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Abstract: The upconversion (UC) nanoparticles (NPs) based sensor exhibits the 9 

potential application for the detection of dyes, heavy metal ions and DNA, et al. 10 

However, the application of upconversion NPs based sensor was limited due its low 11 

UC luminescence intensity. In the present work, the SiO2 opal photonic crystals were 12 

prepared by the self-assembly technology. After infiltration of SiO2 opal by the 13 

transparent chloroauric acid solution and the following sintering at the high 14 

temperature, the Au NPs/opal hybrids were prepared. The Au NPs/opal hybrids result 15 

in the enhancement of excited electric field, which can be served as the template of 16 

UC emission enhancement of NaYF4:Yb3+, Er3+ NPs exited at the 980 nm. The 17 

corresponding maximum UC emission enhancement was about 17-fold. The detection 18 

of Rhodamine B was realized by monitoring the changing of green UC intensity of 19 

NaYF4:Yb3+, Er3+ NPs. In comparison with pure NaYF4:Yb3+, Er3+ NPs, the sensor 20 

sensitivity of NaYF4:Yb3+, Er3+ NPs deposited on the Au NPs/opal hybrid was 21 

increased by about the 35-factors, which exhibits a low detection limit of 164 µM and 22 

a high sensitivity of 1.15 µM-1. The present work demonstrated that this solid sensor 23 

exhibits potential applications in heavy metal ions and DNA, et al. 24 

Keyword: Upconversion luminescence; NaYF4:Yb3+, Er3+ nanoparticles; Rhodamine 25 

B sensing; Au nanoparticles/opal hybrids 26 

 27 
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1. Introduction 28 

With the development of industries and economic, the organic rhodamine B dye 29 

(RhB) was widely used in the food, printing, textile and water tracer fluorescent [1-4]. 30 

At present, lots of investigations demonstrated that the RhB has toxicity and 31 

carcinogenicity to human health and can pollute the water source [5-7]. However, the 32 

RhB is still applied in the textile and food, etc. because of its low cost and bright 33 

coloration [8, 9]. Thus, the detection of RhB in various fields such as the food and 34 

water is very important and necessary. Now, for the detection method of RhB, the 35 

high-performance liquid chromatography, surface-enhanced resonance Raman 36 

scattering, electrochemistry and ultraviolet-visible spectrophotometry method were 37 

extensively used [10-12]. These detection approaches are complex and their 38 

applications were limited.  39 

Upconversion (UC) luminescent nanoparticles (NPs), which convert long 40 

wavelength photons with low energy into a short wavelength photon with high energy, 41 

have aroused much attention due to their wide applications in the various fields such 42 

as the biological imaging, therapeutics and solar cells, etc. [13-16]. In recent years, 43 

the UC NPs exhibits the potential application in the sensors for the detection of dyes, 44 

heavy metal ions and DNA, et al [17-21]. However, the UC luminescent process 45 

mainly arises from the 4f-f forbidden transition of rare earth (RE) ions, resulting in a 46 

lower UC emission efficiency due to the small absorption and emission cross section. 47 

For example, the NaYF4:Yb3+, Er3+ NPs are considered as one of the most efficient 48 

UC materials in the previous investigations. However, its UC efficient is only up to 49 
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0.3%, which limit their applications as the sensor. Thus, it is significant to improve 50 

the UC luminescence of NaYF4:Yb3+, Er3+
 NPs. To solve the problems, many methods 51 

such as synthesis of core-shell structure, host selection and surface coating et al have 52 

been developed to improve the UC emission of NaYF4:Yb3+, Er3+ NPs. Located 53 

surface plasmons resonance (LSPR) of metal NPs such as Au and Ag has been widely 54 

used to enhance UC luminescence of NaYF4:Yb3+, Er3+ NPs in previous investigations 55 

[22-24]. For the UC luminescent enhancement based on the LSPR of metal NPs, it is 56 

well-known that the 980 nm excitation light or UC luminescence wavelength is 57 

needed to overlap with the LSPR of Au or Ag NPs to obtain the larger UC 58 

luminescent enhancement of NaYF4:Yb3+, Er3+ NPs. However, in general, the LSPR 59 

of Au or Ag NPs is in the visible light region. It is relatively difficulty for the 60 

preparation of Au or Ag NPs with the LSPR of 980 nm. Therefore, a new approach 61 

based on the coupling between photonic crystals and metal NPs with the visible LSPR 62 

were developed in order to obtain larger UC luminescent enhancement [25, 26]. For 63 

example, the inverse opal photonic crystal including Ag NPs with the visible LSPR of 64 

