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Abstract 
Highly crystalline, smooth-surface, and thin zinc oxide (ZnO) films have been successfully deposited on 

flexible polyethylene terephthalate (PET) substrates using an optimized two-step RF magnetron 
sputtering technique at ambient temperature. The PET used in this study was a commercially available 
overhead projector film, which was not epiready-grade and had a lower melting point (~150℃). This issue 
made high-quality deposition more challenging. In the first step, a thin ZnO buffer layer was deposited 
at low RF power to provide a smooth and thermally stable surface. This layer served as both a structural 
template and a thermal barrier during the subsequent high-power deposition of the main ZnO film. 
Structural analysis confirmed that the buffer layer suppressed lattice mismatch and reduced residual stress. 
The resulting film showed low surface roughness and no cracking. These features exceeded those of films 
grown directly at high power, which suffered from poor surface morphology due to substrate deformation. 
Although the use of a polycrystalline buffer layer led to a reduction in optical transmittance from increased 
light scattering, the fine-grained structure contributed to improved mechanical stability and dielectric loss 
suppression. These characteristics made films particularly suitable for piezoelectric applications on flexible 
substrates. This proposed two-step technique effectively balanced between surface smoothness and 
structural quality and offered practical solution for the fabrication of high-performance films on thermally 
sensitive substrates. 

1.  Introduction 
 

Zinc oxide (ZnO) films deposited on polyethylene terephthalate 
(PET) substrates contribute to a wide range of applications in fields 
such as ultraviolet (UV) filtering coatings and other high-performance 
optoelectronic devices, for example, transparent insulating layers for 
touch screens and flat-panel displays [1,2]. Its robust luminescence 
facilitates advancements in UV and visible light-emitting diodes 
(LED) with minimized leakage current. This results in an improvement 
of sensitivity and a reduction in noise [3]. In terms of perspective, 
its piezoelectric characteristics enable the development of micro-scale 
energy harvesters and mechanical sensors [3,4]. The integration of 
ZnO films on PET substrates offers a promising platform for flexible 
piezoelectric devices such as pressure, bending, and vibration sensors 
[5-7]. ZnO itself has intrinsic piezoelectric properties, which permit it 
to generate electrical charges in response to mechanical stress and, 
conversely, to produce mechanical vibrations when applied by an 
electric field. This dual functionality is fundamental to the operation 

of piezoelectric micro-sensors that convert mechanical input into 
measurable electrical output [8]. Compact and high-resolution 
micrometer-scale devices can be easily fabricated into thin films or 
nanostructures using ZnO. Owing to its wide direct bandgap (3.37 eV) 
and large exciton binding energy (60 meV) at room temperature, this 
material provides strong excitonic stability [9]. Meanwhile, flexibility, 
low cost, and favorable mechanical strength and chemical resistance 
of PET make it a suitable substrate for wearable and conformal electronic 
devices [1]. This high-grade polyester also has high optical transmittance 
(∼90% in the 400 nm to 800 nm visible range) [10]. When ZnO is 
deposited onto PET, the resulting structure combines mechanical 
adaptability with efficient signal conversion. 

To achieve high-performance ZnO-on-PET piezoelectric devices, 
it is essential to control the material characteristics including smooth 
surface, low residual stress, strong c-axis crystal orientation, and fine 
crystallite size [11]. A smooth surface improves signal uniformity and 
ensures good contact with electrodes. Low residual stress preserves 
structural integrity and maintains piezoelectric function. A strong 
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c-axis crystal orientation enhances charge generation efficiency. Fine 
crystallite size increases mechanical stability and reduces dielectric 
loss. Previous study [12] has shown that films with smaller crystallite 
grains tended to exhibit more responsive domain wall motion under 
external mechanical or electrical excitation. This characteristic could 
improve sensor sensitivity and dynamic response in the films. 

Although several fabrication techniques have been developed for 
ZnO films, including sol-gel processes, chemical vapor deposition 
(CVD), and pulsed laser deposition, these methods involve high-
temperature processing steps or post-annealing that are incompatible 
with PET substrates to achieve high-quality films [13]. The relatively 
low melting point of PET (~200℃ to 300℃) and its significant 
thermal expansion coefficient mismatch with ZnO (2.0 × 10‒5 K‒1 
for PET versus 4.75 × 10‒6 K‒1 for ZnO) become challenges for the 
high-temperature film deposition [14,15]. In practical applications, 
PET substrates used in several studies were epiready-grade, with a 
melting point typically around 250℃, which offered improved thermal 
resistance during deposition. However, in this study, a commercially 
available, non-epiready PET film (commonly used for overhead 
projector transparency sheets) has been selected. This grade of PET 
has a much lower melting point of approximately 150℃. This feature 
makes it more susceptible to thermal deformation during sputtering, 
particularly at higher RF powers, thereby increasing the challenge of 
depositing smooth and highly crystalline ZnO films. High thermal 
stress resulting from the large mismatch between the thermal expansion 
coefficients of ZnO and PET led to substrate deformation, surface 
roughening, and film cracking during the deposition and cooling 
processes [2]. In addition, the residual stress induced under such 
conditions may reduce the adhesion between the film and the substrate. 
This phenomenon potentially caused delamination and film breakage. 
These limitations complicated the direct growth of high-quality ZnO 
films on PET at high temperatures. Among the available deposition 
approaches, radio-frequency (RF) magnetron sputtering has been 
proposed as a promising alternative technique for depositing ZnO 
at ambient temperatures. However, achieving high-quality and thin 
ZnO films on flexible PET substrates remained challenges [16]. 

