
different  materials, such as epitaxial nitride
semiconductors and carbon nanotubes [28 - 29]. It
crystallizes in a hexagonal structure with lattice
parameters of a = 4,765 A and ¢ =12,982 A, where the atoms
are stacked along the [0o01] direction in a sequence of
aluminum double layer and an oxygen layer.

Among its planes - A, R, M and C planes -, the C-plane,
or (0ooo1)-plane sapphire is the most common and it has
three distinctive terminations that form the surface,
leading to different stoichiometries near the surface. These
terminations, shown on Figure 4, can be constituted of an
O layer (O-I surface or O termination), an Al double layer
(AI-II surface or Al-Al termination) and a single Al layer
(AI-I surface or Al termination).

According to previous studies, the surface with the
lowest surface energy for the C-plane sapphire is the Al-I
surface (see [30] for values), and it is called stoichiometric
surface, since the ratio of Al and O atoms on the top three
surface layers is the same as in bulk ALLO; [30 - 31]. It is also
important to notice that these surface terminations can be
modified by thermal treatment at temperatures above
1000 °C under various atmospheric conditions. To optimize
epitaxial growth, substrate surface preparation plays a
pivotal role, particularly through annealing or polishing
treatments.

AI—O b O termination

Al termination

Al-Al termination

Figure 4: Types of surface termination of C-plane sapphire,
with the red and blue balls representing O and Al atoms,
respectively [31]

The reconstruction of the surface of the substrate is of
crucial importance when it comes to epitaxy. For sapphire
substrates, treatments such as Chemical Mechanical
Polishing (CMP) [32] or annealing, prior to the film
deposition, can provide a better quality to the films.

Many studies have shown the effect of annealing
sapphire substrates on ZnO epitaxial growth [33]. To
achieve this reconstruction, a temperature above 1000°C is
needed, so the substrate surface goes from a smooth
surface to an atomically flat surface with atomic steps,
which acts as nucleation sites for the growth of the film
[34]. Different atmospheres, such as air, O2, Ar and N2 [35]
[36] can also be used during this treatment.

In-situ surface activation by means of plasma etching is
another approach that can be used as a pre-treatment of
the substrate [15]. With these considerations in mind, the
present study focuses on evaluating room-temperature
ZnO growth on sapphire, taking into account the effects of
such surface preparation steps.

This work investigates the feasibility of growing epitaxial
ZnO thin films at room temperature on c-plane sapphire
using reactive DC magnetron sputtering, based on
previous studies [15]. The results are interpreted by means
of crystallinity and how it is affected by different annealing
and surface activation conditions.

2. EXPERIMENTAL PROCEDURE

The surface of a set of substrates was prepared by ex
situ annealing in different furnaces before the ZnO films
deposition. The substrates were cleaned with ethanol in an
ultrasonic bath for 10 minutes and then annealed at
different temperatures (1200°C and 1350°C), duration (1, 2
and 12 hours) and atmosphere (air and argon). The
arrangement of these parameters can be seen in Table 1.

Condition Temperature Duration Atmosphere
(°C) (hours)
A 1200 1 Air
B 1200 2 Air
C 1200 1 Ar
D 1350 12 Air

Table 1: Annealing conditions applied to substrates before ZnO
film deposition, including temperature, duration, and
atmosphere.

ZnO films were grown on 10 x 10 mm c-sapphire
substrates by DC reactive magnetron sputtering using a Zn
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target (2-inch diameter) located at a target-substrate
distance of 50 nm. Three types of c-sapphire substrates -
Crystec GmbH (Berlin, Germany), Cryscore (Wuhan,
China) and Neyco (Vances, France) - were used to
investigate the differences in crystallinity.

The target was placed off-axis, with an offset of 7,5 cm,
relative to the rotating substrate-holder axis, ensuring a
good homogeneity in thickness and composition of the
films [15]. Therefore, the substrates were positioned at the
same offset distance from the central axis of the substrate
holder, facing the target.

