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Abstract: Extracting plasmon-induced hot carriers over a metal-semiconductor Schottky barrier enables photodetection below the semiconductor bandgap energy. However, interfacial carrier recombination hinders the efficiency and stability of this process, severely limiting its implementation in telecommunication. In this study, we propose and demonstrate the use of epitaxially grown lattice-matched SrTiO3 for interfacial passivation of silicon-based plasmonic Schottky devices. The devices are activated by an electrical soft-breakdown of the interfacial SrTiO3 layer, resulting in reproducible rectified Schottky characteristics. The transition to a low resistance state of the SrTiO3 layer boosts the extraction efficiency of hot holes upon resonant plasmonic excitation, giving rise to a two orders of magnitude higher photocurrent compared to devices with a native oxide layer. Photoresponse, tunablity and barrier height studies under reverse biases as high as 100 V present superior stability with the incorporation of the SrTiO3 layer. Our investigation paves the way towards plasmon-induced photodetection for practical applications including those under challenging operating conditions. 
1. Introduction
Hot carriers generated by the absorption of light in metals have become a promising resource especially when combined with plasmonics, leading to applications in localized chemical reactions, heterogeneous catalysis, solar cells, and photodetection [1–6]. In the case of photodetection, carrier tunneling through metal-insulator-metal structures[7–9] and carrier injection over metal-semiconductor Schottky barriers[6,10–12] have been widely reported. The process of photocurrent generation in plasmonic enhanced Schottky devices can be described in three steps. Firstly, photons are absorbed within a metallic nanostructure via its plasmonic resonance, producing a hot carrier population within the metal; secondly, hot carriers diffuse throughout the metal subject to their mean free path; and finally, carriers that reach the metal-semiconductor junction and have sufficient energy to cross the Schottky barrier, are emitted into the semiconductor. A naive approach to optimizing this process is thus to investigate plasmonic structures with near-perfect absorption with extremely thin metal films[6], in order to approach the theoretical limit of a surface-illuminated Schottky device[13].
A problem with this three-step picture, which has been predominantly ignored, are the interfacial characteristics of the metal-semiconductor junction; in particular, metal migration into silicon. It is known that a few mono layers of oxide prevent metal migration, allowing the electric characteristics of such devices to be stabilized[14,15]. However, although ultrathin oxide layers prevent metal migration under forward bias, they also significantly inhibit carrier injection from metal to silicon under reverse and zero bias[16,17]. Hence, in order to achieve practical stable devices, interfacial engineering using lattice-matched conducting layers are required. 
In this study, we explore the role of the interfacial layer in the extraction process of plasmonic induced hot carriers. To achieve a high quality interfacial layer, we propose to use strontium titanate (SrTiO3) thin films grown on p-type silicon. SrTiO3 is an insulator with a perovskite crystalline structure that can be epitaxially grown on silicon[18][19][20] with excellent lattice matching. Its compatibility with silicon growth means that SrTiO3 has unique opto-electrical features including: chemically stable photocathode for water splitting[21]; bistable switching of its conductance [22]; and manifests a 2D surface electron gas[23]. Although an insulator in the bulk, SrTiO3 becomes conductive following soft electrical breakdown, whereby filaments form[22]. Recently, ferroelectric tunneling phenomenon using 10 nm strain-free SrTiO3 by Lu et al. provides further fundamental details of electrical conductivity through such filaments [24]. However, a precise image of the band alignment is yet tob e determined. SrTiO3 thus acts as a conducting surface passivation layer for plasmon-enhanced Schottky barrier photodetectors, as we will demonstrate. Due to the band structure of SrTiO3 and its alignment to silicon, a barrier can only be built based on a p-type silicon substrate.[21] Since the silicon substrate here is p-type doped with the resistance of XX Ω/cm, mainly photoinduced hot hole transport are collected. We choose gold sub-wavelength gratings to enhance absorption in a thin gold film and explore carrier emission across its interface with silicon. The dependence of the responsivity with SrTiO3 layer thickness is comprehensively investigated, with a 5 nm layer being optimal. We demonstrate that plasmon-induced hot hole collection across the Schottky barrier creates a stable, low-noise, high-voltage photodetector with a responsivity of 230 nA/mW at 1350 nm wavelength at 10 V reverse bias. Our studies suggest that SrTiO3 enables a Schottky-like transport mechanism.
2. Device configuration and soft breakdown of SrTiO3
Figure 1 presents the scheme for the hot carrier devices for exploring the interfacial properties. We initially chose 5 nm of SrTiO3 as the interfacial layer, which was epitaxially grown on p-type silicon substrates (500 μm thick, 1-10 Ohm cm). (See supporting information S1 for the growth of SrTiO3 layer on a silicon substrate.) 2 nm Cr and 19 nm of Au were thermally evaporated in an 80 × 80 μm2 area, previously defined by electron beam lithography (EBL). Nanograting structures were then fabricated on top of these metal films by a second EBL step with 2 nm Cr and 80 nm Au. The filling factor of gratings was fixed at 0.6, while the periodicity of gratings was varied from 360 nm to 420 nm for different resonant wavelengths. Figure 1b illustrates the custom-made opto-electric setup for device characterization. Light from a super-continuum source was passed through an acousto-optic tunable filter for wavelength selectivity and illuminated onto the gratings with electric connection by probe tips. (See supporting information S3 and S4 for the details of our setup).

