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Sharp/Tuneable UVC Selectivity and Extreme Solar Blindness in Nominally Undoped Ga 2 O 3 MSM Photodetectors Grown by Pulsed Laser Deposition , 2

Ga 2 O 3 layers were grown on c-sapphire substrates by pulsed laser deposition. Optical transmission spectra were coherent with a bandgap engineering from 4.9 to 6.2 eV controlled via the growth conditions. X-ray diffraction revealed that the films were mainly β-Ga 2 O 3 (monoclinic) with strong (-201) orientation. Metal-Semiconductor-Metal photodetectors based on gold/nickel Inter-Digitated-Transducer structures were fabricated by single-step negative photolithography. 240 nm peak response sensors gave over 2 orders-of-magnitude of separation between dark and light signal with state-of-the-art solar and visible rejection ratios ((I 240 : I 290 ) of > 3 x 10 5 and (I 240 : I 400 ) of > 2 x 10 6 ) and dark signals of <50 pA (at a bias of -5V). Spectral responsivities showed an exceptionally narrow linewidth (16.5 nm) and peak values exhibited a slightly superlinear increase with applied bias up to a value of 6.5 A/W (i.e. a quantum efficiency of > 3000%) at 20V bias.

INTRODUCTION

Ultraviolet (UV) photodetectors (PD) are emerging for applications such as flame/spark detection, chemical/biological-agent detection, military counter-measures, environmental monitoring, UV sterilization monitoring, non-line-of-sight communications and UV space astronomy [START_REF] Son | Proc. of SPIE[END_REF][START_REF] Meftah | [END_REF][3][START_REF] Meftah | Proc. of SPIE[END_REF]. To minimize false alarms and background clutter, many of these devices operate in the solar-blind (SB) UVC portion of the spectrum (<290 nm). Most current PD employ photomultipliers (PMs). These are based on vacuum tubes, which are bulky, fragile (mechanically and electrically) expensive and require high operating voltages. Solid-state SBPDs, based on quantum transitions in semiconductors, are much more robust than PMs and promise both size and cost advantages compared to PMs. They also have the potential for higher quantum efficiency, intrinsic spectral range selectivity, extended lifetimes, lower noise and lower power requirements. Silicon photodiodes have long been used for UV detection. Although they work well, their bandgap is relatively low, so they respond to the visible spectrum as well UV signals and require optical filters in order to be either visible or solar blind. A class of materials called "wide bandgap (WBG)" semiconductors, are naturally visible blind, however. Figure 1 contrasts the wavelength operating range that can be attained for common WBG optosemiconductors. Silicon carbide (SiC), with a room-temperature bandgap of 2.4-3.1 eV, was the first WBG semiconductor to be adopted commercially as a UVC PD (eg in flame detectors) [START_REF] Monroy | [END_REF]. However, the bandgap of SiC is not high enough for it to be intrinsically SB, and bandgap engineering through alloying is not possible. Thus, insertion of optical filters is still necessary in order to tune the photodetection to the UVC range. Gallium nitride (GaN), on the other hand, has a bandgap which is tunable from the near to far UV range through alloying with aluminium, and (Al)GaN based devices have been widely explored for detection of UV light right into the SB range [6][START_REF] Razeghi | Optoelectronic Devices III-Nitride[END_REF][START_REF] Mcclintock | [END_REF]. However, this material system suffers from several key problems: large dislocation densities, low conductivity and lattice/thermal expansion mismatches (with the conventional sapphire substrate) which lead to cracking and efficiency fall-off with increasing Al content. The result is that there has been limited success in demonstrating (Al)GaN based SBPDs with both low background signals and good quantum efficiencies for wavelengths under 250nm [9,10]. (Mg)ZnO is based on wurtzite ZnO, which has a direct wide bandgap of ~3.4 eV that can be tuned into the SB range by alloying with MgO (Eg ~7.8eV) [11]. The Mg ion has a similar radius to that of Zn [12], so there are less strain and efficiency drop-off concerns than for (Al)GaN. As the Mg content increases, however, the hcp ZnO phase transforms into the fcc MgO phase which is much more insulating in nature and less suitable for device applications. Thus SB operation is limited to a range over about 250nm. Although Boron Nitride (BN) and Diamond (D) have intrinsic "ultra-wide bandgaps" (UWBG) (of 6.1 and 5.5 eV, respectively) which are very attractive for SB operation [13,14] they are difficult to grow in wide area thin film form with high crystal quality and low defect densities. As for SiC, they also both have limited scope for bandgap engineering further into the UV. Hence there is a need for a more suitable semiconductor system for wavelength-selective sensing in the 200-250nm UVC range. Over the past few years, attention has turned to the UWBG (~4.9 eV) semiconductor beta gallium oxide (β-Ga 2 O 3 ) [15,16]. This is because of recent demonstration of bandgap engineering further into the UV range by alloying with α-Al 2 O 3 (Eg ~9.0eV) [17] along with the emergence of large format single crystal native substrates [18], high quality homoepitaxy [START_REF] Razeghi | Proc. of SPIE[END_REF] and n-type doping [START_REF] Perez-Tomas | [END_REF]. Recently, the authors demonstrated that excellent β-Ga 2 O 3 Metal-Semiconductor-Metal (MSM) PDs could be made using heteroepitaxial thin films grown on non-native c-sapphire substrates by Pulsed Laser Deposition (PLD) [START_REF] Rogers | Proc. of SPIE[END_REF].