The reactive gas mixture used was Ar-O2, with a fixed
argon flow rate of 50 standard cubic centimeters per
minute (sccm) and an oxygen flow rate (OFR) of 12 and 15
sccm, which corresponds to 19% and 23% Oz2, respectively,
and the total pressure was close to 0,5 Pa. A radiofrequency
(RF) plasma etching (approximately 60W) was used to
activate the surface of the substrates in situ right before the
deposition. The duration was 1, 2 and 3 minutes for
different depositions to study its effect on the crystallinity
of the films. A deposition without any surface activation
was also made for this study. Finally, the discharge current
and the duration of the deposition were fixed to 0,07 A and
20 minutes, respectively, for all the experiments.

A set of ZnO films deposited on different c-sapphire
substrates was post-deposition annealed at 500°C in air for
1 hour, using a furnace from the fabricant Carbolite Gero.
The samples were placed in the furnace when the
annealing temperature was reached and remained there
for 1 hour. The cooling step was conducted at room
temperature in air, outside of the furnace. Error! R
eference source not found.Table Au in the
complementary information shows the arrangement of
pre- and post-annealing and OFR parameters for the three
fabricants of the substrates.

The surface of the pre-annealed substrates was
characterized by atomic force microscopy (AFM) (Park
NXi0 model) in tapping mode. The measurements of the
height of the steps, the width of the terraces were obtained
from the topographic images using the software
Gwyddion. For the thickness measurements of the films, a
tactile profilometer (DektakXT, Bruker) was used.

The structure of the films was characterized by 9-29 X-
ray diffraction (XRD) with a AXS Bruker D8 Advance using
a Cu anode (Cu Ka = 1,54A). The length of coherence and
the c-lattice parameter were calculated from the 9-29 XRD
results by evaluating the full width at half maximum
(FWHM) using the software Origin.

The length of coherence domains L was calculated using
the Scherrer’s equation (equation 2):

L kA
" BcosH

(2)

Where K (0,94) is a dimensionless shape factor, A (1,54
A) is the X-ray wavelength, f is the line broadening at half

the maximum intensity (FWHM), in radians, and 0 is the
Bragg angle in radians.

From the well-known Bragg’s law (equation 3), it is
possible to determine the interplanar distance d and relate
it to the lattice parameters (equation 4).

niA = 2dsin® 3)

1 4 h? + hk + k? +12 @
dz 3

a? c?

For the (002) plane, equation 4 simplifies to equation 5:

c=2d 5)

The magnitude of the in-plane stresses was calculated
by using a biaxial in-plane strain model (equation 6):

[ ppg 11+ C12) €33 ®
g = 2C13 ezz

Where Cjj are the elastic stiffness constants (Cu = C33
= 2,1 x 1011 N/m?; C12 = 1,2 x 101 N/m? and C13 = 1,05 x 1011
N/m?) [37].

And the average uniform strain ezz (equation 7) along
the c-axis parameter is given by:

c—c0
c0

()

ezz =

Where Co (5,2024 A) is the bulk c-axis parameter [19]
and C is the experimental one.

Further investigations into epitaxy were made with a
transmission electron microscopy (TEM) using a Philips
CM2o00 Microscope. The TEM foils used were prepared in
a focused ion beam (FIB) /scanning electron microscope
(SEM) dual beam system (FEI Strata DB235).

3. RESULTS
3.1 Oxygen Flow Rate

The films grown with an OFR of 12 and 15 sccm
presented a discharge voltage (V) below 320 V, which is in
accordance with previous studies that show a decrease in
the Vg with increasing OFR and a tendence to saturation
with lower values as the later approaches 15 sccm (See
Figure 2). Thus, for increasing OFR, the growth rate also
decreases. This latter can be quantified through the
thickness of the films deposited at 12 ad 15 sccm and the
deposition time, which was of 20 min for all the
depositions. The results are displayed in Table 2.



OFR #Thickness Thickness | Growth rate
measurement (nm) (nm/min)

1 83,8 -
12 2 91,5 -
3 92,8 -

Average 89,37 4,47
1 65,06 -
15 2 66,68 -
3 65,94 -

Average 65,89 3,29

(002) and (101) diffraction peaks are highlighted. The vertical
dashed line indicates the bulk position of the (002) peak only.

