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Abstract:

This study presents the defectless zinc oxide nano-hexagonrods (ZnO-NH) structure decorated by
gold nanoparticles (AuNPs) and its enhancement due to the tunable plasmonic field for
photoluminescence sensor. The ZnO-NHs were grown on ITO glass substrate via a low cost
hydrothermal method followed by annealing at different seeding temperatures, respectively. A
correlation has been established between annealing temperature and the defect level concerning
the diameter and density of ZnO-NH verified by Raman and FE-SEM images analysis. A further
coating of the gold layer over ZnO-NH via thermal evaporator exhibits the plasmonic field
enhancement in visible range which revives after short rapid annealling treatment. The
enhancement is due to the large surface area of the sensing area on the haxagonrods shape and a
robust plasmonic coupling between metal and ZnO which efficiently detects fluorescence signal
of Rhodamine 6G (R6G) molecules. A drastic change of tunable enhanced signal was resulted
byAuNPs size and morphology. and elucidated by suitable energy diagram observed from
quenching to highly enhanced signal using photoluminescence spectrum and its related linearity
plot. Carried out in three different thicknesses of AuNPs spotting on ZnO-NH, 3; 5 and 7 nm, it
was observed that 3 nm AuNPs resulted six times higher enhancement of output signal at seeding
temperature of 500°,than the 5 and 7 nm gold spotted ZnO-NH at same experimental conditions.
By the proposed structure, a significant photoluminescence and plasmonics enhancement, the ease
of tunability, and higher uniformity was achieved by the localized surface plasmon resonance
(LSPR) from the AuNPs-decorated ZnO-NH and annealing process. Overall, the AuNPs- ZnO-
NH hybrid offers a low-cost and simple fabrication potentially applied in a high-sensitive smart
surface plasmonic optical sensor applications and can be a representative of new generations of

photodiodes, solar cells, and metamaterials.
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1. Introduction:

Over the last decades, the development of plasmonic integrated devices has attracted
interest for manipulating light in the nanoscale region[1-4]. Moreover, highly enhanced surface
plasmons (SPs) facilitated emissions have been fascinating as seen in a wide range of general
research interests in developing the band emission of ZnOmodeled metal-semiconductor nano
plasmonic-based nanostructure and its related application for chemical and biology species [5,6].
Among them, metal-semiconductor study in localized surface plasmon resonance (SPR) based on
gold nanoparticles (NPs) has been greatly enticing due to the rapid development of plasmonics,

stability, non-toxicity, and biocompatibility of the material in the sensor surface[7-9].

On the other hand, the study of the wide- and direct-bandgap material plays an important
role in the development of photonic sensor and its applications[10]. For example, the application
of zinc oxide (ZnO) with its wide direct bandgap (3.7ev), large exciton binding energy (60 meV)
and excellent thermal stability. Pertaining to the wide band gap of ZnO which prominently limits
the light reacting range and strongly absorbs the ultraviolet range of light, most of the established
works showed the trends to expand visible light response of ZnO for real-world applicationsZnO
likely absorbs excitation light which further induces the creation of electron-hole pair together
with charge separation. Therefore, the structuring of ZnO nanosurface is one of excellent methods
to enhance both surface area to volume ratio and the photonic activity [11]. Nevertheless, common
ZnO material suffers from defects as a result of impurities on its surfacewhich consequently
narrows down the band emission. From this point of view, the minimization of the defects is

crucialto obtain the ZnO optimum emission properties..

Numbers of latest studies have revealed that some essential properties of metal oxide
semiconductors are thoroughly associated with intrinsic defects and extrinsic impurities[12,13].
However, oxygen vacancy is one of the greatest prevalent defects which can be presented into
wide bandgap semiconductors to proficiently expand optical absorption range and enhance the
activity of surface concerning optical sensor applications[12,13]. Wang et al. reported that oxygen
vacancy could simply be formed during ZnO synthesis and the number of oxygen vacancy could
be controlled by changing the annealing procedures at higher temperature [14]. This phenomena
can be attributed to the decrease of the oxygen vacancies from the surface with the improvement

of ZnO structure as well as strong enhancement performance of the LSPR-based biosensor [15].