Au or Ag NPs was applied to improve the UC luminescence of NaYF4:Yb3+, Er3+ NPs. 65 

However, the NaYF4:Yb3+, Er3+ NPs can be entered into the macrospore in the inverse 66 

opal structure, which cause the suppression the UC luminescent. Thus, the maximum 67 

enhancement factor of UC luminescence was only 6.3 factor [27]. Additionally, there 68 

have few investigations on the detection of Rhodamine B by the UC NPs/Au/PC 69 

hybrids. In this work, the SiO2 opal photonic crystals (OPCs) were prepared by 70 

self-assembly technology. After infiltration of OPCs by the transparent chloroauric 71 
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acid solution and the following sintering at the high temperature, the Au NPs/OPCs 72 

hybrids were obtained. The NaYF4:Yb3+, Er3+ NPs were deposited on the surface of 73 

Au/OPCs hybrids. The influence of coupling metal NPs with photonic crystals on the 74 

UC luminescence of NaYF4:Yb3+, Er3+ NPs has been investigated. The detection of 75 

RhB was investigated by monitoring the changing of the green UC intensity of UC 76 

NPs/Au/PC hybrids. The low detection limit and high detection sensitivity of Rh B 77 

was obtained by the UC NPs/Au/OPCs hybrids. 78 

2. Experimental 79 

2.1 Synthesis of NaYF4:20%Yb3+, 2%Er3+ NPs.  80 

High purity (99.99%) Yb2O3, Y2O3, Er2O3, and analytical reagent grade 81 

1-octadecylene, NaOH, oleic acid, NH4F were used as raw materials to synthesize 82 

NaYF4:Yb3+, Er3+ NPs. The hexagonal phase NaYF4:Yb3+, Er3+ NPs were prepared by 83 

co-precipitation method according to the literatures [28]. Firstly, the RE2O3 (RE3+= 84 

Y3+, Yb3+ and Er3+) were dissolved in the hot HCl solution to form corresponding 85 

RECl3 compounds, and then the RECl3 compounds were dissolved in deionized water 86 

to form the 0.2 mol/L RECl3 solution. The 1.56 mL YCl3, 0.4 mL YbCl3 and 0.04 mL 87 

ErCl3 was added into the mixture of 12 mL 1-octadecylene and 8 mL oleic acid in a 88 

three-necked flask. The mixture was heated to 150 oC for 40 min to remove water 89 

with the argon gas under the stirring. After cooling to room temperature, the 2 mL 90 

NaOH and 6.6 mL NH4F were added into the mixture, which was heated to 50 oC for 91 

30 min. Subsequently, the solution was heated to the 100 oC for 10 min to remove 92 

methanol, then it was heated at the 300 oC for 50 min under the argon shield. The 93 
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resulting NaYF4:Yb3+, Er3+ NPs was obtained by centrifuging three times and 94 

dispersing in cyclohexane.   95 

2.2 Fabrication of NaYF4:Yb3+, Er3+ NPs/Au/OPC hybrids.  96 

Monodisperse SiO2 microspheres with diameter of 250, 300 or 460 nm were 97 

used to fabricate three-dimensional ordered OPCs on the quartz substrates through 98 

vertical deposition method as the previous work [29]. The OPCs prepared by the 250, 99 

300 or 460 nm SiO2 microspheres were denoted as the OPC-I, OPC-II and OPC-III, 100 

respectively. The voids of OPC-I, OPC-II and OPC-III were infiltrated by using the 101 

0.05M HAuCl4 solution, respectively. After sintering at 450 oC for 4h in air furnace, 102 

the Au NPs and OPC-I~III composites were obtained, denoting as the Au/OPC-I, 103 

Au/OPC-II and Au/OPC-III, respectively. For the comparison, the same HAuCl4 104 

solution was deposited on the pure quartz substrate without the OPCs and was 105 

sintered at the same temperature and time, which was denoted as the Au/Q. The 106 

as-prepared NaYF4:Yb3+, Er3+ NPs were spin-coated on the pure quartz (denoted as 107 

Q), Au/Q, Au/OPC-I~III substrates, and the NaYF4 NPs/Au/OPC-I~III hybrids were 108 

obtained. Scheme 1 shows the preparation processes of NaYF4 NPs/Au/OPC-I~III 109 

hybrids. 110 

 111 

Scheme 1 the preparation processes of NaYF4 NPs/Au/OPC hybrids 112 

The RhB was dissolved in the various volume ethanol to form 1.75*10-4, 113 
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3.5*10-4, 5.25*10-4, 7*10-4 and 8.75*10-4 M solutions, respectively. Then, the 2 µL 114 