Sample FWHM (°) Peak intensity (a.u)

Crystec1s 0,54596 3,57 E-03
Crystec 12 0,59528 1,76 E-03
Cryscore 15 0,56823 1,49 E-03
Cryscore 12 0,61248 3,71 E-03
Neyco 15 0,60014 1,77 E-03

Neyco 12 0,62547 2,07 E-03

Table 2: Thickness and growth rate of films deposited at 12 and
15 sccm. The #Thickness measurements were made on different
points of the same sample.

The region of interest in the 8-20 X-ray diffractograms
of ZnO films deposited at oxygen flow rates (OFR) of 12 and
15 sccm on different sapphire substrates is shown in Figure
5. The diffraction peak corresponding to the (002) planes
of the wurtzite ZnO crystal structure appears near the bulk
value of 34.43° (indicated by a vertical dashed line) for all
samples. The (002) peaks of the ZnO films shifted towards
lower 20 values, indicating an elongation of the c-axis
lattice parameter, except for the ZnO deposited at 15 sccm
on Crystec substrate, whose (002) peak presented a shift
towards higher 20 values, suggesting a contraction of the
c-axis. In an overall, however, the shift towards lower 20
values is higher for the films deposited 15 sccm, indicating
a relationship between the c-axis parameter an the OFR. A
secondary peak corresponding to the (101) planes is
observed around 36.32°, but only in the samples grown at
15 sccm. Comparing the two OFRs, the (002) peak are
narrower, indicated by the full width at half maximum
(FWHM) values (Table 3), with higher OFR, indicating
improved crystallinity. The intensity of the (002) peaks, on
the other hand, decreased with increasing OFR, except for
the film deposited on Crystec substrate.

As-deposited ZnO/Sapphire
1 Crystec 15 scom ——
1 Crystec 12 scem ——
I Cryscore 15 sccm ——
1
1

Cryscore 12 scom ——

Neyco 15 sccm
! Neyco 12 sccm
! f

Intensity (a.u)
>

32 33 34 35 36 37 38
26 (%)
Figure 5: 0-20 X-ray diffraction patterns of ZnO films deposited
at OFRs of 12 and 15 sccm on different sapphire substrates. The

Table 3: Full width at half maximum (FWHM) values of the
ZnO (oo02) diffraction peaks for films deposited at different
OFRs on various sapphire substrates.

3.2 Effect of substrate annealing

The AFM image of Neyco substrate annealed under
condition C is shown in Figure 6. Only at a larger scale (20
pm) it is possible to see the beginning of the formation of
surface terraces is visible, indicating partial surface
reorganization. However, the step heights appear very
poorly defined, suggesting that the annealing conditions
were not sufficient to promote full step-terrace
development.

Figure 6: AFM image (20 x 20 pum scan size) of the Neyco
sapphire substrate annealed at 1200°C for 1 hour in Argon
(condition C). Terrace-like features are visible, indicated by the
white arrows, although step height development remains
limited.

Figure 7 displays the step-terrace structure of the Neyco
sapphire substrate annealed at 1350 °C for 12 hours in air
(Condition D), as observed by atomic force microscopy
(AFM). An average step height of 0.231 nm was measured,
which corresponds approximately to ¢/6, where c is the
lattice parameter along the c-axis of sapphire. The terrace
width was found to be 368 nm. These step height and width
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values strongly suggest a transition between adjacent Al-I
termination, leading to a surface configuration that
approaches stoichiometric termination [38].

Measuring values can be seen in Table 4. The detailed
methodology used for these measurements is provided in
the complementary information section.

a)

2.3nm

-2.0 nm

Figure 7: (a) 3D and (b) 2D AFM images 5 x 5 pum scan size
showing the step-terrace structure of the Neyco sapphire
substrate annealed at 1350 °C for 12 hours in air (Condition D).

#Measurement Step height Terrace
(nm) width (nm)
1 0,207 376
2 0,252 386
3 0,296 356
4 0,178 346
5 0,222 376

Table 4: Step height and terrace width measurements for Neyco
substrate annealed at 1350°C for 12 hours in air.