Recent research has explored various approaches to enhance the 
growth quality of direct growth ZnO films on flexible PET substrates. 
Nevertheless, challenges remained diminishing stress-related defects, 
suppressing interfacial dislocations from lattice mismatch, inhibiting 
impurity diffusion from the substrate, and addressing rough surfaces 
and substrate deformation. For instance, Banjaree et al. [17] deposited 
ZnO films with thicknesses ranging from 260 nm to 470 nm using 
DC sputtering at low temperatures. However, the resulting films 
showed poor crystallinity, as indicated by weak and broadened X-ray 
diffraction (XRD) peaks. In contrast, Fernandez and Naranjo [13] 
used RF magnetron sputtering to deposit Al-doped ZnO (AZO) films 
with thicknesses between 500 nm and 700 nm. The films demonstrated 
improved (002) crystallographic orientation at reduced RF power 
levels. A related study by Ahmad et al. [18] investigated ZnO thin 
films deposited by RF magnetron sputtering at room temperature. 
Their results showed that increasing the RF power from 50 W to 
250 W led to an increase in both film thickness and surface roughness. 
Similarly, Faraj and Ibrahim [19] used thermal evaporation to fabricate 
ZnO films with thicknesses from 100 nm to 300 nm and observed 
that surface roughness increased with film thickness. Furthermore, 

Demircioglu et al. [20] reported that high sputtering power in the 
range of 300 W to 500 W led to the deformation of the PET substrate, 
which in turn deteriorated the surface morphology of the ZnO films. 
These works mentioned the trade-off between deposition energy and 
surface morphology. 

To solve these challenges, a two-step deposition technique 
incorporating a buffer layer has emerged as an effective method 
under ambient temperature conditions. The buffer layer behaved as 
the intermediary between the film and the substrate that alleviated 
stress-related defects, suppressed interfacial dislocations due to 
lattice mismatch, and limited impurity diffusion from the substrate. 
Furthermore, it induced the growth of well-aligned crystalline grains 
and enhanced both crystallinity and surface uniformity. This dual-
function layer served as both a structural template and a thermal 
barrier that protected the substrate from heat-induced deformation 
during high-power deposition [21,22]. 

The success of this approach strongly depended on the careful 
selection and optimization of the buffer layer. Several materials 
have been widely used as buffer layers, such as GaN [23], Al2O3 

[6,24], SiO2 [25], CaF2 [26], ZnS [27], and ZnO [21,28,29]. The 
advantage of homo-buffer layers lied in their ability to facilitate the 
homoepitaxy that created a perfect template [21]. This inherently 
minimized lattice mismatch and, consequently, avoided issues arising 
from a difference of thermal expansion coefficients between the buffer 
and the film, which was a common problem with the hetero-buffer 
layers [22].  

The optimal condition, however, depended on several factors, 
including the intended application of the devices and the deposition 
methods. Additionally, accurate control of the thickness and structural 
properties of the buffer layer was a significant aspect. An excessively 
thin buffer might be insufficient to reduce thermal or interfacial stress, 
while an overly thick layer could introduce high electrical resistance 
[2,21]. Recently, the improvement of ZnO film properties with the 
buffer layer was reported. While the fabrication of ZnO on PET has 
being developed, the recent progress primarily involved layers thicker 
than 200 nm. For example, Gallium Zinc Oxide (GZO) and Al-doped 
ZnO (AZO) films with thicknesses in the range of 200 nm to 1600 nm 
were deposited using various buffer materials such as ZnO or other 
metallic interlayers [16,30–34]. In contrast, recent progress in the 
development of thin ZnO films on the order of 100 nm remains limited, 
due to ongoing challenges related to thermal sensitivity, stress 
management, and film uniformity on flexible PET substrates [6,24]. 
Solving these issues is particularly important for scenarios demanding 
thin active layers, where both mechanical compliance and high functional 
performance of the films are required for the respective applications. 

