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delivery, [ 11 ]  and solar cell, and so forth. [ 12 ]  Among various 

upconversion materials, lanthanide-ion doped NaYF 4  has 

been shown to be the most effi cient UCNPs, because the 

low phonon energy of NaYF 4  host suppresses nonradiative 

multiphonon relaxation processes of activators. [ 12,13 ]  As a 

typical example, NaYF 4 :Yb,Tm UCNPs can convert near-

infrared excitation light into characteristic UV and blue 

emissions, which can readily be absorbed by graphene as the 

absorbance of graphene sharply increased from infrared to 

UV region. [ 2b-d ]  Therefore, this paper hypothesize that com-

bining NaYF 4 :Yb,Tm UCNPs with graphene will improve the 

responsivity of near-infrared photodetectors by upconverting 

near-infrared light into short wavelength emissions. 

 It is known that placing UCNPs in close proximity to 

plasmonic metal nanostructure surfaces such as Au and Ag 

nanoparticles could enhance their upconversion emissions, 

because metal nanostructures could create a surface-bound 

electric fi eld which can increase excitation rates and radiative 

decay rates of UCNPs. [ 14 ]  Many researchers have reported 

the enhancement of upconversion emissions from several to 

several dozen times based on Au and Ag plasmon. [ 14,15 ]  For 

example, Saboktakin et al. demonstrated gold plasmonic-

enhanced upconversion emissions of NaYF 4 :Yb/Er nanopar-

ticles with a factor of 5. [ 15a ]  On the other hand, it is reported 

that metal plasmonic nanostructures-created local electric 

fi eld near graphene could enhance the overall absorption 

of graphene, resulting in the improvement of photorespon-

sivity. [ 16 ]  If UCNPs-graphene nanocomposites were further 

coupled with metal plasmonic nanoparticles, the responsivity 

might be further improved for a UCNPs-metal nanoparticles-

based graphene near-infrared photodetector. Herein, in this 

study, we present a new route to fabricating highly sensitive 

near-infrared photodetectors by integrating graphene with 

UCNPs and a thin layer of plasmonic nanostructures. 

 Chemical reduction of graphene oxide (GO) offers an 

effective route of graphene synthesis, [ 2 ]  allowing graphene-

based devices to be fabricated in a low-cost, large-scale and 

facile manner. [ 2 ]  Thus, reduced graphene oxide (rGO) was 

used for the preparation of graphene-based devices in this 

study. Hexagonal phase NaYF 4 :Yb,Tm@NaYF 4  core/shell 

UCNPs (Figure S1, Supporting Information), synthesized 

according to a modifi ed thermolysis method in the pres-

ence of oleic acid and octadecene, [ 8 ]  were selected for the 

enhancement of rGO-based photodetectors because of its DOI: 10.1002/smll.201400400
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  Near-infrared photodetectors have found many uses in elec-

tronic devices ranging from image sensor array, [ 1a,b ]  remote 

control devices, [ 1c,d ]  to multiplexed bio-sensor array. [ 1e ]  Gra-

phene, as material for future electronic and optoelectronic 

applications, has attracted tremendous research interests due 

to its unique optical and electronic properties. [ 2 ]  In particular, 

the wideband absorption, high room-temperature carrier 

mobility, and short carrier lifetime make graphene the ideal 

material for wideband and high-speed photodetectors. [ 1d , 3 ]  

Recent studies have demonstrated the exciting potential of 

exploiting graphene as ultrafast infrared photodetectors for 

high-speed optical communications. [ 1d , 4 ]  However, the per-

formance of graphene-based near-infrared photodetectors 

is limited by its low photoresponsivity due to the low light 

absorption (≈2% of normal incident light). [ 2,4,5 ]  To improve 

near-infrared responsivity, graphene fi lm was modifi ed with 

quantum dots (e.g., PbS) that can absorb near-infrared light 

more effi ciently, from which the photogenerated charges 

transfer to graphene, thus improving carrier mobility and 

the photoresponse of devices. [ 5b , 6 ]  However, those colloidal 

quantum dots still suffer from their intrinsic drawbacks such 

as high toxicity, and low photo- and chemical-stability. [ 7 ]  It 

is therefore necessary to develop a new route for enhancing 

responsivity of the near-infrared photodetectors. 

