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Introduction

Frequency mixers are an essential component of RF and THz systems. For example, heterodyne receivers using Schottky diode mixers pumped by local oscillators based on multiplier chain, have opened the way to THz sensors with fW-power-level sensitivity working at room temperature [START_REF] Schlecht | Schottky Diode Based 1.2 THz Receivers Operating at Room-Temperature and below for Planetary Atmospheric Sounding[END_REF][START_REF] Siegel | Terahertz Technology[END_REF] . Besides these promising developments based on all-electronic devices and driven largely by applications in astronomy, earth and planetary science [START_REF] Siegel | THz Instruments for Space[END_REF] , numerous studies on THz sources and detectors using photonic techniques have been performed during last years in the wake of the continuous improvement of near-infrared lasers sources at wavelengths between 780 and 1550 nm. Today, laser-driven sources and detectors are a key This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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10.1063/5.0153046 components of commercial THz spectrometers [START_REF] Liebermeister | Ultra-Fast, High-Bandwidth Coherent Cw THz Spectrometer for Non-Destructive Testing[END_REF][START_REF] Roggenbuck | Coherent Broadband Continuous-Wave Terahertz Spectroscopy on Solid-State Samples[END_REF] and have enabled the race to high data rates in THz wireless communications by bridging the gap between optical fibers and wireless communications technologies [START_REF] Nagatsuma | Advances in Terahertz Communications Accelerated by Photonics[END_REF] .

Photonic-based detection of continuous THz waves is also based on frequency mixing since, as illustrated in Figure 1a, the THz input wave is down-converted to an intermediate frequency f IF in a photoconductor illuminated by an optical signal modulated at a frequency f L0 such that f IF = |f L0f THz |. More precisely, in the case of commercial THz spectrometers, the scheme is called homodyne detection [START_REF] Verghese | Generation and Detection of Coherent Terahertz Waves Using Two Photomixers[END_REF] , since the same optical beat note of two slightly detuned laser lines is used for generating and detecting THz radiation, implying f THz = f LO . Optoelectronic mixers using a laser-based local oscillator (LLO) have indeed numerous advantages as compared to existing all-electronics technologies. First, the LLO frequency is widely tunable up to a few THz due to the huge bandwidth in the optical-domain. This paves the way for the development of THz-frequency-band spectrum analyzers with applications in high-resolution THz spectroscopy or electrical characterization of analog devices for 5G/6G communications systems. In addition, the LLO-signal is compatible with standard optical fibers, which are lightweight and immune to electromagnetic interference. This is particularly advantageous for antenna arrays, which require the distribution of the LLO signal to each individual antenna.

The same considerations are valid for integrated THz antenna arrays, which could be realized by on-chip photonic circuits. To take advantage of the low-cost, reliable and efficient telecomfiber components, 1550 nm need to be used as the operating wavelength. At the same time, several challenges remain to be addressed to exploit the full potential of photonic-assisted instruments for RF/THz applications. The first one is the development of LLOs whose frequency stability and noise approach that of electronic sources while remaining largely tunable [START_REF] Loas | Dual-Frequency 780-Nm Ti:Sa Laser for High Spectral Purity Tunable CW THz Generation[END_REF][START_REF] Rolland | Narrow Linewidth Tunable THz Signal Radiated by Photomixing: Coupling a Unitravelling Carrier Photodiode and a Two-Axis Dual-Frequency Laser[END_REF][START_REF] Latkowski | Analysis of a Narrowband Terahertz Signal Generated by a Unitravelling Carrier Photodiode Coupled with a Dual-Mode Semiconductor Fabry-Ṕrot Laser[END_REF][START_REF] Hallal | Frequency Stabilization of a Laser Tunable over 1 THz in an All Fibered System[END_REF][START_REF] Ito | Broadband-Frequency-Tunable Sub-Terahertz Wave Generation Using an Optical Comb, AWGs, Optical Switches[END_REF][START_REF] Tetsumoto | GHz Wave Generation Based on a Kerr Microresonator Frequency Comb Stabilized to a Low Noise Microwave Reference[END_REF] . The second challenge lies in increasing the performance of optoelectronic mixers working at 1550 nm in terms of conversion loss and noise temperature, to become competitive with electronic solutions. Hitherto, photoconductors used as heterodyne or homodyne detectors in THz systems are based on planar, interdigitated electrode capacitors patterned on low-carrier lifetime materials. Photoconductors suitable for optical excitation at telecom wavelengths are typically made of low temperature grown-InGaAs/InAlAs MQWs [START_REF] Göbel | Telecom Technology Based Continuous Wave Terahertz Photomixing System with 105 Decibel Signal-to-Noise Ratio and 35 Terahertz Bandwidth[END_REF] or Fe-doped InGaAs layers [START_REF] Mohandas | Generation of Continuous Wave Terahertz Frequency Radiation from Metal-Organic Chemical Vapour Deposition Grown Fe-Doped InGaAs and InGaAsP[END_REF][START_REF] Deumer | Continuous Wave Terahertz Receivers with 4.5 THz Bandwidth and 112dB Dynamic Range[END_REF] . The advantage of planar electrodes is their intrinsically low electrical capacitance allowing for efficient operation up to a few THz. Unfortunately, these electrodes come with a large conversion loss of ~50 -60 dB [START_REF] Harter | Wireless THz Link with Optoelectronic Transmitter and Receiver[END_REF]18 , which is far away from the This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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10.1063/5.0153046 best electronic mixers whose conversion loss can be as low as 12 dB 1 when they are integrated in a waveguide and operate in a reduced frequency bandwidth.

