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Transformation from Film to
Nanorod via a Sacrifical Layer:
Pulsed Laser Deposition of ZnO
e for Enhancing Photodetector
e Performance

Sin-Liang Ou'?, Fei-Peng Yu? & Dong-Sing Wuu ()2

. Anovel fabrication method for single crystalline ZnO nanorods by pulsed laser deposition (PLD)

. using a chemical-bath-deposited ZnS seed layer is proposed. For the substrate temperature (T,)

. lower than 700°C, the PLD-ZnO showed a polycrystalline phase and film-type morphology, resulting

. from the ZnS seed layer with a cubic phase. However, the ZnS film became a sacrifical layer and

. single crystalline ZnO(002) nanorods can be achieved at T, of 900 °C, where ZnS was decomposed

. to zinc metals and sulfur fumes. The transformation from ZnO film to nanorod microstructure was

. demonstrated with the change of ZnS layer into Zn grains. Enhanced performance of the metal-
semiconductor-metal photodetectors were fabricated with ZnO/ZnS samples grown at T, of 500, 700,

. and 900°C. The responsivities (@1 V and 370 nm) of these three devices were 1.71, 6.35, and 98.67

* A/W, while their UV-to-visible discrimination ratios were 7.2, 16.5, and 439.1, respectively. Obviously,

. ahigher light-capturing efficiency was obtained in the 900 °C-grown ZnO/ZnS device owing to its one-
dimensional nanostructure with high crystal quality. The results indicate PLD combined with a sacrifical

. nanostructure is a promising method for obtaining high-quality ZnO nanorods, which paves the way for

. thefabrication of high performance ZnO-based devices.

ZnO-based materials have attracted much attention owing to their direct wide band gap, high exciton binding
energy (60 meV), high mobility, low cost, good thermal stability, nontoxic feature, and abundant resource!~.
Recently, the ultraviolet (UV) photodetectors (PDs) fabricated with ZnO-based materials become more and more
important because they can be employed for plenty of applications consisting of UV radiation monitoring, autom-
atization, intersatellite communication, flame sensing, missile launching detection, and biochemical analysis’~'>.
For the fabrications of high-performance PDs, the semiconductor material with a good crystal quality is required.
In addition, how to improve the responsivity under UV radiation and increase the photocurrent generation are
also the main issues for the UV PDs. It is well known that the one-dimensional ZnO nanostructures such as nano-
rods, nanowires, and nanosheets have a larger surface-to-volume ratio in comparison to bulk and thin-film ZnO
materials. Thus, when the PDs are prepared with ZnO nanostructures, the higher photoconductive gains can be
obtained since their surfaces possess a lot of trapping sites to adsorb and desorb oxygen molecules!*-".
: Several growth methods consisting of aqueous solution technique!®!*!, chemical vapor deposition
: vapor-liquid-solid process', hydrothermal technique'®-', sputtering®, and pulsed laser deposition (PLD)*-2*
. have been proposed to prepare ZnO nanostructures. Usually, ZnO-based nanostructures are prepared via aque-
. ous solution technique, vapor-liquid-solid process, and hydrothermal method. Nevertheless, these ZnO nano-
structures grown by the as-mentioned methods are almost polycrystalline with low crystal qualities. Actually,
: ZnO-based thin films with smooth surfaces and high crystal qualities are easily achieved using conventional
. physical vapor deposition (PVD) processes such as sputtering and PLD. However, it is difficult to prepare the
. high-quality ZnO-based nanostructures under both PVD environments. Thus, there are relatively few researches
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Figure 1. Cross-sectional SEM images of (a) 500 °C-grown ZnO/ZnS, (b) 700 °C-grown ZnO/ZnS, (c)
900°C-grown ZnO/ZnS$, and (d) 900 °C-grown ZnO samples. Plan-view SEM images of (e) 500 °C-grown ZnO/
ZnS, (f) 700 °C-grown ZnO/ZnS, (g) 900 °C-grown ZnO/ZnS, and (h) 900 °C-grown ZnO samples.

focusing on ZnO-based nanostructures grown by sputtering or PLD. For the preparation of high-quality oxide
materials, PLD is indeed an ideal method because the atomic-layer growth will be realized through the adjust-
ment of the laser repetition rate. Besides, the high-energy source particles created by PLD can improve the surface
mobility of the ad-atoms?*~%°. As a result, in comparison to magnetron sputtering or reactive RF sputtering, PLD
has attracted much attention for growing ZnO-based thin films or nanostructures. As far as we know, a modified
PLD technique that is the so-called nanoparticle assisted PLD (NAPLD) has been presented for the preparation of
ZnO-based nanostructures*'~2. Up to now, the PLD-prepared ZnO nanostructures are almost grown by NAPLD
without using any catalyst. In NAPLD growth, the nanoparticles are generated in the background gas by laser
ablating for the subsequent nanostructure growth””. When ZnO nanostructures are grown by NAPLD, a high
working pressure (usually higher than 1 Torr) is an essential deposition condition. At such deposition condition,
the laser-ablated ZnO species are limited in a small volume. Through the condensation, ZnO nanoparticles are
formed onto the substrate. This is different to the thin-film growth by conventional PLD at a very low working
pressure (usually at 1072-1073Torr). Although single crystalline ZnO nanostructures can be prepared by NAPLD,
there are two possible drawbacks formed in the NAPLD growth. Firstly, as the nanostructures are deposited at a
high working pressure, there could be more defects created at this growth condition, leading to the deterioration
of structural, electrical, and optical characteristics of nanostructures. On the other hand, it is well known that the
electrical resistivity of ZnO-based materials is mainly governed by the formation of oxygen vacancies. Several
NAPLD-ZnO nanostructures are grown at higher O, pressures, which would induce less oxygen vacancies in the
nanostructures. Therefore, the electrical properties of NAPLD-ZnO nanostructures could be degraded, limiting
their optoelectronic applications.