Figure 8 shows the 6826 X-ray diffractograms of ZnO
films deposited at an oxygen flow rate of 15 sccm on Neyco
substrates pre-annealed under different conditions:
Condition C (1200 °C for 1 hour under Ar) and Condition D
(1350 °C for 12 hours in air), as presented in Figure 6 and

Figure 7, respectively. The film deposited on as-received
Neyco substrate is used as reference for the annealing
effect. The duration of surface activation prior to
deposition (1 or 3 minutes) is indicated in the figure.

A shift of the (002) diffraction peak toward lower 26
values compared to the bulk position (dashed line) is
observed in all samples, indicating an elongation of the c-
axis lattice parameter. Among the films deposited on pre-
annealed substrates, this shift is more pronounced in the
film grown on the substrates exhibiting a well-developed
step-terrace structure (Condition D), which provides
energetically favorable sites for nucleation [39].

When comparing the films deposited on substrates pre-
annealed under condition C, the film etched for 3 minutes
exhibits a higher (002) peak intensity than the one etched
for 1 minute. Since annealing in air is known to introduce
surface contaminants, this suggests that a longer plasma
etching duration is necessary to effectively remove them.
Additionally, the film deposited on the substrate annealed
in argon—which introduces fewer contaminants—shows
the highest (002) peak intensity, further confirming the
impact of surface cleanliness on film crystallinity

Neyco (D) 3min
Neyco (D) 1min
—— Neyco (C) 1min
Neyco Ref 1 min

Intensity (a.u)

e N S, N
]
32 33 34 35 36 37 38
28 (°)

Figure 8: 0-20 X-ray diffractograms of ZnO films deposited at
15 sccm on as-received Neyco substrate, and Neyco substrate
pre-annealed under Conditions C and D, with 1 or 3 minutes of
surface activation. A shift of the (002) peak toward lower 26
values indicates c-axis elongation.

3.3 Pre-deposition annealing duration

The effect of substrate annealing duration on ZnO films
deposited at 12 sccm on Cryscore and Neyco substrates is
presented in Figure 9. A shift of the (002) diffraction peak
toward lower 20 values relative to the bulk position
(dashed line) is observed, indicating an increase in the c-
axis lattice parameter. From the FWHM values (shown on
the left), it is evident that the peaks of the films deposited
under Condition B are narrower compared to those of as-
deposited films, suggesting improved crystalline quality.
Additionally, for the films grown on Neyco substrates, the
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intensity of the (002) peak increases with longer annealing
durations, further indicating enhanced crystallinity.

12 scem ZnO/Sapphire
1

FWHM :
1
0,59222° : Cryscore (B)
1
0,68898° : Cryscore (A)
5 |
& 1
2 o !
@ 0,61248 | . Cryscore
8 I
[=
~ | osesrz° ; Neyco (B)
1
0.70199° A W Neyco (A)
1
1
0,62547° Neyco
1
T T T I' T T T T T

32 33 34 35 36 a7 38
26 (°)

Figure 9: 6-260 X-ray diffractograms of ZnO films deposited at

12 sccm on Cryscore and Neyco substrates, showing the effect

of substrate annealing duration. (0o02) peak position, FWHM,

and intensity indicate c-axis elongation and improved

crystallinity.

Figure 10 shows the evolution of the c-axis parameter of
ZnO films deposited at 12 sccm on Cryscore substrates with
increasing annealing duration (as-received, Condition A,
and Condition B). The c-axis parameter reaches a
maximum after 2 hours of annealing. Previous studies [15]
demonstrated that the out-of-plane elongation of the c-
axis parameter is accompanied by an in-plane contraction,
which can be quantified by calculating in-plane stresses
using a biaxial strain model. This behavior is illustrated by
the red line representing the stress in Figure 10, where
samples with a c-axis parameter smaller than the bulk
value of 52024 A exhibit in-plane tensile stress,
corresponding to out-of-plane contraction. As the
annealing duration increases, the in-plane stress
transitions to compressive, coinciding with elongation of
the c-axis parameter.
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Figure 10: Evolution of the ZnO c-axis parameter (left axis,
black line) and corresponding in-plane stress (right axis, red
line) with annealing duration on Cryscore substrates,

illustrating the relationship between out-of-plane elongation
and in-plane stress.

