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Ultraviolet Photodetector Based on Mg0.67Ni0.33O Thin Film on SrTiO3  
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In this letter, a new heterostructured ultraviolet metal-semiconductor-metal photodetector based on Mg0.67Ni0.33O thin film and SrTiO3 is reported. The metal-semiconductor-metal photodetector comprises of a 22 nm of Mg0.67Ni0.33O epilayer grown on SrTiO3 (111) substrate by molecular beam epitaxy. A comparison of responsivities of the Mg0.67Ni0.33O-SrTiO3 photodetector and reference SrTiO3 photodetector shows that heterostructured detector has close to an order of magnitude enhanced responsivity in the deep-ultraviolet region. The responsivity of the Mg0.67Ni0.33 - SrTiO3 based photodetector at 320 nm is 415 mA/W, with dark current lower than 40 pA at a bias of 10 V. The rise and fall times of Mg0.67Ni0.33O-SrTiO3 photodetector are 10.7 ms and 8.6 ms, respectively, with the rise time more than two orders of magnitude shorter than the reference SrTiO3 photodetector. 




I. Introduction
Ultraviolet (UV) photodetectors have been in high demand due to their potential applications in various areas such as chemical-biological sensors, [1] ozone layer monitoring, [2] flame detection, [3] short-range secured communications, [4] and missile warning systems. ZnO, nitride-based (GaN, AlGaN) wide-bandgap, and Si or Ge (with filters in visible and IR range) semiconductor-based photodetectors have been reported for UV range. [5–8]
Recently, ﻿wide bandgap semiconductor SrTiO3 (STO) has been proposed as a new candidate for next-generation UV photodetectors due to its absorption wavelength stability against temperature and strong radiation. [9,10] The STO absorption onset is around 385 nm, and has high transparency through visible to infrared regions. [11] Optical and electrical properties of the STO has been studied since the 1960s.[12–14] However, studies for photodetector applications based on STO have been started just recently. ﻿Zhao et al. demonstrated the operation of the first ﻿STO single crystal-based UV photodetector [15], with absorption between 300-400 nm. Xing et al. reported visible-blind, ultraviolet-sensitive photodetector based on STO single crystal with a maximum responsivity of 213 mA/W at 330 nm, and the dark current lower than 50 pA at 10 V bias.[16] ﻿ The effect of electrodes on high-detectivity of ﻿STO UV photodetectors using different interdigital electrode materials (e.g. Ag, Ni and Pt) was reported by Zhou et al.[17] They demonstrated largest responsivity (517 mA/W) and the smallest dark current (22 pA) with Ag electrode, which is due to the high Schottky barrier between the Ag electrode and STO. 
Recently, MgxNi1-xO was proposed as a candidate for a UV photodetector. [18–21] The reports on MgxNi1-xO based UV photodetectors are predominantly focused on the electro-optic characteristic of the devices in solar-blind range (<280 nm) or deep ultraviolet (DUV) range (<300 nm). ﻿﻿Mares et al. demonstrated a photodetector based on epitaxially grown Ni0.54Mg0.46 film on MgO substrate with a maximum responsivity of 12 mA/W (at 250 nm) and dark current below 25 nA.[21] The rise time and fall time of the photodetector are 0.59 s and 7.1 s, respectively. Zhao et al. reported the optical properties of MgxNi1-xO thin films on quartz substrates. [18] In their findings, the absorption edge shows a blue shift from 340 nm to 260 nm with the increase in the Mg content from 0.2 to 0.8. They also fabricated Mg0.2Ni0.8O-based MSM UV photodetector with relatively small maximum responsivity, e.g. 0.147 mA/W at 320 nm of peak wavelength and dark current of ~70 nA at 5 V bias. ﻿ 

When considered the desirable properties of MgxNi1-xO and STO (e.g. band gap range and ability to form high Schottky barrier height), it is desirable to fabricate a new type UV-photodetectors combining their attractive optical and electrical properties which would lead to an effective and broader spectral range of UV photoreactors. 