In our work, a novel fabrication method for the ZnO nanostructure by conventional PLD has been pro-
posed. We prepared the PLD-ZnO layers at various substrate temperatures (T;) of 500, 700, and 900 °C on the
chemical-bath-deposited (CBD) ZnS seed layers. At present, several studies on ZnO nanostructures combined
with ZnS materials were presented, which mainly consisted of ZnO/ZnS core/shell nanostructures®*-** and ZnS
branches grown on ZnO?*"*2, However, there is almost no research of the ZnO nanostructures prepared on the
ZnS seed layers. In this study, when the T, was lower than 700 °C, the PLD-ZnO layers grown on ZnS films
exhibited the polycrystalline structure and film-type morphology. However, with increasing the T, to 900 °C,
the ZnS film became a sacrifical layer and the single crystalline ZnO nanorods were formed. In other words,
the morphological transformation of PLD-ZnO from film to nanorod can be achieved via the formation of the
sacrifical layer at a high T, of 900 °C. The interesting transformation mechanism was investigated in detail, as
discussed later. Moreover, these PLD-ZnO samples prepared at the T, of 500-900 °C were used to fabricate the
metal-semiconductor-metal (MSM) PDs. A superior performance of the PD fabricated with the ZnO nanorods
(T;: 900°C) was also demonstrated. Currently, most of the ZnO-based nanostructure-type devices are fabricated
by aqueous solution technique, vapor-liquid-solid process, and hydrothermal method. However, some draw-
backs such as the large leakage current usually occurred in the devices prepared by these methods. Through the
development of this novel technique, it is expected that the PLD-ZnO nanostructures can be applied for various
optoelectronic and microelectronic applications. Additionally, the problem of large leakage current also can be
solved efficiently via the fabrication of PLD-ZnO nanostructure-type devices. Most importantly, by choosing
suitable seed layers, the novel method will be used for the device fabrications with other oxide materials (such as
Ga,053, In,0;, TiO,, and so on), expanding the practicality of this growth technique.

Results and Discussion

The cross-sectional and plan-view SEM images of the PLD-ZnO/CBD-ZnS samples were both taken to observe
their morphologies. Figure 1a,b and ¢ shows the cross-sectional SEM images of 500, 700, and 900 °C-grown ZnO/
ZnS samples, respectively. Obviously, when the T was raised to 500 and 700 °C, these two ZnO layers had a similar
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Figure 2. (a) XRD patterns of 500-900 °C-grown ZnO/ZnS$ and 900 °C-grown ZnO (without the ZnS layer)
samples. (b) XRD rocking curve for the ZnO(002) reflection of the 900 °C-grown ZnO/ZnS sample.

morphological characteristic to each other. These two ZnO layers both exhibited the columnar structure, and the
columns were merged to each other, as shown in Fig. 1a and b. This indicates that the 500 and 700 °C-grown ZnO
layers belong to the film-type feature. In addition, it can be found that the thicknesses of these two ZnO films
were both approximately 1.1 pm. Further increasing the T; to 900 °C, the morphology of ZnO layer changed
to one-dimensional nanostructure-type, as shown in Fig. 1c. We can observe that the 900 °C-grown PLD-ZnO
prepared on the CBD-ZnS seed layer was composed of the ZnO nanorods with the diameter approximately 100
200 nm. Besides, the lengths of these nanorods were determined to be 0.7-1.4 pm. The plan-view SEM images of
500, 700, and 900 °C-grown ZnO/ZnS samples are displayed in Fig. 1e,f and g, respectively. Careful observations
on Fig. 1e and frevealed that the interval between the columns of the 700 °C-grown ZnO/ZnS was slightly larger
than that of the 500 °C-grown ZnO/ZnS. On the other hand, there were countless ZnO nanorods with top tips
in the 900 °C-grown ZnO/ZnS, as shown in Fig. 1g. Moreover, Fig. 1d and h displays the cross-sectional and
plan-view SEM images of 900 °C-grown ZnO directly prepared on sapphire substrate. Apparently, without grow-
ing the CBD-ZnS seed layer, the morphology of PLD-ZnO belonged to film-type even at the T of 900 °C.

Figure 2a shows the XRD patterns of 500-900 °C-grown ZnO/ZnS and 900 °C-grown ZnO (without the ZnS
seed layer) samples. In the XRD patterns of these three ZnO/ZnS samples, there was no diffraction peak indexed
to ZnS crystalline phase, indicating that the crystal quality of CBD-ZnS was too low to detect by XRD. When the
T, was increased to 500-700 °C, two peaks of cubic ZnO(111) and hexagonal ZnO(002) can be detected in the
ZnO/ZnS samples. In general, because of the preferred stacking along (001) plane with the lowest surface free
energy on the sapphire surface, ZnO films grown on sapphire substrates always possessed a single crystalline
phase with (002) plane family**. However, as the PLD-ZnO prepared at T, of 500-700 °C on the CBD-ZnS layer,
cubic ZnO(111) and hexagonal ZnO(002) appeared in the meantime. This reveals that the formation of the cubic
ZnO(111) phase is mainly attributed to the existence of ZnS seed layer. On the other hand, with increasing the T
from 500 to 700°C, it can be found that the peak intensity of ZnO(111) reduced significantly. Further increasing
the substrate temperature to 900 °C, we can observe that the ZnO/ZnS sample presented a single crystalline struc-
ture with the hexagonal ZnO(002) peak. In other words, the cubic ZnO(111) phase disappeared in this sample. In
order to investigate the change of the crystalline phase found in the XRD results, we will also perform the TEM
observations on these PLD-ZnO/CBD-ZnS samples, as discussed later. Besides, as we mentioned above, only
the Zn0O(002) diffraction peak existed in the 900 °C-grown ZnO sample. Moreover, the intensity of ZnO(002)
diffraction peak in the 900 °C-grown ZnO sample (without the ZnS seed layer) was higher than that of ZnO/ZnS
samples. Additionally, to evaluate the crystal quality of ZnO nanorods, the XRD rocking curve measurement
was performed, and the full width at half maximum (FWHM) value was analyzed. As shown in Fig. 2b, the XRD
FWHM value of the ZnO(002) reflection for the 900 °C-grown ZnO/ZnS sample was determined to be 0.221°. In
comparison to the crystal qualities of ZnO nanostructures prepared by conventional methods (such as aqueous
solution technique, vapor-liquid-solid process, and hydrothermal method), the crystal quality of ZnO nanorods
presented in our work is indeed higher.