 Lanthanide-doped upconversion nanoparticles (UCNPs), 

which are capable of converting near-infrared radiation into 

shorter wavelength through an upconversion process, exhibit 

low toxicity, superior photo- and chemical-stability, [ 8,9 ]  giving 

potential applications in remote control devices, [ 10 ]  drug 
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strong UV and blue emissions. [ 9 ]   Scheme   1  shows experi-

ment procedure for the fabrication of near-infrared photo-

response devices. This consists of two main procedures: 

1) preparation of GO-NaYF 4 :Yb,Tm@NaYF 4  UCNPs nano-

composites (Scheme  1 a), and 2) fabrication of UCNPs and 

gold plasmon enhanced near-infrared photoresponse devices 

(Scheme  1 b). In the present work, GO-UCNPs nanocompos-

ites were prepared via coordination interaction. To obtain 

ligand-free UCNPs for the formation of GO-UCNPs nano-

composites, the prepared oleate-capped NaYF 4 :Yb,Tm@ 

NaYF 4  core/shell nanoparticles were treated with 0.1  m  

HCl aqueous solution, [ 8a , 17 ]  which protonated oleate ligands 

resulting in the release of oleic acid from particle surface 

and the formation of positively charged ligand-free UCNPs 

in aqueous solution. [ 8a , 17 ]  The measured zeta potential of 

+35 mV at pH 3 suggests that UCNPs are colloidal stable 

and dispersed by electrostatic stabilization forces, as a large 

zeta potential usually ±25 mV indicates a stable colloidal 

system that is the absence of coagulation. [ 17 ]  Generally, GO 

has abundant carboxyl and hydroxyl groups that can easily 

interact with metal ions. [ 13a,b ]  After addition of as-prepared 

UCNPs with positively-charged surface, GO easily inter-

acted with metal ions on the surface of UCNPs at low pH 

conditions to form GO-UCNPs nanocomposites. The corre-

sponding transmission electron microscopy (TEM) images 

of NaYF 4 :Yb,Tm@NaYF 4  UCNPs and GO employed to 

prepare nanocomposites were shown in  Figure    1  a and  1 b, 

respectively. Figure  1 c and  1 d show TEM images of the 

obtained GO-NaYF 4 :Yb,Tm@NaYF 4  UCNPs nanocompos-

ites. It is shown that UCNPs with size of around 50 nm were 

anchored on GO sheet, and even a small amount of them 

were encapsulated by GO sheet, indicating the formation 

of GO-NaYF 4 :Yb,Tm@ NaYF 4  UCNPs 

nanocomposites.   

 FT-IR spectra provide more details on 

the interaction between UCNPs and GO 

sheet in their nanocomposites ( Figure    2  ). 

Oleate-capped UCNPs usually exhibited 

the strong characteristic absorption bands 

of oleate ligand (Figure  2 a): the asym-

metric and symmetric stretching vibrations 

of methylene (CH 2  at 2924 and 2853 cm −1 ) 

and carboxyl groups (COO-, at around 

1465 and 1564 cm −1 ), [ 18 ]  which clearly 

demonstrated the chemical adsorption of 

oleic acid molecules on UCNPs surface 

through coordination interaction between 

COO- group and rare earth ions, in com-

parison with those of oleic acid molecules 

(Figure S2, Supporting Information). [ 17 ]  

After treatment in HCl solution, there is 

no characteristic stretchings of methylene 

and carboxylate, indicating the removal 

of oleate ligand from UCNPs surface due 

to protonation process (Figure  2 b). [ 17 ]  For 

GO generated by oxidation (Figure  1 c), 

there were characteristic bands at 1719 

and 1631 cm −1  attributed to the vibrations 

of C = O in carboxyl group and C = C in 

aromatic system, [ 13a , 19 ]  and the peaks at 1224 and 1048 cm −1  

attributed to aether (C–O–C) and C–OH stretching vibra-

tions, [ 19,20 ]  respectively. In addition, the methylene stretchings 

of CH 2  moiety in GO was also shown at 2924 and 2853 cm −1 . 