We alter the electrical conductivity of SrTiO3 to a low conductive state[22] using an electrostatic sweep. A cyclic voltage was applied, including sweeping from 0 V to -5 V, then to 5V, and finally returning to 0 V. The measured dark current-voltage curves are shown in Figure 1c-f after different voltage sweep cycles. The first cycle yields a hysteretic current curve in Figure 1c, which is consistent with the ferroelectric properties of SrTiO3 thin film and can be explained by the introduction of biaxial strain[25]. Next in the 2nd sweep (Figure 1d), we observe a pronounced current at negative biases along with several stepwise transitions, followed by a reduction in hysteresis at positive biases. Then, the I-V response of the 3rd sweep leads to a limited hysteresis as shown in Figure 1e. After the 3rd scan, successive cycles show identical I-V curves. Contrary to the study[22], reverting back to a high resistance state, is not observed using our device even in the range -10 to 10 V. 

 Following the voltage cycling, the device performance can be interpreted as a p-type Schottky-like rectified response. The equivalent series resistances are extracted from the forward current region of the I-V [26] cureve in Figure 1c-1f. The series resistance drops drastically from 3.2 MΩ (Figure 1c) to 1.3 kΩ (Figure 1f). The barrier height was extracted as 0.63 eV (Figure 1f). The reduction of the resistance is attributed to oxide vacancy filaments that form across the thickness of the SrTiO3, as demonstrated previously by Szot et al[22]. The barrier height sets a threshold for Si sub-bandgap extraction of photons, which blocks wavelengths longer than 1968 nm.
3. Photocurrent collection upon resonant plasmon excitation via SrTiO3 interfacial layer

We first characterize the optical response of the gold nanogratings on top of 5 nm SrTiO3 interfacial layer. Four grating arrays corresponding to the pitches of 360 nm, 380 nm, 400 nm, and 420 nm (shown in Figure 2a-d) are designed to show resonant responses between 1300 nm and 1600 nm. These structures have been widely used as electrodes to enhance the optical absorption adjacent to the interface of the device junction[11]
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We now turn to investigate the electrical transport properties of the plasmon induced hot carriers through the SrTiO3 layer. Figure 2h shows the photocurrent responsivity spectra at zero bias voltage. The photoresponsivity R is defined as [image: image2.emf]
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 the incident laser power. A maximum responsivity of 85 nA/mW is obtained at the wavelength of 1350 nm for TM excitation. The resonance wavelength corresponds well with the calculated absorption spectrum in Figure 2g, leading to the responsivity of 212.5 nA/mW; (measured responsivity in Figure 2h divided by calculated absorptance in Figure 2g). This is approximately an order of magnitude lower than deep-trenched plasmonic Schottky devices[6]
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We further measure the polarizability and power dependency of our devices. Figure 2i shows polar plots of photoresponsivity with different angles of laser polarization corresponding to the nanogratings. A polarization angle of 0 degree corresponds to TE, and 90 degree corresponds to TM. The laser power dependency is illustrated in Figure 2j. The linear photocurrent response indicates that nonlinear phenomena such as direct carrier generation in silicon via second harmonic generation or two photon abosprtion from the metal structure are negligible.

