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HgTe nanocrystals (NCs) combining the semimetal nature of the bulk 1,2 and quantum confinement 3- 5 , presents a unique spectral tunability in the infrared range. 6 Beyond material absorption, HgTe NCs have been used for their IR light emitting properties [7][8][9][10][11][12] as well as for their short 13,14 and mid wave 15,16 IR photoconduction properties. 17 This has led to the demonstration of focal plane arrays operating in the short- [START_REF] Gréboval | Cond-Mat Physicsphysics[END_REF][START_REF] Chu | [END_REF] and mid-wave infrared. 20 Among possible device geometries, the vertical diode is the one that leads to the highest performance so far. The in-built electric field allows zero bias operation reducing the dark current as well as the noise. However, the number of structures that have been proposed to design a vertical geometry diode using HgTe NCs remains quite limited, [21][22][23][24] and does not seem fully optimized. In particular, for an optical band gap in the 500 to 750 meV range, the open circuit voltage is only a few tens of millivolts. This is far smaller than half of the band gap value commonly achieved for PbS quantum dots. Even though a part of this loss may directly be related to the traps in the material, 25,26 it also suggests that the currently proposed diode stack remains sub-optimal.

The design of such diode is nevertheless challenging. Part of the open circuit voltage loss can directly come from the poor doping profile within the diode. Controlling the intrinsic doping in the NC film remains a difficult task and thus it will be of utmost interest to control the film carrier density using electrostatic gates. Field effect transistors based on HgTe films have been reported with various gate technologies such as dielectrics, [27][28][29] electrolytes 30 and even ionic glasses. 31 However, all are based on planar geometry. Implementation of a gate in a vertical geometry appears far more challenging and remains unreported for HgTe NC based diodes.

Our goal is to develop electrodes for the design of infrared NC-based diodes with the dual role of collecting carriers on one hand and controlling the carrier density within the film on the other hand. The development of such electrode faces a second challenge relating to its transparency. In most NC-based diodes, transparent conductive oxides (TCOs) are used. However, in the infrared TCOs present a strong absorption, requiring a decrease in their thicknesses at the cost of an increased contact resistance. Thus, alternative materials should be preferred. Here we explore graphene coupled to LaF3 ionic glass used as substrate and infrared transparent 32 bottom electrode which can also be used to control the carrier density of the NC film. Compared to the works from Yao and coworkers, 33,34 the switch from a conventional dielectric to the high capacitance gate allows us to expand the design of the doping landscape towards higher carrier density.

Coupling infrared NCs 35,36 including HgTe 37,38 to graphene and 2D materials 39 is an approach that stimulated a growing activity over the past few years. So far, the most investigated geometry relies on a planar configuration 13,40 where the graphene is used as a channel of a field effect transistor which is light sensitized by the NCs. 41 The large mobility of graphene is used to generate gain and achieve very large responsivities (i.e. light to current conversion). However, the lack of band gap in graphene comes with a large dark conductance partly balancing the gain benefit. Here, we go further while exploring the use of the graphene large quantum capacitance. Contrary to metal or TCO electrodes, graphene does not screen the electric field induced by the LaF3 ionic glass. As a result, the gate below the 2D material can be used both to control the work function of the electrodes 13,42,43 and to tune the carrier density within the NC film over its surface.

In this work, we demonstrate that exploiting the electrostatic transparency across mixeddimensional hetero-interfaces allows to use the back gate as a knob to control the current flow within the diode. The gate bias enables us to modify the band profile in the NC junction, that can now be switched from n-p configuration to a n + -n-p configuration which is more favorable for charge extraction. This work confirms that HgTe NC-based diode performance can be further improved by optimizing the carrier density profile, in particular, on the n-side, as well as pinpoints this issue as a key element that future work will need to address.