As mentioned above, there is almost no research on the ZnO nanorods grown by conventional PLD on the
ZnS seed layer. Thus, we tried to investigate its growth mechanism via the HR-TEM observation. Except for
the HR-TEM images taken for these samples, the area selected electron diffraction patterns for ZnO films and
nanorods were also analyzed. Figure 3a shows the cross-sectional TEM image of 500 °C-grown ZnO/ZnS sample.
It can be seen that the ZnO columns neatly arranged in this image. Then three regions were chosen (marked I,
II, and III in Fig. 3a), i.e., the Zn§ seed layer, the middle and upper parts of ZnO film to perform the HR-TEM
measurements, as exhibited in Fig. 3b,c and d, respectively. Based on our observation in Fig. 3b, the obvious
lattice arrangement was found in the ZnS$ layer, and the d-spacing estimated to 2.69-2.70 A was indexed to cubic
ZnS(200) plane. This implies that the ZnS film belongs to cubic structure after the PLD-ZnO growth at 500°C.
As shown in Fig. 3¢, there were two phases of cubic ZnO(111) and hexagonal ZnO(002) appeared in the middle
part of ZnO film, where their d-spacings were 2.66-2.67 and 2.57 A, respectively. In Fig. 3c, the HR-TEM image of
region II consisted of cubic and hexagonal ZnO phases. However, the area selected electron diffraction pattern of
region II belonged to cubic ZnO phase. This could be attributed that the ratio of hexagonal ZnO phase in region

SCIENTIFICREPORTS |7: 14251 | DOI:10.1038/s41598-017-14592-6 3



www.nature.com/scientificreports/

egion Il
"%y

.
.o

Zn0O Region I

\__
~e

Region |

L)

Sapphire

(C) Region Il

=

=257 A
ZN-Zn0(002)
d=257A
h-Zn0O(002)

5 nm

Figure 3. (a) Cross-sectional TEM image of 500 °C-grown ZnO/ZnS sample. HR-TEM images focused on the
(b) region I, (c) region II, and (d) region III. The area selected electron diffraction patterns for regions IT and III
are presented, and their zone axes are also marked.

I is very low. In the upper part of ZnO film (Fig. 3d), the crystalline phase was identified to hexagonal ZnO(002)
with the d-spacing of 2.56-2.60 A.

The cross-sectional TEM image of 700 °C-grown ZnO/ZnS sample is displayed in Fig. 4a. We also selected
three regions (marked I, II, and III in Fig. 4a) to observe their HR-TEM images, as shown in Fig. 4b,c and d,
respectively. These three regions indicated the interface between ZnS and ZnO, the middle and upper parts of
ZnO film, respectively. In comparison to the 500 °C-grown ZnO/ZnS sample, similar TEM results were observed
in this sample. In Fig. 4b, the d-spacing of ZnS$ layer was 2.72 A, confirming that the Zn$ film can be classified
as the cubic ZnS(200) phase. Moreover, in region I, the ZnO film possessed the cubic ZnO(111) phase with the
d-spacing of 2.64-2.65 A. According to the analyses in regions II and III, the d-spacings were evaluated to 2.56-
2.59 A, which revealed that the crystalline structures of these two regions were both hexagonal ZnO(002) phase.

The microstructures of the 900 °C-grown ZnO/ZnS sample were also investigated by TEM, as shown in Fig. 5.
The cross-sectional TEM image of this sample is presented in Fig. 5a. Three regions (I, II, and III) in Fig. 5a were
also taken by HR-TEM to realize the growth mechanism of ZnO nanorods. In region I (Fig. 5b), the lattice of this
region was indexed to hexagonal Zn(002) phase with the d-spacing of 2.45-2.46 A, and there was no existence of
ZnS phase. It was apparent that the crystal structure of ZnS film was transformed from cubic ZnS$ to hexagonal
Zn after depositing the ZnO layer at the T, of 900 °C. Then we observed the HR-TEM images of regions II and III,
the d-spacings for middle and upper parts of ZnO nanorods were both 2.60 A, revealing ZnO nanorods possessed
hexagonal ZnO(002) phase. By combining XRD and TEM results, the single crystalline hexagonal Zn0O(002)
phase presented in the 900 °C-grown ZnO/ZnS sample was easily formed on the hexagonal Zn(002) phase. Very
interestingly, with increasing the T; to 900 °C, the ZnS film became a sacrifical layer and the Zn structure was
formed on sapphire substrate. Additionally, the formation of the hexagonal Zn phase was helpful to the prepara-
tion of one-dimensional ZnO nanostructure.
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Figure 4. (a) Cross-sectional TEM image of 700 °C-grown ZnO/ZnS sample. HR-TEM images focused on the
(b) region I, (c) region II, and (d) region III. The area selected electron diffraction patterns for regions I, II, and
III are presented, and their zone axes are also marked.