For GO-UCNPs nanocomposites in Figure  1 d, the peak at 

1719 cm −1  was greatly weakened, implying the coordination 

interaction between carboxyl group and rare earth ions on 

oleate-free UCNPs. [ 13a , 21 ]  The absence of the peaks at 1224 

and 1576 cm −1  and the appearance of the peak at 1104 cm −1  

further suggest the chemical interactions between fl uoride 

UCNPs and GO. [ 13a ]   

 To improve the near-infrared photoresponsivity of rGO-

based devices, a monolayer layer of gold nanoparticles was 

further coupled to nanocomposites (Scheme  1 b). [ 14a , 15a ]  Spe-

cifi cally, a 4 nm gold fi lm was fi rst sputtered on substrate, fol-

lowed by a thermal annealing at 350 °C for 15 min to form 

a high density monolayer of gold nanoparticles with an 

average diameter ≈28 nm as shown in  Figure    3  a. To maxi-

mize the upconversion enhancement, a layer of amorphous 

TiO 2  with 8 nm thickness was grown onto the surface of 

gold nanoparticles layer by atomic layer deposition (ALD) 

method (Scheme  1 b), because the close proximity to the sur-

face of gold nanostructures would result in the quenching 

of luminescence due to resonant energy transfer. [ 14a , 15 ]  The 

deposited TiO 2  layer induced a slightly red shift of plasmonic 

peak of gold nanoparticles from 545 to 600 nm (Figure  2 b), 

indicating that the amorphous oxide layer also plays an active 

role in the enhancement of plasmonic fi eld by affecting the 

polarization of gold nanostructures. [ 22 ]  Similar result was also 

observed in the ≈68 nm gold nanoparticles layer prepared 

by 8 nm thick gold fi lm (Figure S4, Supporting Information). 

Next a layer of GO-UCNPs nanocomposites was drop-casted 
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 Scheme 1.     Schematic illustration of the fabrication processes of a) GO- NaYF 4 :Yb,Tm@NaYF 4  
UCNPs nanocomposites and b) upconversion and plasmon-coupled graphene devices with 
the structure of Au nanoparticles–amorphous TiO  2  layer–UCNPs rGO nanocomposites.
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on the top of the oxide layer and reduced to form rGO-

UCNPs nanocomposites for devices fabrication (Scheme  1 b).   

 The corresponding upconversion emission spectra were 

collected and shown in Figure  3 c. We can clearly observe 

the characteristic emission bands of Tm 3+  ion centered at 

363 nm in the UV resulting from  1 D 2 → 3 H 6  transition, at 

450 and 477 nm in the blue resulting from  1 D 2 → 3 F 4  and 

 1 G 4 → 3 H 6  transitions, and at 800 nm ascribed to  3 H 4 → 3 H 6  

transition. [ 8b , 13g , 14b , 23 ]  In comparison with ligand-free 

NaYF 4 :Yb,Tm@NaYF 4  core/shell UCNPs, the combination 

of GO and subsequent reduction decreased upconversion 

emission intensities (Figure  3 c), which indicates the upcon-

version luminescence from NaYF 4 :Yb,Tm@NaYF 4  nano-

particles was partially quenched by rGO. Further coupling 

rGO-UCNPs nanocomposites with 28 nm gold nanoparticles 

with an ALD deposited TiO 2  spacer layer leads to ≈1.5-fold 

enhancement of upconversion emissions, evidenced the plas-

monic enhancement effect. Due to the increased local optical 

fi eld with increasing gold nanoparticle size, upconversion 

emissions can be further increased by increasing the gold 

nanoparticle size to 68 nm (obtained by annealing 8 nm thick 

gold fi lm, Figure S5, Supporting Information). [ 16a ]  