In this work, we aimed to enhance the quality of ZnO films on 
non-epiready PET substrates for integration into piezoelectric micro-
sensors and flexible electronic devices. To achieve this, an optimized 
two-step RF magnetron sputtering process has been investigated for 
depositing a 100 nm ZnO main film at an ambient temperature. The 
study had been allocated into two main parts. In the first part, the 
direct deposition of 100 nm ZnO films on PET under various power 
conditions was examined to identify suitable power settings for both 
the buffer and main layers. Based on these results, the optimal power 
conditions, low power for minimizing surface roughness in the buffer 
layer and high power for maximizing crystallinity in the main film, 
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were applied into the second part, focusing on the two-step deposition 
process. In this part, the thickness of the ZnO homo-buffer layer was 
further optimized to achieve high-quality films with balanced surface 
smoothness and crystallinity. 

 
2.  Experimental details 

 
ZnO films were deposited onto PET substrates using RF magnetron 

sputtering (UNIVEX350 RF/DC, Oerlikon Leybold vacuum GmbH, 
Germany) without any intentional thermal treatment. The PET 
substrates used in this study were commercially available overhead 
projector transparent films with a thickness of approximately 140 μm 
and a surface area of 30 cm2. Its low thermal resistance increased 
the feasibility of substrate deformation during high-power sputtering 
which made the deposition of high-quality, smooth ZnO films on 
such substrates more challenging. 

Before deposition, each PET substrate was cleaned in an ultrasonic 
bath, first in ethanol (CAS No. 64-17-5, Merck) for 15 min, followed 
by isopropyl alcohol (IPA) (CAS No. 67-63-0, Merck) for another 
15 min to remove any organic contaminants. After cleaning, nitrogen 
(N2) with a 99% purity (CAS No. 7727-37-9, Praxair Co., Ltd.) was 
used to blow-dry the substrates to eliminate residual moisture. 

Argon (Ar) with a 99.999% purity (CAS No. 7440-37-1, Praxair 
Co., Ltd.) was used as the sputtering gas and introduced into the 
chamber at a constant flow rate of 20 sccm. The background pressure 
before sputtering and the working pressure during deposition were 
maintained at 1.0 × 10‒6 and 5.0 × 10‒3 mbar, respectively. The ZnO 
target, with 99.95% purity, had a diameter of 3 inches and a thickness 
of 0.25 inches (Singapore Advantec PTEC Ltd.). Prior to each deposition, 
a 30 min pre-sputtering process was performed to clean the target 
surface and remove contaminants. 

The samples were divided into two sets, as illustrated in Figure 1. 
The first set contained four samples, shown in Figure 1(a), where a 
100 nm thick ZnO main film was directly deposited onto the PET 
substrate. RF power was varied across the samples at 50 W, 100 W, 
150 W, and 200 W. Based on our experimental calibration, the 
corresponding sputtering rates were determined to be approximately 
1.1 nm∙min‒1 at 50 W, 1.9  nm∙min‒1 at 100 W, 4.0  nm∙min‒1 at 150 W, 
and 4.6  nm∙min‒1 n at 200 W. These rates were used to precisely control 
the thickness of all direct-growth samples at 100 nm. The second 
set followed the two-step deposition process, shown in Figure 1(b). 
In this configuration, a ZnO buffer layer was first deposited onto 

the PET substrate at 50 W, and its thickness was controlled at 20 nm, 
40 nm, 60 nm, and 90 nm using the 1.1  nm∙min‒1 rate obtained at this 
power. A 100-nm-thick ZnO main film was subsequently deposited on 
top of the buffer layer using a higher RF power of 150 W, at the rate 
of 4.0  nm∙min‒1. It was noted that the sputtering system used in this 
study did not include a temperature sensor for in-situ monitoring of 
surface temperature during deposition. Thus, the direct measurement 
of thermal effects on the substrate could not be performed. 

Surface morphology and film thickness were analyzed using field 
emission scanning electron microscopy (FESEM, JSM-7001F) and 
atomic force microscopy (AFM, SEIKO SPA400). Three-dimensional 
(3D) surface visualizations were obtained from SEM images using 
ImageJ software. Structural and optical properties were evaluated 
under ambient conditions using a high-resolution X-ray diffractometer 
(HR-XRD, Bruker D8 Discovery) and UV-near IR spectrometer 
(Cary5000 UV-Vis-NIR), respectively. 
 
3.  Results and discussion 
 
3.1  Direct deposition: 100 nm ZnO/PET 

 
The direct deposition process significantly affected the 

morphological and structural characteristics of ZnO films on PET 
substrates. The experimental results showed two distinct regimes of 
film quality corresponding to low and high RF power. An overview of 
surface morphology, including the SEM and AFM images of 100 nm 
ZnO/PET shown in Figure 2, indicated that the films deposited at 
low power are smoother than those deposited at high power. 