LSPR is an electromagnetic oscillation created in the vicinity of noble metal
nanostructures, and it is a collective oscillation model of the free conduction band electrons at the
interface of noble metal NPs (Au, Ag and Cu) and semiconductor [16]. In this work, we aim to
generate the LSPR field through the AuNPs decoration over ZnO-NH. This method successfully
improves the plasmonic model for a high advancement strategy towards optoelectronics
application. In this regard, a comprehensive investigations have presented that the composition of
metal-semiconductor model correlated to the size and shape of noble metal NPs is pivotal in
defining the photocatalytic efficiency of the nanohybrids materials as well as surface plasmon

sensor [17].

The hybrid of semiconductors materials and metallic NPs typically provides an easy route
of preparation and practical applications. Nanostructuring with different size, thickness and
morphological structure of nanoparticles on a substrate emphasizes the idea towards downscaling
and miniaturization towards signal augmentation [18]. For instance, it is reported that Au-TiO2
photocatalysts enhanced with 70-nm diameter of AuNPs excellently outperformed in comparison
with thinner layer of AuNPs. Larger gold NPs enables larger photocatalytic activity under visible
light due to stronger plasmonic resonance [19]. Furthermore,an opposite trend of ‘‘smaller is
better” has been reported by Qian and coworkers who observed an enhanced photocatalytic activity
for smaller NPs of 4.4 nm as being compared to the larger size of 67 nm. It was assumed that the
smaller NPs yielded greater negative shift in the Fermi level which favors more effective electron
transfer and charge separation [20]. She et al., investigated the effect of NPs size on the plasmonic
model as well as photo catalytic activity of gold-ZnO-NH (Au@ZnO-NH) [21]. The possible
“‘trade-off” mechanism between efficient charge transfer for smaller NPs and stronger LSPR effect
for a larger one was also presented. In addition, Moirangthem et al. proved that 5nm gold thickness
with NPs size of 45nm exhibited the highest sensitivity while the sample with average NPs size
96 nm showed the lowest sensitivity with respect to refractive index value [22]. A similar trend in
accordance with the higher performance of the smaller particles was also reported by Nath et al.,
[23]. Moreover, Zheng et al. discovered the potency of AuNPs with the size of 40 nm to retain the
highest coupling effect than other NPs size when the separation of AuNPs and SPR sensing film
was fixed at 5 nm. The latter work reported that the enhanced SPR sensing signals dropped with
the increasing particle size, and defined the effectiveness of AuNPs with the size of 40 nm in
diameter in amplifying the SPR signalthan the bigger NPs size [24]. An important fact denotes the



significance of the size anddistribution of NPs for the absorption coefficient of the dye molecule
where 3 nm and 5 nm thick NPs without annealing were reported to result stronger absorption than
samples with annealing and the 10 nm and 20 nm thick Ag island films were the complete opposite
of this tendency [25]. Not only thata, Kim et al. also demonstrated that the quenching efficiency
was lowered with the increasing size of the gold nanoparticles and the distance between dye and
nanoparticles as displayed in the fluorescence spectra [26]. The reported works mostly pointed out
the suitable advance model for smaller NPs size for plasmonic-based fluorescence sensor
development.

In this work, we demonstrate a simple, fast and large area (1x1 cm?) based device fabrication
firstly combining thetemperature effects over ZnO-NH morphology and advantageous features
toward the development of defectless ZnO surface. To reinforce the plasmonic activity, the
spotting of Au on the ZnO-NH surface was conducted via thermal evaporation to avoid chemical
effects over the device.The further improvement of the engineered surface was accomplished by
rapid thermal treatment to target the highly predictive nature of the optical device and its enhanced
optical performance. The enhanced visible emission due to gold-NPs decorated ZnO-NH, as well
as Schottky based junction model and the impact of the size of the AuNPs via short rapid thermal
annealing (~60 s duration) [27-30] on photoluminescence performance were scientifically studied
step by step. Three device fabrication conditions were targeted for LSPR enhancement such as: (i)
Defectless ZnO-NH grown on ITO, (ii) Deposition of the gold islands on ZnO-NHwith different
thickness and (iii) RTA treatment.. Overall, the proposed method paves a way to establish a new
model ofa simple cost-effective and less time consuming fabrication with large sensing area

potentially applied forsmart plasmonic nanosensor.