The steep decrease of photocurrent at longer wavelengths, as presented in Figure 2h, reveals the nature of hot carrier emission. The photocurrent can be described as being in proportion to the energy of the incident photons. Given D is a constant that includes the absorptance and the transport probability within the metal, our experimental results of responsivity R can be described by a modified Fowler equation, [image: image10.emf]
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, where C is a device-specific Fowler emission coefficient, [image: image12.emf]
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 the incident photon energy, and [image: image14.emf]
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 the barrier height [6]. Thus, a barrier height of 0.74 eV is evaluated as the dashed gray line presented in Figure 2i. This barrier height is higher than the one extracted from the I-V measurement (0.63 eV in Figure 1f). The plausible reason for this discrepancy are variations of filament growth on different areas of the device. These filaments, which grow parallel to the substrate[22], complicate the extraction of barrier height by I-V measurement.[26]
To elucidate the transport mechanism of plasmonic hot carriers, we examine the photocurrent response on different SrTiO3 thicknesses (5 nm, 10 nm and 40 nm), together with a native oxide layer device as a control. The optical resonances were confirmed at 1350 nm wavelength for different interfacial devices by gently tuning the periodicity design of gratings. Figure 3 presents both dark (black solid line) and light (orange solid line) I-V characteristics of devices. All measurements were undertaken after the soft-breakdown of the SrTiO3 layers. The hot-carrier device with the native oxide layer exhibits the lowest dark current, while the photocurrent is saturated at ~1 nA, equivalent to a photoresponsivity of 0.56 nA/mW. This is two orders of magnitude lower than that for the 5 nm SrTiO3 device.  On the other hand, the device with 10nm and 40 nm of SrTiO3 produce higher leakage currents with no detectable photo-induced currents. It is known that series resistance has a weaker effect on I-V characteristics in reverse current region; which we have confirmed experimentally. (see Supporting Information S8). Considering that series resistance does not affect the reverse dark current and showing selective photo-induced response, there must be competing paths for holes; carrier injection over the Schottky barrier or leakage through Ohmic paths determined by the parasitic resistance of reverse current operation. From this hypothesis, forward current isn’t affected by this parasitic resistance because carriers easily pass from semiconductor to metal under forward bias condition. According to the equivalent circuit analysis from the inset of Figure 3a, we can thus obtain the parasitic resistance Rp [30]. The parasitic resistance of the 5 nm SrTiO3 device is extracted as 1.35 MΩ, and Rp of 10 nm and 40 nm are 40 kΩ and 21 kΩ, respectively. The trend that thicker StTiO3 becomes more conductive is consistent with past work[22]. Due to the lower parasitic resistance, a direct path through the parasitic resistance becomes dominant for the SrTiO3 10 nm and 40 nm devices, and hot carrier injection over the potential barrier becomes negligible. Though there is an amorphous silicate layer varying from 0.7 nm to 1.7 nm beneath SrTiO3 for all the devices, the parasitic resistance Rp is dominated consistently by SrTiO3 rather than the silicate layer.
4. Photocurrent response under bias voltage

High bias voltage allows more hot carriers to be emitted over the barrier[31,32], therefore boosting the signal-to-noise ratio of photocurrents. However, the applied bias also leads to enlargement of electric noise due to carrier traps at the boundary defects. To make the two cases comparable, Figure 4a and b represent the normalized temporal photocurrent response at 10 V for both gratings, with and without the SrTiO3 layer, in the first 1.2 seconds. Upon chopped 1 mW normal incidence, the SrTiO3 device exhibits a stable on-and-off switching (Figure 4a), while a drifting baseline becomes pronounced for the devices without SrTiO3 (Figure 4b). In a long-term measurement of more than 10 hours, there is no observable baseline drift for the measurements for SrTiO3 devices only. Figure 4c shows baseline drift of current against bias voltages on a 30 second time scale. With the 5 nm of SrTiO3 layer, the current drift is suppressed down to ~1 nA level, which is two orders of magnitude lower than the control device. For the worst case of the control sample, the maximum drift reaches 74.0 % of its responsivity.