RhB solution with the different concentration was added into the NaYF4 115 

NPs/Au/OPC-III hybrids and dried on the oven for the detection investigation of RhB.  116 

2.3 Structure and optical characterization.  117 

The crystal phase and morphology of NaYF4:Yb3+, Er3+ NPs were detected by an 118 

X-ray diffraction diffractometer quipped with Cu Kα radiation and transmission 119 

electron microscopy (TEM, JEOL 2100), respectively. The morphology of OPC-I~III, 120 

Au/OPC-I~III and NaYF4 /Au/OPC-I~III hybrids were measured using a field 121 

emission scanning electron microscopy (FESEM, QUANTA 650). To further 122 

investigate the distribution of Au NPs on the OPC-I~III, the transmission electron 123 

microscopy and energy dispersive X-ray analysis image of Au/OPC OPC-I~III 124 

hybrids were obtained by transmission electron microscopy (TEM, JEOL 2100). The 125 

absorption spectra were taken using a HITACHIU-4100 spectrophotometer. The UC 126 

emission spectra of samples were characterized by a HITACHI F-7000 127 

spectrophotometer with an excitation of 980 nm. 128 

3. Results and discussions 129 

3.1 Morphology and absorption property of NaYF4 NPs/Au/OPC-I~III hybrids 130 

Figure 1 (a) is the XRD pattern of NaYF4 NPs. It is clearly that all peaks are 131 

well-indexed to the standard PDF card (JCPDS No. 16-0334), indicating that the 132 

prepared NaYF4 NPs are pure hexagonal phase. Figure 1 (b) shows the TEM image of 133 

NaYF4 NPs, depicting the monodisperse and inerratic morphology of NaYF4 NPs 134 

with average diameter of 25 nm. The high resolution TEM image of NaYF4 NPs 135 

exhibits the clear lattice fringes as shown in Figure 1 (c). The space of two adjacent 136 
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lattice fringes is 0.3 nm, which is consistent with the (110) plane of hexagonal NaYF4. 137 

The selected area electron diffraction (SAED) pattern was observed in Figure 1 (d). 138 

The diffraction rings are marked as (200), (111), (201), (210) and (002), which further 139 

demonstrated that the NaYF4 NPs is the hexagonal phase.  140 

 141 

Figure 1 the XRD pattern (a), TEM image (b), high resolution TEM image (c) and selected area 142 

electron diffraction pattern (d) of the prepared NaYF4: Yb3+, Er3+ NPs. 143 

The SEM image of OPC-I~III were presented in the Figure 2 (a) and the Figure 144 

S1~2 of supporting information, respectively. The silica microspheres form an ordered 145 

face centered cubic (fcc) arrangement with the close packed 111 plane parallel to Q 146 

substrate. After sintering of the silica OPCs with the infiltration of HAuCl4 solution, 147 

the structure of Au/ OPC-I~III hybrids was characterized by the SEM, as shown in 148 

Figure 2 (b) and Figure S1~2. The bright spots in the Fig. 2 (b) and Fig. S1~2 of 149 

supporting information are the Au NPs with the irregular shape, and the homogeneous 150 

distribution of Au NPs was observed in the positions of OPCs voids. The size 151 
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distribution histogram of Au NPs was shown in the insert of Fig. 2 (b). It is clear that 152 

the sizes of Au NPs were in the region of 10-100 nm and average size was about 53 153 

nm. The TEM images and EDX pattern of Au/OPC-I~III hybrids were used to further 154 

investigate the formation of Au/OPC-I~III hybrid structures and existence of Au NPs, 155 

as shown in Fig. 2 (c) and Fig. S1~2. The silica microspheres surface attached lots of 156 

small continuous bright spots (such as in the red circles) and some clear bigger bright 157 

spots. The larger Au island NPs and a layer of Au continuous film were formed on the 158 

surface of silica microspheres. These bright spots were verified as the Au element by 159 

the EDX pattern (Fig. 2 (c)). The SEM micrograph of Au NPs on the Q substrate was 160 

showed in the Figure S3 (a) of supporting information. It’s noted that the size of Au 161 

NPs is in the region of 60-200 nm. Compared with the Au NPs on the OPC-I~III, the 162 

size of Au NPs on the Q substrate is lager, which suggested that SiO2 microspheres of 163 

OPCs limited the growth of Au NPs. Figure 2 (d)-(f) and Figure S1~2 exhibited the 164 