In this work, we present the design, fabrication and characterization of an ultrafast photoconductor embedded in a plasmonic microcavity designed for 1550-nm operation. This design improves the photoconductance and conversion efficiency by reducing the electrode spacing while maintaining high optical absorption and carrier collection efficiency. The photoconductor is based on a high-dark-resistivity and sub-picosecond-carrier-lifetime irondoped InGaAs layer. With this design, we demonstrate conversion losses lower than ~30 dB for frequencies up to 320 GHz. An ultrafast photoconductor illuminated by a light modulated at frequency 𝜔 𝐿0 can be modeled as a parametric conductance 𝐺(𝑡) = 𝐺 0 + 𝐺 1 cos(𝜔 𝐿𝑂 𝑡), since the charge carrier density in the device is driven by the intensity of the optical pump [START_REF] Coleman | Mixing and Detection of Coherent Light[END_REF] . Here, G 0 and G 1 are the average and modulated parts of the photoconductance, respectively. In addition, since the frequency response of the photoconductor is governed by the carrier lifetime , 𝐺 1 = (𝐺 0 -𝐺 𝑑𝑎𝑟𝑘 )/√1 + (𝜔 𝐿𝑂 𝜏) 2 20 with the dark conductivity G dark . This parametric photoconductance generates mixing frequency terms at 𝑛𝜔 𝐿𝑂 ± 𝜔 𝑇𝐻𝑧 , 𝑛 being a positive integer, when biased by an input THz signal at frequency 𝜔 𝑇𝐻𝑧 . As shown in the Supplementary Material, the Ultrafast Photoconductor

Results

Optoelectronic mixing by a photoconductor: design rules and minimum conversion loss.
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conversion loss 𝐿 = 𝑃 𝑇𝐻𝑧 𝑃 𝐼𝐹 ⁄ between the incident THz power and the IF output power at 𝜔 𝐼𝐹 = |𝜔 𝐿𝑂 -𝜔 𝑇𝐻𝑧 | can be expressed by:

𝐿 ≈ (1 + (𝜔 𝐿𝑂 𝜏) 2 ) (1 + 2𝐺 0 𝑅 𝐿 ) 4 (1 -𝐺 𝑑𝑎𝑟𝑘 𝐺 0 ⁄ ) 2 (𝐺 0 𝑅 𝐿 ) 2 (1) 
where 𝑅 𝐿 , the input impedance of the IF receiver, is assumed to be equal to the source impedance. As expected, it can be seen from ( 1) that the carrier lifetime sets the frequency band of the mixer and minimizing the ratio 𝐺 𝑑𝑎𝑟𝑘 /𝐺 0 is essential in order to minimize the conversion loss. For 1550-nm-operation, photoconductors based on iron-doped InGaAs photoconductive material, which shows both sub-picosecond carrier lifetime and high dark resistivity [START_REF] Deumer | Continuous Wave Terahertz Receivers with 4.5 THz Bandwidth and 112dB Dynamic Range[END_REF] (> 1 k.cm), are likely to fulfill these requirements. In the best-case scenario, i.e.

