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Abstract
           The development of high-quality and strongly Au conjugated upconversion nanoparticles (UCNPs) is time-consuming and requires specific chemicals. Therefore, in this study, a one-pot hydrothermal method is adopted for novel in situ preparation of UCNP@Au composites using a binary functional Ethylenediaminetetraacetic acid (EDTA) salt, which is employed as a surfactant and reducing agent. The composites are electrostatically conjugated with metal-coordinated Prussian blue (PB) to yield UCNP@Au+PB nanocomposites (NCs), which demonstrated upconversion emission (UCE) quenching of 21folds for 655 nm compared to that is that of the UCNPs due to fluorescence resonance energy transfer (FRET). Additionally, the PB, UCNP@Au, and NCs demonstrated synergistically enhanced reduced trap (α 0.85)-free ultrasensitive broadband (432 nm to 980 nm) photodetection. The NCs-based gate-free epitaxial graphene device demonstrated excellent high photoresponsivity (5.9 × 105 AW-1), detectivity (2.17 × 1014 ), and normalized gain (2.06 × 10−4 m2V-1) at 318 nWcm-2 (532 nm) and a bias voltage of 1 V. The Au plasmons enhanced the one-photon-enabled direct visible absorption of Er3+ ions, and PB exhibited broad absorption and enhanced the carrier density of the device, resulting in an ultrahigh photoresponse. The obtained device performance is the highest to date among their class of nanohybrids. Also, these NCs can readily detect polychromatic light as well as signals from daily-use appliances, indicating their potential for applications in solar energy collectors and consumer electronics.
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1. Introduction
Engineering-driven optoelectronics play a pivotal role in various sectors such as communication, sensing, imaging, health, and environmental monitoring.[1] These multimodal applications rely mainly on micron-sized photodetector (PD) devices, which convert optical signals into electrical (current/voltage) signals.[1] The remarkable performance of photodetectors today relies on highly efficient absorption and electrical transport in emerging engineered materials.[1c] Traditionally, PDs based on near-infrared (NIR)-active and tunable bandgap semiconductors (such as silicon) with rapid photoresponse (a few microseconds) have dominated the commercial sector.[2] However, they exhibit low photoresponsivity (R) owing to the limited optical absorption into their bandgap. Downshifting-emission (Stokes) nanomaterials such as quantum dots (QD) have been utilized as photo-absorbing materials because of their impressive photoresponse. These devices unfortunately operate only under monochromatic illumination and generate photocurrents that decrease rapidly upon exposure to air.[3] On the other hand, anti-Stokes-emission-based upconversion nanoparticles (UCNPs) doped with lanthanide ions (Yb3+, Er3+, and Tm3+) are considered efficient photo-absorbing candidates for developing air-stable PDs with high R, normalized gain, and detectivity (D*) in a broad spectral range.[4] UCNPs can radiate high-energy visible photons with a longer lifetime (about 0.3 ms) at the excited state after absorbing low-energy NIR photons through sequential multiphoton processes, which has led to their applications in fields such as biomedicine, imaging, therapy, optical limiting, and solar energy production.[1c, 5]
Recently, Zhou et al.[6] and Ghosh et al.[4b] developed a UCNP/MoS2-based hybrid PD that demonstrated NIR (980 nm) performance with R values of  1.0 × 10−2 AW-1 and 1.2 × 103 AW-1, respectively, but exhibited poor response in the visible spectrum (R 81 AW-1 at 532 nm). Hong et al. observed an enhanced NIR photocurrent of 128 µA in QD-based PDs after the incorporation of UCNPs.[7] Thakur et al. fabricated a UCNP/graphene- and UCNP@SiO2/graphene-based broadband PD that exhibited upconversion emission (UCE) tuning, along with high R (15 × 103 AW-1 and 26 × 104 AW-1) and D* values (5.30 × 1012  and 7.7 × 1012 ), respectively.[4a] Niu et al. developed a PD using reduced graphene oxide, UCNPs, and Au, which demonstrated a factor of ten improved overall performance under 980 nm illumination.[8] The UCNP/AuNR/graphene-based PD demonstrated impressive (R 5 × 103 AW-1 ) and poor (R 1.4 × 103 AW-1 ) performance under NIR and visible light, respectively.[4c] All the aforementioned PDs comprising UCNPs (doped with Yb3+ and Er3+) and their nanocomposites effectively absorb NIR light and offer a high NIR photoresponse; Along with Yb3+ sensitization, the Er3+ ions have emission over the wide spectral region through downshifting process by single-photon excitation. However, Er ions are limited with a low absorption coefficient, resulting in the inefficient single-photon absorption in the multi-ionic levels of Er3+ through direct excitation.[4a, 4c] This results in they exhibit a low R of PD devices. in the visible region owing to. Moreover, these materials are synthesized via thermal decomposition and subsequently processed in several steps, which require rigorous effort, additional chemicals, and expensive instrumentation. The visible absorption of Er3+-ion-doped glassy materials can be further enhanced by combining plasmonic nanostructures due to the plasmonic electric field.[9] PDs incorporated with localized surface plasmon resonance (LSPR)-assisted metallic nanostructures exhibit a high R, excellent stability, sensitivity, speed, and enhanced excited-carrier density with faster transport owing to the improved absorption and scattering by plasmons.[4c, 8, 10] 
Prussian blue (PB) nanocrystals, which are three-dimensional (3D) transition-metal-coordination-based [Fe(II)–CN–Fe(III)] nanostructures, have been employed in electrochromic devices, batteries, counter electrodes, displays, and energy storage devices because of their intriguing electrochemical properties.[11] Qiu et al. studied the electronic properties of PB and demonstrated its electrochromic performance under a bias voltage.[11d] Lee et al. observed the improvement in the electrical conductivity of PB by incorporation of graphene oxide for high-performance sodium-ion storage.[12] The implementation of PB in photodetection remains elusive despite the wideband optical absorption and the semiconducting bandgap of  1.75 eV.[11c, 11d] Therefore, a simple, cost-effective, and one-step method for productive synthesis of ideal UCNP-Au-PB-based nanocomposites is required for the development of next-generation PDs with excellent responsivity, detectivity, gain, broadband operation, and, specifically air stability.
This paper reports a cost-effective PD based on ternary nanostructured UCNP@Au+PB (upconversion nanoparticle/gold/Prussian blue). UCNP@Au nanocrystals were synthesized using an in situ hydrothermal method. Subsequently, PB was synthesized through the decomposition method using sodium ferrocyanide as a precursor. The electrostatically conjugated UCNP@Au+PB nanocomposite (NC) demonstrated a higher upconversion emission (UCE) quenching than that of the UCNPs. The erbium (Er3+)-doped UCNPs exhibited weak light absorption over the visible range through single-photon absorption, which was enhanced by the incorporation of the Au nanostructure owing to the strong plasmonic electric field. The PB, UCNP@Au, and NC photo-absorbing materials were systematically synthesized and optically characterized in a comprehensive manner prior to dispersing them on pre-fabricated gate-free high quality monolayer epitaxial graphene (EG) on 4H-SiC-based micron-size Hall bar devices. These devices exhibited synergistically enhanced ultrasensitive broadband (432 nm to 980 nm) photoresponse with exceptional photoresponsivity (5.9 × 105 AW-1 for 532 nm and 3.9 × 103 AW-1 for 980 nm), detectivity (2.17 × 1014  for 532 nm, 1.42 × 1012  for 980 nm), normalized gain (2.06 × 10−4 m2V-1 for 532 nm, 7.5 × 10−7 m2V-1 for 980 nm) at 318 nWcm-2 (532 nm), 159 µWcm-2 (980 nm) with a bias voltage of 1 V. The obtained device performance is the highest to date among hybrids in its class. Finally, we also apply these NCs to detect polychromatic light as well as signals from daily use appliances, indicating their potential for straightforward applications in light driven devices.