 To probe the variation mechanism of upconversion emis-

sions, the corresponding time-resolved upconversion spectra 

of 363 nm emission of Tm 3+  ion were measured. The rise and 

decay curves were fi tted by exponential function. Results 

show that the lifetimes of UCNPs decreased from 614 µs 

in ligand-free NaYF 4 :Yb,Tm@NaYF 4  UCNPs to 540 µs in 

rGO-UCNPs nanocomposites. Such a reduced lifetime indi-

cates the existence of fl uorescence resonance energy transfer 

(FRET) in rGO-UCNPs nanocomposites, that is, the upcon-

verted energy could be transferred from excited energy 

levels of Tm 3+  ion to rGO via FRET mechanism, [ 8e , 13c,e ]  thus 

resulting in the decrease of upconversion emission. This is 

reasonable because the strong absorption region of rGO at 

short wavelength matches well with the upconversion emis-

sions of Tm 3+  ion at around 363 and 477 nm ( Figure    4  a and 

Supporting Information Figure S3). In addition, it is reported 

that Förster radius was around 1.5 nm for UCNPs with col-

loidal CdSe QDs due to low quantum yield of the multi-

level emitting of UCNPs. [ 8e-h,9c ] , In our system, these results 

further indicate that UCNPs closely contacted to rGO, and 

imply that UCNPs are anchored on GO before hydrazine 

reduction. After coupling with gold nanoparticles layer, the 

lifetimes further reduced to 521 µs, suggesting gold nano-

particles-induced Purcell effect due to the electromagnetic 

coupling increased the radiative rates, thereby enhancing 

upconversion emissions. [ 14a , 15a ]  Apart from the plasmon-

enhanced radiative decay rates, measurements revealed that 

gold plasmon also induced the decreasing of rise time from 

257 to 196 µs. This indicates the non-resonant enhancement 

of excitation pump at 980 nm by gold nanoparticles enhanced 

the absorption process in Yb 3+  ion, and thereby increased 

the rate of energy transfer from Yb 3+  to Tm 3+  ions. [ 14,15 ]  As a 

result, the higher upconversion emissions were observed. That 

is, the gold plasmon-induced absorption enhancement and 

emission enhancement both contribute to the upconversion 

amplifi cation of rGO-UCNPs nanocomposites. In addition, it 

is observed that upconversion emission of rGO-UCNPs com-

posites on TiO 2  spacer layer-covered gold nanoparticles was 

higher than that of rGO-UCNPs composites alone, but lower 

than that of UCNPs with gold nanoparticles and the spacer 

layer (Figure S6, Supporting Information). Therefore, from 

the above discussion, it is concluded that the FRET proce-

dure from UCNPs to rGO was responsible for the reduction 

of upconversion emissions in rGO-UCNPs nanocomposites 

with respect to ligand-free UCNPs. Further coupling rGO-

UCNPs nanocomposites with gold nanoparticles layer with 

a spacer enhanced the upconversion intensities by ≈1.5 times 

due to both plasmonic enhancement of the emission of the 

UCNPs and metal-induced enhancement of absorption of 

the excitation pump at 980 nm. 