2. Materials and Methods
2.1 Materials

Zinc acetate dihydrate (Zn (OAc)2.2H>0) & Rhodamine (R6G) dye were purchased from Sigma
Aldrich (St. Louis, USA). Hexamethylenetetramine (HMTA) [(CH2)eN4] were purchased from
Merck (Darmstadt, Germany). Acetone, isopropyl alcohol (IPA) and toluene were purchased from
Avantor (Pennsylvania, USA). ITO on a glass substrate (thickness: 0.7 mm and sheet resistance;
7Q/square) was purchased from Uni-Onward (Taipei, Taiwan). Au evaporation slugs were
purchased from Gredmann (Taipei, Taiwan). The experimental solutions were prepared using



deionized (resistivity at 25°C = 18.2 M Qcm) water produced by a MilliQ system by Merck
(Darmstadt, Germany).

2.2 Synthesis of ZnO-NH on ITO coated glass via a hydrothermal process

ZnO-NH were grown on an indium-tin oxide (ITO)-coated glass substrate (1x1 cm?) followed by
ZnO seed layers solution based low-cost hydrothermal method. Initially, the ITO glass substrates
were cleaned subsequently in soap water, ethanol, IPA and de-ionized (DI) water in an ultrasonic
water bath for 30 minutes each. For seed layer preparation, ITO cleaned glass substrate was wetted
with 100 pL of 5 mM zinc acetate dehydrate (99%) in ethanol, rinsed with ethanol and then dried
with N2 gun. Finally, the coating steps were repeated 5 times until a homogenous coating was
obtained for all substrate. After the coating process, the coated substrate was annealed at 400°C,
450°C, and 500°C in an air environment for 30 minutes by RTA model SJI-RTA1000M-V by SJ
high technology (Taipei, Taiwan), respectively, to create seed layer as well as ZnO nucleation over
ITO surface for the growth of ZnO-NH. The ZnO-seeded contained substrate was immersed in a
Teflon beaker containing equal molar 25 mM concentration of Zn(OAc)..2H.O and
hexamethylenetetramine ((CH2)6N4, HMTA). The aqueous solution was placed in an oven for
90°C for 8 hours [31-33]. In this process, HMTA supplies supplementary OH" while zinc nitrate
is the source of Zn?* ions. Before growth, the substrate was dipped into the above solution with
the ZnO seed coated film facing down. The samples were thoroughly washed with DI water to
eliminate residual salt or amino complexes and allowed to dry. The schematic diagram of an

experimental process and possible plasmonic model is shown in Fig.1.
Fig. 1 is preferred in this location
2.3 AuNPs spotted-ZnO-NH

The AuNPs spottend ZnO-NH hybrid was produced by the depositing Au film with the thickness
of 3 or 5 or 7 nm over the defectless ZnO-NH grown at different seeding temperature via thermal
evaporation with a deposition rate of 1 A° /s under 10® mTorr pressure set-up. Aiming the surface
are enhancement, an RTA treatment at 650°C with 60 seconds to create AuNPs islands over ZnO-
NH was applied. Figure 1 shows the schematic illustration of fabrication steps of AuNPs spotted
ZnO-NH..