In this study, we utilize these properties of MgxNi1-xO and STO demonstrate a new photodetector based on Mg0.67Ni0.33O thin film grown on STO (111) (Mg0.67Ni0.33O-STO) substrate by molecular beam epitaxy (MBE). We show that the photodetector has a significant broad responsivity covering the whole UV wavelength range (i.e. from 200 nm to 400 nm) by utilizing the combined effect of Mg0.67Ni0.33O and STO, which properties will be discussed next. 
II. Materials and methods
Mg0.67Ni0.33O epitaxial single crystals thin films (22 nm) were grown on 0.5 mm thick atomically flat (111) oriented STO substrates (MTI Corporation) by MBE. The substrates were cleaned by sonication in acetone, isopropanol and deionized water in sequence. To achieve an atomically flat surface, substrates were annealed inside an image furnace (MILA-5000, ADVANCE RIKO) at 1100 °C for half an hour. During growth, Ni and Mg were co-deposited using effusion cells (CreaTec Fischer & Co. GmbH) under ~ mbar oxygen partial pressure while the substrate was held at 400 °C. Reflection high-energy electron diffraction (RHEED) patterns were recorded with electron beam incident along the   azimuth during growth to monitor the crystalline quality of the film. Transmission electron microscopy (TEM) was used for structural characterization by JEOL 2100 at 200 keV. TEM specimen preparation was done by a focused ion beam system (FEI Nova 200 NanoLab) after depositing protective layers of carbon and Pt. Conventional photolithography techniques were used to pattern the interdigital electrodes on the top of the film, and 50 nm thick film of Au was deposited by thermal evaporation in order to fabricate MSM photodetectors. ﻿ The length of interdigital electrode fingers is 450 μm, and both the width and inter-spacing of the interdigitated electrodes are 20 μm. The irradiated active area of the devices is 0.192 mm2. Elemental composition of the MgxNi1-xO thin film was determined by the energy dispersive x-ray spectroscopy (EDS). ﻿The spectral photocurrent measurements were carried out using a 0.5 m Acton monochromator combined with a 450 W xenon lamp and a lock-in amplifier (SRS-830). The current-voltage (I-V) characteristics of the photodetectors were measured by an Agilent B2902A source/meter unit, and the ﻿ photocurrent response measurements were carried out by utilizing electronic shutter between Xenon lamp and photodetector. 
III. Results and discussions
The overview of the grown MgxNi1-xO film (Figure 1a), at low magnification taken under bright-field TEM imaging conditions, shows a uniformly grown film with a thickness of ~20 nm.  The high resolution TEM (Figure 1b) shows coherent epitaxial single crystalline film with an atomically sharp interface with the STO(111) substrate.  The single-crystal nature of the grown film and the epitaxy between the film and substrate is shown in Figure 1c by the selected area electron diffraction from the film and substrate. The unit cell of the diffraction spots originated from the Mg0.67Ni0.33O film (yellow) and the substrate (red) are outlined with dashed lines. From the pattern we further conclude that the epitaxial relation is a typical cube on cube given by  and  Transmission spots in RHEED pattern (Figure 1d) indicate that film growth is 3D. This is to be expected since MgxNi1-xO along the [111] direction is rock salt polar oxide with alternating positive and negative ionic planes. Hence it is expected to share similar properties as NiO(111) and MgO(111) surfaces, which tend to exhibit various reconstructions or in the absence of H by faceting into neutral surfaces, i.e. {100} types in order to decrease the surface energy.[22-24] The atomic fractions of the Mg and Ni in the grown film were measured by EDS are 0.67 and 0.33, respectively (see Supplementary Figure 1). 