𝜔 𝐿𝑂 𝜏 ≪ 1 and 𝐺 𝑑𝑎𝑟𝑘 ≪ 𝐺 0 , a minimum conversion loss 𝐿 𝑚𝑖𝑛 ≈18 dB is achieved at 1/𝐺 0 ≈ 2𝑅 𝐿 as seen in Figure 1b. It could reach 𝐿 𝑚𝑖𝑛 ≈ 12 dB if IF and THz filters were added on each side of the photoconductance. If 𝑅 𝐿 = 50 Ω, 𝐿 𝑚𝑖𝑛 is obtained when 𝐺 0 =10 mS, a value 25times larger than for state-of-the-art planar photoconductors. Please note that this is still much larger than the theoretical limit in conversion loss of 3.9 dB reached with an ideal resistive mixer (𝐺 𝑜𝑛 ≈ +∞) with matching loads working in pulsed mode at 𝜔 𝐿𝑂 and 50 % duty cycle [START_REF] Kelly | Fundamental Limits on Conversion Loss of Double Sideband Resistive Mixers[END_REF] . It is also still well above state-of-the-art electronic mixers which offer conversion loss around 12 dB up to 1 THz thanks to a careful electromagnetic design of IF and THz filters, which leads to a reduced tuning bandwidth around 10% [START_REF] Schlecht | Schottky Diode Based 1.2 THz Receivers Operating at Room-Temperature and below for Planetary Atmospheric Sounding[END_REF] . . For an improved electric field distribution both photoconductor thickness (t) and electrode spacing (L) should be similar and above ~1 µm. However, for a low-carrier lifetime photoconductor the responsivity is proportional to the photoconductive gain 𝜏/𝜏 𝑡𝑟 . [START_REF] Peytavit | Fundamentals of Terahertz Devices and Applications[END_REF]22 . Here, 𝜏 is the carrier lifetime, 𝜏 𝑡𝑟 the transit-time. Thus, a photoconductor with µm-wide electrode spacing would exhibit a low responsivity and hence low photoconductance, if its carrier lifetime is below 1 ps and its transit time is longer than 10 ps (v sat 10 5 cm/s). That is, it can be shown that the photoconductance (G 0 ) of a low-carrier lifetime photoconductor (assuming a 1D geometry) illuminated by an optical beam of power P 0 is equal to 22 :

InGaAs:Fe-based plasmonic cavity photoconductors for efficient optoelectronic mixing

𝐺 0 = 𝐴 𝐼𝑛𝐺𝑎𝐴𝑠 𝑞µ ℎ𝑣 𝜏 𝐿 2 𝑃 0 (2) 
Eq. ( 2) shows that a reduction of the electrode spacing increases the photoconductance if the absorption in the InGaAs layer 𝐴 𝐼𝑛𝐺𝑎𝐴𝑠 is kept constant since it increases the carrier density.

The capacitance of the photoconductor should also be as low as possible in order to reach THz frequencies. Hence, we define:

𝐹 = 𝐴 𝐼𝑛𝐺𝑎𝐴𝑠 1 𝑆𝐿 𝑞µ𝜏 𝜀 𝑟 ℎ𝑣 (3) 
as a suitable figure of merit to benchmark the efficiency of photoconductive THz receivers.

Here, 𝐹 is the ratio of the photoconductance per unit of optical power 𝐺 0 𝑃 0 ⁄ and the electrical capacitance (assuming that 1/𝐺 0 remains larger than the load resistance 𝑅 𝐿 ~50 Ω). For simplicity, the photoconductor is modeled as a parallel plate capacitor with relative dielectric constant  r ( r = 13.9 in InGaAs) and area S. That is, equation (3) shows that reducing the inter- electrode spacing without diminishing the absorption efficiency is a straightforward way to increase 𝐹 for a given photoconductive material and active area.