Figure 6 shows the growth mechanism of single crystalline ZnO(002) nanorods by PLD at 900 °C on the ZnS
seed layer. In Fig. 6a, the ZnS seed layer was prepared on sapphire via the CBD method. At this state, the ZnS
belonged to film-type morphology. The ZnS/sapphire was then put into the PLD chamber at a vacuum atmos-
phere, and the sample was heated from room temperature to 900 °C (Fig. 6b). Based on the TEM observations
of 500 and 700 °C-grown ZnO/ZnS samples (Figs 3 and 4), the crystal structure of ZnS seed layer was indexed
to cubic ZnS. Moreover, it could be speculated that the ZnS seed layer still belonged to film-type structure after
heating at 500 and 700 °C. However, when the PLD-ZnO was prepared at 900 °C, the crystal structure of ZnS seed
layer was transformed from cubic ZnS to hexagonal Zn. Commonly, as the temperature was higher than 900 °C,
the ZnS can be decomposed with the release of zinc metals and sulfur fumes. In other words, after the thermal
decomposition of ZnS < Zn(s) + S(g), the sulfur fumes were exhausted and the Zn metals were formed on sap-
phire. The Zn metals have a hexagonal crystal structure. Because of the preferred stacking along (002) plane with
the lowest surface free energy on the substrate surface, the Zn grains were formed with the (002) orienation,
leading to the subsequent growth of single crystalline ZnO, as shown in Fig. 5. Additionally, we can deduce that
many small Zn grains were merged together to larger grains during the high-temperature process. Finally, the
PLD-ZnO nanostructure with a single crystalline hexagonal ZnO(002) phase was grown at 900 °C, as shown
in Fig. 6¢. Obviously, with increasing the substrate temperature to 900 °C, the microstructure transformation
of ZnO layer was attributed to the change of seed layer from the ZnS film to the Zn grains. Figure 6d shows the
plan-view SEM image of the ZnS seed layer after heating at 900 °C for 5 min in the vacuum environment. After
heating at 900 °C, the ZnS layer doesn’t show the film-type morphology. In the SEM image, we can observe that
several islands formed on sapphire substrate, and these islands were identified to Zn metals by energy dispersive
spectroscopy. The result is in good agreement with our deduction, as shown in Fig. 6b. In addition, the change
from the ZnS film to a sacrifical layer after heating the substrate at 900 °C also can be clearly observed in Fig. 6d.
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Figure 5. (a) Cross-sectional TEM image of 900 °C-grown ZnO/ZnS sample. HR-TEM images focused on the
(b) region I, (c) region II, and (d) region III. The area selected electron diffraction patterns for regions IT and III
are presented, and their zone axes are also marked.

Currently, few researches related to the ZnO nanostructures/Zn layers have been presented, where Zn layers and
ZnO nanostructures were grown by evaporation and hydrothermal method, respectively****. Since evaporation
and hydrothermal methods are both the low-temperature processes, these ZnO nanostructures deposited on the
evaporated Zn layers are polycrystalline with low crystal qualities. It should be noted again that the single crystal-
line ZnO nanorods prepared on the ZnS$ seed layer can be achieved in our novel fabrication method.

Then, the 500-900 °C-grown ZnO/ZnS and 900 °C-grown ZnO (without the ZnS seed layer) samples were all
selected to fabricate the MSM PDs and investigated their device performances. Figure 7a and b shows the sche-
matic diagrams of these devices with the film-type and nanostructure-type ZnO layers, respectively. As mentioned
above (Fig. 1), the PDs fabricated with 500-700 °C-grown ZnO/ZnS and 900 °C-grown ZnO samples belong to
film-type devices. Meanwhile, the PD prepared with the 900 °C-grown ZnO/ZnS is nanostructure-type device.
The size of interdigitated pattern on the shadow mask was 2000 pm wide and 2200 pm long. Moreover, the finger
width and interspacing were both 100 um. Figure 8a and b presents the room temperature I-V characteristics of
these MSM PDs measured in the dark (for dark current) and under 370 nm illumination (for photocurrent). As
shown in Fig. 8a, it can be seen that the dark current of the PD prepared with the 900 °C-grown ZnO/ZnS was
slightly larger than that with the other three samples. This implies that the dark current (under forward voltage) of
ZnO-nanostructure PD is a little larger than that of ZnO-film PD. Under an applied bias of 1V, the dark currents
of the PDs with the 500, 700, 900 °C-grown ZnO/ZnS and 900 °C-grown ZnO were measured to be 9.62 x 1075,
4.23x1078,2.15 x 107, and 1.92 x 1078 A, respectively. In addition, under UV illumination (370 nm), the photo-
currents (@1 V) of these four devices were analyzed to be 8.65 x 1077, 1.26 X 1075,4.62 x 107%,and 1.32 X 10 %A,
respectively, as shown in Fig. 8b. For the PD device, the signal-to-noise ratio is defined as the photocurrent to
dark current contrast ratio. Therefore, after our calculations, the signal-to-noise ratios (@1 V) of these four PDs
were 9.0, 29.8, 214.9, and 68.8, respectively. Obviously, both the larger photocurrent and signal-to-noise ratio
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Figure 6. Growth mechanism of 900 °C-grown PLD-ZnO on the CBD-ZnS seed layer: (a) ZnS growth by CBD,
(b) heating sample at 900 °C in vacuum, and (c) growth of hexagonal ZnO(002) nanostructure by PLD.
(d) Plan-view SEM image of the ZnS seed layer after heating at 900 °C for 5min in the vacuum environment.
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Figure 7. Schematic diagrams of MSM PDs with (a) film-type and (b) nanostructure-type ZnO layers.
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Figure 8. Room temperature I-V characteristics of MSM PDs with 500, 700, 900 °C-grown ZnO/ZnS and
900 °C-grown ZnO samples measured (a) in the dark and (b) under 370 nm illumination.

can be obtained in the ZnO-nanostructure PD. Because the ZnO nanostructure has a larger surface area in com-
parison to that of the ZnO film, resulting in an increment of light trapping to facilitate oxygen adsorption and
desorption at the ZnO nanorod surface. The definition of increased light trapping is the further light absorption
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Figure 9. Responsivities as a function of wavelength for the MSM PDs prepared with (a) 500 °C-grown ZnO/
ZnS, (b) 700 °C-grown ZnO/ZnS, (c) 900 °C-grown ZnO/ZnS, and (d) 900 °C-grown ZnO samples.

by increasing the optical path length in the active layer. This is the reason why the ZnO-nanostructure PD can
possess a better signal-to-noise characteristic.