2. Results and discussion
The size, shape, and elemental composition of the UCNPs, in situ synthesized UCNP@Au, PB, and electrostatically conjugated UCNP@Au+PB NCs are shown in Figure 1. The low-resolution transmission electron microscopy (TEM) image of the monodispersed hydrothermally synthesized UCNPs (NaYF4:Yb3+, Er3+; Figure 1a) revealed roughly spherical particles with a diameter of 275 nm. TEM analysis of the optimized UCNP@Au composite that was freshly synthesized in a 0.3:1:1 ethylene-glycol/water/ethanol mixture with 7 mM (millimolar) NaF, 1 mM EDTA salt, and 480 μL of HAuCl4 (Figure 1b) confirmed the formation of smaller AuNPs (diameter 100 nm) that were directly attached to the larger UCNPs with a diameter of 275 nm. The size distributions of individual UCNPs and AuNPs (Figure S1a and b; Supporting Information) peaked at 275 nm and 100 nm, respectively, and were determined from the TEM image shown in Figure 1b.
The scanning electron microscopy (SEM) image, energy dispersive spectroscopy (EDS) maps, and EDS profile corresponding to a certain region of the UCNP@Au composite are shown in Figure 1c, Figure 1d–h, and Figure 1i, respectively. In addition to the TEM images, the SEM image also revealed that the diameters of the UCNPs and AuNPs were 275 nm and 100 nm, respectively; moreover, the proximity between the UCNPs and AuNPs confirmed the strong conjugation between them (Figure 1c). The presence of discrete chemical elements including Na, Y, F, Yb, and Au (Figure 1d–h, respectively) in the lanthanide-doped plasmonic-nanoparticle-decorated UCNP@Au composite was confirmed by the EDS maps and profile (Figure 1i).
The morphology and chemical composition of the UCNP@Au synthesized by varying the amounts of NaF, EDTA salt, and HAuCl4, along with the solvent mixture ratio, are presented in the SEM and EDS images in Figure S2–S5 (Supporting Information). The morphology and crystalline phase of the NaYF4 particles are highly influenced by the synthetic conditions. The increment in the Ln:NaF ratio results in increasing the size of the particles (Figure S2, Supporting Information), and lead to the phase change from cubic to hexagonal. [13] The controlled solvent ratios offer desired particle size. [13]  The size and shape of monodispersed PB nanocrystals were determined by TEM (Figure 1j), which revealed cubic particles with diameters of 300 nm to 500 nm. PB nanocrystals with a similar morphology have been reported previously.[12] The negative surface charge of AuNPs can be estimated using zeta potential measurements.[14] The AuNP-decorated UCNPs (UCNP@Au) and metal-coordinated PB nanocrystals dispersed in water had opposite surface charges (−30 mV and +5 mV; Figure S6 of Supporting Information), which remarkably allowed electrostatic conjugation by magnetic stirring for an appropriate duration (Figure S7, Supporting Information). Figure 1k shows the TEM image of the UCNP@Au+PB NC (having slight negative surface charge, Figure S6, Supporting Information). The morphology and constituent chemical elements of the UCNP@Au+PB NC were confirmed by SEM, EDS color mapping, and the EDS profile (Figure S8, Supporting Information).
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[bookmark: _Ref102566510]Figure 1. TEM images of (a) UCNPs and (b) in situ synthesized UCNP@Au nanocrystals. (c) SEM image of in situ synthesized UCNP@Au nanocrystals, and EDS elemental maps of (d) Na, (e) Y, (f) F, (g) Yb, and (h) Au. (i) EDS profile of in situ synthesized UCNP@Au, with highlighted Au peaks. TEM images of (j) PB and (k) the UCNP@Au+PB nanocomposite (NC). Each individual UCNP, Au, and PB nanocrystal is marked as green, yellow ovals, and purple square, respectively.
The crystalline nature and functional-group-related properties of the UCNPs, UCNP@Au, PB, and NC were further investigated by X-ray diffraction (XRD) and fourier-transfrom infrared (FTIR) spectroscopy (Supporting Information Figure S9 and S10, respectively). The crystal structure of NaYF4 was confirmed using its XRD pattern (Supporting Information Figure S9a, top), which revealed the existence of a hexagonal β-phase (JCPDS No. 16-0334) and a marginal cubic α-phase (JCPDS No. 77-2042). Moreover, the few crystalline XRD peaks corresponding to the 111, 200, and 220 planes revealed the face-centered cubic (FCC) structure of the AuNPs, thereby confirming the presence of AuNPs in UCNP@Au (Figure S9a, bottom; Supporting Information). The XRD pattern of PB indicated a cubic crystalline phase that matched the FCC lattice (Figure S9b, Supporting Information). These XRD results are consistent with previously reported data [15]. The FTIR spectrum of the NC (Figure S10; Supporting Information) confirmed the presence of various functional groups through analysis of their stretching modes, such as hydroxyl (O–H), carboxylic (C=O), C≡N, and C–N (3437 cm−1, 1650 cm−1, 2083 cm−1, and 1114 cm−1, respectively).[15b]
The optical properties of PB, UCNPs, UCNP@Au, UCNP@Au+PB NC, and EG, such as absorption, emission color, emission spectra, and Raman spectra, were subsequently determined (Figure 2). Light absorption spectra of various colloidal solutions, including PB (0.1 mg/mL), the UCNPs (2 mg/mL), UCNP@Au (2 mg/mL), and NC (2 mg of UCNP@Au + 0.2 mg of PB in a total 2 mL solution) dispersed in water, were acquired as a function of wavelength (Figure 2a). Two slightly broadened absorption peaks (humps) were observed at 490 nm and 630 nm to 700 nm in the spectrum of the chemically prepared PB nanocrystals, which is consistent with previously reported spectra.[16] A featureless absorption profile with extremely weak NIR absorption was observed for the UCNPs owing to the weak absorption coefficient of the Yb3+ ions.[17] The clear  980 nm peak of NaYF4, Yb, Er (powder) in the absorption spectra along with excitation spectra, indicating its potential for absorbing light over broadband spectral range (UV-NIR) are depicted in Figure S11 (Supporting Information). Surface-plasmon-assisted broadened absorption of Au in the visible range was observed for the in-situ prepared UCNP@Au composite as a peak at 535 nm, which also helped enhance the one-photon visible-light absorption by Er ions in the UCNPs. The absorption characteristics of the NC were also determined.
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[bookmark: _Ref102577781]Figure 2. (a) Absorption spectra of PB, UCNP@Au, and UCNP@Au+PB NC. The broad Au peaks at 535 nm are indicated by a blue dotted line. (b) Optical images acquired using a mobile camera of (i) PB, (ii, v) UCNPs, (iii, vi) UCNP@Au, and (iv, vii) NC contained in quartz cuvettes and dispersed in water (i–iv) without and (v–vii) with 980 nm (500 mW) excitation; (i–iv) and (v–vii) show the colors of the solutions and emissions, respectively. (c) Comparison of upconversion emissions of the UCNPs, UCNP@Au, and NC nanocrystals under 980 nm (500 mW) excitation. (d) Power-dependent emission (540 nm) quenching factor (QF) analysis. (e) Raman spectrum of EG on a 4H-SiC substrate, showing all characteristics bands (D, G, 2D, and SiC). Data smoothing was performed on the Raman spectrum.