We start by growing HgTe NCs absorbing in the extended short wave infrared using Keuleyan's procedure. 44 The particles (later called HgTe 4k) present a clear excitonic feature at 4000 cm -1 (≈0.5 eV or 2.5 µm), see Figure 1a. The nanocrystals have a planar tripodic shape according to transmission electron microscopy (see Figure 1b). The nature of the majority carriers is also a central parameter for the following material integration and this can be probed using field effect transistor measurements. The latter is designed from electrodes onto a LaF3 substratre which is an ionic glass. 45 LaF3 provides a high capacitance 31 (0.4 µF.cm -2 ) while being all solid-state (i.e. without the constrains of electrolyte). Under such condition, the channel of HgTe NCs shows an ambipolar behavior (Figure 1c) with both hole and electron conductions. The minimum of conductance occurs for a small negative gate bias (VGS=-2 V) meaning that there is a small inherent n doping in this material. This picture is consistent with photoemission measurements on this material, which demonstrate that the Fermi level is close to the middle of the band gap and lies slightly closer to the conduction band. The bottom electrode of the diode made of graphene was also characterized independently (ie without the capping HgTe NC layer). The graphene is a CVD-grown graphene which has been transferred onto the LaF3 substrate. As expected for graphene, we also observe an ambipolar behavior (Figure 2a) for this material under gate bias application, with a minimum of conductance corresponding to the Dirac point observed for VGS= -4 V. The graphene is then patterned as stripes, all connected to a gold contact, see Figure 2b. Using Raman mapping of the 2D mode of graphene (Figure 2c), we check that stripes are well defined. The processing of graphene electrode under stripes allows simultaneous charge collection, while leaving part of the film in direct contact with the gate to further enhance the carrier density tunability within the NC film. 

Map of the intensity of the graphene in 2D Raman mode of graphene for the electrode deposited on LaF3. On this map the substrate is brown while the graphene is yellow green

We then design the diode according to the scheme of Figure 3a. A thin (35 nm) ITO layer is deposited on one side of a double side polished LaF3 substrate. The latter will be used as IR transparent gate electrode. The LaF3 substrate provides two functionalities: an IR transparent bottom substrate and a high capacitance gate medium. In LaF3, the gating results from F -vacancies displacement, optimal operating condition is in the 200-250 K range (220 K is used as operating in the following of the paper). Above 250 K the leakage in the gate are high and compete with the channel flow, while below 180 K, the vacancies freeze and the gate tunability is lost. On the other side of the substrate, the CVD-grown graphene is transferred and patterned as stripes, see Figure 2b andc. The absorbing layer is made of a 300 nm film of HgTe 4k (i.e. presenting a band gap at 2.5 µm). On top of the HgTe 4k film, a thin layer of HgTe 7k (i.e. with a band-edge at 7000 cm -1 or 0.87 eV) is deposited. Finally, a top gold contact is used as a hole extractor.

In HgTe, the strong asymmetry of effective mass between the valence and the conduction bands makes that most of the quantum confinement occurs in the conduction band. As the result of the heavy mass of the hole, the valence band is poorly affected by the confinement (i.e. the valence band weakly shifted when confinement is introduced) and it makes that various sizes of HgTe NCs present quasi resonant valence band. 22 The layer of HgTe 7k NCs with a larger band gap (7000 cm - 1 or 0.87 eV) on top of HgTe 4k is used as a unipolar barrier 22 preventing electron diffusion towards the top electrode, while leaving the photo-holes flow.

To confirm the effect of the gate, we measure the current flow through the diode while the gate bias is tuned (the equivalent of a transfer curve in a field-effect transistor), see Figure 3b. Under a gate bias application, we observe a clear modulation of the current, typically by one order of magnitude. This confirms that the gate electrode can be used to tune the carrier density in the vicinity of the graphene electrode. The band profile associated with this diode structure at 0 V is given in Figure 3e. The slightly smaller work function of graphene (4.4-4.5eV) compared to HgTe 4k [START_REF] Chu | [END_REF]22 (4.6-4.7 eV) induces a downward band bending for HgTe 4k at its interface with graphene, while the trend is opposite at the HgTe7k/gold interface. Under positive gate bias application, the n-type nature of the HgTe 4k NC thin film is reinforced creating a n + np band profile which is expected to ease hole and electron extraction, see Figure 3f. On the other hand, when a negative gate bias is applied, holes are injected and a pnp band profile is generated, see Figure 3d. In this case a very poor photo-charge extraction is anticipated.