Figure 2a shows a schematic diagram of the Mg0.67Ni0.33O-STO(111) photodetector. The room temperature I-V characteristics of both Mg0.67Ni0.33O-STO photodetector and the reference STO photodetector ﻿in the dark and under the illumination of the xenon lamp, Figure 2b. The devices have I-V characteristics of typical MSM photodetectors. The observed low dark current values indicate that a Schottky contact for both Au/Ni0.33Mg0.67O/Au and Au/STO/Au are suitable for the MSM photodetectors. The dark current of the Mg0.67Ni0.33O on STO is slightly higher than that of the reference STO photodetector. STO used in this study is an intrinsic perovskite semiconductor, while MgxNi1-xO is a self p-type grown semiconductor. [21,25] The higher dark current measured on Mg0.67Ni0.33O-STO compared to reference STO device, implies of formation of lower Schottky barrier height between the Au and MgxNi1-xO.  

 
The photocurrent-to-dark current contrast ratio is higher than 104 at 10 V applied voltage for both photodetectors, proving that this junction is a functional photodetector (Figure 3a). The photocurrent of the Mg0.67Ni0.33O-STO photodetector is two times larger than that of reference STO photodetector. In comparison with the reference STO photodetector, the enhancement of the photocurrent of the Mg0.67Ni0.33O-STO photodetector is due to the contribution of photocurrents from both Mg0.67Ni0.33O thin film and the STO substrate. In this heterostructure, Mg0.67Ni0.33O film acts as a short-wavelength absorber, and the STO substrate acts as a long-wavelength absorber layer. Therefore, photogenerated currents from both layers contribute to the measured current. In order to clarify this mechanism, the electric field distribution in the device has been calculated at various thicknesses thorough the devices by using COMSOL Multiphysics® simulation software. While the relative permittivity () and electrical conductivity ( ) of the STO ( [26],  [27]) which have been used in the simulation were taken from literature, Vegard’s Law has been used to calculate the parameters of  and  for . The relative permittivity and electrical conductivity of the   are obtained as 9.4 and 3.7 S/m, respectively, by using the parameters of binary alloys MgO ( [28],  [29]) and NiO ( [30],  [31]).
[bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK10][bookmark: OLE_LINK12][bookmark: OLE_LINK1][bookmark: OLE_LINK21][bookmark: OLE_LINK22]Figure 3b shows the electric field distribution between the adjacent fingers of the interdigital electrode of the device. The electric field in the center of the  is 7.6 kV/cm under 10 V of applied bias. The electric filed is penetrating the STO substrate, because of the small thickens of the film. As can be seen from the modeling, the electrical field is 7 and 5.9 kV/cm at 2 and 5 µm depths from the surface, respectively. These simulations show that the magnitude of the electric field is sufficient for generated photocarriers to be collected in a few microns depth of STO.

﻿The time-dependent photocurrent properties of the photodetectors are studied under a xenon lamp. The lamp power density is about 16, and the applied voltage is 10 V. Both photodetectors exhibit non-persistent conductivity behavior, which is one of the crucial requirements for high-quality photodetectors. While the fall times of the photodetectors are comparable with each other, the rise time of the Mg0.67Ni0.33O-STO photodetector (10.7 ms) is more than two orders of magnitude smaller compared to reference STO photodetector (2060 ms) which shows an interminable increment of the photocurrent. This delayed response of the reference STO photodetector is likely caused by the vertical diffusion of the photocarriers, which are created on a length scale comparable to the diffusion length of the carriers with respect to the Au-contacts of the reference STO photodetector. The small thickness of the Mg0.67Ni0.33O makes the collection from this layer to be way faster compared to the bulk like structure of the STO photodetector.


﻿The spectral response of the photodetectors at 10 V bias is shown in Figure 4. The responsivity of Mg0.67Ni0.33O-STO photodetector is 415 mA/W at 320 nm. We observe close to an order of magnitude enhancement on the responsivity at whole DUV wavelength range of Mg0.67Ni0.33O–STO detector compared to that of the reference STO photodetector. The UV/visible responsivity ratio of Mg0.67Ni0.33O-STO photodetector is found to be higher than 104:1. 