Fig. 2 is preferred in this location



2.4 Characterization techniques

The defectless structures of ZnO-NH at different seeding temperature was measured by Raman
analysis with 473 nm laser and the steady-state PL spectrum of different samples was recorded
using He-Cd laser with 405 nm diode lasers by UniDRON Co. Ltd. (New Taipei City, Taiwan).The
morphology images and elemental analysis of ZnO-NH together with AuNPs spotted ZnO-NH
samples before and after annealing were characterized using a field emission scanning electron
microscopy combined with energy-dispersive spectroscopy (EDS) FE-SEM, JEOL-JSM-7500F
(Pleasanton, CA, USA). 2.5 R6G immobilization protocols

In this process, a 10 M of R6G probe was allowed to attach onto the AuNPs by surface adsorption
process in three split conditions : ZnO-NH grown at three different seeding temperature of 400,
450 and 500°C, respectively. In addition, a blank sample without AUNPs was treated as a reference
sample. All measurements were done using photoluminescence with a laser wavelength of 405

nm to observe a fluorescence peak enhancement at 570 nm of R6G molecule.
3. Results and discussions

The Raman spectrum analysis of the ZnO-NH grown under different seeding temperatures are
shown in Fig. (3) with identical spectra, except for the Raman shift at E; (@580 cm™). The peak
is reduced with the increment of the seeding temperature.. It indicates that the oxygen vacancy can
be suppressed successfully as well as the improvement of the crystalline structure[14]. From the
Fig. 3, it is evidence thatsee the most prominent point seen by the high-intensity sharp and robust
peak at 439 cm™ is attributed to the Raman active optical phonon E2 mode of ZnO confirming the
productionofZnO-NH wurtzite hexagonal structure [34]. Another peak at 332 cm™ represents
multiple phonon scattering processes and demonstrates good tunability and suppression at high

temperature.

Fig. 3 is preferred in this location

Fig. 4 (A, B, C) shows the FE-SEM images of the ZnO-NH growth at different seeding
temperature and its morphological effects based on NRs diameter and density The diameter and
density of ZnO-NH changes as a consequence of seeding temperature at 400, 450 and 500 °C,
respectively, is closely linked with theprecursor materials coating over ITO glass [35-40]. After a

successive deposition of AUNPs on ZnO-NH, Au islands over ZnO-NH structures were created as



can be observed in Fig. 4(D, E, F). Subsequently, As presented in Fig. 4 (G, H, I), the RTA greatly
impacted the morphological structures of the AuNPs spotted ZnO-NH as seen in the pattern of Au
embedment achieved post-RTA treatment [22,23]. Next, the morphology optimization of AuNPs
thickness of 3, 5, and 7 nm on the ZnO-NH are shown in Fig. 4 (J, K, L).

The uniform density and size character of the AuNPs on ZnO-NH is presented in Fig.5 (E, F,
G).These results reveals that thewhigh density of gold nanoparticles has been well-distributed on
ZnO-NH via RTA treatment..

Compared to the conventional method, such as solution process[41-43], the present fabrication
process using thermal evaporation and annealing offers several advantages.. First, there is no
involvement of chemical reagents during the plasmonic process; therefore, it is free from surface
impurities that might influence the sensing performance. Second, the size and density of AuNPs
can be controlled by alternating the Au thickness in thermal evaporation procedure where it was
found out that as t the deposition thickness increased from 3 to 7 nm under 650°C for 60 seconds

RTA, he AuNPs size increased accordingly ().

Fig. 4 is preferred in this location

Fig. 5 is preferred in this location

As depicted in Fig. 6 (A), with the RTA ramp temperature at 650°C for 60 seconds, the highly
nucleated AuNPs were observed. Whereas, the photoluminescence characterization in Fig. 6(B)
displays different structures from the various treatments. TheZnO-NH with seeding temperature
of 500°C and its decoration with AuNPs shows stronger intensity as being compared to other
structures. Figure 6 (C, D, E) demonstrated the color changes generated by the LSPR effects on
the fabricated substrate which indicates the absorption of the fraction of energy of incident light at
a particular wavelength by the substrate [44—46].