In order to assess the validity of this model, we have investigated photoconductors based on InGaAs:Fe layer embedded in a plasmonic microcavity, as shown schematically in Fig. 2b, with metallic layers acting as bias electrodes and plasmonic waveguide at the same time. The top This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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electrode is nanostructured to form a grating to achieve efficient coupling of 1550-nm light into the cavity and low parasitic serial resistance [START_REF] Billet | Ultra-Thin InGaAs-MSM Photodetectors for THz Optoelectronics Applications[END_REF][START_REF] Billet | Sub-Sampling of RF and THz Waves Using LT-GaAs Photoconductors under 1550 Nm Light Excitation[END_REF] . The bottom electrode consists of a buried gold layer. Figure 3a shows a map of the calculated absorption efficiency at 1550-nm-wavelength for a plasmonic microcavity photoconductor (PMP) as a function of the grating period and the InGaAs layer thickness t (more details can be found in the Methods section). For short grating periods p below 0.4 µm the absorption efficiency as a function of InGaAs thickness shows narrow absorption peaks related to Fabry-Pérot (FP) resonances. For grating periods longer than the wavelength in InGaAs (𝜆 𝐼𝑛𝐺𝑎𝐴𝑠 ≈ 430 nm), the structure of the absorption efficiency becomes more complex due to diffraction effects. At p≈ 𝜆 𝐼𝑛𝐺𝑎𝐴𝑠 , the grating can be seen as a coupler of the incident light to the first asymmetric mode of the plasmon slot waveguide [START_REF] Dionne | Plasmon Slot Waveguides: Towards Chip-Scale Propagation with Subwavelength-Scale Localization[END_REF] leading to a slight dependence on the InGaAs thickness. At p≈430 nm and t≈200 nm, we can observe an anti-crossing in the absorption map induced by the coupling between these two resonances. Figure 3b depicts the absorption efficiency versus InGaAs thickness at a fixed grating period in the two regimes. Close to the anti-crossing area (p = 415 nm), a very wide absorption peak (FWHM >250 nm) is achieved with a maximum above 80% at 250 nm InGaAsthickness. For the Fabry-Pérot regime, a narrow peak reaching 75% at t 160 nm with 60 nm-FWHM is predicted. Thus, for microtechnological processing, a very fine control of the InGaAs As a comparison, we have also calculated the absorption efficiency of a FP cavity with a top mirror consisting of 20-nm of gold covered by a 160-nm-thick silicon nitride (SiN) antireflecting (AR) layer, as previously developed for low-temperature-grown GaAs photoconductors operating at 780 nm [START_REF] Peytavit | Milliwatt-Level Output Power in the Sub-Terahertz Range Generated by Photomixing in a GaAs Photoconductor[END_REF] . In addition to a much larger sheet resistivity, it is shown in Figure 3b (the lowest sub-figure) that the top mirror leads to a lower and narrower absorption efficiency peak. This can be explained by its larger optical losses and its higher reflectance (~60%) despite an optimized SiN AR coating, which prevents achievement of critical coupling condition. Therefore, we decided to disregard this design and move forward with the design of the plasmonic microcavities. This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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image. Figure 4b compares the measured photoresponse as a function of excitation wavelength, which is proportional to the absorption efficiency, (right y-axis) with the calculated absorption efficiency (left y-axis). For the calculation, the parameters as measured by SEM (and shown in Figure 4a) were taken as the input. We observe very good qualitative agreement between measurement and calculation. Figure 4c summarizes the dependencies of the peak absorption efficiency on the geometrical parameters of the plasmonic cavity. In this absorption regime, grating period and layer thickness have a significant and similar impact on the absorption. It is would even be possible to counterbalance one with the other during processing. 

Conversion loss measurement up to 320 GHz

The PMPs are integrated with a coplanar waveguide with contact pads allowing on-wafer characterization. After fabrication, the PMPs were characterized up to 325 GHz. Figure 5 shows SEM views of a typical device integrated in series to a 50-Ohm-coplanar waveguide ended by contact pads with dimensions adapted to the coplanar waveguides used for input and output coupling.