In the presence of the external electric field, as it is shown above, the electric field penetrates the STO, and it is becoming difficult the separate the contributions of the layers to the photocurrent. Without applied bias, only the photocarriers where in the depletion region can contribute the photocurrent due to the internal (built-in) electric field between the metal and semiconductor interface. To extract the contributions of the layers, we did not apply voltage during spectral photoconductivity measurement. A spectrum under these conditions is given in Figure 5. As shown in Figure 5, there are two peaks in the spectral response spectrum of the Mg0.67Ni0.33O-STO photodetector. The peak at the long-wavelength originates from the STO while the peak at 276 nm of short-wavelength is from the Mg0.67Ni0.33O thin film. Recent studies show that energy bandgap of the MgxNi1-xO is changing linearly with the Mg content. ﻿ Niedermeier et al. reviewed energy bandgap tuning of the MgxNi1-xO as a function of Mg content (x) and they show that the trend can be described by linear interpolation of the NiO bandgap (3.7 eV) and that of MgO (7.8 eV), except when the x is garter than 0.88 which corresponds to Mg0.88Ni0.12O bandgap of 4.9 eV.[ 32] Since the composition of our film is in the range where the linearity holds by using Vegard’s law without bowing parameter, we calculate the bandgap energy of the Mg0.67Ni0.33O to be 4.5 eV which corresponds to the observed short-wavelength peak on the spectral response of the Mg0.67Ni0.33O-STO photodetector. 


IV. Conclusions
In conclusion, we have demonstrated a highly sensitive Mg0.67Ni0.33O-SrTiO3 MSM photodetector for a whole range of the UV region. We observed almost an order of magnitude enhancement on the responsivity over the whole DUV wavelength range when compared with that of a reference SrTiO3 photodetector. We attribute these enhancements to the photocurrents generated from both Mg0.67Ni0.33O thin film and the SrTiO3 substrate. The responsivity of the photodetector at the 320 nm of wavelength is 415 mA/W at a 10 V bias, while the dark current of the photodetector is lower than 40 pA. ﻿Moreover, the rise time of Mg0.67Ni0.33O-SrTiO3 photodetector is more than two orders of magnitude shorter than the reference SrTiO3 photodetector. These results demonstrate that heterostructured Mg-rich MgxNi1-xO thin film-STO photodetectors can be effectively used for the next generation of highly sensitive and broad range UV photodetectors.
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Figure 1.  (a) Low magniﬁcation TEM image showing an overview of the Mg0.67Ni0.33O film on the SrTiO3(111) substrate. (b) HRTEM image taken along the  zone axis shows abrupt film substrate interface. (c) The diffraction pattern along  zone axis for both Mg0.67Ni0.33O film and the STO substrate (yellow dotted line outline the film and red dashed line the substrates diffraction units). (d) in-situ RHEED pattern of the film surface taken after growth.
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Figure 2. a) A schematic diagram of the Mg0.67Ni0.33O-STO(111) photodetector. b) Dark (insert) and illuminate I-V characteristics of Mg0.67Ni0.33O-SrTiO and reference SrTiO3 photodetectors.
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Figure 3. a) The time-dependent photocurrent of Mg0.67Ni0.33O-SrTiO3 and reference SrTiO3 photodetector under the illumination of xenon lamp and b) electric field distribution between two adjacent fingers of interdigital electrodes as a function of the depth of the device. 
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Figure 4.  The spectral responsivity of Mg0.67Ni0.33O-SrTiO3 and reference SrTiO3 photodetector at 10V bias.
[image: ]  
Figure 5.  Spectral response of the Mg0.67Ni0.33O- SrTiO3 photodetector without bias.
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Figure 1. (a) Low magnification TEM image showing an 



overview of the Mg0.67Ni0.33O film on the SrTiO3(111) 



substrate. (b) HRTEM image taken along the [11-2] 



zone axis shows abrupt film substrate interface. (c) The 



diffraction pattern along [11-2] zone axis for both 



Mg0.67Ni0.33O film and the STO substrate (yellow dotted 



line outline the film and red dashed line the substrates 



diffraction units ). (d) in-situ RHEED pattern of the film 



surface taken after growth.
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