The SEM images shown in Figures 2(a-d) were visualized over 
an area of 24 × 18 μm2. At 50 W, the film showed a relatively smooth 
surface with visible discontinuities and unmerged grain boundaries. 
These features were indicative of incomplete grain coalescence due 
to limited surface diffusion of adatoms on the substrate. Increasing 
the RF power to 100 W improved grain coalescence, leading to a more 
continuous film. At 150 W, enhanced adatom mobility further improved 
homogeneity of the film surface; however, elevated substrate temperatures 
at this power also induced thermal deformation, resulting in surface 
waviness. At 200 W, the morphological deformation became more 
severe, with distinct undulations and surface cracks. These cracks 
resulted from accumulated thermal stress and mechanical strain due 
to the mismatch in thermal expansion coefficients between the film 
and the substrate. 

 

Figure 1. Details of the sample structures. (a) ZnO main film directly deposited on PET substrate, and (b) ZnO main film deposited with ZnO buffer layer on 
non-epiready PET substrate. 
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Figure 2. (a–d) SEM images, (e–h) 3D surface reconstructions from SEM data, and (i–l) AFM images showing the surface morphology of ZnO main films 
directly deposited on PET substrates. The RF power varied from 50 to 200 W. 

 
This observed deformation at relatively low power (above 150 W) 

contrasted with the previous study [18] reporting that PET substrates 
could withstand sputtering at RF powers up to 250 W without 
deformation. One possibility was because of the difference in PET 
grades. In this study, a commercially available PET film was employed. 
This type of PET has a lower thermal tolerance, with a melting point 
of approximately 150°C, compared to the epiready-grade PET often 
used in previous research, which typically melts around 250°C. The 
lower thermal resistance of the PET in this work made it more 
susceptible to deformation under high-power deposition. 

To further examine the surface topography, 3D images shown 
in Figures 2(e–h) had been generated using data acquired from the 
selected area of the original SEM images. At 50 W, the surface 
remained relatively flat, with only minor ridges attributed to grain 
boundary interactions. As power increases, surface undulations were 
more prominent. At 200 W, severe morphological irregularities 
dominated the surface profile. This result indicated that thermal 
expansion mismatch was a primary factor which contributed to the 
increased roughness and deformation. 

AFM images in Figures 2(i–l) provided quantitative evaluation 
of the surface roughness in the 10 µm × 10 µm scan area. The root mean 
square (RMS) roughness increased markedly from 13.3 nm at 50 W 
to 100.1 nm at 200 W. Although the films at lower powers showed 
finer granular structures, the increase in grain size with higher power 
correlated with the loss of topographical uniformity. These AFM results 

were consistent with SEM observations and reinforced the role of 
thermal effects in influencing surface morphology. 

Figure 3 illustrates the growth mechanisms and resulting effects 
of direct ZnO deposition on PET substrates under both low and high-
power conditions, as summarized from the SEM and AFM analyses. 
At low power, the sputtered ions had insufficient energy for surface 
migration. As a result, the film formed a polycrystalline structure with 
relatively low surface roughness. At high power, the ions gained enough 
energy for surface migration. An increase of ion energy eliminated 
grain boundaries and induced the formation of homogeneous ZnO film. 
However, this increased energy input also raised the substrate surface 
temperature. Given the low melting point of the PET used in this study, 
the elevated temperature easily led to thermal deformation of the 
substrate, which dominantly caused an increase of surface roughness 
and morphological instability in the resulting film. 

The interface between ZnO and PET had been investigated by 
cross-sectional SEM images shown in Figure 4. The schematic in 
Figure 4(a) illustrates the processes of sample preparation. The processes 
involved cleaving the sample, followed by controlled folding of the 
substrate to expose the interface between film and substrate for 
imaging. Figures 4(b–e) show the ZnO/PET interfaces. At 50 W, the 
interface appeared flat and continuous with no observable delamination 
or distortion. This uniformity was indicative of low residual stress 
and minimal thermal deformation at low deposition energies. However, 
as the power increased, notable changes in morphology have been 
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observed. At 100 W, the interface remained planar, although slight 
undulations began to emerge. These features were attributed to the 
moderate thermal expansion mismatch between the film and the 
substrate that caused localized stress accumulation. More interfacial 
distortion was observed at 150 W and 200 W, where the ZnO/PET 
interface showed a clear wavy structure. This morphological change 
was associated with thermal softening of PET during deposition. The 
increased ion bombardment and substrate heating at higher powers 
led to partial relaxation of the substrate. This deformation indicated a 
mechanical instability at the interface due to the difference in thermal 
expansion coefficients between two materials. This phenomenon 
induced a waviness of the substrate from the expanding film layer 
under compressive stress. 

The crystalline quality of the ZnO films, including lattice 
parameter, stress, and crystalline grain size, was evaluated through 

XRD measurements. Figure 5(a) shows the 2θ–ω scans for all four 
samples. A vertical dashed line at 2θ = 34.4264° indicated the theoretical 
diffraction angle of the (002) plane of the ZnO wurtzite structure. 
The presence of a ZnO (002) peak in each sample confirmed film 
crystallinity. However, slight deviations in peak position relative to 
the ideal value suggested the existence of residual stress within films. 
Specifically, a shift of peak position to lower and higher 2θ indicated 
compressive and tensile stress, respectively. These peak shifts were 
a result of lattice distortion during growth. Variations in peak intensity 
and full width at half maximum (FWHM) were observed across the 
different samples. A reduction in peak intensity and an increase in 
FWHM correlated with degraded crystalline quality that was a result 
of increased defect density and reduced long-range order within the 
polycrystalline films. 