ZnO films also deposited at 12 sccm on Crystec
substrates pre-annealed under Condition A exhibited a
slight elongation of the c-axis parameter compared to
those deposited on Crystec substrates pre-annealed under
Condition B. In contrast, films deposited on Neyco
substrates pre-annealed under Condition A showed a
slight contraction of the c-axis parameter, which increased
again for films on Neyco substrates pre-annealed under
Condition B. These values are summarized in Table 5.

Substrate c-axis (A) o (GPa) Annealing
duration
(h)
Crystec 5,22 -1,11 0
5,23 -1,19 1
Neyco 5,24 -1,77 o
5,23 -1,21 1
5,24 -1,77 2

Table 5: c-axis lattice parameters and in-plane stresses of ZnO
films (12 sccm) deposited on Crystec and Neyco substrates
annealed under Conditions A and B.

3.4 Effect of post-deposition annealing

Figure 1 presents the X-ray diffractograms of ZnO films
deposited on as-received Cryscore substrates at oxygen
flow rates of 12 and 15 sccm, where the effect of post-
deposition annealing is shown. The films were annealed at
500°C for 1 hour in air. For both OFR cases, an increase in
the intensity of the (0oo02) peak is observed, indicating
improved crystallinity. Additionally, a shift toward higher
20 values suggests a contraction of the c-axis parameter
after annealing. Notably, for the film deposited at 15 sccm,
the (101) peak is suppressed by the annealing treatment.

ZnO/Cryscore
annealed 156 sccm ——
as-deposited 15 sccm ——
annealed 12 sccm ——
as-deposited 12 sccm ——

Intensity (a.u)

33 34 35 36 37 38
28 (%)
Figure 11: Comparison of XRD patterns of as-deposited and
post-annealed ZnO films (12 and 15 sccm) on as-received




Cryscore substrates. Post-annealing was performed at
500°C for 1 hour in air.

Post-deposition annealing is commonly employed to
improve the crystallinity of ZnO films and to relieve
internal stress, as the atoms gain thermal energy during
annealing and can rearrange more favorably within the
lattice [19]. This effect is illustrated in Table 6, which
presents the c-axis parameter and in-plane stress (o) for as-
deposited and post-annealed ZnO films under various
conditions. A decrease in the c-axis parameter after
annealing is consistently accompanied by a relaxation of
in-plane stress—either through a transition from
compressive to tensile stress, or by an increase in the
magnitude of existing tensile stress.

Sample L (nm) c-axis o (GPa)
A)
Cryscore_12 13,08 5,16 1,74
Cryscore_12_500 24,44 5,13 3,02
Cryscore_15 14,62 5,24 -1,64
Cryscore_15_500 22,87 1,17 1,46

Table 6: length of coherence domains L, c-axis parameter and
in-plane stress (o) of ZnO films before and after post-deposition
annealing under various conditions.

3.5 Effect of surface activation duration

Figure 12 shows the X-ray diffractogram of ZnO films
deposited on as-received Cryscore substrates with an
oxygen flow rate (OFR) of 15 sccm. The intensity of the
(002) peak increases with longer surface activation
durations (from o to 3 minutes) and is shifted toward lower
20 values relative to the bulk reference (dashed line),
indicating an elongation of the c-axis parameter. From 2
minutes of activation onward, the (002) intensity even
surpasses that of annealed ZnO deposited on substrates
activated for only 1 minute. Additionally, a suppression of
the (101) peak is observed.

These results suggest that longer substrate surface
activation improves film crystallinity and promotes c-axis
elongation, contrary to post-deposition annealing, which
typically results in a reduction of the c-axis parameter. This
behavior was also observed for ZnO films deposited on
Crystec and Neyco substrates.
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Figure 12: XRD patterns of ZnO films deposited on as-
received Cryscore substrates with an OFR of 15 sccm,
showing the effect of surface activation duration on the
(002) peak position and intensity.