 As proof-of-concept experiments, photoresponse devices 

with the corresponding materials were fabricated to investi-

gate their photoresponsivity upon 980 nm near-infrared light 
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 Figure 1.    TEM images of a) NaYF 4 :Yb,Tm@NaYF 4  UCNPs, b) GO 
nanosheet, and c,d) GO-NaYF 4 :Yb,Tm@NaYF 4  nanocomposites.
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 Figure 2.    FT-IR spectra of a) oleate-capped and b) ligand-free 
NaYF 4 :Yb,Tm@NaYF 4  UCNPs, c) GO nanosheet, and d) GO-NaYF 4 :Yb,Tm@
NaYF 4  nanocomposites.
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irradiation. Figure  4 b shows the normalized drain current of 

the photoresponse devices as a function of time for a rep-

resentative four cycles. Here, a source-drain voltage ( V  DS ) 

of 10 mV was applied in the absence of gate bias. Control 

device prepared with rGO alone showed a very low drain 

current change (around 0.5%) because of the weak absorp-

tion of rGO to 980 nm near-infrared excitation (Figure 

 4 a). The introduction of NaYF 4 :Yb,Tm@NaYF 4  UCNPs 

improved photocurrent by more than 3.5 times. This implies 

that UCNPs are responsible for the increased near-infrared 

photoresponse behavior, because the upconverted photons 

can be readily absorbed by rGO through FRET procedure 

for charge separation as aforementioned. After further cou-

pling with 28 nm gold nanoparticles layer with oxide spacer, 

the average photocurrent of the device exceeded those 

obtained on rGO alone and rGO-UCNPs nanocomposites 

by more than 7 and 2 times, respectively (Figure  4 b). Impor-

tantly, it is noted that the coupling of rGO-UCNPs nano-

composites with 68 nm-diameter gold nanoparticle layer can 

achieve a photocurrent enhancement by more than 10 times 

with respect to the control device with rGO alone (Figure S7, 

Supporting Information). These experiment results agree well 

with the trend of upconversion emission spectra (Figure  3 c 

and Supporting Information Figure S5), in which the upcon-

version enhancement increases with increasing gold nanopar-

ticles size. This indicates that the rGO is able to absorb the 

gold plasmon-enhanced upconversion emissions, thus further 

improving the photoresponsivity to 980 nm near-infrared 

light. In addition to the plasmon-enhanced upconversion 

emissions, plasmon resonance-enhanced absorption of gra-

phene in devices has also been reported to play an important 

role in photoresponsivity enhancement, [ 16a ]  which could con-

tribute to the observed enhancement in our devices as well 

(Figure S8, Supporting Information). [ 16a ]  That is also why 

the upconversion enhancement factor was lower than those 

observed in other reports. [ 14,15 ]  Nonetheless, regardless of the 

exact mechanism for photoresponsivity enhancement by gold 

plasmon, the coupling of both UCNPs and gold nanoparticles 

amplifi ed the overall photoresponsivity of rGO-based photo-

detectors to near-infrared light. 

 In summary, we have demonstrated a new route to 

improving responsivity of rGO-based near-infrared photo-

detectors by coupling upconversion and gold plasmon. In 

the device fabricated with rGO-UCNPs nanocomposites, 

rGO absorbed upconverted shorter wavelengths light via 

FRET procedure, improving the photoresponsivity to 980 nm 

near-infrared light by more than 3 times with respect to 

the control device with rGO alone. Further coupling rGO-

UCNPs nanocomposites with thin plasmonic layer enhanced 

upconversion intensities by increasing the radiative rate of 

emissions and the absorption of Yb 3+  ion of UCNPs, which 

together with plasma-enhanced rGO absorption resulted 

in an overall enhancement of photoresponsvity by a factor 

of ≈10. This is the fi rst demonstration of the application of 

coupling rGO with both upconverter and metal plasmon in 

enhancing photoresponsivity of near-infrared photodetectors, 
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 Figure 3.    a) Field emission scanning electron microscopy (FESEM) image of the obtained gold nanoparticles on substrate by annealing a 4 nm 
thick gold thin fi lm, scale bar 500 nm. b) absorption spectra (normalized) of the monolayer gold nanoparticles before (black curve) and after (red 
curve) deposition of an amorphous oxide spacer layer, c) upconversion luminescence spectra and d) lifetimes of 363 nm emission of Tm 3+  ion 
under 980 nm excitation of NaYF 4 :Yb,Tm@NaYF 4  UCNPs, rGO-NaYF 4 :Yb,Tm@NaYF 4  UCNPs nanocomposites and rGO-NaYF 4 :Yb,Tm@NaYF 4  UCNPs 
nanocomposites on the oxide layer-covered gold nanoparticles fi lm.
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which provides an effectively route to improve the near-