 

Figure 3. Schematic illustration of the deposition mechanisms during direct ZnO growth on PET substrates at (a) low, and (b) high RF power. 
 

 

Figure 4. (a) Schematic of the sample preparation process for cross-sectional SEM imaging. (b–e) Cross-sectional SEM images of ZnO main films directly 
deposited on PET substrates at RF powers of (b) 50 W, (c) 100 W, (d) 150 W, and (e) 200 W. 
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Figure 5. (a) 2θ–ω scans around the ZnO (002) plane. (b) Lattice parameter, (c) film stress, and (d) crystallite size extracted from the diffraction peaks and 
plotted as a function of applied RF power. 
 

As shown in Figure 5(a), all diffraction peaks have been fit using 
the Gaussian distribution function to extract the (002)-plane-related 
peak position (2θ(002)) and the FWHM. The lattice parameter (C) 
is determined from the peak position angle using Bragg's diffraction 
condition. 

 
(002) (002)2 sind θ λ=  (1) 

 
where λ is the X-ray wavelength (= 1.5406 Å), and d(002) is the 

spacing between the (002) plane of ZnO. C could be determined from 
2d(002). The film stress (σ) is calculated using the formula [13,35]. 

 
( )2

13 33 11 12 0

13 0

2
2

c c c c C C
c C

σ
− +  −

=  
 

 (2) 

 
where c11, c12, c13 and c33 are the elastic constants (for ZnO, c11 = 

208.8 GPa, c12 = 119.7 GPa, c13 = 104.2 GPa and c33 = 213.8 GPa), 
and C0 is the unstrained lattice parameter of ZnO (= 5.206 Å). The 
crystallite size (D) is calculated using the Scherrer Equation. 
  
 

(002)cos
kD λ

β θ
=

 (3) 

where β is the FWHM of the diffraction peak, and k is a shape 
factor, typically set at 0.9. 
 

Figure 5(b) shows the variation of C with RF power. As the power 
increased from 50 W to 100 W, C slightly decreased but remained 
above C0 which has been marked by the horizontal dashed line. C 
decreased below C0 at the power of 150 W, followed by a slight 
increase at 200 W. These deviations from C0 indicated the occurrence 
of residual stress and possible point defects within the crystal. The 
non-monotonic trend in C suggested dynamic interplay during film 
growth, which was possibly stimulated by deposition-related thermal 
effects, lattice mismatch, and defect relaxation mechanisms.  

Figure 5(c) shows the in-plane σ as a function of RF power. The 
stress transitioned from compressive to tensile with increasing power. 
At low power, the slightly negative value implied initial compressive 
stress, which was associated with limited atomic mobility and the early-
stage coalescence of ZnO grains. As the power increased, the stress  
shifted to tensile. This tensile stress was due to enhanced adatom 
mobility and thermal expansion effects that dominated σ at higher 
deposition energies. At 200 W, a slight reduction in tensile stress 
suggested a partial relaxation or a redistribution of internal stress. 
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Despite these variations, all σ values remained relatively close to zero. 
This result indicated the ZnO films had low residual stress, which 
was advantageous for ensuring mechanical integrity on flexible PET 
substrates. 

Figure 5(d) shows the dependency of D on RF power. At low 
powers (50 W and 100 W), D remained moderate around 25 nm to 
30 nm. These values indicated limited crystallite growth under low-
energy conditions. At 150 W, D increased substantially and reached 
approximately 40 nm. This result showed the improved crystalline 
quality that was facilitated by enhanced surface diffusion and atomic 
rearrangement. However, at 200 W, D slightly decreased, which resulted 
from increased defect incorporation or surface roughening at elevated 
powers. These XRD results suggested that the optimal power was 
about 150 W, where the film provided the largest crystallite size and 
improved crystallinity without significant stress accumulation. 