Figure 4d plots the current noise as a function of bias voltages. Given a measured stable laser intensity [image: image16.emf]
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 < 0.04 %, the root mean square of the responsivity can be calculated as [image: image18.emf]
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. Both noise characteristics of the two types of devices are bias-voltage dependent. The use of 5 nm SrTiO3 offers one order of magnitude lower current noise, which enables measurement of photoresponsivity and barrier height extraction at high bias. 

Photoresponsivities as a function of bias are shown in Figure 4e. Resonance wavelengths of the blue, red, green and orange plots are 1350, 1420, 1490 and 1540 nm, respectively. The photoresponsivity can be elevated to be as high as 375 nA/mW at 100 V, the stable temporal trace of which is shown in the inset. The determination of responsivities at four incident wavelengths allows the extraction of barrier height vs. bias voltage, as evaluated in Fig. 2h. Figure 4f shows bias-dependent barrier height extracted from panel e. As seen from the graph, the barrier height decreases from 0.74 eV to 0.725 eV when increasing the bias from 0 V to 10 V. This reduction of 0.015 eV can only be measured with a highly-stable interface passivation and pronounced signal-to-noise ratio, where SrTiO3 outperforms the native oxide layer. Schottky barrier height lowering with reverse bias voltage[31]
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5. Conclusion
In summary, we proposed and demonstrated a plasmonic Schottky photodetector with a SrTiO3 interfacial layer. Following soft breakdown of the SrTiO3 layer, a low resistance state can be obtained, whereby a Schottky barrier forms. Because the SrTiO3 layer is epitaxially grown with perfect lattice matching, our device has shown stable electric response under reverse bias as high as 100V, allowing tunability of the Schottky photodetector. Due to the higher barrier height of these devices (around 0.73 eV), the responsivity is about an order of magnitude lower than state-of-the-art deep trenched plasmonic Schottky devices[6]. However, the stable electrical response with low-noise under high bias voltage and the tunability of the responsivity, demonstrates that SrTiO3 interfacial layers open up many potential application directions. Nowadays, atomically thin perovskite materials have emerged as a fascinating research topic, presenting opportunities to improve efficiency further with materials such as BaTiO3[33] and LaAlO3[34]. Besides application of atomically thin perovskite itself, atomically thin two-dimensional semiconductors with plasmonic metal structures have a potential to maximize harvesting of hot carriers [35,36]; we foresee the applicability of our work contribute to such research field.
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Figure 1. (a) Schematic diagram of plasmonic hot carrier detection and device configuration. (b) Photocurrent measurement setup. Abbreviations are: L = Super continuum white laser; AOTF = acousto-optic tunable filter; P = pinhole; BS = beam splitter; OL = Objective lens; IL = Imaging Lens; PD = InGaAs Photo detector. (c-f) Examples of the device activation. The current-voltage (I-V) plots under the dark condition for 1st, 2nd, 3rd - 5th sweep and the sweep after 50 times. Orange bold line corresponds to the I-V curve of the final state. 
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Figure 2. Photocurrent response of the gold gratings with 5 nm SrTiO3 interfacial layer. (a)-(d) scanning electron micrograph image of grating with different pitches a. All scale bars are 200 nm. (a) a = 360 nm, (b) a = 380 nm, (c) a = 400 nm, (d) a = 420 nm. (e) Calculated reflection spectra. (f) Measured reflection spectra. (g) Calculated absorptance spectra. (h) Measured photocurrent responsivity spectra. Gray dashed line is the fitting line by modified Fowler function. (i) Photoresponsivity polar plots. (j) Incident laser power dependency of photocurrent. Throughout the paper the color scheme of the curves corresponds to different pitches of grating (blue, red, green, and orange).
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Figure 3. Plasmon-induced current-voltage characteristics with variant interfacial layers. (a) native oxide, (b) 5nm SrTiO3, (c) 10 nm SrTiO3, (d) 40 nm SrTiO3. Black curves are measured under the dark condition, while the orange curves are collected upon 1.45 mW light illumination of 1350 nm wavelength. The dashed pink line in (b) is based on an equivalent circuit model to extract parasitic resistance, which is also well fitted to (c-d). For visibility, the line is overlaid only for (b).
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Figure 4. Device performance under different biases. Temporal normalized photo current response of (a) 5 nm SrTiO3 layer at 10 V, (b) control device without SrTiO3 at 10 V(c) Baseline drift of current as a function of bias voltage. Circle plots for 5 nm SrTiO3 and cross plots for absence of interfacial layer. (d) RMS responsivity noise as a function of bias voltage. (e) Bias voltage dependent photo responsivity of the device with 5 nm SrTiO3. Inset: temporal photo current response under 100 V bias voltage. (f) Extracted barrier height upon bias voltage. 
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S1. SrTiO3 layer on Silicon substrate