The responsivities as a function of wavelength for the MSM PDs prepared with the 500, 700, 900 °C-grown
Zn0O/ZnS and 900 °C-grown ZnO samples are displayed in Fig. 9a,b,c and d, respectively. Here, the bias voltages
of 1, 2, and 3V were used in the measurements. The wavelength was raised from 340 to 500 nm during these
measurements. We can observe that the cutoff clearly occurred at around 370 nm for these four devices, corre-
sponding to the bandgap energy of ZnO (3.37eV). Besides, the PD prepared with the 900 °C-grown ZnO/ZnS
sample (nanostructure-type) had a more obvious cut-off feature than the other three devices (film-type). On
the other hand, as the bias voltage was increased, these three PDs all presented the increasing responsivity. This
demonstrates that the devices have a large photoconductive gain®*. When a bias voltage of 1V was applied, the
responsivities (@370 nm) of these MSM PDs with the 500, 700, 900 °C-grown ZnO/Zn$ and 900 °C-grown ZnO
samples were 1.71, 6.35, 98.67, and 12.66 A/W, respectively. Meanwhile, the responsivities (@450 nm) of these
four devices were 0.237, 0.3856, 0.2247, and 0.263 A/W, respectively. Therefore, for the measured wavelength
range between 370 and 450 nm, the contrast ratios (UV-to-visible discrimination ratios) of these four MSM PDs
were determined to be 7.2, 16.5, 439.1, and 48.1, respectively. Among these three film-type devices, the opto-
electronic performances of the PD fabricated with the 900 °C-grown ZnO are better than those with the 500 and
700 °C-grown ZnO/ZnS samples. This could be attributed that the 900 °C-grown ZnO film possesses a higher
crystal quality than the other two films. Besides, the responsive performance of the PD with the 900 °C-grown
ZnO/ZnS sample is about one order higher than that with the 900 °C-grown ZnO film. Due to the growth of
one-dimensional nanostructure in the 900 °C-grown ZnO/ZnS sample, a higher light-capturing efficiency can be
obtained. In addition, the single crystalline structure formed in the sample is also helpful to improve the device
performance®.

Table 1 presents a summary of the solar-blind MSM PDs fabricated with ZnO-based films and nanostruc-
tures by various techniques. At present, most of film-type ZnO-based PDs were prepared by sputtering, and
these ZnO-based films almost exhibited single crystalline structure with a preferred growth orientation of (002)
plane’™. Although the single crystalline structure can be easily achieved in the sputtered ZnO films, the relatively
smaller surface area of the film-type PDs (in comparison to that of the nanostructure-type PDs) would degrade
their device performance. To improve the performance of the film-type PDs, the enhancement in the crystal qual-
ity of ZnO film via the post-annealing process is an efficient method®. On the other hand, the nanostructure-type
ZnO-based PDs were almost fabricated by aqueous solution!®!*!* and hydrothermal growth!®-"? methods. Due
to the low-temperature processes of aqueous solution and hydrothermal growth methods, these ZnO-based
nanostructures all possessed the polycrystalline structures with low crystal qualities. Some methods were used
for enhancing the performance of nanostructure-type ZnO-based PDs. For example, via the fabrication of the
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Growth method Structure device performance Ref.
. . . Max. responsivity (@100V): 0.35 A/W
Sputtering Single crystalline ZnO film | 757 " Giible discrimination ratio (@100 V): > 300 |
Sputtering Single crystalline ZnO film Max. responsivity (@5V): 3.6 x 10~* A/W 8
Sputtering & post-annealing ;1:(%1 %;:rrgrsta.lline Ga-doped Max. responsivity (@10V): 54 A/W 9
. Polycrystalline In-doped ZnO | Max. responsivity (@1 V): 0.074 A/W
Aqueous solution nanosheets UV-to-visible discrimination ratio (@1 V): 312 10
. Polycrystalline Ga-doped Max. responsivity (@1 V): 5.75 A/W
Aqueous solution ZnO nanosheets UV-to-visible discrimination ratio (@1 V): 36.1 -
. Polycrystalline ZnO Max. responsivity (@1 V): 0.204 A/W
Aqueous solution nanosheets UV-to-visible discrimination ratio (@1 V): 42 15
Hydrothermal growth iz:fg:égsaligned Zn0 Max. responsivity (@1 V): 120 A/W 16
Hydrothermal growth Polycrystalline ZnO nanorods | Max. responsivity (@0.5V): 22.1 A/W 17
Polycrystalline Co-doped -
Hydrothermal growth an’) n);nor(l) ds P Max. responsivity (@1 V): 19.8 A/W 18
Polycrystalline Fe-doped ZnO | Max. responsivity (@1 V): 0.06 A/W
Hydrothermal growth nanorods UV-to-visible discrimination ratio (@1 V): 23 19
Single crystalline ZnO Max. responsivity (@1 V): 98.67 A/W .
PLD nanorods UV-to-visible discrimination ratio (@1 V): 439.1 This study

Table 1. Summary of the solar-blind MSM PDs fabricated with ZnO-based films and nanostructures by various
techniques. The structures of ZnO-based materials and device performances of PDs are compared.

