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Introduction.

Microwave photoconductive switches belong to a type of electrical switch that allows an optical control on the magnitude and phase of the microwave signals to be transmitted. The operation of such devices relies on the change of electrical conductance induced by illumination, for example, due to the generation of electrons and holes in semiconductors upon above-bandgap photoexcitation contributing to the increased conductivity. Photoconductive switches are highly demanded for a wide range of applications, such as electrical signal switching, [START_REF] Andersson | ESSDERC '87 17th Eur. Solid State Device Res. Conf[END_REF][START_REF] Andersson | [END_REF][3][4][5][6][7] signal sampling, [8][9][10] voltage pulse, 11,12 waveform generation, [13][14][15] and terahertz emitters. [START_REF] Lee | Princ. Terahertz Sci. Technol[END_REF] So far, popular choices of semiconductors to achieve microwave photoconductive switches are chromium-doped gallium arsenide (Cr-GaAs), 6 low-temperature-grown gallium arsenide (LT-GaAs), [START_REF] Smith | [END_REF][START_REF] Delord | Eur. Conf. Lasers Electro-Optics Int. Quantum Electron. Conf[END_REF][START_REF] Ma | [END_REF][20] indium phosphide (InP), [START_REF] Andersson | ESSDERC '87 17th Eur. Solid State Device Res. Conf[END_REF]3 silicon (Si) and its derivatives 4,5,8,10,11,13 (e.g. amorphous Si and Si on sapphire (SoS)). Among them, LT-GaAs was developed with a growth temperature less than 200 °C in order to have abundant arsenic antisite-related deep states which lead to subpicosecond carrier lifetime in the samples. Besides the short carrier lifetime which is necessary to reduce the recovery time of the switch, LT-GaAs also exhibits high carrier mobility and high dark resistivity, all of which are factors contributing to the intensive research so far performed on photoconductive switches based on this material. [START_REF] Smith | [END_REF][START_REF] Delord | Eur. Conf. Lasers Electro-Optics Int. Quantum Electron. Conf[END_REF][START_REF] Ma | [END_REF][20] Nevertheless, the operation of LT-GaAs-based photoconductive switches is limited to an optical excitation source with a wavelength () shorter than 800 nm due to the direct bandgap of GaAs (1.42 eV 21 at room temperature), while common optical communications are typically operated at wavelengths of 1.3 µm or 1.55µm. In fact, photoconductive switches based on most of the above-mentioned material systems cannot achieve functionality at these short-wave infrared wavelengths. Some research efforts have therefore been dedicated to the development of photoconductive switches functional in the short-wave-infrared spectrum window (e.g.  = 1.3 -1.55 µm). For example, attempts have been made to exalt the trap-assisted two-photon absorption (TPA) in LT-GaAs to provide photoconductive switch under  = 1.55 µm illumination but the performance of the device was limited by the low TPA coefficient in LT-GaAs. 20 Another approach consists to reduce the bandgap of GaNAsSb to 0.8 eV by increasing the concentration of nitrogen and antimony doping. 22 Photoconductive switch of GaNAsSb functional at  = 1.55 µm was then realized exhibiting an ON-OFF ratio of 9 dB at microwave signal with a frequency of 1.5 GHz.

Towards similar objectives, photoconductive switches based on two-dimensional (2D) materials such as exfoliated black phosphorus were also fabricated, providing a maximum ON/OFF ratio of 17.2 dB for microwave signal at 1 GHz. 23 To harvest near-infrared and short-wave-infrared photons, in the past years, many colloidal upconversion nanoparticles have been synthesized, [24][25][26][27][28] typically containing trivalent lanthanide dopants in an inorganic crystalline host with low lattice phonon energies and low nonradiative loss and involving a multi-photon absorption process. 29 Here, upconversion refers to the capability of materials to absorb and convert low-energy photons to high-energy photons. Most of these previous upconversion nanoparticles (UCNPs) applied a co-doping of Yb 3+ and Er 3+ in order to upconvert near-infrared light with a wavelength shorter than 1.0 μm (e.g., upconversion from 808 or 975 nm to visible photons). Recently, attempts to upconvert λ = 1.5 μm illumination to visible photons by colloidal nanomaterials have emerged leading to potential optoelectronic applications: For example, photodetectors based on Er 3+ -doped silicate nanosheets/hybrid perovskite halide, 30 Er 3+ -doped NaYF 4 nanocrystal/conjugated polymer, 24,31 and Er 3+ -doped NaYF 4 nanocrystal/Si 32 were fabricated recently exhibiting promising photoresponse characteristics under λ = 1.5 μm illumination. Yet, no attempts have been done so far, to our best knowledge, to apply upconversion nanocrystals on microwave photoconductive switches to achieve functionality under λ = 1.5 μm illumination. In this work, we investigated an alternative approach by applying solution-processed colloidal upconversion nanocrystals directly on LT-GaAs to achieve hybrid photoconductive switches functional at  = 1.55 µm illumination.