Figure 6a summarizes the I-V characterization of devices with 4-µm-diameter gratingelectrodes with and without illumination. It can be noticed that they are not perfectly symmetric with respect to zero bias because of the vertical structure. For optoelectronic mixing applications, this can be easily cancelled by the addition of a small dc bias. When the photoconductor is biased by the THz signal, only the part of the I-V curve around zero is used.

In this case the photoconductor can effectively be modeled as a perfect resistor which can be switched from R off = 280 k to R on = 300 , when illuminated by an optical power of 70 mW. This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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From Eq. 1, a conversion loss of around 20.5 dB is expected if R on =300 . This is in good agreement with the measured conversion loss vs frequency plotted in Figure 6b for devices with top electrode diameter between d = 2 to d = 6 µm. The best devices achieve around 22 dB conversion loss at the lower frequencies and around 30 dB at 320 GHz. In comparison, fully packaged state of the art photomixers with integrated antenna show conversion loss of ~50 dB at 100 GHz and 60 dB around 300 GHz [START_REF] Harter | Wireless THz Link with Optoelectronic Transmitter and Receiver[END_REF] . It can be seen that the conversion loss is not completely flat even for devices with the smallest diameter devices, whose RC frequency cutoff should be well beyond 300 GHz (1800 GHz for d=2 assuming R=50 Ohm). However, it is worth noting that the device with d=6 µm and f RC = 200 GHz shows, as expected, a larger increase of the conversion losses. We can also see some ripples because of the mismatch between the coplanar probes and the devices. Fig. 6c shows the dynamic range of the detector obtained by sweeping the input power from -60 dBm to 10 dBm. We achieve around 70 dB of dynamic range limited by the experimental set-up. Fig. 6d shows an IF spectrum showing a SNR around 50 dB, despite a very large RBW limited by the laser stability. This shows the superiority of the PMP as a THz mixer in comparison to a photodiode as Ref. [START_REF] Rouvalis | Millimeter-Wave Optoelectronic Mixers Based on Uni-Traveling Carrier Photodiodes[END_REF] reports similar SNR values despite a RBW of 100 Hz, which was possible by using an optical beatnote locked to a RF synthesizer.

Discussion

The measured conversion loss at frequencies below 70 GHz is in good agreement with the basic model developed in this study. A model allowing the quantitative estimation of the frequency dependent conversion loss would require more extensive work, but it is clear that the cut-off frequency related to the carrier lifetime and the impedance mismatch (due to the electrical capacitance of the device) have the largest impact. In addition, the measured carrier lifetime of the material may not represent the actual carrier lifetime during device operation. This is because the lifetime is deduced from differential transmission measurements, a pumpprobe measurement using fs-optical pulses. In contrast, during device operation the photoconductor is illuminated continuously by the optical intensity beating generated by two cw-laser lines. Thus, this carrier lifetime may be quite different due to saturation effects. In our case, the carrier lifetime which should be around 100 fs, resulting in a cut off frequency above 1 THz. However, if the actual lifetime during device operation was around 1 ps instead, This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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10.1063/5.0153046 10 we would obtain a cut-off frequency around 160 GHz, for example. These differences in the measured vs. actual carrier lifetime could explain the increasing conversion loss for higher frequencies for the smallest devices, which exhibit a very low capacitance and high RC cut-off frequency. In addition, developing an accurate electrical model of our conversion lossmeasurements is quite difficult, since, as seen before, it will require the perfect knowledge of the source and load impedances on both IF and THz bands. It is not the case, except in the lowest frequency band, since the impedances of the probes and waveguides are known only in their operating frequency band. This could explain the observed ripples and the higher conversion loss for higher frequencies as measured in our experiments. This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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Conclusion

We presented an optoelectronic photomixer based on an ultrafast, MBE-grown InGaAs:Fe layer embedded in a plasmonic microcavity. With this photomixer, we demonstrate a conversion loss as low as ~30 dB up to 325 GHz. That is, we expect significantly lower conversion loss than for state-of-the-art photomixers with integrated antenna based on a bulk photoconductive layer, once the PMPs are package. We expect similar improvements beyond 1 THz for the smallest size photomixers (when integrated with a THz antenna), since these devices show RC-related cut-off frequencies reaching 1.8 THz. Further improvements are achievable and will require optimization of the photoconductive material properties as well as better control of the electrical circuit's terminations in both the THz and IF frequency ranges. Overall, the presented plasmonic microcavity photoconductors achieve a very low conversion loss of ~30 dB at 320 GHz. This renders these devices extremely promising for application in high-data rate THz communications, in cw-THz spectrometers and in photonicsenabled THz spectrum analyzers.