Optical images of 1-cm-thick quartz cuvettes containing the different colloidal solutions dispersed in water were acquired and showed varying colors of the solutions (Figure 2b, i–iv) and the corresponding yellowish-green UCEs (Figure 2b, v–vii) without and with laser excitation, respectively. The UCNPs (Figure 2b, v) showed intense yellowish-green emission; however, the UCNP@Au and NC (Figure 2b, vi and vii, respectively) emitted low-intensity color owing to the plasmonic Au and the combined effect of Au and metal-coordinated PB nanocrystals, respectively.[11d, 15a, 18] The UCE spectra of colloidal solutions of the UCNPs, UCNP@Au, and NC dispersed in water were obtained under CW 980 nm laser excitation and 500 mW power (Figure 2c). All spectra of the erbium-doped UCNPs showed their major characteristic emission bands at 520 nm, 540 nm, and 655 nm, which appeared because of radiative transitions from 2H11/2 to 4I15/2, 4S3/2 to 4I15/2, and 4F9/2 to 4I15/2, respectively.[15a, 19]
The UCNPs yielded the strongest UCE compared to that of the UCNP@Au and NC under identical experimental conditions. First, 2.6- and 3.3-fold UCE quenching were observed for the 540 nm and 655 nm peaks of UCNP@Au (Figure 2c) owing to fluorescence resonance energy transfer (FRET), which occurred because of direct tunneling of the excited electrons of the UCNPs to the Fermi level of Au under a strong plasmonic electric field.[15a, 18] Owing to the combined effect of FRET and the semiconducting band of the metal-coordinated PB, 10- and 21-fold additional UCE quenching were observed for the 540 nm and 655 nm peaks of the NC, respectively.[11d, 15a, 18] The UCE quenching spectra (Figure 1c) were also consistent with the optical images of the UCEs (Figure 1b, v–vii). The power dependent UCE quenching factor (QF; ratio between I540 for the UCNPs and I540 for UCNP@Au or NC, where I indicates the maximum peak intensity) was estimated for the 540 nm band of UCNP@Au and the NC (Figure 2d). The UCE QF decreased with increasing excitation power for both nanocrystals, which is consistent with previously obtained data.[20] If the UCE quenching is more then their FRET efficiency will be more, which means more tunneling of UCNP’s excited electrons to the Au and PB. The power-dependent (6 mW to 500 mW) emission spectra of the different water-dispersible UCNPs, UCNP@Au, and NC nanocrystals were also acquired (Figure S12a–c; Supporting Information).
Figure 2e presents the typical Raman spectra of EG on a 4H-SiC substrate without background subtraction, which showed all characteristic Raman peaks of EG on 4H-SiC, including D, G, 2D, and SiC (at 1365 cm−1; 1605 cm−1; 2717 cm−1; and 1532 cm−1 and 1716 cm−1, respectively), confirming the presence of single-layer EG, which is consistent with previously obtained results.[21] The low intensity of the defect band (D) reveals the defect-free quality of the EG.[21]
After the assessment of the morphological and optical properties of PB, UCNP@Au, NC, and EG, these materials were used to construct a cost-effective, ultrasensitive, and highly responsive two-terminal-structured PD through a systematic control study. Illustrations of the NC/EG/SiC-hybrid-based PD under broadband laser illumination in the 3D and side view are shown in Figure 3a and 3b, respectively. The details of the PD fabrication are provided in Figure S13 (Supporting Information) and discussed in the Experimental section. High- and low-magnification confocal laser scanning microscopy (CLSM) images of the as-fabricated Hall bar PD are shown in Figure 3c and its inset, respectively. The single-layer EG was observed along with the bilayer EG in marginal regions on the 4H-SiC substrate (indicated by yellow arrows in Figure 3c). These few bilayer regions were formed with certain step edges owing to the step bunching of the SiC substrate (0001).[21b]
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[bookmark: _Ref102730661]Figure 3. (a) 3D schematic and (b) side view of the NC/EG/SiC-based hybrid PD; the (b) panel also shows the source and drain electrodes connected to a voltmeter and ammeter. (c) CLSM image of the actual PD device before nanomaterials deposition, which shows the SiC substrate, Pd/Au/NbTiN electrodes, uniform single-layer EG, and bilayer EG with few minor patches (indicated by arrows); the inset CLSM image shows the complete PD with electrodes connected to the EG. (d–f) Photocurrent (ΔI) as a function of applied source–drain voltage (VDS) for (d) PB/EG/4H-SiC, (e) UCNP@Au/EG/4H-SiC, including respective zoom-in image close to 1 V in the inset and (f) NC/EG/SiC hybrid devices under broad-range wavelength illumination (432 nm to 980 nm; power density, 3184 µWcm-2).
Recently, Wang et al. measured a mobility and electron density of 2350 cm2V-1s-1 and 1.58 × 1012 cm−2, respectively, using a similar EG-based device at 100 mK, which confirmed the high quality of n-type doped graphene.[22] To investigate the distinct and synergetic effects of the different photo-absorbing nanocrystals on overall device performance, the PB, UCNP@Au, and NC were dispersed on three EG/SiC-based devices. The active area of device is around 150 (50 × 3) µm2. The photocurrent–applied-voltage characteristics (photocurrent ) of PB/EG/SiC, UCNP@Au/EG/SiC, and NC/EG/SiC were acquired under broadband laser illumination (432 nm to 980 nm) at identical power densities (3.184 mWcm-2; Figure 3d–f, respectively). The photocurrent varied in a linear manner with the applied source–drain voltage under identical laser illumination conditions, which confirmed the ohmic behavior of the metal contacts; this is consistent with previously reported data on nanomaterial/graphene-based hybrid PDs.[4a, 21a, 23]
The PB-based device yielded the highest photocurrent (3.3 µA) under 432 nm laser illumination among the different wavelengths (Figure 3d) with the highest light absorption at 432 nm among the investigated specimens (Figure 2a). The plasmon-based UCNP@Au and NC devices showed optimal photocurrents of 11.4 µA (Figure 3e) and 29 µA (Figure 3f), respectively, under 532 nm illumination (3184 µWcm-2), which was due to the strong plasmon electric field from Au that dominated at 532 nm and enhanced the overall visible absorption of the Er-doped UCNPs (Figure 2a). The photocurrent decreased with the laser illumination of 432 nm, 632 nm, 980 nm and 808 nm. However, the response at 980 nm was higher than that at 808 nm (Figure 3e–f) owing to the higher absorption of the Yb-doped UCNPs at 980 nm (Figure 2a). The Yb-doped UCNPs are also sensitive (Figure S 14, Supporting Information) to 808 nm excitation due to the broad absorption band (800 nm-1100 nm, Figure S11a, Supporting Information). [24] 
The multicycle dynamic photocurrent response as a function of time (that is, I–t characteristics) of the three hybrid PDs—PB/EG/SiC, UCNP@Au/EG/SiC, and NC/EG/SiC—were recorded under visible (432 nm, 532 nm, and 632 nm) and NIR illumination (808 nm and 980 nm). The minimum power 10 nW and 5 µW was used in the visible and NIR range respectively, with a bias voltage of 1 V (Figure 4). For demonstrating the ultra-sensitive nature and highest responsivity of the device, we kept the lowest common power at 10 nW in the visible region (limited by our experimental setup), however, the devices are less sensitive to the NIR region, and only detected for 5 µW common power in the NIR ranges.
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[bookmark: _Ref102754070]Figure 4. Multicycle dynamic photoresponse of PB/EG/SiC-, UCNP@Au/EG/SiC-, and NC/EG/SiC-based hybrid PDs under illuminating wavelengths of (a) 432 nm, (b) 532 nm, (c) 632 nm, (d) 808, and (e) 980 nm. The visible (432 nm, 532 nm, and 632 nm) and NIR (808 nm, and 980 nm) photoresponses were measured at 10 nW and 5 μW, respectively, with a VDS of 1 V. The switching profile of the PDs with and without illumination [ON (light blue) and OFF (light yellow), respectively] is highlighted.