Experimental

Er 3+ -doped NaYF 4 nanocrystals were synthesized by a previously reported hydrothermal route 32,33 with minor modifications. In a typical synthesis, a 3 mmol of sodium citrate tribasic dihydrate in 5 mL deionized (DI) water was used to react with 5 mL 1 mmol of Ln 3+ (85% Y 3+ and 15% Er 3+ ) aqueous solution under vigorous stirring until the formation of a white precipitate of lanthanide citrate. This is followed by a slow addition of a 5 mL aqueous solution of NaF (2.4 mol/L) and a subsequent stirring for 1 hour. This precursor solution was then transferred into a 75-mL-volumn autoclave, which was sealed and placed into an oven pre-heated at 120 o C for a 2hour hydrothermal treatment. After this treatment finished and the autoclave being cooled down to room temperature, the synthesis products, NaYF 4 :15%Er 3+ UCNPs, were separated from their mother liquid by centrifugation (6000 rpm, 30 minutes) and decantation. After being re-dispersed in DI water, the UCNPs were further purified by the above-mentioned centrifugation/decantation processes three times. The final UCNPs were first dried under vacuum at 60 o C for 24 hours and then annealed at 300 o C for 2 hours. SEM characterizations were performed by a FEI Magellan 400 system with a standard field emission gun source equipped with a EDX detector. XRD spectra were obtained by a PANalytical X'Pert X-ray diffractometer using Cu Kα radiation. UV-visible absorbance spectra were carried out by a Jasco V-770 UV/VIS/NIR Spectrophotometer. Fluorescence experiments were performed by a reflection mode on Er 3+ -doped NaYF 4 nanocrystals deposited on a glass substrate with an excitation source at the wavelength of λ = 1.5 μm achieved by a single mode pigtailed laser diode (45 mW). Fluorescence was recorded by an Ocean Optics HR4000 spectrometer with an optical fiber. Fluorescence quantum yield measurements were performed on nanocrystal powders deposited on a home-made holder with a integrating sphere by a method established previously 34 and recorded simultaneously by two spectrometers (Ocean Optics HR4000 spectrometer and Ocean Optics NIR-Quest 256 spectrometer). Kubelka-Munk function was calculated from the diffuse reflectance spectra obtained on nanocrystal powders deposited on a glass substrate measured by an Ocean Optics reflectance probe together with a Spectralon diffuse reflectance standard, a fiber-coupled tungsten halogen light source, and an Ocean Optics HR4000 spectrometer (for visible spectrum measurements) or an Ocean Optics NIR-Quest 256 spectrometer (for infrared spectrum measurements).

LT-GaAs layer on a bulk GaAs substrate was grown using a standard MBE method and post annealing on which 150-nm-thick gold electrodes (with 10-nm-thick Ti adhesive layer) were then defined by E-beam lithography to complete the photoconductive switch fabrication. Er 3+ -doped NaYF 4 nanocrystals were first dispersed in isopropanol with the help of sonication and such solution was then drop-cast onto the surface of the above-mentioned LT-GaAs photoconductive switches. SEM characterizations were performed before and after nanocrystal deposition. Both the hybrid (with nanocrystals) and the control devices (without UCNPs) were characterized under top optical excitation by a 2 µm lensed fiber placed in a CASCADE Lightwave probe support and connected to a continuous wave (CW) single mode pigtailed laser operating at  = 1.55µm (power density  12.9 mW/µm²). Microwave performances of both type of devices with and without UCNPs were evaluated by measuring the ON/OFF ratio (R ON/OFF ) versus the input microwave signal frequency. S-Matrix coefficients of the devices were measured by using a ZVA 67 Rhode & Schwartz Vectorial Network Analyzer in the frequency range from 20 MHz to 20 GHz under the two working states, after a Short-Open-Load-Through (SOLT) calibration with a 101-190 CASCADE calibration kit (with an Al 2 O 3 substrate), in a FORM FACTOR co-planar waveguide probe test environment. Instrument accuracy on the transmission coefficient measurement of 0.005 dB was obtained with the standard coplanar line from calibration kit after an averaging technique on ten sequential measurements.

Results and discussion

The device structure of the LT-GaAs photoconductive switch under study and its topography view are exhibited in Figure 1. On such a device, a 2-µm-thick LT-GaAs layer was grown on a bulk GaAs substrate. On the top surface of LT-GaAs, gold electrodes were defined to form transmission (or signal) lines with a tip width of 1 µm and separated by a gap of 1.02 µm (Figure 1(b)). Two ground planes were also defined next to the signal lines. The equivalent circuit model of the active region (the region between the gap) of such photoconductive switches has been established previously [START_REF] Faci | Eur. Microw. Conf[END_REF][START_REF] Andersson | [END_REF] and shown in Figure 1(c) similarly to a microwave high pass filter.