SEM images of NaYF4: Yb3+, Er3+ NPs deposited on surface of OPC-I~III, 165 

Au/OPC-I~III and Q substrate, respectively. It is obvious that the surface and voids of 166 

OPC-I~III, Au/OPC- I~III and Q substrate were covered by a dense single layer of 167 

NaYF4:Yb3+, Er3+ NPs. 168 
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 169 
Figure 2 the SEM images of OPC-III (a) and Au/OPC-III hybrids (b); the insert in the (b) is the 170 
size distribution histogram of Au NPs; the EDX pattern (c) of the Au/OPC-III hybrids; the insert in 171 
the (c) is the TEM image of Au/OPC-III hybrids; the SEM images of NaYF4:Yb3+, Er3+ NPs 172 
deposited on the OPC-III (d), Au/OPC-III substrate (e) and Q substrate (f).  173 

The absorption spectrum of Au NPs on the Q substrate is shown in the Figure S3 174 

(b). It is clear that an obvious peak centered at 530 nm was exhibited in the absorption 175 

curve, which arises from the LSPR of Au NPs. Figure 3 presented the absorption 176 

spectra of OPC-I, OPC-II, OPC-III without and with Au NPs. Absorption curves of 177 

OPC-I~III showed an obvious photonic band gaps located at 561, 672 and 996 nm, 178 

respectively, which were overlapped with the green and red UC emission peaks of 179 

Er3+ and excitation wavelength of 980 nm, respectively. It is noted that the silica 180 

microsphere size would affect the position of photonic band gap of OPCs. 181 

Theoretically, Bragg’s law: λ=1.633D(n2eff - sin2
θ) could be used for calculating the 182 

position of photonic band gaps. According to the equation, the photonic band gaps of 183 

OPC-I~III are calculated as the 550, 659 and 1011 nm, respectively. Position of 184 

photonic band gap shifts to the long wavelength with the increasing size of silica 185 

microsphere. The calculation value of photonic band gap is consistent with the 186 

measurement value. After sintering OPC-I~III samples with the infiltration of HAuCl4 187 
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solutions, the photonic band gaps position of Au/OPC-I~III hybrids shifted slightly to 188 

the shorter wavelength, and the photonic band gaps position of Au/OPC-I~III hybrids 189 

were located at the 538, 650 and 970 nm, respectively. The blue shift of photonic band 190 

gap may be due to the shrinking of microspheres and refractive index changing of 191 

Au/OPC-I~III structure. As can be seen in the Figure 3, the absorption curve of 192 

Au/OPC-II~III exhibited another peak centered at about 520 nm in contrast to the 193 

OPC-II~III, arising from Au NPs surface plasmon absorption. For the position of 194 

photonic band gap, OPC-I substrate is consistent with the LSPR of Au NPs, thus the 195 

absorption curve of Au/OPC-I only showed an absorption peak at the 538 nm. 196 

 197 

Figure 3 Absorption spectra of OPC-I~III (a) and Au/OPC-I~III hybrids (b) 198 

3.2 The UC emission enhancement of NaYF4:Yb3+, Er3+ NPs by the 199 

Au/OPC-I~III hybrids 200 

The UC emission spectra of NaYF4: Yb3+, Er3+ NPs deposited on the various 201 

templates were shown in Figure 4 excited at the 980 nm. All the UC 202 

photoluminescence spectra exhibited the obvious green emission peaks at 525, 545 203 

nm and a red emission peak at 660 nm of Er3+ ions, which arise from the electronic 204 
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transition of 2H11/2→
4I15/2, 

4S3/2→
4I15/2 and 4F9/2→

4I15/2, respectively. There is an 205 

exponential relationship between UC emission intensity (I) and pump power (P) in the 206 

UC emission process of NaYF4:Yb3+, Er3+ NPs, which can be expressed as the I=Pn. 207 

The n value in the equation is the number of absorbed infrared photons from ground 208 

state to excited state required for an UC visible photon emission. Figure 5 is a log-log 209 

spectrum of UC emission intensity as the function of the pump power on the Q, Au/Q, 210 

OPC-III and Au/OPC-III substrates. The dependence of pump power and UC 211 

luminescence of NaYF4:Yb3+, Er3+ NPs on the OPC-I, Au/OPC-I, OPC-II and 212 

Au/OPC-II substrate are presented in Figure S4. It is clear from the Figure 5 and 213 

Figure S4 that the n value of NaYF4:Yb3+, Er3+ on the four templates for 545 and 660 214 

nm reveals that the two-photon UC emission processes were involved for the green 215 

and red UC emissions. To better understand UC emission mechanisms of NaYF4:Yb3+, 216 