Interestingly, it was found that the spectral responsivity peak position could be decreased by reducing film thickness. This phenomenon was attributed to Al diffusing into the layer from the Al 2 O 3 substrate [17]. The studies also revealed, however, a relatively wide spectral responsivity, persistent photoconductivity and a significant detection tail extending into the UVB and UVA, which were all attributed to defects in the material [START_REF] Hou | [END_REF]. The aim of this study was to explore the possibilities of further engineering the bandgap into the UV and reducing the defect-related limitations on the device performance.

EXPERIMENT

Nominally undoped Ga 2 O 3 epilayers were grown on c-plane sapphire (c-Al 2 O 3 ) substrates in a Surface GmbH PLD system using a commercial sintered target and a Coherent LPX KrF (λ = 248nm) laser, as described elsewhere [START_REF] Teherani | Proc. of SPIE[END_REF]. Uniform 2-inch-diameter-wafer coverage was obtained using optical rastering of the incident laser beam over the target surface. The system was equipped with a Riber radio-frequency (rf) plasma source in order to supply atomic oxygen to the substrate during the film growth (see Figure 2).

Rf plasma source

Figure 2 The Surface GmbH plasma-assisted PLD system at Nanovation, with an inset image of the rf oxygen plasma.

Room temperature (RT) optical transmission studies were performed post-growth using an Ocean Optics system comprising a halogen lamp, a deuterium lamp and a Maya optical spectrometer. The crystal structure of the samples was investigated using high resolution X-Ray Diffraction (XRD) performed in a Rigaku Smartlab system using Cu Kα 1 radiation. Electrical resistivity was measured with a Signatone four-collinear-probe system equipped with a Keithley 2400 source-meter. Hall measurements were made at room temperature in Van der Pauw configuration using an Ecopia HMS3000 system (with a 1T magnet and indium-soldered Ohmic contacts). MSM PD were fabricated by negative photolithography using Au/Ni Interdigitated Transducer (IDT) structures. The devices had 500 fingers (2 µm x 1000 µm) with a finger spacing of 2 µm. Wafer inspection was done using a Nanotronics NSPEC system. I/V characteristics (with/without back illumination) and spectral responsivity curves were acquired using a Karl Suss probe station equipped with a Keithley 6430 source meter, a Dynasil digital monochromator and an Ocean Optics HPX-2000-HP-DUV 75W Xe fibre optic light source (calibrated with an Ophir Nova laser power monitor).

RESULTS & DISCUSSION

Thin Film Characterisation

The Ga 2 O 3 layers showed good transparency to the visible spectrum and +/-5% within-wafer homogeneity of the thickness, the SB transmission spectrum and the electrical resistivity. Figure 3 shows optical transmission spectra for Ga 2 O 3 layers engineered so as to have different UVC cutoffs (as described previously [START_REF] Perez-Tomas | [END_REF]). Tauc plots revealed that, the corresponding bandgaps ranged from 4.9 to 6.2 eV. Hence Ga 2 O 3 materials can be engineered in this way to cover the whole UVC spectral range from ~255 nm to ~ 200 nm. 200nm is, in fact, the lower limit for terrestrial UV detection since oxygen in the air absorbs light with wavelengths below this value. Four point resistivity and Hall measurements were not possible because the films were too resistive for the measurement electronics. Figure 4 shows a 2θ/Ω XRD scan for the Ga 2 O 3 layer for the red optical transmission spectrum shown in Figure 3. It can be seen from the scan that the layer has relatively narrow peaks characteristic of monoclinic β-Ga 2 O 3 with a strong preferential (-201) orientation and a comparatively large grain size. There are also peaks at about 31.5° and 56° which may be attributed the (002) reflection of β-Ga 2 O 3 and the (116) reflection of α-Ga 2 O 3 , respectively, although these attributions are not definitive. It can be concluded, however, that the layer was constituted mainly of β-Ga 2 O 3 . The I/V curves show that there was more than two orders of magnitude of separation between dark and light current. The dark current was 60pA for a bias voltage of -5V. There is a slight offset towards positive voltages for the light signal which leaves a photocurrent of a few hundreds of pA for 0V of applied bias. The same phenomenon was observed for many devices, but the origin is unclear. Some possible explanations are a photovoltaic effect, an instrumental offset (related to the very low level measurements) or a photothermal effect. The mainly Ohmic nature of the contacts makes the photovoltaic interpretation seem unlikely, however. Figure 7 shows a plot of spectral responsivity as a function of bias. The peak of the spectral responsivity is centered at approximately 240 nm for all bias voltages. This value correlates closely with the bandgap found in the optical transmission studies (see Figure 3, above) and corresponds to an Al content between about 20 and 25 at % [START_REF] Wang | [END_REF]. The linewidth (a metric for spectral selectivity) was about 16.5 nm for all bias voltages. The peak responsivity value shows a slightly superlinear increase with bias voltage (up to a value of 6.5 A/W at 20V bias). This corresponds to a quantum efficiency of over 3000%. This high value of quantum efficiency is common for such detector architectures and is usually attributed to photoconductive gain due to hole trapping at the interface between the Ga 2 O 3 and the metal electrode [25]. Figure 8 shows the spectral responsivity in log scale (for a bias voltage of 5V). The log scale plot reveals that the devices had a remarkably high solar rejection ratios ((I 240 : I 290 ) of >3 x 10 5 and (I 240 : I 400 ) of >2 x 10 6 ). Figure 9 shows photocurrent vs time for four cycles of manual illumination shuttering (at 1V bias).