Based on such a model, the active region is dominated by the gap conductance (G g ) and gap capacitance (C g ) connected in parallel, where the value of G g depends on the illumination intensity and wavelength. They are further connected in series with the two circuits, where the shunt conductance (G s ) and the shunt capacitance (C s ), both associated with the region outside the gap, is connected in parallel. For high resistivity materials like LT-GaAs, G s is typically extremely small and can be neglected. The microwave photoconductive ON/OFF ratio (with and without illumination) can be determined by the S 21 transmission coefficient measured by a network analyzer:

(

and thus (4) where  is the angular frequency in radians per second of the input electrical signal, Z 0 is the characteristic impedance of the input and output accesses of the device (= 50 ohm), G g and C g is the gap conductance and gap capacitance described above, respectively. The optical absorbance measured on our LT-GaAs/GaAs sample at  = 1.55µm was found to be very small with an optical density ≤ 0.005 (Figure 1(e)). Such sub-bandgap light absorption in LT-GaAs likely originates from defect (e.g. As defects) absorption. 37 In order to render our LT- The upconversion mechanism can be approximated through the electronic transitions depicted in Interestingly, even with such a limited number of Er 3+ -doped NaYF 4 nanocrystals located in the gap and in direct contact with LT-GaAs, the energy transfer from the nanocrystals to LT-GaAs was important enough to result in a significant increase of gap conductance of LT-GaAs which contributes to the microwave transmission ON/OFF ratio (R On/Off ). 

Conclusions

In this work, we propose an alternative approach to achieve microwave photoconductive switches functional at  = 1.55 µm illumination by the use of solution-processed colloidal upconversion nanocrystals deposited directly onto LT-GaAs. For this purpose, Er 3+ -doped NaYF 
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 1 Figure 1. (a) Scanning electron microscopy (SEM) image of the LT-GaAs/GaAs
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 1 55µm illumination, we synthesized upconversion Er 3+ -doped NaYF 4 nanocrystals by colloidal routes. The optical absorption of the Er 3+ -doped NaYF 4 nanocrystals can be verified qualitatively by measuring the diffuse reflectance spectra of the nanocrystal powders and the Kubelka-Munk function obtained from the diffuse reflectance spectra (Figure S1 of supporting information). Revealed by SEM characterizations, these as-synthesized Er 3+ -doped NaYF 4 nanocrystals exhibit a uniform morphology, with an average crystal dimension of 416 nm  26 nm (Figure 2(a)). Powder X-ray diffraction confirmed that these nanocrystals are highly crystalline with a pure hexagonal -NaYF 4 phase (in good agreement with JCPDS no. 00-016-0334) (Figure 2(b)). Importantly, under  = 1.55µm laser excitation, five strong fluorescence peaks were observed with their peak intensity located at wavelengths of  = 525 nm, 544 nm, 658 nm, 806 nm, and 979 nm, respectively (Figure 2(c)).

Figure 2 (

 2 Figure 2(d), where the Er 3+ dopants act as both the sensitizers (responsible for optical absorption
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 2 Figure 2. (a) SEM image, (b) power X-ray diffraction pattern, and (c) the fluorescence spectrum under λ = 1.55µm laser excitation (power  45 mW) of the Er 3+ -doped NaYF 4 nanocrystals
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 3 photoconductive switch based on exfoliated black phosphorus23 and GaNAsSb,22 while the
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 3 Figure 3. (a) Schematic of the hybrid upconversion Er 3+ -doped NaYF 4 nanocrystals/LT-GaAs
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 4 were synthesized by colloidal routes resulting in uniform morphologies and dimensions together with a pure hexagonal -NaYF 4 phase. Under  = 1.55 µm laser excitation, on these nanocrystals, five strong fluorescence peaks were observed with their peak intensity located at wavelengths of  = 525 nm, 544 nm, 658 nm, 806 nm, and 979 nm, respectively, among which the first four fluorescence emission peaks can overlap largely with the optical absorption of LT-GaAs suggesting efficient resonant energy transfer. Hybrid Er 3+ -doped NaYF 4 nanocrystal/LT-GaAs photoconductive switch was then fabricated, with four Er 3+ -doped NaYF 4 nanocrystals located inside the gap of the photoconductive switch and in direct contact with LT-GaAs. Under a CW λ = 1.55µm laser illumination (power density  12.9 mW/µm²), thanks to the upconversion energy transfer from the nanocrystals, a significant increase of ON/OFF ratio was observed in the upconversion nanocrystal/LT-GaAs hybrid device. A maximum ON/OFF ratio reaching 20.6 dB was measured on the hybrid device at an input signal frequency of 20 MHz. Such an ON/OFF ratio was more than 2-fold higher in decibel (or > 11-fold higher in absolute value) by comparison to the control device without UCNPs. Together with the advantage of solution-processing, the current Er 3+ -doped NaYF 4 nanocrystal/LT-GaAs photoconductive switch by photon upconversion represents a novel solution-processed path to achieve optical control of microwave signals by λ = 1.55µm illumination.
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