The I–t data of these hybrid PDs exhibited ultrasensitive photodetection in the visible spectrum at the low power of 10 nW (Figure 4a–c). Maximum photocurrents of 284 nA and 950 nA were observed for the NC/EG/SiC-based device under 532 nm and 980 nm laser illumination, respectively (Figure 4b and 4f). The device is highly sensitive to the visible region and allows detection of even 10 nW of illuminated light, however less sensitive to NIR illumination and allows detection of at least 5 µW of lowest NIR light, so we could not produce identical illumination conditions as visible for achieving highest photoresponsivity in NIR region. To confirm the ultrasensitive photodetection of the NC-based device, a real-time video was recorded under 532 nm laser illumination at the minimum power of 10 nW, which was limited by our experimental setup (Video S1). The NIR photoresponse of the UCNP-based devices (Figure 4e and 4f) was due to the Yb-ion energy level of the UCNPs predominantly absorbing NIR photons.[4b, 25] The demonstrated visible photoresponse (Figure 4a–c) of the UCNP-based devices was due to the single-photon absorption (Figure S11, Supporting Information) by the Er-ion energy level of the UCNPs, which corresponded to downshifting emission.[4c] Previously reported UCNP-based PDs have not achieved photodetection under visible-light illumination at such a low power (10 nW).[4, 8, 10a, 23] The ultrasensitive visible photoresponse of the UCNP@Au/EG/SiC- and NC/EG/SiC-based hybrid devices (Figure 4a–c) could be attributed to the photo-absorbing UCNPs or the artifacts of EG/SiC. A small photocurrent (less than 20 nA) has been obtained from a similar EG/SiC device under visible-light illumination at a lowest power density (7.96 mWcm-2).[21a] However, the corresponding power density was considerably 25 thousand times higher than that adopted in the present study (10 nW, or 318 nWcm-2), which confirmed that the visible photoresponse (Figure 4a–c) likely originated from single-photon absorption by the Er-ion energy level of the UCNPs through downshifting. The weak visible absorption of the Er-doped UCNPs (Figure 2a) was enhanced by the strong plasmonic electric field of the Au nanocrystals, resulting in the ultrasensitive visible photoresponse (Figure 4a–c).  The power-density-dependent multicycle dynamic photoinduced drain–source current of the different PDs was acquired under broadband illumination with VDS = 1 V (Figure S15–17; Supporting Information). An increase in the power density of the illuminated wavelengths enhanced the resulting photocurrent, confirming the emergence of a real response and not from immaterial artifacts.
Ultrasensitive photodetection by a trap-involved or trap-free PD can be investigated using the following power law: . Here b is the photoresponsivity constant, α is the dimensionless slope (in an ideal case, α = 1 indicates a trap-free device), and P is the power density.[26] Log–log plots of the photocurrent as a function of the power density of the illuminated wavelength and α were constructed for the UCNP@Au/EG/SiC- and NC/EG/SiC-based devices (Figure S18; Supporting Information). The traps in the NC-based devices (α  0.44 to 0.85) were minimized (Figure S18c and 18d; Supporting Information) compared to those in the UCNP@Au-based devices (α  0.3 to 0.83; Figure S18a and 18b; Supporting Information) under the illuminating wavelengths (432 nm  to 980 nm).[26]
The ultrasensitive photodetection of the NC-based device can be explained using an energy-band diagram featuring the two-ion system of the UCNPs, Fermi level of Au, and energy bands of PB and n-type EG (Figure 5). The UCNPs doped with two ions (Yb3+ and Er3+) emit visible emission by mainly absorbing light at 980 nm owing to the successive absorption of two photons by the Yb ions (UCE); moreover, their weak visible emission can be attributed to the absorption of direct single photons (solid upward arrows, 432 nm-632 nm) by the Er ions (downshifting emission).[4a, 4c] The electronic work function (Ф) values of the EG and Au are 4.77 eV and 5.3 eV, respectively (Figure 5).[22, 27] PB exhibited a ФPB of 4.05 eV, which was determined for the first time by UPS (Figure S19; Supporting Information). The direct single-photon absorption by Er ions in the UCNPs is enhanced by the strong plasmonic field of Au; additionally, the excited electrons of Er-UCNP migrate to the excited level of Au via rapid direct tunneling and are finally transferred to the EG surface. Surface plasmon effects are induced when photons are incident on Au nanoparticles, and varies depending on their surface morphology and elemental composition.[10b] Additionally, the AuNPs induce interband and intraband excitation of electrons under UV exposure, resulting in “hot carriers” that are associated with nonradiative plasmonic decay. The excited surface plasmons in the AuNPs can decay by generating an electron–hole pair with a considerably higher energy than that of the charge carriers near the Fermi level.[10b] Moreover, the metal-coordinated PB boosts the carrier density of the EG because of the photogenerated electron transfer from PB, and imparts additional broad photo-absorption. Therefore, we attribute the exceptionally high photocurrent generated by the device to the significantly enhanced photoexcited-electron transfer from NC-based devices to the EG with low energy loss.
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[bookmark: _Ref103014425]Figure 5. Energy-band diagram of positive photocurrent generation in the NC/EG/SiC-based PD. Yb3+ and Er3+ ions are illuminated with NIR and visible light, and excited electrons are transferred to the higher energy level of the Er ions through sequential multi- and single-photon absorption. The resultant radiative and nonradiative electronic transitions (indicated by straight and wavy arrows, respectively) occur via the production of light and heat. The solid and dotted upward arrows indicate the  and  The Au with the Fermi level, PB, n-type EG with its valence, and conduction bands are represented. The work functions of EG, PB, and Au are denoted by ФEG, ФPB, and ФAu, respectively. The black arrows indicate carrier transfer from the nanoparticles to the EG. The ‘+’ and ‘–’ symbols represent holes and electrons, respectively.
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Figure 5. Energy-band diagram of positive photocurrent generation in the NC/EG/SiC-based PD. Yb3+ and Er3+ ions are illuminated with NIR and visible light, and excited electrons are transferred to the higher energy level of the Er ions through sequential multi- and single-photon absorption. The resultant radiative and nonradiative electronic transitions (indicated by straight and wavy downward arrows, respectively) occur via the production of light and heat. The solid and dotted upward arrows indicate the one-photon and multiphoton absorption, respectively. The Au with the Fermi level, PB, n-type EG with its valence, and conduction bands are represented. The work functions of EG, PB, and Au are denoted by ФEG, ФPB, and ФAu, respectively. The black arrows indicate carrier transfer from the nanoparticles to the EG. The ‘+’ and ‘–’ symbols represent holes and electrons, respectively.