Figure 6 shows the optical transmittance spectra of ZnO films 
directly deposited on PET substrates at different RF powers, plotted 
over the wavelength range of 300 nm to 650 nm. All samples provided 
sharp absorption edges at approximately 370 nm, corresponding to 
the intrinsic band gap of ZnO (~3.3 eV). The optical band gaps of the 
films could be estimated near this edge using the Tauc plot method 
[36]. At 50 W, the film demonstrated a relatively low transmittance 
of around 50% in the visible range. This limited optical transparency 
could be affected by the polycrystalline nature of the ZnO film, as 
shown by the AFM image in Figure 2(i). Although the film surface 
appeared smooth, the presence of numerous grain boundaries enhanced 
optical scattering, thereby reduced transmittance. Increasing the power 
to 100 W led to an improvement in optical transmittance reaching 
approximately 60%. This enhancement agreed with the evolution of 
film microstructure, as observed in the AFM image in Figure 2(j), where 
small crystallite grains disappeared and the crystal structure transitioned 
toward greater uniformity. This improved crystallinity resulted in fewer 
light-scattering sites and more efficient light transmission through the 
film. However, as the power increased above 100 W, the transmittance 
began to decline despite further improvements in crystalline quality, 
as confirmed by the XRD results. This decrease in transparency was 
caused by substrate deformation and the changes in surface morphology. 
Both SEM and AFM images showed that films grown at 150 and 200 W 
provided increasingly wavy surfaces and enhanced roughening. These 
surface irregularities behaved as a scattering center that significantly 
obstructed the passage of light and reduced the transmittance.  

All above-mentioned results indicated the inherent limitations of 
directly depositing ZnO films onto PET substrates using RF magnetron 
sputtering. At low power, the films showed polycrystalline structures 
due to insufficient energy for proper atomic rearrangement. While 
increasing the power improved crystallinity and enhanced structural 
ordering, it also introduced significant thermal stress to the substrate. 
This stress was due to elevated substrate temperatures during deposition, 
which softened PET substrate and led to surface deformation as the 
temperature approached its glass transition or melting point [19,20]. 
As a result, the wavy surface unavoidably developed. These surface 
features degraded the film uniformity and its optical properties. This 
problem was particularly severe for the growth of thin ZnO layers 
where the film thickness was insufficient to mask the topographical 
distortions of the underlying substrate [21]. Thus, both the surface 

smoothness and thermal stability of the substrate were critical factors 
in achieving high-quality ZnO films, particularly when targeting 
thicknesses below 100 nm. 

 
3.2  Two-step deposition: 100 nm ZnO/ZnO buffer/PET 

 
The results from the direct deposition method demonstrated the 

sensitivity of surface quality to RF power. These underscored the need 
to optimize deposition parameters for achieving smoother thin films on 
flexible substrates. To solve these challenges, the two-step sputtering 
technique has been introduced. The growth mechanism and anticipated 
phenomena are illustrated in Figure 7. In this process, a buffer layer 
was first deposited onto the PET substrate, followed by the deposition 
of the main film in the second step. Both the main film and the buffer 
layer were produced under optimized conditions for the following 
reasons. For the main film, the power of 150 W was selected, as this 
condition had previously shown homogeneous and crack-free films 
with a maximum crystallite size. Although high power caused surface 
waviness and substrate deformation, these issues could be mitigated 
by the presence of the buffer layer. A power of 50 W was chosen for 
the buffer layer deposition since it yielded a layer with a smooth 
morphology. This layer mitigated thermal deformation by functioning 
as a heat-protective shield during the subsequent high-power deposition. 
Due to its higher thermal stability, the buffer layer not only maintained 
the structural stability of the substrate under elevated plasma conditions 
but also served as a structural template that promoted nucleation and 
epitaxial alignment of the main film. Given its dual role in providing 
thermal protection and enhancing nucleation, the buffer layer approach 
offered a practical method for optimizing buffer thickness to successfully 
integrate ZnO films into PET substrates. 

 

 

Figure 6. Optical transmittance spectra of ZnO main films directly deposited on 
PET substrates, measured over the wavelength range of 300 nm to 650 nm. 
Each spectrum corresponded to a sample deposited at different applied RF 
power. 
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Figure 7. Schematic illustration of the deposition mechanisms during the two-step ZnO growth on PET substrates. 
 

 

Figure 8. (a–d) SEM images, (e–h) 3D surface reconstructions from SEM data, and (i–l) AFM images showing the surface morphology of ZnO main films 
deposited on PET substrates with ZnO buffer layers of varying thicknesses from 20 to 90 nm. 

The overall results for the 100 nm ZnO films on PET substrates, 
achieved using the two-step deposition technique with adjusted buffer 
layer thicknesses of 20 nm to 90 nm, were remarkably influenced 
by film qualities. Various buffer layer thicknesses yielded improved 
crystallinity and morphology, particularly roughness and stress. SEM 
images, illustrated in Figures 8(a–d), showed the clear trend that 
increasing the buffer layer thickness reduced surface irregularities 
and resulted in smoother surfaces with fewer ridges and valleys. When 
the buffer thickness reached above 60 nm, the surface became flatter 
and more uniform. 

The 3D images, shown in Figures 8(e–h), reconstructed from 
the selected area of the original SEM images further illustrate the 
improvement in surface topography with increasing buffer thickness. 

These images provided spatial insight into the surface configuration and 
the height variation across each sample. The greatest surface deviation 
was observed in the 20 nm buffer sample, while a substantial reduction 
was observed in the 60 nm and 90 nm samples. These observations 
suggested that surface deformation caused by the underlying substrate 
had been suppressed. These supported the role of the buffer layer 
in improving surface morphology by reducing substrate-induced 
deformations. 