Er3+ NPs under the excitation of 980 nm, the energy transfer between Yb3+ ions and 217 

Er3+ ions was shown in Figure 6. Ground state Yb3+ ions absorb 980 nm excitation 218 

light, resulting in the transition from the 2F7/2 to excited 2F5/2 state. The absorption 219 

cross section of Yb3+ ions at 980 nm excitation light are larger than Er3+ ions. The 220 

Yb3+ ions served as sensitizer transfer their absorbed energy to adjacent Er3+ ions, and 221 

the Er3+ ions are excited from 4I15/2 ground state to excited 4I11/2 state. Subsequently, 222 

the higher 4F7/2 excited state of Er3+ ions are populated due to the successive energy 223 

transfer from the Yb3+ ions to Er3+ ions in the excited 4I11/2 state. The 4F7/2 excited state 224 

of Er3+ ions are non-radiatively relaxed to the 2H11/2 and 4S3/2 states. Excited Er3+ ions 225 

in the 2H11/2 and 4S3/2 state are jumped back to 4I11/2 state, leading to green UC 226 
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emission at the 525 and 545 nm, respectively. As the electrons of Er3+ ions in the 4I11/2 227 

state undergo non-radiative relaxation to the lower 4I13/2 state, the 4I13/2 state of Er3+ 228 

ions can be excited to the 4F9/2 state due to the energy transfer of Yb3+ ions. 229 

Additionally, the 4F9/2 state of Er3+ ions are populated by the non-radiative relaxation 230 

from higher the 2H11/2 and 4S3/2 states, The radiative transition from the 4F9/2 excited 231 

state to 4I15/2 ground state of Er3+ ions result in the red UC emission located at the 660 232 

nm.  233 

 234 

Figure 4 the UC emission spectra of NaYF4:Yb3+, Er3+ NPs deposited on the surface of Q, Au/Q, 235 

OPC-I, Au/OPC-I (a), Q, Au/Q, OPC-II, Au/OPC-II (b) and Q, Au/Q, OPC-III, Au/OPC-III (c) 236 

under the excitation of 980 nm.  237 

 238 

Figure 5 the dependence of pump power of 980 nm excitation light on the 545 and 660 nm UC 239 

emission intensity of NaYF4:Yb3+, Er3+ NPs deposited on Q (a), Au/Q (b), OPC-III (c) and 240 

Au/OPC-III (d) substrates. 241 
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 242 

Figure 6 the UC emission mechanism of NaYF4:Yb3+, Er3+ NPs upon the 980 nm excitation. 243 

The UC photoluminescence of NaYF4:Yb3+, Er3+ NPs on various substrate 244 

presented the different emission intensity. The UC emission intensity on the various 245 

substrates was enhanced in comparison with that of NaYF4:Yb3+, Er3+ NPs on the Q 246 

substrate. The corresponding enhancement factor (EF) of UC emission has been 247 

obtained, as shown in the Figure 7. The EF in Figure 7 (a) is the ratio of UC emission 248 

intensity of NaYF4:Yb3+, Er3+ NPs on the Au/Q, OPC-I~III substrate to that of 249 

NaYF4:Yb3+, Er3+ NPs on the Q substrate, respectively. Owing to the substrates coated 250 

by the NaYF4:Yb3+, Er3+ NPs with the same amount. Thus the influence of thickness 251 

and quantity of NaYF4:Yb3+, Er3+ NPs on the UC emission intensity could be avoided. 252 

As seen in Figure 7, the EF of green and red UC emission on the OPC-I is 2.6 and 1.7, 253 

respectively, and the corresponding EF values of red and green emission of 254 

NaYF4:Yb3+, Er3+ NPs on the OPC-II substrate is 2.8 and 2, respectively. For the 255 

OPC-III substrate, the EF values at green and red emission were about 4. It can be 256 

seen that the UC emission of the NaYF4:Yb3+, Er3+ NPs was enhanced on the surface 257 

of photonic crystal, attributing to the excitation enhancement caused by the silica 258 
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microspheres induced the excitation light scattering. The electric field intensity of 259 

OPC-I~III substrates along the polarization of X-axis and Y-axis was simulated with 260 

the excitation light of 980 nm, showing the enhancement of electric field intensity, as 261 

shown in Figure 8 and Figure S5. The EF values of green and red UC emissions of 262 

NaYF4:Yb3+, Er3+ NPs on the surface of OPC-III are larger than these of NaYF4:Yb3+, 263 

