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A B S T R A C T

In this study, white reflective films integrated with various ZnO/ZnS surface nanostructures were explored.
Based on optical microscope (OM), field-emission scanning electron microscope (FESEM) and energy dispersive
X-ray spectroscopy (EDS) results, nanostructures integrated with ZnS shell structures improve the material
properties of a polyethylene terephthalate (PET) membrane. In addition, the surface contact angle measurements
and XRD results show the hydrophilic and crystalline structures of these membranes are enhanced due to the
addition of ZnS shell structures and an Au layer. White reflective PET films synthesized with various nanos-
tructures have the potential to optimize the usage of the white reflective PET films.

Introduction

In recent years, flexible membranes and devices have attracted
growing attention in the energy, light source [1], photo detector [2]
and biomedical sensor/device industries. Several plastic materials, in-
cluding polyester, polypropylene (PP), polyethylene terephthalate
(PET), polystyrene (PS), rubber, Kevlar and other fibers [3,4] are some
of the versatile components which utilize flexible membranes and de-
vices. These flexible films which play an important role in improving
the performance of solar cells [5], light emitting diodes (LEDs) [6], and
electronic skins [7]. Among these flexible membranes, white reflective
film is often used as a backlight module for improving the luminescence
of sconces, Troffer Fixtures, liquid-crystal display (LCD), televisions,
mobile phones [8–10], etc. Polyethylene terephthalate (PET) is one of
the most frequently used materials as a white reflective film. Fig. 1
presents the chemical structure of PET.

Due to the wide and direct bandgap of ZnO and ZnS, these two
compound materials have been intensively employed as optoelectronic
materials to produce electronic and photonic devices, such as trans-
ductors [11], gas sensors [12], optical devices [13], field emitters, light
sensors, biological applications, optical devices, LEDs, and electro-

luminescence devices [14]. Recently, ZnS/ZnO nanostructures have
been employed as components of novel solar cells and photodetectors.
Along with nanostructure improvements, core/shell structured ZnO/
ZnS have been found to improve physical and chemical properties of
ZnO nanostructures. There are several studies discussing the methods to
control fabrication of ZnO/ZnS cores/shells and obtain different
morphologies [15]. ZnS/ZnO nanostructures with appropriate ZnS de-
position times have been shown as having the strongest ZnS crystalline
structures [16]. The performance of the ZnO/ZnS core/shell structures
has been further enhanced through the piezo-phototronic effect to
create a high-performance broadband UV/visible photodetectors [17].
Detailed comparisons between this work and the previous related works
are shown in Table 1.

In order to verify the optical performance of white reflective film/
membranes strengthened by fabricated nanostructures, Au film, ZnO
nanostructures [24] and ZnO/ZnS core-shell structures [25] were in-
tegrated on a PET membrane by DC sputtering and a low-temperature
hydrothermal method. The formed multi-layer reflective membranes
included a normal white PET membrane, a PET membrane with a Au
layer, ZnO nanostructures on a PET membrane, ZnO nanostructures on
a Au/PET membrane, ZnO/ZnS core-shell structures on a PET mem-
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brane. To characterize the surface structures, element compositions and
crystal phases of fabricated multi-layer reflective membranes, a field-
emission scanning electron microscope (FE-SEM), energy dispersive X-
ray spectroscopy (EDS) and X-ray Diffraction (XRD) were utilized.
Moreover, optical and hydrophobic properties were further evaluated
by an optical microscope and contact angle measurement. The results
indicate that ZnO/ZnS core shell structures on a PET membrane can
modulate the nanostructure, enhance optical properties, and vary hy-
drophilicity for future applications.

Experiments

A hydrothermal method, which has advantages of low cost and
simple fabrication, was used to integrate nanostructures in a room
temperature environment with better control of the final product’s
composition. This approach is suitable for processing and manu-
facturing nanorods and shell structures for various applications. Fig. 2
presents the fabricating procedures of multi-layer reflective PET

Fig. 1. Chemical structure drawing of PET.

Table 1
The correlated research topics in observations of SEM images and AFM images on ZnO NRs, ZnO/ZnS core-shell structures and other compositions.

Morphologies Main research Apparatus

This study Shows the roughness and inhomogeneous array that compare to the dots and strips. ZnO/ZnS core-shell structure on white reflective
film by hydrothermal method

SEM to pair up with
OM

#a [18] Displayed obviously smooth characteristics. Thermally evaporated zinc oxide thin films on
polyethylene terephthalate substrates

AFM

#b [19] Plenty of SEM images has been displayed in many different components in this study,
and one showed the ZnO nanoflowers as the same as our study because of Au particles.