The evolution of the c-axis parameter for ZnO films
deposited with an OFR of 15 sccm as a function of surface
activation duration on Cryscore substrates is shown in
Figure 13. A maximum c-axis value is observed after 2
minutes of etching. This elongation of the c-axis is once
again accompanied by the presence of compressive in-
plane stress. A similar trend is found for films deposited on
substrates from other suppliers, which also exhibit an
increase in the c-axis parameter when the etching duration
is extended from 1 to 2 minutes, as shown in Table 7. In
contrast, post-deposition annealing consistently leads to a
decrease in the c-axis parameter across all substrate types.

15 sccm ZnQ/Cryscore

5.26 . . . T 0.0
525 F 1 -5.0x10
524 [
= A -1.0x10°
< —=— c-axis ©
2 —a— &
X 523 F o
o - -1.5%10°
522+
< -2,0x10?
521
1 L 1 1 1 L 1 —2_5!109
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Surface activation {min)
Figure 13: Evolution of the ZnO c-axis parameter (black
line) and corresponding in-plane stress (red line) with
surface activation duration on Cryscore substrates,
illustrating  the relationship  between out-of-plane
elongation and in-plane stress.
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Substrate  c-axis (A) o (GPa) Etching
duration
(min)
Crystec 5,16 1,5 1
5,22 -0,88 2
Neyco 5,24 -1,77 1
5,23 -1,01 2

Table 7: C-axis Parameter and In-Plane Stress of ZnO Films
Deposited at 15 sccm on Various Substrates with Varying
Surface Activation Durations

3.6 TEM analysis

The post-annealed ZnO film deposited at 15 sccm on a
pre-annealed (Condition B) Cryscore substrate was
analyzed by Transmission Electron Microscopy (TEM).
Figure 14 (a) shows the ZnO film on top of the substrate,
with a platinum layer above the film, deposited during the
FIB (Focused lon Beam) preparation process to protect the
surface. The image shows that the thin film is
polycrystalline, composed of columnar grains with a height
between 58 and 64 nm. This indicates that the film consists
of multiple crystalline domains with different orientations,
rather than a single continuous crystal lattice.

This columnar structure can be explained using the
homologous temperature described in the Structure Zone
Model (SZM). For simplicity, the substrate temperature is
assumed to be 40 °C, as in Chamorro’s work [15], while the
melting temperature of zinc is 420 °C. This results in a
homologous temperature of approximately 0.09, which is
well below 0.3, thus placing the growth conditions within
Zone 1 of the SZM (Figure 3).

Despite this low homologous temperature, Figure 14 (a)
shows that the film is not porous. Therefore, the observed
microstructure appears to approach Zone T, which can be
attributed to the pre- deposition annealing of the
substrate. This treatment likely reconstructed the surface
in a way that enhanced adatom mobility, improving crystal
ordering—even if not sufficiently to achieve
monocrystalline growth.

At higher magnification (Figure 14 (b)), the substrate
surface appears flat; however, an amorphous interfacial
layer, with smaller thickness of 1 nm and the highest one of
2 nm, is observed between the substrate and the ZnO film.
This amorphous layer explains the lack of epitaxy, as it
prevents the direct contact necessary for the film to adopt
the crystallographic orientation of the substrate. This layer
can be related to the fact that the substrate was etched for
only 1 minute, which very likely was not enough to remove
contaminated species, which were probably increased due
to the substrate annealing in air.

Sapphire substrate

ZnO thin film

Substrate

Figure 14: TEM cross-sectional images of a post-annealed
ZnO film deposited at 15 sccm on a pre-annealed Cryscore
substrate: (a) polycrystalline film with columnar grains and
protective Pt layer; (b) amorphous interfacial layer between
the ZnO film and the substrate.

The elemental map obtained by Energy Dispersive X-
ray Spectroscopy (EDS), shown in Figure 15, displays a
uniform distribution of Oxygen (Figure 15 (b)) and Zinc
(Figure 15 (¢)) throughout the ZnO film. Aluminum (Figure
15 (d)), originating from the sapphire substrate, is also
clearly visible.
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Figure 15: EDS elemental maps of the ZnO thin film and
sapphire substrate: (a) combined element distribution; (b)
Zn (red); (c) O (blue); (d) Al (green).