Er3+ NPs on the OPC-I~II. The photonic band gap of OPC-III is overlapped with the 264 

980 nm excitation light, which can couple well with the excitation light of 980 nm. 265 

Thus the larger enhancement of excitation field can obtained, resulting in the larger 266 

UC emission enhancement on the OPC-III. Selective green UC enhancement of 267 

NaYF4:Yb3+, Er3+ NPs on the OPC-I was presented in contrast to the red UC emission. 268 

For the OPC-II substrate, the red UC emission enhancement of NaYF4:Yb3+, Er3+ NPs 269 

is larger than its green UC emission. Photons cannot be propagated in the wavelength 270 

range of photonic band gap. The selective enhancement of UC of NaYF4:Yb3+, Er3+ 271 

NPs on the OPC-I and OPC-II is due to the Bragg diffraction of photonic band gap 272 

[24, 30]. 273 

 274 

Figure 7 the UC emission enhancement factor of NaYF4:Yb3+, Er3+ NPs on the Au/Q, OPC-I, 275 

OPC-II and OPC-III substrates (a) and Au/OPC-I, Au/OPC-II and Au/OPC-III substrates (b); 276 
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The UC emission EF of 545 and 660 nm of NaYF4:Yb3+, Er3+ NPs on the Au/Q 277 

substrate increased by 1.8 and 2.6 folds in contrast to the Q substrate, respectively. It’s 278 

well-known that the LSPR of Au NPs can improve UC luminescence intensity due to 279 

the emission rate increasing or excitation field enhancement [31, 32]. The 280 

investigation of the enhancement mechanism of NaYF4 NPs on the Au/OPC hybrid 281 

was carried out. The decay curves of NPs on the Q and Au/Q substrates were shown 282 

in the Figure 9. The decay lifetimes of the UC emission of NaYF4 NPs on the Q and 283 

Au/Q substrates exhibited no change, indicating decay rate increasing has no effect on 284 

the UC emission of NaYF4 NPs on the Au/Q substrate. The electric field intensity and 285 

distribution of the Au/Q substrate along the polarization of X-axis and Y-axis was 286 

simulated by finite-difference time-domain (FDTD) software excited at 980 nm as 287 

shown in Figure 8 (d) and Figure S5. The hot spots were formed around the Au NPs 288 

regarding of the polarization direction. These results indicated that the enhancement 289 

of UC emission on the Au/Q template could be from the electric field enhancement 290 

around Au NPs. The relationship between the UC intensity (I) and the excitation field 291 

intensity(E) can be expressed as the I∝En, where the n is the photons number. The n 292 

value of red UC emission is larger that of green UC emission, as shown in Figure 5. 293 

Thus the enhancement factor of red UC emission is larger than that of the green UC 294 

emission.  295 
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 296 

Figure 8 the simulated electric field of OPC-I (a), OPC-II (b), OPC-III substrate (c), Au/Q 297 

substrate (d) and Au/OPC-III hybrids (e) along the polarization of X-axis under the excitation of 298 

980 nm. 299 

The UC emission spectra of NaYF4 NPs/Au/OPC-I~III hybrids presented in the 300 

Fig. 4 exhibited the further UC emission enhancement comparing with these of 301 

NaYF4:Yb3+, Er3+ NPs on OPC-I~III or Au/Q substrates. The corresponding EF were 302 

shown in the Figure 7 (b). The EF of green and red UC emissions on the surface of on 303 

the Au/OPC-I hybrid is 11.7 and 11.4, respectively. On the Au/OPC-II, the EF of 304 

green and red UC emissions is 9.5 and 16 folds, respectively. For Au/OPC-III hybrid, 305 

the EF of green and red UC emission of NaYF4:Yb3+, Er3+ NPs is 12.11 and 16.8 folds, 306 

respectively. It is clear that the UC emission intensity of NaYF4:Yb3+, Er3+ NPs on the 307 

Au/OPC-I~III hybrid is larger than the total sum on the OPC and Au/Q substrate, 308 

which indicated that the coupling of OPC and Au NPs improve greatly the UC 309 

emission intensity in comparison with separate OPC or Au/Q substrate. As shown in 310 
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Figure 9 (b), the decay lifetimes of the green and red UC emission of NaYF4 NPs on 311 

the Au/OPC-I~III hybrids have no significant difference in contrast to the OPC and 312 

Au/Q substrate, which indicated the enhanced UC emission on the Au/OPC-I~III 313 

hybrids was not from the emission rate increasing. As presented in Figure 8 (e), for 314 