The quality of optoelectronic devices is based on their performance, which is characterized by certain parameters including photoresponsivity () [4a, 28], normalized gain (Γn), detectivity (D*), and response time. The broadband R values of the PB, UCNP@Au, and NC photo-absorber-based hybrid devices were estimated under power densities of 318 nWcm-2 (for 432 nm, 532 nm, and 632 nm) and 159 µWcm-2 (for 808 nm and 980 nm) with a VDS of 1 V (Figure 6a). The NC-based device exhibited the highest R value (5.93 × 105 AW-1) compared to those of the UCNP@Au (5 × 105 AW-1) and PB systems (1.3 × 105 AW-1) under an illuminating wavelength and power density of 532 nm and 318 nWcm-2, respectively. 
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Figure 6. (a) Illuminating-wavelength-dependent photoresponsivity (R) of the PB/EG/SiC, UCNP@Au/EG/SiC, and NC/EG/SiC PDs. The inset in (a) shows magnified R profiles in the NIR region. (b) Power-density-dependent photoresponsivity of the optimized NC/EG/SiC PD under illuminating wavelengths of 532 nm, 632 nm, and 632 nm. (c) Wavelength-dependent normalized gain and (d) detectivity of the aforementioned PDs. The data shown in (a, c, and d) were acquired at VDS = 1 V and at power densities of 318 nWcm-2 (432 nm, 532 nm, and 632 nm) and 159 µWcm-2 (808 nm and 980 nm). The lines connecting the data points in these plots are shown as a guide to the eye.
Under 980 nm NIR illumination, the NC-based device showed the highest R value (3949 AW-1) at a power density of 159 µWcm-2 compared to those of the UCNP@Au (2450 AW-1) and PB (868 AW-1) devices. Moreover, in the power-density-dependent variations in R for the NC-based device under visible illumination (Figure 6b), the R values decreased with increasing power density because the photocurrent could not effectively scale with the illuminated power density, as reported previously. [4a, 21a]
The normalized gain of a device () is expressed as follows [4a]:
 	(1)
where  is the definition of R, e is the electronic charge, h is the photon energy [1240/λ (nm)], l is the device channel length, V is the applied bias voltage, and η is the quantum efficiency. For simplicity, η was assumed to be 1 to underestimate the value of Γn.[29] The photocurrent gain () as a function of wavelength were also obtained for the PB-, UCNP@Au-, and NC-based hybrid devices shown in Figure S20 (Supporting Information), and the NC-based PD achieved the highest  [1.37 × 106 (532 nm) and 5003 (980 nm)]. The variation in  as a function of illuminating wavelength was plotted for the PB-, UCNP@Au-, and NC-based hybrid devices (Figure 6c). The NC-based device achieved the highest normalized gains at 532 nm and 980 nm (2.06 × 10−4 m2 V−1 and 7.5 × 10−7 m2 V−1, respectively) compared to those of UCNP@Au (1.75 × 10−4 m2 V−1  and 4.6 × 10−7 m2 V−1, respectively) and PB (4.6 × 10−5 m2 V−1  and 1.6 × 10−7 m2 V−1, respectively), and showed a similar trend to that of R (Figure 6a). 
The low-power photodetection tendency and sensitivity of PDs are characterized by their detectivity (D*, ), which depends on various factors including R, the active area of the device (A), bandwidth (B = 1/response time (τ)), noise equivalent power (NEP = IN/ R, where IN = (2eIdB)1/2), electronic charge (e), and dark current (Id), as follows: [30]
	 (2)
  (2)
The dark I-V characteristic of EG with/without various nanomaterials including PB, UCNP@Au, and NC are depicted in Figure S21 (Supporting Information). The variations in the illuminating-wavelength-dependent D* values of the PB-, UCNP@Au-, and NC-based hybrid devices were plotted (Figure 6d). Again, the NC-based device showed the highest D* values at 532 nm and 980 nm (3.68 × 1014  and 2.46 × 1012 , respectively) compared to those of the UCNP@Au-based (3.13 × 1014 and 1.53 × 1012 , respectively) and PB-based devices (8.23 × 1013 and 5.42 × 1011 , respectively). Moreover, D* displayed a similar spectral trend as that of the other examined device parameters—R and  (Figure 6a and 6c). All the steps to calculate the device parameters were discussed in CS1 (Supporting Information). The exact estimates of the R, , and D* values for the PB-, UCNP@Au-, and NC-based devices under different illuminating wavelengths (432 nm to 980 nm) are listed in Table 1. 