Nanostructured ZnO surfaces SEM

#c[20] Shows better adhesion between matrix and fiber. ZnO nanostructures on Kevlar fiber SEM
#d[21] Hexagonal (wurtzite-type). Zinc oxy-sulfide/cubic-tin sulfide interface AFM to pair up with

GIXRD
#e [22] ZnS exists as a layer of nanoparticles, and both coverage degree and sulfur content

increase with the growth cycles.
ZnO/ZnS Core-Shell Nanowires-GaN
Heterojunction

SEM

#f [23] The rod diameters were increased because of the sulfurization process. ZnO@ ZnS Core-Shell structures on ITO substrates SEM

Fig. 2. Fabricating procedures of multi-layer reflective PET membranes.
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Fig. 3. Schematic pictures of (a) ZnO nanostructures on a white PET membrane, (b) ZnO/ZnS core-shell structures on a white PET membrane, (c) ZnO nanostructures
on an Au/white PET membrane.
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membranes. White reflective PET membranes (QA, Eleceram Tech-
noogy Co., Ltd., Taiwan) with a size of 2×2 cm2 and a thickness of
10 μm were cleansed first. Then, five types of multi-layer reflective PET
membranes were prepared according to the following procedures:

(1) Normal PET membrane: The cleansed PET membrane.
(2) ZnO nanostructures on a PET membrane: The ZnO seed layer was

fabricated on the cleansed PET membrane by spin coating with a
lab-made solution composed of zinc acetate and ethanol. Then, ZnO
nanorods were grown hydrothermally for two hours on the seeded
PET membrane at 80° C in a solution containing zinc nitrate hex-
ahydrate and hexamethylenetetramine.

(3) ZnO/ZnS core-shell structures on a PET membrane: After the
cleansing and drying process, PET membranes with ZnO nanorods
were placed in a solution containing sodium sulfide nonahydrate at
70° C for 10 and 20min to synthesize the ZnO/ZnS core–shell
structures.

(4) PET membrane with a Au layer: A cleansed PET membrane was
synthesized with a Au layer of 5 nm in thickness by DC sputtering
(ULVAC Co. Japan).

(5) ZnO nanostructures on a Au/PET membrane: A ZnO seed layer was
fabricated on a Au/PET membrane by spin coating with the lab-
made solution. Then, ZnO nanorods were grown hydrothermally on
the seeded PET membrane for two hours at 80 °C in a solution
containing zinc nitrate hexahydrate and hexamethylenetetramine.

The schematic pictures of fabricated multi-layer reflective mem-
branes are illustrated in Fig. 3 to illustrate the nanostructures on the
membrane surfaces. In Fig. 3(a), ZnO nanorods were synthesized ver-
tically on a white PET membrane. Based on Fig. 3(a), ZnS shells were
integrated on ZnO nanorods to form the ZnO/ZnS core-shell structures
on a PET membrane, as shown in Fig. 3(b). Fig. 3(c) presents the ZnO
nanorods fabricated on a Au/PET membrane. In order to measure the
surface structures and performance of the fabricated multi-layer re-
flective membranes, FE-SEM, EDS, XRD, optical microscope and contact
angle examinations were carried out.

Results and discussions

In order to understand the multi-layer reflective membranes affected
by various nanostructures, surface morphologies measured by optical
microscope (OM) are presented in Fig. 4. The optical microscopic images
of the white PET membrane and the PET membrane with a sputtered Au
layer are presented in Fig. 4(a) and (b). The Au layer seems to reflect the
roughness of the PET membrane in Fig. 4(b). In Fig. 4(c), (e) and (f), the
synthesized ZnO and ZnO/ZnS nanostructures form gray-white strips on
the PET membrane and make the surface smoother, thereby increasing
its reflective effect. This can also be verified from Fig. 4(d), where the
ZnO nanostructures increase the brightness of the Au/PET membrane.
Therefore, the integrated nanostructures improve the surface reflective
performance of the PET membrane.

Fig. 4. Optical microscopic images of (a) a white PET membrane, (b) a PET membrane with a Au layer, (c) ZnO nanostructures on a PET membrane, (d) ZnO
nanostructures on a Au/PET membrane, ZnO/ZnS core-shell structures on a PET membrane with a sulfurization period of (e) 10 and (f) 20min.
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The crystallization of multi-layer reflective membranes affected by
various nanostructures was explored using XRD. From top to bottom,
Fig. 5 shows XRD patterns of ZnO nanostructures on the Au/PET
membrane, the Au/PET membrane, ZnO/ZnS core-shell structures on
the PET membrane with sulfurization periods of 10 and 20min, and
ZnO nanostructures on the PET membrane. In Fig. 5, all the diffraction
peaks are compared with the information listed in the Joint Committee
on Powder Diffraction Standards (JCPDS) Table. The X-ray diffraction
patterns of ZnO (JCPDS card No. 036-1451) (100), (002), (101),
(102) and (103) were observed in most of the membranes, except the
Au/PET membrane. The XRD pattern of Au (JCPDS card No. 04-0784)
(220) is shown in the membrane with the Au layer. The XRD pattern of
ZnS (JCPDS card No. 5-0566) (220) is displayed in the ZnO/ZnS core-
shell structures on the PET membrane with sulfurization periods of 10
and 20min. However, the XRD pattern of ZnS (200) only appears in the
ZnO/ZnS core-shell structures on the PET membrane under a sulfur-
ization period of 20min. This indicates that the amount of ZnS crystals
increased with the sulfurization time.