Au/OPC hybrid structure, the simulated electric field distribution and intensity is 315 

larger in compared with separated OPC or Au NPs substrates. Thus, the UC emission 316 

enhancement of NaYF4:Yb3+, Er3+ NPs on the Au/OPC-I~III hybrids arise mainly 317 

from the enhancement of excited electric field.  318 

 319 

Figure 9 Decay curves of 545 (a) and 660 nm (b) UC emission of NaYF4:Yb3+, Er3+ NPs on the Q, 320 

Au/Q, OPC-III and Au/OPC-III substrates. 321 

3.3 Detection enhancement of RhB by the NaYF4/Au/OPC-III hybrid structure 322 

The UC emission of NaYF4:Yb3+, Er3+ NPs on the prepared Au/OPC-I~III could 323 

be improved, which can solve its low UC emission. The NaYF4/Au/OPC-III NPs can 324 

served as a solid-state sensor to detect the RhB through the change of UC emission 325 

intensity of NaYF4:Yb3+, Er3+ NPs. Figure 10 depicts the absorption spectra of the 326 

RhB on the Q and NaYF4:Yb3+, Er3+/Au/OPC-III hybrid substrates, respectively. The 327 

absorption peak at the 556 nm is from the absorption of the RhB, which is overlapped 328 
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with the green UC emission peak of NaYF4:Yb3+, Er3+ NPs. Thus, the energy transfer 329 

from the NaYF4:Yb3+, Er3+ NPs to the RhB may take place. 330 

 331 

Figure 10 the absorption spectra of RhB on the Q and NaYF4/Au/OPC-III hybrids 332 

The UC emission of NaYF4:Yb3+, Er3+ NPs on the Q and Au/OPC-III hybrid 333 

substrates as the function of RhB concentration are shown in Figure 11 (a) and (b) 334 

under the excitation of 980 nm, respectively. For the NaYF4:Yb3+, Er3+ NPs on the Q 335 

and Au/OPC-III hybrid substrates, the decreasing of green UC emission and no 336 

changing of red UC emission was observed with increasing the RhB concentration. It 337 

is interesting that for the RhB on the NaYF4:Yb3+, Er3+/Au/OPC-III hybrids, the 338 

emission peak located at the 581 nm form the RhB was observed. However, the 581 339 

nm emission peak of the RhB was not observed obviously for the RhB on the 340 

NaYF4:Yb3+,Er3+/Q substrate. The direct contact between the Au NPs and RhB can 341 

influence the luminescence of RhB, which can result in the luminescence quenching 342 

or enhancement. In present work, the luminescence enhancement of RhB was 343 

observed. If the luminescence enhancement of RhB is from the influence of Au NPs, 344 

the decreasing of green UC emission cannot observed with increasing the RhB 345 
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concentration, which is inconsistent with the results. Therefore, the influence of the 346 

direct contact between the Au NPs and RhB on the luminescence quenching or 347 

enhancement of RhB can be removed. The green UC emission is overlapped with the 348 

absorption of RhB, which demonstrated the energy transfer from the NaYF4:Yb3+, 349 

Er3+ NPs to the RhB can occur. Therefore, the green UC emission intensity was 350 

decreased because of the energy transfer from the NaYF4:Yb3+, Er3+ NPs to the RhB. 351 

The UC emission enhancement of NaYF4:Yb3+, Er3+ NPs induced by the Au/OPC-III 352 

hybrids enhance improve the energy transfer from NaYF4:Yb3+, Er3+ NPs to RhB. 353 

Thus the 581 nm emission of the RhB was observed for the RhB on the NaYF4:Yb3+, 354 

Er3+/Au/OPC-III hybrid in contrast to the NaYF4:Yb3+, Er3+/Q substrate. 355 

The green UC emission intensity of the NaYF4:Yb3+, Er3+ NPs on the Q and 356 

Au/OPC-III hybrid substrates are shown in Figure 11 (c) and (d) as the function of the 357 

RhB concentration, respectively. For the NaYF4:Yb3+, Er3+ NPs on the Q substrate, 358 

the linear relationship coefficient of R2 of the green UC emission intensity is 0.975 359 

with the RhB concentration from 0 to 0.875 mM and the sensitivity is 0.033 µM-1. 360 

The linear relationship coefficient of higher R2 of the green UC emission intensity of 361 

NaYF4:Yb3+, Er3+ NPs on the Au/OPC-III hybrids is 0.997 with a sensitivity of 1.15 362 