Fig. 6 is preferred in this location
Fig. 7 is preferred in this location

Figure 7 shows the visible emission characteristics of ZnO-NH grown at different seeding
temperature of 400, 450 and 500°C, respectively. Moreover, the study of related PL spectra in the
presence and absence of AuNPs over defectless ZnO-NH carried out in the deposition of Au with

different thickness of 3, 5, 7 nm via thermal evaporator was presented. PL measurements were



performed at room temperature with an excitation wavelength of 405 nm laser. RTA is an
adaptable technique to yield highly reproducible and uniform plasmonic surfaces in which the
embedment of the NPs on the fundamental material might be induced[22,23,47]. After RTA, PL
intensity seen in the fluorescence value at 570 nm of R6G dye and its corresponding tuned linear
range with respect to seeding temperature was strongly spiked due to the increment of seeding
temperature during AuNPs spotted ZnO-NH fabrication for as displayed shown in Fig. 7(A to I).
As a matter of fact, according to the graph defect level centering at 670 nm, the higher seeding
temperatures signified the enhancement in the photoluminescence spectra of the ZnO-NH .
However, after loading of R6G dye over the plasmonic surface, the green emission fluorescence
value of R6G (10* M) was detected along with the defect suppression at 670 nm owning to the
AUNPs size and powerful surface plasmon oscillation triggered by the visible emission from Au-
spotted ZnO-NH. Importantly to point out the impact of the AuNPs size on the visible region
enhancement, as seen in PL figure, the RTA of AuNPs spotted ZnO-NH at 500 °C exhibits the
most significant enhancement in visible region because of fewer defects on ZnO surface than in
others low temperature treatments. The thicker AuNPs represented by 7 nm thick Au film in this
experiment only performed less enhancement in comparison with thinner Au deposition. This
phenomenon might be occurring as as result of inadequate embedment of partial AUNPs in ZnO-
NH as well as distance separation effect between AuNPs and R6G dye. This concept is a suitable
novel agreement towards sensing for R6G dye and possible enhanced linearity graph altogether
with potential smart surface plasmonicssensor. From the above PL results, we concluded that
650°C for 60 seconds was the most optimum temperature for controlling AuNPs size with different
thickness of gold deposition over ZnO-NH and its tunable sensing behavior pertaining to seeding
temperature of ZnO-NH. The structure of AuNPs spottedZnO-NH without RTA in the visible
emission suppressed to the noise level as the gold layer thickness gradually increased from 3 to 7
nm. Generally, the suppression of green emission is related to AuNPs and its interaction with the
ZnO structure with AuNPs.

Theoretically, the energy level of LSPR naturally enhances a strong electron transition to the
higher level energy. The defect in the ZnO material is strongly correlated to the oxygen vacancy
(VO) and resulting bandgap narrowing of the fabricated structure[14]. Thus, the VO forms a state
level slightly above the valence band. The ZnO material with more VO contributes to the higher
state level of VO above the valence band (Fig. 8 A and B). The defect level from the VO results



in the effect of seeding temperature and RTA treatment during the fabrication process. The energy
transition of AuNPs-spotted ZnO-NH with high- and less-defect in ZnO crucially influences the
number of electron excitation in LSPR energy level at AuUNPs. The electron transition inside ZnO
transition from the conduction band (CB) to the valence band (VB) is trapped by the VO and some
electrons tunneling directly to the AuNPs. Due to the bandgap narrowing, the high VO results in
less energy pumping to AuNPs; consequently, the electron excitation to the LSPR energy level is

smaller as being compared to the defectless ZnO structure.

Moreover, the number of electron excitation in LSPR energy state also influences the electron
injection to R6G and enhance the fluorescence intensity. The more electron injection in LSPR
energy state, the higher intensity fluorescence of R6G. On the contrary, the number of electron in
the LSPR energy state also induce sthe quenching or enhancement of electron injection to the CB
of ZnO. With the absence of R6G, the PL measurement is contributed both by the energy transition
of an electron to the VO (at ~670 nm) and HOMO to LUMO (at ~570 nm), in ZnO and R6G,
respectively (Fig 7 A, D, G). While the the R6G induced-fluorescence intensity (at ~570 nm) has
been proven by the measurement shown in Fig. 7 (B, F, H). In the case of the photoluminescence
measurement without the R6G, the only intensity is contributed to the electron transition in the
ZnO material. Besides, the ZnO bandgap fully depends on the oxygen vacancy that determines the

defect energy level and bandgap narrowing.
Fig. 8 is preferred in this location

Fig. 9 is preferred in this location

The intensity of luminescence measurement from AuNPs spotted ZnO-NH with R6G at 570 nm
of wavelength is plotted in Fig. 9. It indicates that at high seeding temperature , the ZnO-NH
produced less defect on its surface and showed more effective enhancement equal to 6 times than
those produced by larger and thicker AuNPs.