3. DISCUSSION

In this study, the results suggest an improvement in the
crystallinity of the ZnO films, although they do not
demonstrate the formation of a monocrystalline structure.
These indications are based on structural analyses, but
further characterization—such as ¢-scans—is still
required to confirm epitaxial or single-crystal growth. One
of the key observations is the elongation of the c-axis
parameter, as evidenced by a shift toward lower 260 values
in the X-ray diffractograms and supported by lattice
parameter calculations. This elongation is accompanied by
in-plane compressive stress, which was also confirmed
through calculations. Such strain may be related to the
presence of point defects generated during the sputtering
process, particularly under high oxygen flow ratios (OFR).
Higher =~ OFR  conditions promote  oxygen-rich
environments, which—as discussed earlier—favor the
formation of interstitial oxygen (O;.), contributing to the
observed structural behavior.

During the sputtering process, oxygen atoms ejected
from a partially or fully oxidized target can capture
secondary electrons emitted by the target surface, leading
to the formation of negatively charged oxygen ions (O”).
These ions, once accelerated toward the substrate, can
retain a kinetic energy comparable to the discharge voltage
(Vd), since their mean free path for collisions with the
background argon gas (A_O-Ar = 250 nm, as estimated in
[15]) is significantly longer than the typical target-substrate
distance (50 nm), meaning that these O ions arrive at the
substrate with high energy. When these high-energy
oxygen species bombard the growing ZnO film, they can
generate structural defects, which, for oxygen-rich regions,
are very likely to be interstitial oxygen. These defects
generate internal compressive stress in the film and,
therefore, a c-axis elongation.

Thus, the epitaxial growth of ZnO on c-sapphire is well
known for a usual in-plane rotation of 30° of the a-axis of
ZnO with respect to the substrate (Figure 16), which allows
the lowest strain in the film. The a-axis parameter of the c-
sapphire substrate being slightly smaller compared to that
of the ZnO, a lattice mismatch of approximately 18%
between ZnO and c-sapphire is present and has an
influence on this elongation, since it allows the
accommodation of the ZnO film on the c-sapphire
substrate [22 - 17]. However, despite this context, a
complete investigation of epitaxy in this work has not yet
been fully completed and remains ongoing.
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Figure 16: Representation of the in-plane lattice orientation
of ZnO with respect [17].

The pre-deposition annealing of the substrates has
been shown to have an effect on the reconstruction of the
c-plane sapphire, since annealing provides the energy
necessary for the rearrangement of the atoms on the
substrate. For instance, substrate annealing at high
temperatures (1350 °C for 12 hours) in air led to the
formation of well-defined step-terrace structures, as
confirmed by AFM. The measured step heights and terrace
widths under these conditions strongly indicate a surface
reorganization involving a transition between adjacent Al-
I terminations, corresponding to a low-energy, nearly
stoichiometric surface termination [38].

The effect of pre-deposition annealing is also seen on
the c-axis elongation of the ZnO films. As the annealing
duration of the substrate increases, its surface becomes
progressively smoother, promoting a more uniform and
coherent nucleation of ZnO [34], leading to a better in-
plane alignment with the substrate. Despite that, even
though substrate annealing is known for the promotion of
epitaxy, this one was not further studied. Therefore, the
relationship between substrate annealing and epitaxy can
not be confirmed in this study.

Plasma etching is another effective method for surface
pre-treatment. This technique involves exposing the
substrate to reactive plasma, which selectively removes the
uppermost atomic layers. In doing so, it eliminates surface
contaminants and adsorbed species that could hinder
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epitaxial growth. As the etching duration increases, the
substrate surface becomes progressively cleaner and more
ordered at the atomic scale, potentially enhancing the
quality of film growth. In this work, increasing the
duration of surface activation prior to deposition enhanced
crystallinity and promoted c-axis elongation, with an
optimum found at around 2 minutes of activation. Thus,
combined with pre-deposition annealing of the substrates,
increased plasma etching duration can help to reveal the
reconstructed surface of the substrates by removing the
contaminants issued from the annealing process.