laterally aligned ZnO nanorods, the device performance can be improved efficiently, which could be resulted
from the significant increment of the surface area'®. Additionally, by doping various elements into ZnO, the
performance of nanostructure-type PDs can be also enhanced!*!3'° In this study, the MSM PD with the single
crystalline ZnO(002) nanorods can be fabricated by PLD at the T, of 900 °C. This device has both a high crystal
quality and the large surface area, leading to its high optoelectronic performance. In the future, we will prepare
the PDs with ZnO-based nanostructures doped with various elements to further improve their optoelectronic
performance. Actually, a variety of materials can be prepared by CBD method. If suitable seed layers are prepared
by CBD, various oxides nanostructures can be grown by the novel technique presented in this study. Except for
the better optoelectronic performance, a higher electronic stability (a smaller leakage current) could be obtained
in the nanostructure-type devices fabricated using this novel technique in comparison to that by aqueous solution
technique, vapor-liquid-solid process, and hydrothermal method.

Conclusion

We have presented a novel technique for the growth of single crystalline ZnO nanorods by conventional PLD
combined with a sacrifical nanostructure. The PLD-ZnO layers were prepared at 500-900 °C on the CBD-ZnS
seed layers. As the T, was heated to 500-700 °C, the ZnO grown on the cubic ZnS layer belonged to the film-type
morphology and polycrystalline structure. However, with increasing the T, to 900 °C, the ZnS seed layer became
a sacrifical layer and the hexagonal Zn(002) structure was formed through the thermal decomposition of ZnS.
This leads to the formation of single crystalline ZnO(002) nanorods in the 900 °C-grown ZnO/ZnS sample. After
fabricating the MSM PDs with the 500, 700, 900 °C-grown ZnO/ZnS and 900 °C-grown ZnO samples, the dark
currents (@1 V) of these four devices were 9.62 x 1078, 4.23 x 1078, 2.15 x 1077, and 1.92 x 1078 A, while their
photocurrents (@1 V) were 8.65 x 1077, 1.26 x 107, 4.62 x 107>, and 1.32 x 107® A, respectively. Obviously, the
PD fabricated with the 900 °C-grown ZnO/ZnS sample (nanostructure-type) has a much higher signal-to-noise
ratio of 214.9 than the other three devices (film-type). Additionally, this device also possesses an apparently better
responsive performance, where its responsivity (@1 V and 370 nm) and UV-to-visible discrimination ratio were
98.67 A/W and 439.1, respectively, which are about one order higher than those with the 900 °C-grown ZnO
film. The significant improvement in the optoelectronic performance of the PD with the 900 °C-grown ZnO/ZnS
sample can be attributed to both the formation of one-dimensional nanostructure and its high crystal quality. The
results reveal that the novel growth technique using PLD with the sacrifical nanostructure is highly potential for
high performance ZnO-based devices.

Methods

In this study, the ZnO layers were deposited on ZnS seed films to fabricate the PDs. Firstly, ZnS thin films with
a thickness approximately 80 nm were grown on c-plane sapphire substrates using the CBD method?’. The zinc
sulfate (ZnSO,) and thiourea (SC(NH,),) solutions were employed in the CBD growth, and their concentrations
were kept at 1.4 X 1072 and 0.105 M, respectively. To prepare a stable complex with zinc ions, ZnSO, and 28%-30%
NH,OH solutions were mixed in a glass beaker and then stirred for 10 min. Similarly, in another glass beaker,
SC(NH,), was added into the 98 + % hydrazine hydrate solution with constant stirring for 10 min. Subsequently,
these two solutions were mixed with each other in a glass tank that placed on a hotplate-stirrer. Finally, the sub-
strate was soaked in this mixed solution at a reaction temperature of 85 °C. After immersing the substrate for
2hours, the growth of ZnS seed layer was completed and the sample can be taken out.
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Next, ZnO films were prepared on ZnS seed layers by conventional PLD (PLD/MBE-2000, PVD products)
with a KrF excimer laser source (A =248 nm). A stoichiometric ceramic ZnO target with a diameter of 3 inch was
ablated via the laser radiation. The repetition rate, energy fluence, and duration of the pulsed laser were fixed at
1 Hz, 600 mJ/pulse, and 25 ns, respectively. During the ZnO growth, the T can be increased to 500, 700, and 900
°C using a resistive heater. The ZnO layer was deposited with 12000 laser pulses. Moreover, the distance between
target and substrate was 8 cm. As the base pressure was lower than 1 x 1077 Torr, the O, gas was introduced into
the deposition chamber, and the working pressure was maintained at 1 x 1072 Torr.

Crystal structure of the PLD-ZnO/CBD-ZnS sample was analyzed by x-ray diffraction (XRD) (PANalytical,
X’Pert Pro MRD). In the XRD equipment, Cu K, radiation and Ge (220) were served as the source and the mon-
ochromator, respectively. Surface morphology and thickness of the sample were investigated by field-emission
scanning electron microscopy (FE-SEM). To realize the growth mechanism of the PLD-ZnO prepared on the
CBD-ZnS, high-resolution transmission electron microscopy (HR-TEM, model: JEM-2100 F) was used to
observe the sample’s microstructures.

The PLD-ZnO layers grown at 500, 700, and 900 °C on the CBD-ZnS were all employed to fabricate the MSM
PDs. To form the Schottky contact metal, the 100-nm-thick Au film was deposited on the sample by thermal
evaporation. The interdigitated contact electrodes were fabricated through standard photolithography and wet
etching processes in sequence. Then, a HP 4156 semiconductor analyzer was used to characterize the current-
voltage (I-V) properties of these MSM PDs at room temperature. Through the measurements using a Jobin-Yvon
Spex system with a 300 W xenon arc lamp light source and the standard synchronous detection scheme, the
spectral responsivities of these devices can be obtained. In addition to the PDs fabricated with the PLD-ZnO/
CBD-ZnS samples, we also prepared the device with the ZnO layer directly grown on sapphire (T, 900°C) as a
contrasted sample.