Methods

Material growth: For epitaxy, a gas-source molecular beam epitaxy system by Riber was used.

The Fe-doped InGaAs layer was grown lattice matched to a semi-insulating, Fe-doped indium phosphide substrate.

Device Fabrication: The fabrication of the plasmonic microcavity photodetectors begins with the realization of a buried metal layer acting as the bottom mirror and bottom contact metallization. This is obtained by transferring the epi-layers onto a 2"-diameter high-resistivity (>5 k.cm) silicon wafer using a Au-Au thermo-compression bonding technique detailed in Ref. [START_REF] Peytavit | Wide-Band Continuous-Wave Terahertz Source with a Vertically Integrated Photomixer[END_REF] , followed by the wet etching of the InP substrate. Next, the Au (300 nm) nanogrid top contact metallization is realized through e-beam lithography, followed by e-beam evaporation and lift-off. The epi-layers are subsequently dry-etched by ICP using the top metal layer as etch-mask. The ground metal layer is finally dry-etched by an Ar + ion-beam around the PMP's down to the silicon substrate (Fig. 5). To electrically connect the nanogrid to the 50  coplanar line, suspended Ti/Au (20 nm/600 nm) wire-bridges are finally fabricated by a two-step e-beam lithography process. To this end, a first resist layer is used as support after deposition, e-beam lithography and reflow, followed by a second one to define the wires by This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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Optical simulation of the plasmonic microcavity photoconductor

The numerical simulations are carried out to calculate the absorption efficiency of the PMPs.

We define the absorption efficiency as the ratio of the absorbed power in the InGaAs-layer to the incident opitcal power, as a function of the nanogrid period p, aperture width a, and cavity thickness t. The cavity is considered as a 2D structure infinitely periodic along one dimension and infinitely long on the other one (see Fig. 2(b)). The system is illuminated under normal incidence with a plane wave polarized orthogonally to the nanogrid electrodes (shown in Fig. 2b.). Frequency-dependent dielectric functions have been taken from Ref. [START_REF] Seifert | Revised Refractive Index and Absorption of In_1-XGa_xAs_yP_1-y Lattice-Matched to InP in Transparent and Absorption IR-Region[END_REF] (In 53 Ga 47 As) and Ref. [START_REF] Arsenin | Optical Constants and Structural Properties of Thin Gold Films[END_REF] (Au).

Photoresponse spectrum measurement.

Photoresponse spectrum of the PMP's was conducted by illuminating a test structure of 20x20 µm 2 area by an external-cavity laser (Yenista Tunics) by using a lensed optical fiber of mode field diameter (MFD) equal to 3 µm. Photoresponse data are directly extracted from the photocurrent measured by a sourcemeter (Keithley 2612A) at a bias voltage of 4 V and 4.2 mW of incident power under TM polarization.

Conversion Loss measurement:

A schematic of the photomixing measurement set-up is shown in Fig. S3 (Supplementary Material). The optical beatnote is generated by spatially overlapping the emission of two fiber- 

Fig. 1

 1 Fig. 1 Details of the optoelectronic heterodyne THz receiver. (a) SEM image illustrating the down-conversion of an incoming THz frequency signal (purple) by mixing with a laser-based local oscillator (red) in a photoconductor. The output of the mixing process it the IF-signal (blue). (b) Conversion loss vs photoresistance of the photomixer calculated by using Eq. 1.

Fig. 2 h

 2 Fig. 2 Schematic of the plasmonic microcavity photoconductor. (a) State-of-the-art, planar, interdigitatedelectrode photoconductor. L is the electrode spacing and t denotes the thickness of the photosensitive layer.

Fig. 3 .