µM-1. The results suggested that the NaYF4 NPs with the UC emission as a solid-state 363 

sensor can be used for detecting RhB. The UC emission enhancement of NPs caused 364 

by Au/OPC-III hybrids improve the detection sensitivity of RhB. For the sensor, the 365 

limit of detection (LOD) is one of the essential sensing parameters besides the 366 

sensitivity [33, 34]. The LOD can be expressed by the 3s/m equation, where the s and 367 
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m is the standard deviation and the slope of line plotted by the ratio of luminescence 368 

intensity of acceptor (RhB) to that of donor(NaYF4:Yb3+,Er3+) [17, 35], respectively. 369 

For the RhB on the NaYF4:Yb3+, Er3+/Q substrate, there was no the 581 nm emission 370 

of the RhB. Therefore, the LOD could not be obtained. For the RhB on the 371 

NaYF4:Yb3+, Er3+/Au/OPC-III hybrid, the 581 nm emission intensity of the RhB was 372 

increased with the increasing of RhB concentration. The result means that the NaYF4 373 

NPs on the Au/OPC hybrid is beneficial to detect the RhB. To obtain the LOD 374 

parameter, the ratio of 581 nm emission intensity (I581) RhB to the 545 nm green UC 375 

emission intensity (I545) is calculated as the function of the RhB concentration on the 376 

Au/OPC-III hybrid as shown in Figure 11 (e). The I581/ I545 ratio was increased with 377 

RhB concentration increasing from 0.175 to 0.875 mM and show the good linear 378 

relationship. The LOD is calculated as the 164 µM. 379 
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 380 

Figure 11. the UC emission of NaYF4:Yb3+, Er3+ NPs deposited on the Q (a) and Au/OPC-III 381 

substrates (b) as the function of RhB concentration; corresponding linear relationship of green UC 382 

emission intensity with the increasing of RhB concentration on the Q (c) and Au/OPC-III substrate 383 

(d); the calibration curve of I581/I545 versus RhB concentration on NaYF4/Au/OPC-III hybrid (e); 384 

the stability curves of RhB/NaYF4/Au/OPC-III hybrid (f).  385 

For the RhB detection, it is necessary to investigate the photo-stability of the 386 

sensor. Figure 11 (f) is the changing of green UC emission intensity of 387 

RhB/NaYF4/Au/OPC-III as the function of the time under the continuous illumination 388 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

of a 980 nm laser. The green emission intensity at 0 min is denoted as 1. It is clear that 389 

the green UC emission intensity is not more than 1.05 under the continuous 390 

illumination of a 980 nm laser for 1 h, exhibiting the unchanging. The result indicated 391 

the NaYF4 NPs/Au/OPC-III hybrid is stable as a solid-state sensor of the RhB 392 

detection, which may be used for the detecting RhB in water or food. 393 

Conclusions 394 

The hybrids constructed with the Au NPs and SiO2 opal photonic crystals were 395 

prepared through a simple approach. NaYF4:Yb3+, Er3+ NPs were deposited on the 396 

surface of Au/opal hybrids. The influence of coupling metal NPs with photonic 397 

crystals on the UC luminescence of NaYF4:Yb3+, Er3+ NPs has been investigated. The 398 

enhanced UC emission of NaYF4:Yb3+, Er3+ NPs excited at 980 nm can be observed 399 

based on the coupling of Au NPs and photonic crystals, and the maximum UC 400 

emission enhancement was about 17-fold. The UC luminescence enhancement on the 401 

Au/OPC hybrid mainly arise from the enhancement of excited electric field. The 402 

NaYF4 UC luminescence NPs can served as a solid-state sensor to detect the RhB 403 

through the change of UC emission intensity of NaYF4:Yb3+, Er3+ NPs. Comparing 404 

with the pure NaYF4:Yb3+, Er3+ NPs, the sensor of NaYF4:Yb3+, Er3+ NPs on the 405 

Au/OPC hybrid was improved, existing a low detection limit of 164 µM and a high 406 

sensitivity of 1.15 µM-1. For the NaYF4:Yb3+, Er3+ NPs deposited on the Au/opal 407 

hybrids, the detection sensitivity of RhB was increased by about 35-factors.   408 
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Highlights 
1.The Au nanoparticles/opal photonic crystal hybrid was prepared by sintering 
method. 
2.Upconversion emission enhancement of NaYF4

 nanoparticels has been largely 
improved. 
3.The detection of Rhodamine B by NaYF4:Yb3+, Er3+ nanoparticles was realized.  
4.The sensor sensitivity of NaYF4

 on the Au nanoparticles/opal hybrid was increased. 