References

1. Peng, H,, Liu, X,, Tang, W. & Ma, R. Facile synthesis and characterization of ZnO nanoparticles grown on halloysite nanotubes for
enhanced photocatalytic properties. Sci. Rep. 7, 2250 (2017).

2. Rughoobur, G., DeMiguel-Ramos, M., Escolano, J. M., Iborra, E. & Flewitt, A. J. Gravimetric sensors operating at 1.1 GHz based on
inclined c-axis ZnO grown on textured Al electrodes. Sci Rep. 7, 1367 (2017).

3. Chi, P. W, Su, C. W. & Wei, D. H. Internal stress induced natural self-chemisorption of ZnO nanostructured films. Sci Rep. 7, 43281
(2017).

4. Consiglio, A. & Tian, Z. Importance of the Hubbard correction on the thermal conductivity calculation of strongly correlated
materials: a case study of ZnO. Sci Rep. 6, 36875 (2016).

5. Kang, Y., Nahm, H. H. & Han, S. Light-Induced Peroxide Formation in ZnO: Origin of Persistent Photoconductivity. Sci Rep. 6,
35148 (2016).

6. Zhang, W,, Bao, S. & Fang, T. The neglected nano-specific toxicity of ZnO nanoparticles in the yeast Saccharomyces cerevisiae. Sci
Rep. 6,24839 (2016).

7. Galigkan, D., Biitiin, B., Cakir, M. C., Ozcan, §. & Ozbay, E. Low dark current and high speed ZnO metal-semiconductor-metal
photodetector on SiO,/Si substrate. Appl. Phys. Lett. 105, 161108-1-161108-3 (2014).

8. Zhao, M. et al. Bias induced cutoff redshift of photocurrent in ZnO ultraviolet photodetectors. Appl. Surf. Sci. 359, 432-434 (2015).

9. Yang, L. C. et al. Effects of annealing temperature on the characteristics of Ga-doped ZnO film metal-semiconductor-metal
ultraviolet photodetectors. J. Appl. Phys. 113, 084501-1-084501-5 (2013).

10. Young, S. J. & Liu, Y. H. Ultraviolet Photodetectors With 2-D Indium-Doped ZnO Nanostructures. IEEE Trans. Electron Devices 63,
3160-3164 (2016).

11. Huang, B. R., Ke, W. C,, Peng, Y. H. & Liou, R. H. Low temperature annealing effect on photoresponse of the bilayer structures of
ZnO nanorod/nanodiamond films based on ultraviolet photodetector. Thin Solid Films 605, 243-247 (2016).

12. Boruah, B. D., Mukherjee, A. & Misra, A. Sandwiched assembly of ZnO nanowires between graphene layers for a self-powered and
fast responsive ultraviolet photodetector. Nanotechnology 27, 095205-1-095205-11 (2016).

13. Liu, Y. H,, Young, S. J,, Ji, L. W. & Chang, S. ]. Ga-Doped ZnO Nanosheet Structure-Based Ultraviolet Photodetector by Low-
Temperature Aqueous Solution Method. IEEE Trans. Electron Devices 62, 2924-2927 (2015).

14. Chen, Y. H,, Chang, S. J. & Hsueh, T. ]. Three-dimensional ZnO nanostructure photodetector prepared with through silicon via
technology. Opt. Lett. 40,2878-2881 (2015).

15. Young, S. J. et al. ZnO-Based Ultraviolet Photodetectors With Novel Nanosheet Structures. IEEE Trans. Nanotechnol. 13, 238-244
(2014).

16. Liu, N. et al. Direct Growth of Lateral ZnO Nanorod UV Photodetectors with Schottky Contact by a Single-Step Hydrothermal
Reaction. ACS Appl. Mater. Interfaces 2, 1973-1979 (2010).

17. Park, C,, Lee, ], So, H. M. & Chang, W. S. An ultrafast response grating structural ZnO photodetector with back-to-back Schottky
barriers produced by hydrothermal growth. J. Mater. Chem. C 3,2737-2743 (2015).

18. Liu, C. W. et al. Noise Properties of Low-Temperature-Grown Co-Doped ZnO Nanorods as Ultraviolet Photodetectors. IEEE J. Sel.
Top. Quant. Electron. 20, 3800707 (2014).

19. Chang, S. J. et al. Noise Properties of Fe-ZnO Nanorod Ultraviolet Photodetectors. IEEE Photon. Technol. Lett. 25, 2089-2092
(2013).

20. Chang, C.J. et al. A large area bimaterial sheet of piezoelectric nanogenerators for energy harvesting: Effect of RF sputtering on ZnO
nanorod. Microelectron. Eng. 88, 2236-2241 (2011).

21. Rajan, S. T., Subramanian, B., Kumar, A. K. N., Jayachandran, M. & Rao, M. S. R. Fabrication of nanowires of Al-doped ZnO using
nanoparticle assisted pulsed laser deposition (NAPLD) for device applications. J. Alloys Compd. 584, 611-616 (2014).

22. Kumar, E. S. et al. Formation of one-dimensional ZnO nanowires from screw-dislocation-driven two-dimensional hexagonal
stacking on diamond substrate using nanoparticle-assisted pulsed laser deposition. J. Phys. D: Appl. Phys. 47, 034016-1-034016-7
(2014).

23. Nakamura, D. et al. Patterned growth of ZnO nanowalls by nanoparticle-assisted pulsed laser deposition. J. Phys. D: Appl. Phys. 47,
034014-1-034014-8 (2014).

24. Ying, M. et al. Advantageous use of metallic cobalt in the target for pulsed laser deposition of cobalt-doped ZnO films. Appl. Phys.
Lett. 109, 072403-1-072403-5 (2016).