Finally, for a comparative study to the LSPR based optoelectronic detection, the comparison of
the previously published reports and our proposed study is listed in Table 1 showing that the
proposed structure is is greatly comparable to the previous reports with a significantly enhanced

intensity with much simpler and cost-effective fabrication process]



Table 1 is preferred in this location.
Conclusion

In summary, we have demonstrated a simple and low-cost solution based defectless ZnO-NH at
different seeding temperature to model plasmonic tunability of the interface. The further surface
modification constructued in AuNPs spotted- of gold ZnO-NH structure via thermal evaporation
and followed by short RTA were synergistically effective for photoluminescence signal
enhancement. Results show that AUNPs over ZnO-NH prepared by short thermal annealing of 3
nm thin gold film reached the highest intensity as being compared to other thicker structure of
Au. Overall, based on its low-cost model and tunable behavior in regards with AuNPs size
detection capability, we envisage the proposed structure soffers the potency for various
applicationsof hybrids nanocomposite for the new generations of photodiodes, solar cells, and

metamaterials.
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Fig. 1 Schematic illustration of ZnO-NH fabrication steps on the ITO substrate.
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Fig. 2 The physical mechanism of the SPR mediated defectless ZnO-NH based plasmonic model
for R6G detection.
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Fig. 8 Energy diagram of LSPR enhance energy transition at (A) AuNPs-spottedZnO-NH
structure with a defect, and (B) defectless AuUNPs-spotted ZnO-NH.



Enhanced fluorescence signal (a.u.)

-3 nm gold layer over ZnO-NR
-&- 5 nm gold layer over ZnO-NR
-4~ 7 nm gold layer over ZnO-NR

With R6G dye

570 nm wavelegth

ZnO-NR seeding temperature

Fig. 9 Size-dependent enhanced fluorescence effects
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Table and captions

Table 1. Comparison of the performance of previously published reports on various

optoelectronic devices based on LSPR effects.

No Typesof Platform Synthesis Temp Surface Enhanced Ref.

material Method effect, morphology  Intensity
Time

1  Au-zZnO SPR atom beam  Anneal Au NPs ~ 4 times [48]
cosputtering  600°C, 1 enhancement

hour Ar
atmos.

2 Au/ZnO SPR Sputtering/H  Anneal Au NPs ~ 7 times [45]
ydrothermal  600°C Ar enhancement

atmos.

3 Au/ZnO SPR Sputtering/A Au ~ 2 times [49]
(Surface LD n/a Nanoisland enhancement
plasmon)

4  Au-ZnO LSPR DC Anneal Au NPs ~ 2 times [50]
magnetron 300°C, 1 enhancement
cosputtering. hour

5 Au/Glass LSPR E-beam & RTA at Au NPs ~ 7 times [27]
sputtering 900°C, 5 enhancement

min.

6  Au/Silica SPR ion Anneal Au NPs ~ 3 times [51]
implanter 950°C, enhancement

lhour Ar
atmos.

7 Au/ZnO SPR Wet Anneal Au NPs ~ 7 times [52]
chemical 600 °C for enhancement
process lhrin

oxygen

8 Au/ZnO LSPR Sputtering/ Au NPs ~ 2.8 times [53]
vapor phase  n/a enhancement
transport
(VPT)

9 Cr/lZnO LSPR Sputtering/  Anneal Cr NPs ~ 5 times [54]
Hydrotherm  500° enhancement
al

10 Au/ZnO- LSPR Thermal RTA at Tunable gold  ~ 6 times This
NH evaporator/  650°C, 1 NPs size enhancement work

Hydrotherm  min. (60 uniformly compare than
al low-cost  seconds) over ZnO-NH another
solution temp.

based.
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