These predictions are experimentally confirmed by measuring the photocurrent spectrum, see Figure 4a. We clearly observe that the gate bias drives the magnitude of the photocurrent while the bias over the diode is kept constant. No photoresponse is observed while the diode is operated in the pnp configuration. We also clearly observe an enhancement by a factor ≈4 of the photocurrent magnitude as positive gate bias is applied.

The gate effect is quantitatively better monitored by measuring the short circuit current (ISC) and the open circuit voltage (VOC), see Figure 3c and IV curves in Figure S5. The pnp regime (VG<0) is characterized by very low performance: VOC<1 mV and weak photocurrent corresponding to responsivity of the order of 50 µA.W -1 @1.55 µm, which is weak compared to best diodes based on graphene/HgTe NCs. 32 As the gate bias is tuned, we observe a change of sign for the VOC and ISC. This confirms the change of nature for the majority carriers from holes to electrons as gate bias is increased. The gate bias where the open circuit change of sign is -4 V matching well with the Dirac point of graphene. For higher gate biases (n + np regime), the open circuit voltage reaches 6 mV, while the current is 10 times higher (R≈0.6 mA.W -1 @1.55 µm) than for negative gate biases, see Our results demonstrate that increasing the doping level of the NC absorbing layer enables an improvement of the diode performance. It also confirms that in current NC diodes the electron extraction is not as favorable as it could be if more strongly n-doped HgTe NCs might be synthetized while keeping the band gap constant. To summarize, gate control is commonly integrated in planar geometries for field effect transistors, but the use of gates in HgTe NC-based photodiodes remains unexplored. Here, we demonstrate the fabrication of a gate tunable photodiode architecture based on HgTe NCs and a mixed-dimensional vertical stack. The combination of high capacitance LaF3 ionic glass and graphene is used as an infrared transparent electrode that allows us to adjust electrostatically the band profile of the NCs absorbing layer after fabrication. We demonstrate that in the floating condition (i.e. without gate), the band profile does not lead to the optimal condition for charge extraction. This work suggests that additional research will be needed to design better n-doped HgTe NCs to obtain optimized photoelectron extraction. Moreover, as demonstrated here on a first device generation, 2D-0D vertical heterostructures reveal a promising system to introduce electrostatic engineering of the diode absorbing layer.

See the supplementary material for information about nanocrystal growth, material characterization, device fabrication and device characterization.
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Figure 1

 1 Figure 1 HgTe infrared nanocrystals. a. Absorption spectrum of the HgTe NCs. b. Transmission electronic microscopy image of HgTe NCs associated with the spectrum of part a. c. Transfer curve (drain current as a function of the gate bias) for a thin film of HgTe NCs used as the channel of a field-effect transistor which gate is made of LaF3 ionic glass.

Figure 2

 2 Figure 2 Graphene as infrared transparent, work function tunable electrode. a. Transfer curve (drain current as a function of the gate bias) for a graphene layer used as a channel of a field-effect transistor which gate is made of LaF3 ionic glass. b. Image of the patterned graphene deposited onto a LaF3 substrate and connected to a gold contact. c. Map of the intensity of the graphene in 2D Raman mode of graphene for the electrode deposited on LaF3. On this map the substrate is brown while the graphene is yellow green

Figure 3

 3 Figure 3 Gate tunable vertical geometry infrared diode. a. Sketch of the gate tunable diode based on the ITO/LaF3/graphene/HgTe4k/HgTe7k/gold stack. b. Current through the diode while the gate bias is tuned (Vdiode= 0.1 V). c. Short circuit current and open circuit voltage for the diode under illumination (λ=1.55 µm -P=2 mW) as a function of gate bias. Band structure of the diode under negative gate bias (part d.), 0 V bias (part e.) and positive gate bias (part f.). Measurements are conducted at 220 K.

Figure 3c .

 3c Figure 3c. Time response of the diode has been measured and found to be fast (<100 ms, setup limited), see Figure 4b.

Figure 4

 4 Figure 4 Infrared detection using the gate tunable diode. a. Spectral response of the gate tunable diode operated under three gate biases, while the diode bias is set to -0.1 V. Curve have been normalized to take into account the amplifier gain. b. Photocurrent under 0 V diode bias and 10 V gate bias while is the illumination (λ=1.55 µm -P=2 mW) is turned on and off. Measurements are conducted at 220K
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