The AFM images, shown in Figures 8(i–l), represented this 
improving trend in terms of RMS roughness. Each image covered 
an area of 10 µm × 10 µm. For buffer layer thicknesses of 20 nm, 
40 nm, 60 nm, and 90 nm, the corresponding RMS values were 100.5 
nm, 88.4, nm 28.1 nm, and 34.0 nm, respectively. The morphology 
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was enhanced compared to the film deposited directly at 150 W 
shown in Figure 2(k). The clear reduction at the 60 nm buffer thickness 
indicated a threshold above which further increases yielded only 
small improvement. This result suggested that a buffer thickness of 
60 nm achieved an optimal balance, which was sufficient to planarize 
the surface and minimize excess material use. 

Though previous studies used smaller AFM scan areas (2 µm × 
2 µm), direct comparison of RMS values was not compatible with 
our scan area, which provided more representative surface uniformity 
over a device-relevant scale. Nevertheless, a consistent pattern of 
improvement could be observed with buffer-assisted growth. Previous 
works also reported corresponding improvement: Kim et al. [33] 
achieved the lowest RMS value using a 70 nm ZnO buffer. Lee et al. 
[32] significantly reduced RMS roughness with a 100 nm buffer. 
Park et al. [25] demonstrated significant enhancement with a 50 nm 
SiO2 buffer. 

The cross-sectional SEM images, shown in Figure 9, demonstrated 
the effect of buffer layer to reduced deformation and improved 
adhesion. The samples were prepared identically to those described 
in Figure 4(a). All the samples showed a consistently flat interface, 
compared to the sample deposited under the same power condition 
without a buffer layer, shown in Figure 4(d). This result indicated that 
the low-power-deposited ZnO buffer layer effectively suppressed 

substrate deformation during the subsequent high-power deposition 
of the ZnO main film. Since deformation of the flexible substrate 
typically led to increased surface roughness and morphological 
irregularities, this flatness of buffer layer was necessary for achieving 
a uniform main layer. When considered alongside the surface 
morphology, shown in Figure 8, the cross-sectional views further 
demonstrated the role of buffer layer as a structural stabilizer that 
facilitated the growth of high-quality ZnO main films. In contrast to 
single-step deposition, where high power alone compromised both 
the film and interface quality, the two-step deposition maintained 
smoother and more uniform film characteristics. Our results were 
consistent with previous reports [2,37], which also mentioned the 
importance of optimizing buffer layer thickness for a uniform ZnO film 
growth on flexible substrates without substrate-induced distortions. 

These results were successfully achieved despite the use of 
a regular-grade PET, which had a significantly lower melting point 
than the epiready-grade substrates. By carefully optimizing the buffer 
layer thickness through the two-step process, this study demonstrated 
the feasibility of fabricating thin ZnO films with smooth surfaces on 
thermally sensitive PET substrates. This optimized two-step growth 
technique also proposed a practical pathway for cost-effective and 
scalable applications in flexible electronic devices. 

 

 

Figure 9. Cross-sectional SEM images of ZnO main films deposited on PET substrates with ZnO buffer layers of varying thicknesses: (a) 20 nm, (b) 40 nm,    
(c) 60 nm, and (d) 90 nm. 
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Figure 10. (a) 2θ–ω scans around the ZnO (002) plane. (b) Lattice parameter, (c) film stress, and (d) crystallite size extracted from the diffraction peaks and 
plotted as a function of ZnO buffer layer thickness. 

The structural properties of the ZnO/ZnO buffer/PET samples 
with varying buffer layer thickness were further examined by XRD 
measurements. Figure 10(a) shows the results of 2θ–ω scans. A clear 
enhancement in the (002) diffraction peak intensity was observed with 
increasing buffer thickness. This result indicated improved c-axis 
orientation and overall crystallinity of the main film. This improvement 
contrasted with Figure 5(a), where the film deposited directly on PET 
without a buffer layer provided a lower diffraction peak intensity. 
This contrast supported the advantage of the buffer layer in improving 
crystal orientation and reducing defects in the main film. 

Figures 10(b‒c) show the evolution of structural quality through 
the changes in C and σ, respectively, as functions of buffer thickness. 
In the sample without a buffer layer, C significantly deviates from C0. 
This result indicated lattice distortion induced by thermal mismatch 
and structural defects. In contrast, the buffered samples provided C 
much closer to C0. The deviation of C significantly reduced and became 
nearly negligible at buffer thicknesses above 60 nm. This saturated 
value of C suggested the buffer layer behaved as a strain-relieving inter-
layer, which absorbed mismatch-induced deformation. Consistently, 

the σ shows the inclusion of the buffer layer gradually reduced residual 
tensile stress in the main film. Without the buffer layer, the film 
contained substantial tensile stress, which not only degraded crystal 
quality but also affected increased surface roughness. As the buffer 
thickness increased, the stress transitioned toward more relaxed states 
to approach the stress-free region. This reduction in σ corresponded 
with improved crystal stability and reduced defect generation, both 
of which were essential for device-quality films. 