Table 1. Estimated optoelectrical device parameters for the PB/EG/SiC-, UCNP@Au-, and NC/EG/SiC-based PDs under broadband illumination (432–980 nm) and VDS of 1 V.
	λ (nm)
	R (AW-1)
	Γn (×10-6 m2 V-1)
	D* (x1012 )

	
	PB
	UCNP@AU
	NC
	PB
	UCNP@AU
	NC
	PB
	UCNP@AU
	NC

	432
	104666
	213520
	293066
	45.1
	92
	126.3
	65.3
	133.4
	105.56

	532
	131880
	502400
	590320
	46.1
	175.9
	206.7
	82.3
	313.9
	216.76

	632
	31400
	94200
	167466
	9.2
	27.7
	49.3
	19.6
	58.8
	60.32

	808
	100.1
	281.3
	344
	0.02
	0.064
	0.079
	0.062
	0.17
	0.12

	980
	868
	2450
	3949
	0.16
	0.465
	0.75
	0.54
	1.53
	1.42


Note: R: Photoresponsivity; Γn: Normalized gain; D*: Detectivity
The device reported herein (NC/EG/SiC) demonstrated a substantial response (R = 5.9 × 105 AW-1), ultrasensitivity (D* 3.68 × 1014 ), and high-gain photodetection ( 206.7 × 10−6 m2V-1) under 532 nm laser illumination (318 nWcm-2, VDS = 1 V), which are all superior to the previously reported data on the same class of nanomaterials (Table 2).
Table 2. Comparison of estimated optoelectrical device performances of UCNP-photo-absorber-based PDs.
	Materials
	VDS
(V)
	Power
	R
(AW-1)
	Γn
(× 10−6 m2 V−1 )
	D*
(× 1012 )
	λ
(nm)
	Ref.

	CS UCNP/MoS2
	1
	0.64 Wcm-2
	10.5×10-3
	---
	---
	980
	[6]

	MAPbI3-UCNPs
	2
	23 mWcm-2
60 mWcm-2
	 0.6
0.27
	---
	4.1
0.76
	560
980
	[31]

	CS UCNP/graphene
	1
	0.1 µW
	190
	---
	---
	808
	[23]

	UCNP/graphene

CS UCNP/graphene

	1

1
	31.84 µWcm-2

31.84 µWcm-2
	2875
15189
6743
26914
	21
60
49
107
	0.40
5.30
1.64
7.7
	532
980
532
980
	[4a]

	UCNP/MoS2
	1
	50 Wm-2
	81
1254
	0.84
7.12
	68
1050
	532
980
	[4b]

	UCNP/MoS2
	1
	10 µW
	0.0001
	---
	0.0001
	980
	[25]

	UCNP/MIUIM
	1
	32.2 Wcm-2
	4.49×10-7
	---
	---
	980
	[10a]

	CSUCNP+AuNR/graphene
	1
	39.8 µWcm-2
	2312
5103
	17
20.36
	0.51
5.0
	532
980
	[4c]

	In situ prepared UCNP@Au+PB
	1
	318 nWcm-2
159 µWcm-2
	590320
3949
	206
0.75
	216.76
1.42
	532
980
	This study


Note: R: Photoresponsivity; Γn: Normalized gain; D*: Detectivity

The photoresponse time of an optoelectronic PD after light absorption demonstrates their propensity to perform and is characterized by response [rise (τrise)] and recovery [fall (τfall)] times. These device parameters are typically evaluated by measuring the time differences at 90 % and 10 % of the highest saturated photocurrent under ON or OFF laser illumination.[6] The τrise and τfall values for single-cycle dynamic photocurrents of the PB/EG/SiC-, UCNP/EG/SiC-, UCNP@Au/EG/SiC-, and NC/EG/SiC-based hybrid devices (Figure S22a–d; Supporting Information) and wavelength dependent response time for NC/EG/SiC-based hybrid device (Figure S22e; Supporting Information) were estimated under 980 nm laser illumination with power density of 3.184 mW/cm2. The response time of the PB based device were found to be 4 s and 14 s (Figure S22a; Supporting Information). The UCNP-based devices (Figure S22b; Supporting Information) were found to be slow with high values of τrise (46 s) and τfall (48 s). However, upon incorporation of Au (Figure S22c; Supporting Information) and Au/PB (Figure S22d; Supporting Information), the corresponding τrise and τfall values decreased by several times (UCNP@Au: 10 s and 15 s; NC: 6 s and 13 s, respectively) because of the rapid sweep of carriers from the excited state of the UCNPs (lifetime in few µs) to the EG under the influence of the Au plasmonic field, and their subsequent transfer to the metal electrodes through the EG charge-transporting layer.[4c, 32] The NC also demonstrated the highest UCE quenching owing to the faster tunneling of excited electrons to the metallic nanocrystals (Figure 2c); the NC-based device was found to be faster in this regard, too.
 [image: ] 
Figure 7. Multicycle dynamic photoresponses of the NC/EG/SiC device under illumination of different signals from daily-use appliances, including a (a) tube light, (b) mobile flashlight, (c) red laser pointer, and (d) remote controller of an air conditioner, at a VDS of 1 V. Pictures of the different illuminated home appliances are provided in each panel. The switching profile of the PDs with and without illumination [ON (light blue) and OFF (light yellow), respectively] is highlighted.
Finally, the ultrasensitive photodetection tendency of the designed micron-sized NC/EG/SiC-based device in real-world applications was demonstrated by illuminating the device with a tube light, mobile flashlight, red laser pointer, and modulated (30 kHz) air conditioner remote-control signals at VDS = 1 V (Figure 7a–d). The device showed sensitive detection of various signals from the aforementioned daily-use appliances and yielded stable and repeatable photocurrents (1 µA to 5 µA) in a switching manner.
 Additional investigations were conducted to clarify whether the photocurrent generated by the device could be recovered by summing the current produced at two (432 nm + 532 nm) or all three visible (432 nm + 532 nm + 632 nm) illuminating wavelengths. Therefore, the photoresponses of the NC/EG/SiC-based hybrid PD under monochromatic and polychromatic illumination of B, G, and R (combination of two lasers or all three together) in a sequential and simultaneous manner were investigated (Figure S23; Supporting Information). These results demonstrated that the photocurrents (1.5 µA  to 3.6 µA) observed under individual illumination at 432 nm, 532 nm, and 632 nm could not be added under polychromatic illumination [4c].