Finally, post-deposition annealing at 500°C
consistently led to a contraction of the c-axis parameter,
attributed to stress relaxation and enhanced atomic
rearrangement within the lattice. This is because post-
deposition annealing increases adatom mobility, which
facilitates the relaxation of in-plane stress within the film,
since the atoms of ZnO gain sufficient energy to rearrange
in the lattice during the annealing process, resulting in a
reduction of the c-axis lattice parameter [15].

CONCLUSIONS

This study systematically examined the effects of various
pre- and post-deposition treatments on the structural
properties of ZnO thin films deposited by magnetron
sputtering on c-plane sapphire substrates. Key parameters
included oxygen flow rate, substrate annealing, plasma-
based surface activation, and post-deposition annealing.

The results show that substrate preparation
significantly influences the structural characteristics of the
films, particularly the elongation of the c-axis lattice
parameter and the associated in-plane compressive stress.
These effects were found to be highly sensitive to both the
oxygen flow rate and the substrate surface condition prior
to deposition. However, while improvements in
crystallinity were observed, the formation of a
monocrystalline structure could not be confirmed. TEM
analysis revealed a polycrystalline film with an amorphous
interfacial layer in the case of pre-annealed substrates,
which inhibits epitaxy. Additionally, TEM characterization
of films grown on as-received substrates with longer
activation durations could not be completed, limiting
insight into these conditions at the atomic scale.

Overall, the findings underscore the importance of
finely tuning substrate and deposition conditions to
control the strain state and crystalline quality of ZnO thin
films. Although epitaxial growth was not demonstrated,
this work provides a solid basis for further high-resolution
structural studies—particularly to clarify the role of surface
activation and interfacial structure in promoting epitaxy.
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COMPLEMENTARY INFORMATION

1. Varied experimental conditions

In this work, ZnO thin films were grown under varying oxygen flow rates (OFR), plasma etching durations, and on
sapphire substrates pre-treated under different conditions. Post-deposition annealing was also performed in the films in
some cases. In this case, before the post-annealing, x-ray diffraction analysis were performed so the properties of the films
before the annealing could be studied. To facilitate understanding, the syntheses were grouped into distinct series based
on their processing parameters (Table A.1). Depending on the series, films were deposited on substrates from one, two, or
all three different manufacturers.

Fabricant #Series OFR Substrate pre- Etching duration ZnO post-
substrate (sccm) deposition (min) deposition
annealing condition annealing
Crystec 1 12 - 1 500°C, 1h in air
Cryscore 2 12 A:1200°C, 1h in air 1 500°C, 1h in air
Neyco
Cryscore 3 12 B:1200°C, 2h in air 1 -
Neyco
Crystec 4 15 - 1 500°C, 1h in air
Cryscore 5 15 B:1200°C, 2h in air 1 500°C, 1h in air
Neyco
Neyco 6 15 D:1350°C, 12h in air 1 -
7 15 D:1350°C, 12h in air 3 -
Crystec 8 15 - 2 500°C, 1h in air
Cryscore
Neyco
Cryscore 9 15 - 3 -
10 15 - ) -
Crystec 1 15 C:1200°C, 1h in air 2 -
Cryscore 12 15 C:1200°C, 1th in air 0 -
Neyco 13 15 C:1200°C, 1h in air 1 -

Table A.1: Overview of OFR and pre- and post-deposition annealing conditions for the different substrate fabricants.

2. Terrace width and step height measurements

To measure the step height and terrace width, the software Gwyddion was used. After processing the image, a profile
was taken along a straight line (Figure A.1 (a)) to analyze these features using the "Measure Distances" tool. For the terrace
width (Figure A.1 (b)), vertical lines were manually placed using the "Intersection” method, and the distances between each
line (i.e., terrace widths) were provided in the "Length" column. Similarly, for the step height (Figure A.1 (c)), the
"Horizontal" method was used, and the distances between the manually selected lines (i.e., step heights) were shown in the
"Height" column.
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Figure A.1: (a) 5 x 5 um? AFM image with profile line, (b) terrace width measurement and (c) step height measurement with

their respective table values.
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