Figure 10(d) shows a decrease in D with increasing buffer thickness. 
The value of D became saturated when the buffer thickness exceeded 
60 nm. Compared to the unbuffered sample, which provided larger 
crystalline grains due to uninterrupted vertical growth, the buffered 
samples showed consistently smaller D. This result could be explained 
by the polycrystalline nature of the buffer layer, which introduced 
additional grain boundaries that hindered excessive grain coalescence 
in the upper main layer. Nevertheless, smaller D often suggested more 
grain boundaries. It could be advantageous in piezoelectric materials 
since fine crystallite could enhance mechanical stability, suppress 
dielectric loss, and maintain film quality during operation [11]. 

 
Our results aligned with the previous report. Rezaie et al. [38] 

described residual stress in thin films as a combination of intrinsic 

stress, arising from high-energy atomic bombardment and crystal 
defects, and extrinsic stress, related to mismatches in lattice constant 
and thermal expansion coefficient between the film and the substrate. 
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In the present study, the high power used in the single-step deposition 
without a buffer layer could stimulate both forms of residual stress. 
These stresses led to crystallographic distortion and rough surfaces. 
In contrast, the two-step deposition method incorporating a low-power 
buffer layer effectively separated the main film from the mechanical 
influence of the substrate. This technique could suppress stress 
accumulation and enhance morphological and structural uniformity. 

Figure 11 shows the optical transmittance spectra of ZnO main 
film/ZnO buffer/PET samples measured across the 300 nm to 650 nm 
wavelength range. An absorption edge appeared near 370 nm, which 
was consistent with the intrinsic band gap of ZnO. The influence of 
buffer thickness on transmittance aligned with surface morphology 
trends observed in SEM and AFM images shown in Figure 8. The 20 nm 
buffer sample provided the lowest transmittance due to insufficient 
suppression of substrate-induced deformation and significant surface 
roughness. Increasing the thickness to 40 nm yielded only slight 
improvement. This observation suggested the buffer layer remained 
too thin to fully planarize the surface. The highest transmittance 
was observed at 60 nm, where surface flatness was optimal and light 
scattering was effectively minimized. Further increasing the buffer 
thickness to 90 nm resulted in a slight decrease in transmittance. 
This phenomenon was due to increased internal scattering or optical 
absorption within the thicker polycrystalline buffer layer. However, 
it was observed that the overall transmittance above the absorption 
edge remained relatively low (<30%), which was atypical for ZnO 
films. This reduction was primarily a result of light scattering caused 
by the polycrystalline nature of the ZnO buffer layer deposited at 
low power. Even though this deposition condition enhanced smooth 
surface formation, it compromised the crystalline quality of the buffer 
and increased optical scattering. 

 

 

Figure 11. Optical transmittance spectra of ZnO main films deposited with 
ZnO buffer layers on PET substrates, measured over a wavelength range of 
300 nm to 650 nm. Each spectrum corresponded to a sample with a different 
ZnO buffer layer thickness. 

 

These results demonstrated that optical transmittance in ZnO films 
was not solely governed by surface smoothness, but also by an interplay 
of crystallinity, grain structure, and buffer thickness. Our observation 
highlighted that a 60 nm buffer layer offered an optimal balance 
between morphological smoothness and minimal light scattering, 
which was particularly important for optoelectronic applications. 
Moreover, achieving this performance using a regular-grade PET 
substrate further confirmed the practicality of the proposed two-step 
deposition method for low-cost, flexible optical devices. 

 
4.  Conclusions 

 
This study demonstrated the challenges of fabricating high-quality, 

thin ZnO films on flexible, non-epiready PET substrates using direct 
RF magnetron sputtering at ambient temperature, where thermal 
sensitivity led to surface deformation, increased roughness, and limited  
crystalline quality. To overcome these limitations, the two-step deposition 
technique has been introduced using a low-power ZnO buffer layer, 
followed by high-power deposition of the main film. By optimizing the 
buffer thickness, particularly at 60 nm, the films exhibited significantly 
improved surface smoothness, reduced stress, stronger adhesion, and 
enhanced crystalline orientation. The stress-relieving function of the 
buffer layer assisted the lattice constant approach the ideal ZnO value, 
while the resulting fine grain size contributed to improved mechanical 
stability and reduced dielectric loss. These characteristics were beneficial 
for piezoelectric applications. Notably, these enhancements were 
achieved on commercially available PET substrates with lower thermal 
tolerance which underscored the practicality and cost-effectiveness 
of the proposed method for scalable integration of ZnO films in 
flexible electronic and sensor devices.\ 
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