Device Characterisation

Figure 9 Photocurrent vs time for four cycles of manual illumination shuttering (at 1V bias).

The device shows sharp rise and fall times (in the ms range) upon shuttering and a slightly rounded shoulder (over less than half a second) at the top of the rise phase before repeatedly attaining a reproducible/constant photocurrent level of about 67 nA. At this scale there is no evidence of persistent photoconductivity in either the light or the dark signal. Figure 10 shows a zoom of the dark signal during the illumination shuttering shown in Figure 9.

Figure 10 A zoom of the dark signal during the illumination shuttering shown in Figure 9.

At this scale of graph, it can be seen that the dark current level is in the single pA range, with a root mean square (rms) noise level of about 10pA. Upon shutter closing, the dark signal drops to under 50pA within milliseconds and then decays to the single pA range after about 3 seconds.

Figure 11 shows a zoom of the peak photocurrent during the illumination shuttering shown in Figure 10.

Figure 11 A zoom of the peak photocurrent during the illumination shuttering shown in Figure 10.

The figure reveals that the photocurrent signal repeatably plateaus to 67 + 0.2 nA and that there is an initial overshoot (of about 0.2nA) followed by a gradual decay and stabilization at about 67 nA.

CONCLUSIONS

Ga 2 O 3 layers were grown on 2 inch diameter c-Al 2 O 3 substrates by PLD. XRD indicated that the films were composed of mainly the monoclinic β polytype with strong preferential (-201) orientation. The bandgap was engineered from 4.9 up to 6.2 eV through control of the growth conditions. It was suggested that this was due to alloying with Al diffusing into the layer from the substrate. MSM PDs with Au/Ni IDT were fabricated by single-step negative photolithography. IV characteristics (for 240nm peak response devices) revealed over 2 orders of magnitude of separation between dark and light signals. Spectral responsivities showed a slightly superlinear increase with applied bias and a peak responsivity of 6.5 A/W (i.e. a quantum efficiency of >3000%) was recorded at 20V bias. The main spectral response peak remained centered at 240 nm with no significant wavelength shift for biases up to 20V. Compared to previous generations of Ga 2 O 3 based MSMs [START_REF] Rogers | Proc. of SPIE[END_REF], the devices showed considerably higher solar rejection ratios ((I 240 : I 290 ) of >3 x 10 5 and (I 240 : I 400 ) of >2 x 10 6 ) and much sharper spectral selectivity (linewidth of 16.5 nm) which would make them better adapted for wavelength selective sensing and/or imaging applications. The dark signal was <50 pA (at a bias of -5V) and the rms noise level was about 10pA. Time response studies (at 1V bias) revealed sharp rises and falls (millisecond range) and no evidence of significant persistent photoconductivity.
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 1 Figure 1. Bandgap engineering possibilities with the most common wide bandgap optosemiconductors.
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 3 Figure 3 Optical transmission spectra for Ga 2 O 3 layers as a function of Al content.
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 4 Figure 4 A typical 2θ/Ω XRD scan for a Ga 2 O 3 layer grown on a c-sapphire substrate.
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 55 Figure 5 shows wafer inspection and optical microscope images of the MSM IDT device after photolithography and metallization.
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 6 Figure 6 shows I/V curves (both with and without back illumination) for an MSM PD made from the Ga 2 O 3 layer of Figure 4.
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 6 Figure 6 I/V Curves for a β-Ga 2 O 3 MSM PD both with and without back illumination (2 micron finger spacing) -N.B. current is in log scale.
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 207 Figure 7 Spectral responsivity as a function of bias voltage.
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 8 Figure 8 Spectral responsivity (in log scale) for a 5V applied bias.
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