infrared photoresponse of graphene-based photodetectors. 

This proof-of-concept is also potential applicable in photo-

voltaics for improving harvesting of photons with subband-

gap energies and other optoelectronic devices. [ 3 , 5a ]    

 Experimental Section 

  Synthesis of NaYF 4 :Yb,Tm Nanoparticles : For a typical syn-
thesis, 1.0 mL of YCl 3  (0.8 mol/L), 1.0 mL of YbCl 3  (0.20 mol/L), 
0.5 mL of TmCl 3  (0.01 mol/L), 6 mL oleic acid and 15 mL octa-
decene were added into a 100 mL fl ask. Then, the solution was 
heated to 120 °C for 10 min and to 155 °C for 30 min under stir-
ring. After the solution cooled to 60 °C, a solution containing 
methanol (8 mL), NH 4 F (0.148 g) and NaOH (0.10 g) was added 
into fl ask and the solution maintained for 30 min. The resulting 
solution was heated to 300 °C and maintained for 1.5 h under a 
nitrogen atmosphere. After heating was stopped, the reaction 
solution was cooled to room temperature and absolute ethanol 
was added to precipitate the fl uorides UCNPs. The nanoparticles 
were isolated by centrifugation and redispersed in 8 mL hexane. 

  Synthesis of NaYF   4   :Yb,Tm@NaYF   4    Core/Shell UCNPs : YCl 3  
(0.8 mol/L, 1.25 mL) and oleic acid (6 mL) and octadecene 
(15 mL) were added to a 100 mL fl ask under stirring. This mixture 
was heated to 120 °C for 10 min and then to 155 °C for 30 min 
to form a clear solution before cooling to 50  o C. Shortly thereafter, 
a solution of 1 mmol of NaYF 4 :Yb,Tm in 8 mL of hexane solution 

was added to the solution. After the removal of hexane, a solu-
tion of methanol (8 mL), NH 4 F (0.148 g) and NaOH (0.10 g) was 
added, and the resulting mixture was stirred at 50 °C for 30 min, 
after which time the solution was heated to 300 °C under nitrogen 
for 1.5 h and then cooled to room temperature. The products were 
precipitated by ethanol and collected by centrifugation. 

  Synthesis of GO : GO sheets were prepared according to the 
modifi ed Hummers’ method. First, 2 g graphite fl akes with the 
size of 3–5 mm were mixed with 12 mL of concentrated H 2 SO 4  and 
kept at 80 °C for 4.5 h. Then, the solution was cool down to room 
temperature and sonicated for 1 h. The solution was diluted with 
500 mL deionized water and fi ltered with 0.2 µm porous fi lter. The 
product was dried in vacuum desiccator to obtain pre-oxidized 
graphite powder. Subsequently, as-prepared graphite powder was 
slowly added into solution containing 120 mL concentrated H 2 SO 4  
and 15 g KMnO 4  and stirred for 2 h. The solution was diluted with 
250 mL deionized water and stirred for 2 h. The mixture was fur-
ther diluted with 700 mL deionized water, and then H 2 O 2  (20 ml) 
was added to decompose the residual KMnO 4 . The solution was 
kept overnight and only the upper portion of the mixture was col-
lected and exfoliated. Then the GO was washed with diluted HCl 
aqueous solution and water. Finally, the GO solution was obtained 
after further purifi cation by dialysis (cutoff 3000MW) against 
deionized water for one week. 