All samples were grown on highly p-doped 200mm Si(001) (p+-Si) substrates in a Riber49 200 mm production MBE reactor. Ti was evaporated with an electron beam that was controlled by a feedback loop from a mass spectrometer to maintain a constant flux during growth. A remote plasma source was used to produce atomic oxygen during the growth.

Prior to SrTiO3 deposition, 2 ML of Sr was deposited on the substrate at 650 °C. Then the Sr-covered Si substrate was ramped up to 800 °C until a bright 2 ( 1 reflection high energy electron diffraction (RHEED) reconstruction pattern was obtained. The substrate was then cooled back to 600 °C. Meanwhile, the RHEED reconstruction pattern evolved to a 2 ( 3 pattern, revealing a 1/6 ML of Sr remaining on the surface. Additional Sr was added until a ½ ML of Sr (confirmed by Rutherford backscattering spectroscopy (RBS)) was obtained, resulting again in a 2 ( 1 RHEED pattern. This ½ ML of Sr not only serves as a crystal template to drive the desired 45° lattice rotation of the SrTiO3 layer with respect to Si(001), but also protects the Si surface from being oxidized. Afterwards, 6 ML (2.4 nm) of SrTiO3 was deposited at 150 °C under an oxygen partial pressure of ~4 ( 10−7 Torr. This layer's RHEED pattern showed that it was amorphous owing to insufficient oxygen and the temperature being too low. Then, the substrate was heated up to 550 °C without oxygen flux for recrystallization until the RHEED lines became sharp and stable. To ensure the initial SrTiO3 crystallinity, we repeated the above SrTiO3 deposition steps once more to obtain a 5 nm SrTiO3 layer on the Si(001) substrate. After the second recrystallization step at 550 °C, the remainder of the SrTiO3 layer (5nm or 35nm) was grown at the same temperature and under an oxygen partial pressure of ~1.2 ( 10−6 Torr until the desired thickness was reached. Given by thermodynamic stability, 0.7 nm, 1.0 nm and 1.7 nm amorphous silicate layer are formed in 5 nm, 10 nm and 40 nm SrTiO3, respectively. More detailed material analysis can be found elsewhere. [19]
S2. Nanograting fabrication 

Grating structures were fabricated by a two-step lift-off process via electron beam lithography (EBL). The substrate was first coated with positive-tone PMMA (950K A4) resist, and posteriorly baked at 180 °C for 3 min. Then the nanogratings were defined by an electron beam exposure at 20 kV, followed by a development procedure of MIBK:IPA=1:3. Chromium and gold were sequentially deposited onto EBL defined patterns by thermal deposition (Angstrom), and then the device was produced using a lift-off in Acetone process as the final step.

S3. Measurement setup (Optics) 

Optical and electric characteristics were measured using a home-built bespoke setup as depicted in Fig. 1 and as seen in Fig. S1. As a light source, a white super continuum laser (SC-400, Fianium) is used. The output of the white laser is connected to an Acousto-optic tunable filter, AOTF (SELECT, NKT-Photonics, [image: image24.emf]
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 = 1100 ~ 2000 nm). After the AOTF, the collimated and wavelength filtered beam is directed to a home-built microscope. The beam passes through a long pass filter (FELH1150, Thorlabs) to eliminate the risk of visible wavelength contamination. Since the optical response of a periodic structure severely depends on the incident angle (lateral wave vector), the incident angle of the laser to the grating is finely tuned by selective illumination to the pupil of objective (10X NA0.25, Olympus) using pinhole (P1). The reflected beam is detected by an InGaAs photodetector to calculate the reflectance after passing through the confocal pinhole (P2). The sample and electric probe station are placed on a piezo-stage (Nano-Cube P-611.3s, Physic Instrumente). After collecting the  reflectance mapping image, the focal position is set to the center of the grating, and then the electric measurement is carried out.
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Fig. S1 Typical image of the custom-built optoelectric measurement setup.