25. Liu, S. P. et al. Highly Ultraviolet-Transparent ZnO:Al Conducting Layers by Pulsed Laser Deposition. J. Electrochem. Soc. 158,
K127-K130 (2011).

26. Yu, E. P, Ou, S. L. & Wuu, D. S. Pulsed laser deposition of gallium oxide films for high performance solar-blind photodetectors. Opt.
Mater. Express 5,1240-1249 (2015).

SCIENTIFICREPORTS |7: 14257 | DOI:10.1038/s41598-017-14592-6 10



www.nature.com/scientificreports/

27. Xia, Y. N. et al. One-dimensional nanostructures: Synthesis, characterization, and applications. Adv. Mater. 15, 353-389 (2003).

28. Jeong, S. et al. High-performance photoresponsivity and electrical transport of laterally-grown ZnO/ZnS core/shell nanowires by
the piezotronic and piezo-phototronic effect. Nano Energy 30, 208-216 (2016).

29. Ranjith, K. S. et al. Ce,S; decorated ZnO-ZnS core-shell nanorod arrays: Efficient solar-driven photocatalytic properties. Catal.
Today 278, 271-279 (2016).

30. Lin, H. et al. High-Performance Self-powered Photodetectors Based on ZnO/ZnS Core-Shell Nanorod Arrays. Nanoscale Res. Lett.
11, 420-1-420-7 (2016).

31. Wang, Z. Q, Liu, Z., Gong, ]. F, Wang, S. & Yang, S. G. Structure and optical properties of individual hierarchical ZnS nanobelt/ZnO
nanorod heterostructures. CrystEngComm 13, 6774-6779 (2011).

32. Tian, W. et al. Flexible Ultraviolet Photodetectors with Broad Photoresponse Based on Branched ZnS-ZnO Heterostructure
Nanofilms. Adv. Mater. 26, 3088-3093 (2014).

33. Jiang, X,, Jia, C. L. & Szyszka, B. Manufacture of specific structure of aluminum-doped zinc oxide films by patterning the substrate
surface. Appl. Phys. Lett. 80, 3090-3092 (2002).

34. Somvanshi, D. & Jit, S. Effects of Sn and Zn Seed Layers on the Electrical Characteristics of Pd/ZnO Thin-Film Schottky Diodes
Grown on n-Si Substrates. IEEE Electron Device Lett. 35, 945-947 (2014).

35. Syed, A., Kalloudis, M., Koutsos, V. & Mastropaolo, E. Controlled hydrothermal growth of vertically-aligned zinc oxide nanowires
using silicon and polyimide substrates. Microelectron. Eng. 145, 86-90 (2015).

36. Garrido, J. A., Monroy, E., Izpura, I. & Munoz, E. Photoconductive gain modelling of GaN photoconductors. Semicond. Sci. Technol.
13, 563-568 (1998).

37. Yu, E. P, Ou, S. L, Yao, P. C., Wu, B. R. & Wuu, D. S. Structural, Surface Morphology and Optical Properties of ZnS Films by
Chemical Bath Deposition at Various Zn/S Molar Ratios. J. Nanomater. 2014, 594952-1-594952-7 (2014).

Acknowledgements
This work was supported by the Ministry of Science and Technology (Taiwan, R.O.C.) under the Contract Nos.
104-2221-E-005-036-MY3 and 105-2221-E-005-059-MY3.

Author Contributions

The manuscript was completed through contributions of all authors. D.S.W. conceived the concept and designed
the experiments. S.L.O. and EP.Y. performed the experiments. S.L.O., EP.Y. and D.S.W. contributed to the data
analyses and prepared the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 14251 | DOI:10.1038/s41598-017-14592-6 11


http://creativecommons.org/licenses/by/4.0/

	Transformation from Film to Nanorod via a Sacrifical Layer: Pulsed Laser Deposition of ZnO for Enhancing Photodetector Perf ...
	Results and Discussion

	Conclusion

	Methods

	Acknowledgements

	Figure 1 Cross-sectional SEM images of (a) 500 °C-grown ZnO/ZnS, (b) 700 °C-grown ZnO/ZnS, (c) 900 °C-grown ZnO/ZnS, and (d) 900 °C-grown ZnO samples.
	Figure 2 (a) XRD patterns of 500–900 °C-grown ZnO/ZnS and 900 °C-grown ZnO (without the ZnS layer) samples.
	Figure 3 (a) Cross-sectional TEM image of 500 °C-grown ZnO/ZnS sample.
	Figure 4 (a) Cross-sectional TEM image of 700 °C-grown ZnO/ZnS sample.
	Figure 5 (a) Cross-sectional TEM image of 900 °C-grown ZnO/ZnS sample.
	Figure 6 Growth mechanism of 900 °C-grown PLD-ZnO on the CBD-ZnS seed layer: (a) ZnS growth by CBD, (b) heating sample at 900 °C in vacuum, and (c) growth of hexagonal ZnO(002) nanostructure by PLD.
	Figure 7 Schematic diagrams of MSM PDs with (a) film-type and (b) nanostructure-type ZnO layers.
	Figure 8 Room temperature I–V characteristics of MSM PDs with 500, 700, 900 °C-grown ZnO/ZnS and 900 °C-grown ZnO samples measured (a) in the dark and (b) under 370 nm illumination.
	Figure 9 Responsivities as a function of wavelength for the MSM PDs prepared with (a) 500 °C-grown ZnO/ZnS, (b) 700 °C-grown ZnO/ZnS, (c) 900 °C-grown ZnO/ZnS, and (d) 900 °C-grown ZnO samples.
	Table 1 Summary of the solar-blind MSM PDs fabricated with ZnO-based films and nanostructures by various techniques.