The elemental contents of the multi-layer reflective membranes af-
fected by various nanostructures were explored using EDS. The mea-
sured results are presented in Fig. 6. In Fig. 6(a), the contents of ZnO
nanostructures on the PET membrane include carbon, oxygen, sulfur
and zinc with weight percentages of 31.24, 22.91, 1.13 and 44.72
percent, respectively. In Fig. 6(c) and (d), the content percentages of
sulfur and zinc of ZnO/ZnS core/shell nanostructures on the PET
membrane were (3.85, 42.19)/ (S, Zn) and (5.05, 65.76)/(S, Zn), re-
spectively. These results indicate that the sulfur content increased with

the sulfurization time. These results were similar to those measured by
XRD in Fig. 5.

To examine the surface morphologies of the multi-layer reflective
membranes which were affected by various nanostructures, a FESEM
was utilized. The measured results are presented in Fig. 7. In
Fig. 7(a)–(c), ZnO nanostructures on the PET membrane are clearly
observed and form a rough and varied distribution. In Fig. 7(d)–(f), the
ZnS shell synthesized on ZnO nanostructures are observed. However,
due to less sulfurization time, the nanostructures on the PET membrane
are still rough and varied. In Fig. 7(g)–(i), the dense ZnO/ZnS core/shell
nanostructures are presented under sulfurization periods of 20min. The
dense ZnS shell coating improved the surface property and increased
the reflectiveness of the PET membrane. In Fig. 7(j)–(l), the sputtered
Au layer also benefited from the growth of ZnO nanostructures to form
the smooth and well-distributed surface of the Au/PET membrane.
These results were similar to those presented in Fig. 4.

The hydrophilicity of the multi-layer reflective membranes affected by
various nanostructures was measured by surface contact angle testing. The
measured results are shown in Fig. 8. In Fig. 8(a), (b) and (e), the surface
contact angles of a PET membrane, ZnO nanostructures on a PET mem-
brane, and the Au/PET membrane were 83.7, 63.7, and 70.6°, respectively.
This indicates the hydrophobic properties of these membranes. In
Fig. 8(c)–(f), the surface contact angles of ZnO/ZnS core-shell structures on
a PET membrane under a sulfurization time of 10 and 20min and ZnO
nanostructures on the Au/PET membrane are 17.0, 40.6 and 23.2°, re-
spectively. This indicates the hydrophilic properties of these membranes,
due to the addition of ZnS shell structure and the Au layer.

Fig. 5. From top to bottom: XRD patterns of ZnO nanostructures on a Au/PET membrane, a Au/PET membrane, ZnO/ZnS core-shell structures on a PET membrane
under sulfurization periods of 10 and 20min, ZnO nanostructures on a PET membrane.
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Fig. 6. EDS graphs of (a) ZnO nanostructures on a PETmembrane and ZnO/ZnS core/shell nanostructures on a PETmembrane under sulfurization times of (b) 10 and (c) 20min.

C.-C. Cheng et al. Results in Physics 10 (2018) 449–457

454



(caption on next page)

C.-C. Cheng et al. Results in Physics 10 (2018) 449–457

455



Fig. 7. FE-SEM images of (a)–(c) ZnO nanostructures on a PET membrane with different magnification rates. ZnO/ZnS core/shell nanostructures on a PET membrane
under sulfurization periods of (d)–(f) 10 and (g)–(i) 20min, (j)–(l) ZnO nanostructures on a Au/PET membrane, with magnification rates of 10 k, 50 k and 100 k,
respectively.

Fig. 8. Surface contact angle measurements of (a) a PET membrane, (b) ZnO nanostructures on a PET membrane, ZnO/ZnS core-shell structures on a PET membrane
under sulfurization periods of (c) 10 and (d) 20min, (e) a Au/PET membrane, (f) ZnO nanostructures on a Au/PET membrane.
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Conclusions

In this research, white reflective PET membranes were coated with
various nanostructures including an Au layer, ZnO nanostructures,
ZnO/ZnS core-shell structures, and ZnO nanostructures. Based on OM,
FE-SEM and EDS results, the ZnS shell integrated nanostructures show
the possibility to improve the surface reflective performance of the PET
membrane. Moreover, from the results of the surface contact angle test
and XRD, the hydrophilic and crystalline properties of these membranes
are enhanced by the addition of a ZnS shell structure and an Au layer.
Therefore, white reflective PET films synthesized with various nanos-
tructures are promising for future optoelectronic devices.
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