S4. Measurement setup (Electronics)

Current voltage measurements were undertaken using a source measurement unit SMU (236, Keithley) with voltage source mode. Electric connection was created using a direct contact between the probe tip (2.5 m in diameter) and the grating and ohmic contact to the silicon. The ohmic contact is created by depositing aluminium on the scratched back side of silicon, and then partially heat-treated by soldering iron. The temporal photocurrent response is obtained by combining the fast integration mode of the SMU with the slow rotation speed of the optical chopper. For the calculation of responsivity with noise, we removed the data points related to the the intermediate values originating from the optical chopper when it only partially intercepts the laser beam. All equipment is controlled by the PC using the Python programming language via a GPIB connection and data acquisition device (USB-6343, National Instruments).

S5. Numerical calculation

Optical response of grating was calculated using home-built Rigorous Coupled Wave Analysis (RCWA) software and commercially available finite element method software (V4.4 with Wave Optics module, COMSOL). Former is mainly used for structural optimization, and latter is for checking electromagnetic field distribution. Optical constants of gold, chromium and silicon are taken from literature, and the refractive index of SrTiO3 is estimated from spectroscopic ellipsometry measurement.
S6. Optimization of grating structure

Grating structures are designed and optimized for the structure without SrTiO3 layer. Particle Swarm Optimization method with Rigorous Coupled Wave Analysis was used to meets following criteria [28]; (i) the grating has relatively high absorption with thin lower metal layer at normal incidence, (ii) the device has reasonably the same absorptance even with different pitches. (iii) Electric field should be confined in the lower metal layer to generate hot carrier at the position close to the boundary. 

Figure S2 (a) shows electric field distribution of the grating (in a unit cell). As you can see, electric field is localized close to the boundary. According to the calculation of resistive loss, 90 % of loss is attributed to the lower layer at the resonance. The ohmic loss per unit volume in the structure is calculated by:
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is the free space permittivity, [image: image30.emf]
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 for angular frequency, [image: image32.emf]
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 for electric field, and [image: image34.emf]
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is the imaginary part of the relative permittivity of materials. 
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Figure S2 (a) Electric field contour of the grating at resonance. (b) Measured grating responsivity and calculated absorptance. The sample is gold grating on a silicon substrate without SrTiO3 interfacial layer and native oxide.

S7. Validation of the setup

Prior to measuring the grating with SrTiO3 interfacial layer, optic and electric characteristic of the grating without SrTiO3 was evaluated for the purpose of validation of the measurement. The sample is the grating without SrTiO3; Gold grating with lower gold layer on p-type silicon substrate. All geometric parameters are the same with the manuscript except absence of SrTiO3 layer. Prior to metal deposition on the substrate, native oxide on silicon was removed by diluted HF wet etching. 

Peak positions of photo current agree well with calculated absorption peaks (Figure S2 (b)). Due to the absence of SrTiO3 layer, resonance wavelengths were red shifted. Extracted barrier height from photocurrent spectra by modified Fowler function of 0.515 eV is reasonably agree with extracted barrier height from IV curve of 0.510 eV. The responsivity about 300 nA/mW is obtained with grating pitch of 360 nm at the incident wavelength of 1420 nm. This value is comparable with one of the state of art plasmonic structure which uses one-dimensional grating structure[11].

S8. The effect of series resistance connecting to SrTiO3 Schottky device.

In theory, reverse current of Schottky sample is less affected by series resistance [26]. We measured the sample adding fixed resistor of 10 kΩ in a series. The measured IV curve is presented in Figure S3. While forward current was drastically changed with connection of the fixed resistor, the reverse current was identical. Interestingly, dark current in the reverse current region shows a linear relation.
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Figure S3 Investigation of series resistance effect to our device.
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