3. Conclusions
An in situ upconversion gold composite (UCNP@Au) was synthesized using a one-pot hydrothermal process. The LSPR-induced plasmonic field enhanced the single-photon-enabled visible optical absorption of Er ions. Metal-linked organic-coordinated PB, which was synthesized through wet chemistry, exhibited broadband light absorption, and its semiconducting bandgap enabled electrostatic conjugation with UCNP@Au. The UCNP@Au+PB nanocomposite (NC) demonstrated a 21-fold UCE quenching compared to that of the UCNPs owing to the combined effect of the high electron affinity from plasmonic Au and PB. After detailed optical characterization of various photo-absorbing nanocomposites including PB, UCNP@Au, and NC, these materials were dispersed on gate-free EG-4H-SiC-based PDs, resulting in a synergistically enhanced broadband (432 nm to 980 nm) photoresponse. Ultrasensitive photocurrent measurements were possible owing to the transfer of photogenerated carriers from these materials. The charge-transfer mechanism was comprehensively elucidated using a band diagram. The NC-based PD exhibited a high photoresponsivity (5.9 × 105 AW-1), detectivity (2.16 × 1014 ), and normalized gain (2.06 × 10−4 m2V-1) at a power density of 318 nWcm-2 (532 nm) with 1 V bias voltage. The obtained device performance is the highest to date among hybrids in its class. The 7× faster photoresponse time of the NC-based device (rise time 6 s) than that of the UCNP/EG/SiC device (rise time 46 s) was due to the effect of the combined metals (Au and PB) and faster carrier sweeping. The NC-based PD can detect polychromatic light as well as signals from daily-use appliances, indicating its potential for straightforward application in the biomedical field.