 3 Fig. 3. (a) Absorption efficiency map of a plasmonic microcavity photoconductor calculated at 1550 nm by rigorous coupled wave analysis (RCWA) as a function of the grating period p and InGaAs thickness t with grating thickness: h=300 nm and slit width a=0.3p. (b) Absorption efficiency vs InGaAs thickness with, from top to bottom panel, p=415 nm, p=300 nm and in the case of a top mirror consisting of 20-nm-thick gold layer cover by a 160-nm-thick Silicon nitride layer. We observe maximum absorption efficiency of 0.82 for p=415 nm (topmost sub-figure) and an InGaAs-thickness of 0.25 µm.

  InGaAsThis is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.PLEASE CITE THIS ARTICLE AS DOI:10.1063/5.0153046 layer thickness would be needed -which requires a careful calibration of the growth rates during epitaxy. At the same time, a much narrower spectral absorption bandwidth is calculated for the Fabry-Pérot regime (see figureS2) in comparison to the p = 415 nm case.

Fig. 4 .

 4 Fig. 4. a) SEM view of a FIB-cut cross section of a plasmonic microcavity photoconductor. The measurement uncertainty is around 5 nm. It is worth to notice that the layer above the grating is a Platinum-coating deposited within the FIB chamber and only aimed at protecting the sample from the ion milling. (b) Calculated absorption efficiency using the geometrical parameters measured by SEM and the measured photoresponse obtained from the same device. The scale for the responsivity was chosen to achieve the best visual fit. (c) Relative variation of the absorption efficiency when each parameter is varied around its optimum value, which are p = 465 nm, a = 208 nm; t = 217 nm and h = 377 nm.

Figure 4a shows a

  Figure4ashows a scanning electron micrograph of a FIB-cut cross section of a fully processed plasmonic microcavity photoconductor for a set of experimental parameters leading to large absorption around 1550 nm. The buried Au mirror, the InGaAs:Fe absorber and the grating coupler can be clearly seen. The spatial dimensions of the design are indicated in the SEM

Fig. 5 .

 5 Fig. 5.a) SEM view of a plasmonic microcavity photoconductor integrated in series to a coplanar waveguide. b) Close-up of the device showing the top grating electrode, the InGaAs:Fe-layer and the buried back reflector. As can be seen, the absorber is only 5 µm in diameter.

Fig. 6 .

 6 Fig. 6. a) Photocurrent of a 4-µm-diameter device vs applied bias voltage for several optical power levels. Around V b =0 V, R off /R on  10 3 when P opt = 70 mW b) Measured conversion loss vs frequency up to 325 GHz for devices with top electrodes diameters of d = 2, 3, 4 and 6 µm. The IF frequency was set to 𝒇 𝑰𝑭 =1 GHz and the THz power was 𝑷 𝑻𝑯𝒛 =-40 dBm. c) Experimental dynamic range at 𝒇 𝑻𝑯𝒛 = 100 GHz (P opt = 35 mW) shown by a 4-µm-diameter device. The measurement was limited by the experimental set-up: the resolution bandwidth of the spectrum analyzer was RBW= 3 MHz because of the low spectral stability of the DFB lasers. It results in a noise floor around -70 dBm. On the other side, the maximum THz power was limited to 𝑷 𝑻𝑯𝒛 ≈ 10 dBm. d) IF spectrum recorded by using a 4-µm-diameter device with and without a 100-GHz frequency input signal of 10-dBm-amplitude. Without a THz input signal, the measurement is limited by the noise floor of the spectrum analyzer (RBW=3 MHz).
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In all cases, the mixing signal generated at the intermediate frequency f IF is outcoupled by a 0 -67 GHz coplanar probe and sent after amplification through a bias-T to a spectrum analyzer (SA). The measured power levels, P IF and P THz , are corrected for losses induced by the coplanar probes and by the waveguides and coaxial cables. They reach 1.5 dB for the IF power, 1.4 dB around 100 GHz and ~4 dB at 300 GHz for the THz power. At each THz frequency, the beating frequency is adjusted to ensure f IF =1 GHz.
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The supporting information includes a circuit model of the optoelectronic mixing in a photoconductor, additional simulation data of the absorption efficiency of the plasmonic microcavity photoconductors and a schematic of the experimental set-up.
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