  Preparation of Ligand-Free NaYF 4 :Yb,Tm@NaYF 4  Core/Shell 
UCNPs and GO-UCNPs Nanocomposites : The prepared oleate-
capped NaYF 4 :Yb,Tm@NaYF 4  UCNPs (2 mmol) was added into 
15 mL HCl (0.1M) solution and ultrasonicated for 20 min. Then, 
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 Figure 4.    a) Absorption spectrum of rGO solution and upconversion emission spectrum of UCNPs, b) real-time measurements of the normalized 
drain current of near-infrared photoresponse devices while the 980-nm IR light is switched on and off with  V  DS  10 mV, Δ I  DS  represents the channel 
current change between the source and drain electrodes, Δ I  0  is the average minimum current response. rGO, rGO-UCNPs, and rGO-UCNPs-Au fi lm 
represent the devices prepared with the layers of rGO, rGO-NaYF 4 :Yb,Tm@NaYF 4  nanocomposites, and rGO-NaYF 4 :Yb,Tm@NaYF 4  nanocomposites 
on the oxide layer-covered gold nanoparticles obtained by annealing Au fi lm of 4 nm thickness, respectively, and c) the schematic illustration of 
the enhancement mechanism of near-infrared light photoresponsivity of rGO-based devices by NaYF 4 :Yb/Tm@NaYF 4  UCNPs.
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10 mL of hexane was added into solution to abstract the stripped 
oleic acid ligand, and repeated at least for three times. The ligand-
free NaYF 4 :Yb,Tm@NaYF 4  core/shell UCNPs were obtained by cen-
trifugation and washing with deionized water, and re-dispersed in 
water. For the preparation of GO-NaYF 4 :Yb,Tm@NaYF 4  nanocom-
posites, 1.5 mL of as-prepared ligand-free UCNPs (0.15 mmol/mL) 
was added into 5.0 mL GO solution (0.2 mg/mL, pH 3.0). The mix-
ture was then stirred for 10 min at room temperature to obtain GO-
UCNPs nanocomposites. 

  Deposition of Gold Monolayer Nanoparticles with a Spacer 
Layer : Typically, 4 and 8 nm thick gold thin fi lms were sputtered 
respectively on cleaned glass substrate, followed by a thermal 
annealing process at 350 °C for 15 min to form a monolayer of 
gold nanoparticles with the sizes of 28 and 68 nm. Then, a 8 nm 
amorphous TiO 2  spacer layer was deposited by home-made Atomic 
Layer Deposition system. 

  Fabrication of Devices  :  The solution (150 µL) of GO-
NaYF 4 :Yb,Tm@NaYF 4  UCNPs nanocomposites was drop-casted 
onto the surface of gold nanoparticles-deposited substrate 
(1 × 1.5 cm) with a spacer layer and dried at 50 °C. For the reduc-
tion of GO, the samples were put into glass petri dish and 500 µL 
of 98% hydrazine was placed in the edge of the petri dish. The 
petri dish was sealed and kept at 70 °C for 15 h. After that, the 
gold electrodes (80–100 nm thick) were evaporated on the sam-
ples through a metal mask to form a 200 µm gap where light is 
illuminated. 

  Characterization  :  Field-emission scanning electron microscopy 
micrographs were taken using a JEOL JSM-6340 instrument with 
5 kV accelerating voltage. TEM images were recorded using JEOL-
2010 with 200 kV accelerating voltage. The absorption spectra 
were measured in a spectrophotometer (Varian, Cary 5000). 
Upconversion spectra and lifetimes were determined at room 
temperature under excitation of 980 nm CW diode laser. Electrical 
properties were monitored with a Keithley semiconductor para-
meter analyser, model 4200-SCS. The power density of 980 nm 
laser source used for photoresponse measurements was 8 W/cm 2 .  

   Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.   
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