4. Experimental Section
4.1. Materials
Yttrium nitrate hexahydrate [Y(NO3)3•6H2O, 99.8 %], ytterbium nitrate pentahydrate [Yb(NO3)3•5H2O, 99.9 %], erbium nitrate pentahydrate [Er(NO3)3•5H2O, 99.9 %], sodium fluoride (NaF, 99 %), gold chloride trihydrate (HAuCl4•3H2O, 99.9 %), and sodium ferrocyanide [Na4Fe(CN)6, 99 %] were purchased from Sigma-Aldrich (USA). Ethylenediaminetetraacetic acid (EDTA) disodium salt dihydrate (99 %) and ethylene-glycol (99 %) were purchased from Samchun and Daejung (South Korea), respectively. All these chemicals were of analytical grade and used as purchased without further purification or modification.
The following materials were also employed in this study: 4H-silicon carbide [SiC(0001)] semi-insulating wafer (CREE), polished 22-grade glassy carbon plate (Structure Probe, Inc.), optical lens tissue (PELCO), AZ5214E photoresist (EMD Performance Materials Corp.), 2-propanol, acetone, sulfuric acid (H2SO4) with 96 % molecular weight (MW), nitric acid (HNO3) with 63.001 % MW, hydrochloric acid (HCl) with 36.46 % MW, 30 % hydrogen peroxide (H2O2), hydrofluoric acid (HF) with 49 % MW (Avantor Performance Materials, Inc.), PG remover, MF 26A developer, 3A and Shipley (S1813; MicroChem Corp.) lift-off resists (LORs), PMMA MAA EL(5) (MicroChem Corp.) and AZ 520A (Zeon Specialty Materials Inc.) polymers, Pd, Au, Ti, Nb, Pt, deionized (DI) water, Ar, and O2 gas.
4.2. Preparation of NaYF4:Yb3+, Er3+ UCNP nanocrystals
 A single-pot hydrothermal method was adopted for the synthesis of highly crystalline lanthanide-ion-doped UCNPs (NaYF4:Yb,Er) [33]. The reaction was conducted in a 40 mL sealed Teflon-lined autoclave at a high temperature and pressure. Lanthanide precursors, such as 0.78 mM (millimolar) YNO3 (78 %), 0.20 mM YbNO3 (20 %), 0.02 mM ErNO3 (2 %), 7 mM NaF, and 1 mM Na2EDTA•2H2O, were mixed in an aqueous and organic solution of 0.3:1:1 ethylene-glycol/distilled-water/ethanol in a 50 mL glass beaker. The mixture was magnetically stirred (63 red/s) for 30 min at room temperature (RT) to yield a uniform solution. The resulting mixture was transferred into a tightly sealed 40 mL Teflon-lined autoclave and heated at 180 °C for 6 h. The EDTA salt worked as a surfactant by capping the surface of each UCNP and enabled controlled growth of nanocrystals with an adequate morphology. Ethanol was added to the UCNP solution after it cooled to RT and the solution was centrifuged (471 red/s) for 8 min; the resulting precipitate was washed three times with ethanol and dispersed in water.
4.3. In situ preparation of NaYF4:Yb3+, Er3+@Au nanocrystals
Novel in situ upconverting Au nanocrystals (NaYF4:Yb,Er@Au) were prepared similarly to the UCNPs, as discussed earlier, using a one-step process with binary functional EDTA salt [33-34], which enabled reduction of gold chloride (HAuCl4) into AuNPs, and acted as a surfactant for the UCNPs and AuNPs [33a, 34a]. The UCNP@Au composites were prepared using various molar ratios of the UCNPs and Au precursor. Moreover, the lanthanides and surfactant were used at the following molar concentrations: 0.78 mM YNO3 (78 %), 0.20 mM YbNO3 (20 %), 0.02 mM ErNO3 (2 %), and 1 mM EDTA salt. Additionally, the NaF concentration (4 mM, 5 mM, 6 mM, and 7 mM), ethylene-glycol/distilled-water/ethanol solvent ratio in the solution (1:3:0, 0:1:1, 0.16:1:0.16, and 0.3:1:1), and aqueous HAuCl4 content (480 µL  and 600 µL; 47.39 mM) were varied as reaction precursors. Fixed amounts of lanthanide nitride and EDTA were added to the solution (with varying solvent ratios) and magnetically stirred (63 red/s, 30 min) at RT to ensure uniform mixing. Furthermore, an appropriate volume of HAuCl4 solution was added dropwise into the preceding UCNP precursor mixture and continuously stirred for an additional 30 min. The resulting mixture was transferred into a 40 mL Teflon-lined autoclave, tightly sealed, and heated at 180 °C for 6 h. After the reactor was cooled to RT, the resulting mixture was centrifuged (471 red/s, 8 min) to yield the UCNP@Au composite precipitate, which was washed three times with ethanol and dispersed in water. Images of the precursor and the solution-dependent morphology of the UCNP@Au composites are shown in Figure S2–S5 (Supporting Information).
The morphology, Au conjugation, and water dispersibility of the UCNP@Au composites were investigated using 7:1 NaF/EDTA salt, solvents [0.3:1:1 ethylene-glycol/distilled-water/ethanol (5, 17, and 17 mL, respectively)], and HAuCl4 (480 µL) to facilitate their utilization in PDs.
4.4. Preparation of PB nanocrystals
Temperature-assisted decomposition of sodium ferrocyanide was adopted to synthesize PB nanocrystals with slight modifications [12]. Briefly, 40 mM sodium ferrocyanide was mixed in 100 mL of distilled water in a 150 mL glass flask and stirred (52 red/s) for 5 min. Then, 1 mL of HCl (37 %, Daejung) was slowly injected into the preceding mixture and heated at 60 °C for 4 h under similar agitation conditions. After the final solution cooled to RT, the obtained PB was cleaned three times with a 1:1 water/ethanol mixture and stored in a vacuum oven at 80 °C for 15 h for subsequent use.
4.5. Preparation of UCNP@Au+PB nanocomposites (NCs)
The electrostatic-interaction-based method was adopted to synthesize the UCNP@Au+PB nanocomposites (NCs), as illustrated in Figure S7 (Supporting Information). The well-known metallic-Au-attached UCNP composites (UCNP@Au) possess a negative surface charge, and the metal-coordinated PB (alternatively linked Fe3+ and Fe2+) has a positive charge, both of which can be simply conjugated by magnetic stirring. Water-dispersed UCNP@Au composites (20 mg, 10 mL) were sonicated in a 20 mL glass bottle for 40 min, after which 1 mg of PB powder was slowly added to the solution and further sonicated for 5 min. Finally, UCNP@Au and PB were electrostatically conjugated after the resulting solution was magnetically stirred (42 red/s) for 12 h. The resulting UCNP@Au+PB NC was stored at RT for subsequent experiments.
4.6. Graphene growth and device fabrication
Monolayer EG were grown on 7x7 cm2 SiC chips. These small chips were diced from on-axis 4H-SiC (0001) semi-insulating wafers (CREE). Chips were processed with AZ5214E to utilize polymer-assisted sublimation growth techniques [21b] and placed, silicon face down, on a polished graphite substrate (SPI Glass 22). The face-down configuration promotes homogeneous graphene growth. The annealing process was performed with a graphite-lined resistive-element furnace. The growth performed in an ambient argon environment at 1850 °C with heating and cooling rates were about 1.5 °C/s. The EG growth technique details can be found in Ref.[35]
After evaluation and characterizations of successfully grown EG with confocal laser scanning microscopy, and Raman spectroscopy, we deposited 10 nm-thick Pd and 15 nm-thick Au as a protective layer using an e-beam evaporator on the EG to prevent organic contamination. We then span coat lift-off resist (LOR) 3A and S1813 photoresist at 628 red/s respectively followed by standard bake procedure of each photoresist. Next, we define the Hall bar pattern using standard photolithography process followed by develop in MF26A and wash it with deionized (DI) water. Once the pattern develops nicely again deposit the 80 nm gold for the metal mask followed by lift-off in PG remover. After that, EG is etched into a Hall bar device shape with Ar/O2 plasma. Once the graphene pattern in the desired shape, again spin-coated LOR 3A, Shipley, and develop it after exposure for the contact pads. Next, we deposited NbTiN for electrodes using a sputtering tool followed by lift-off in PG remover. Finally, we remove the protective layers from the graphene region using a solution of 1:1 aqua regia to deionized water [36] (details provided in Figure S13; Supporting Information).
4.7. Characterization
The morphology of the nanocrystals was examined by (TEM; JEM-2100; accelerating voltage, 200 kV; JEOL, Japan). The SEM and EDS (elemental mapping) of the nanomaterials were performed by field-emission SEM (FE-SEM; JSM-7900F, JEOL, Japan). Optical absorbance was measured using a UV–vis–NIR optical spectrophotometer (DS104, Varian, UK). Raman spectroscopy was conducted using a WITec alpha300 R spectrometer equipped with a piezo stage and 100× objective lens under 1 mW power and 532 nm excitation. Emission spectra of the UCNPs were obtained using the Fluoromax-4 spectrofluorometer (Horiba Scientific, Japan) and a continuous-wave (CW) 980 nm laser (NDL-III, 980-2W, OptoEngine LLC, USA) with a power controller at normal incidence. The surface charges of the UCNP@Au, PB, and UCNP@Au+PB systems were measured using a zeta potential analyzer (NANOZS, Malvern Analytical Ltd., UK). The work function of PB was determined by ultraviolet photoelectron spectroscopy (UPS; Nexsa XPS, ThermoFisher Scientific, UK) with a UV source (He-I: 21.2 eV). The current-voltage measurements were performed using a Keithley 2400 source meter.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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ToC figure ((Please choose one size: 55 mm broad × 50 mm high or 110 mm broad × 20 mm high.  Please do not use any other dimensions)) 
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