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Using DeVvEDIT and atlas under SILVCAO-TCAD, we were able to achieve
high photodetector metal-semiconductor-metal (MSM) AlGaN/GaN/BGaN
performance with high electronic mobility. Our device demonstrated a
sensitivity of 286 (I illumination/I dark) at VVanode 20V with an illumination
current of 26 mA, a photocurrent of 1.56e-7 A at a wavelength of 0.350 pm,
and an appropriate efficiency value of 87% without BGaN, and we also
studied the influence of the boron B0.03Ga0.97N back-barrier layer. As a
result, we obtain a sensitivity of 293,4 at Vanode 20V with an illumination
current of 27 mA, a photocurrent of 1,85e-7 A at a wavelength of 0.350 um,
and an appropriate efficiency value of 90%. Additionally, this type of
photodetector has been effectively created to detect UV light in the
100-450 nm range, and it may find value in both medical and military
settings. Astronomical, medical diagnostics, environmental sensing, remote
sensing, thermal imaging, optical signal detection, night vision cameras,

missiles, and target tracking.
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1. INTRODUCTION

Recent research on high-quality devices using nitride 111-V materials led to the realization of high-
performance photodetectors in the UV spectral range. They have been acknowledged as a crucial technology
for producing optical devices with high densities and low costs [1], and their significant uses in both the
military and the civilian spheres have drawn increased attention. Nitrides have the advantage of wide and
direct band gap, remarkable chemical stability, and good mechanical properties, which make them attractive
for blue and UV light emitting, for high temperature, high power and high frequency electronic applications
[2] Among these nitrides, boron nitride (BN) is a multiphase compound that has been investigated for many
years and is employed in a wide range of industrial applications due to its remarkable electrical and structural
characteristics, and have received more attention to their important applications in the military and civilian
domains. They are used in defense warning systems, UV communication, space science, environmental
monitoring, industrial production, medicine, and healthcare [3]-[7]. That allows building visible blind sensors
and solar collectors [8]. They have many applications, such as chemical detection, flame detection, ozone
hole detection, short-range communication, missile detection and guiding, monitoring vegetation growth, UV
astronomy, and gas detection [9]-[11]. Metal-semiconductor-metal (MSM) photodiodes have gained
popularity in the research community in recent years because of their basic benefits [12], [13]: a) easy to
fabricate and integrate, b) simple construction, and c) minimal capacitance in relation to area.
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MSM photodiodes are made up of two Schottky diodes arranged back-to-back on top of an active
light collection area utilizing an interdigitated electrode design. This photodetector is unable to function in
the absence of polarization because of its low capacity per unit of surface. MSM photodiodes are intrinsically
fast and are generally limited by transit time rather than constant time. The size and spacing of electrodes
may be achieved with a submicron dimension using electron beam lithography, which significantly improves
speed. The main disadvantage of MSM photodetectors is their low intrinsic reactivity.

The photo responsibility of metal-semiconductor-metal detectors is low, owing to the fact that the
oxidation of the electrodes casts a shadow across the active light collection region. The requirement for high-
quality materials like AIN, GaN, BN, and their alloys, AlGaN, BGaN, in new technologies is critical.
Fundamental research is critical for understanding growth mechanisms and hence improving material quality
by controlling growth circumstances and exploring new avenues for putting contemporary growth capacity
into practice [14]. The structure based on AlGaN/GaN materials has a number of interesting properties
related to internal electrical fields caused by spontaneous and piezoelectric polarizations [15]. The field may
be used to attract electrons, resulting in the development of a bidimensional (2D) electron gas in the canal
layer [16].

Photodetectors based on AlxGa(1-x)N have the potential to be a significant detection technology in
terms of cost, robustness, stability, power demand, and bandpass [17]. Due to a low capacity bearing and a
high shunt resistance, MSM photodetectors made of SiC, GaN, or sapphire offer low noise, high speed, high
sensitivity, and low polarization inverse. They can work invisibly on visible or infrared surfaces without
interfering with other devices.

In the early 2000s, researchers worked to improve the performance of AlIGaN UV photodetectors
(PDs) by investigating new device topologies and material development methodologies [18]-[20]. The
objective was to balance high sensitivity, low noise, rapid reaction time, and excellent quantum efficiency in
the UV area. To overcome these issues, numerous research groups created novel device architectures,
including Schottky photodiodes, avalanche photodiodes, and p-i-n photodiodes. These structures
outperformed the MSM structure in terms of sensitivity, speed, noise reduction, and quantum efficiency [21].
The breakthroughs achieved in the 2000s set the groundwork for the development of AlGaN UV PDs with
even greater performance in the following years.

MSM photodetectors using AlGaN/GaN/BGaN alloys have been the subject of extensive research in
recent years, due to their exceptional performance in UV detection. A notable study is that of Pandit et al.
(2023), who developed a highly sensitive UV photodetector based on an AlGaN/GaN HEMT structure with
graphene electrodes on a p-GaN mesa structure. This design has significantly reduced the dark current and
improved the sensitivity and detectivity of the device [22].

In addition, a simulation study by Allam et al. [23] optimized the design of GaN and InN/GaN/AIN-
based MSM photodetectors for UV detection. The results showed a significant improvement in photocurrent
and spectral responsivity in the UV region, suggesting that these structures can offer enhanced performance
for UV detection applications. Furthermore, Vasallo et al. [24] studied the effect of adding a layer of BGaN
to the photodetector structure. Their simulations demonstrated that increasing the boron concentration in the
BGaN alloy improves optical absorption and generates a higher photocurrent in the UV range, making it a
promising candidate for optoelectronic devices. This research illustrates significant advances in the
development of UV photodetectors based on AlGaN/GaN/BGaN alloys, highlighting their potential for
applications requiring efficient UV detection. Our paper presents a comprehensive exploration of large-area
AlGaN/GaN MSM UV photodetector structures on sapphire wafers, aimed at investigating the elimination of
crystal defects and reduction of dislocation density in the epitaxial MSM UV photodetector structure.

The primary objectives of this work are to fabricate MSM UV PDs using the selected structure and
characterize their dark and photocurrents, responsivity, and specific detectivity, and to conduct optical
simulations on AlGaN/GaN heterostructures with and without boron gallium nitride BGaN. Because boron
has crucial chemical properties. This element has been extensively explored, both theoretically [25], [26] and
practically [27], in various forms. Its stability and electrical characteristics were also investigated [28]. With
their many intriguing characteristics, these new nanostructures have a wide range of potential applications in
solar energy, photoconversion, batteries, sensors, nanoelectronics, and depth to identify the ideal shape for
enhanced device performance. and to compare the performance of the simulation-patterned AlGaN/GaN
MSM UV PDs to that of unpatterned devices.

This paper reports the successful development of a large-format UV with an Al-GaN/BGaN MSM
photodetector by SILVACO-TCAD simulation; we obtain the principal characteristics. In this manuscript, we
have simulated a metal-semiconductor-metal (MSM) AlGaN/GaN photodetector structure without and with a
3 um thin layer of boron gallium nitride (BGaN) as a back-barrier layer for a 3% boron concentration.
However, the growth of Bx Gax-1 N remains a challenge due to the large difference in atomic radius between
boron and gallium [29]. Furthermore, it was shown that under normal growth circumstances, boron's
solubility in GaN is restricted [30]. The objective of this study is to improve the performance of our device
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and obtain a high-performance device with no interlayer dislocation and even better performance with the
introduction of the BGaN back-barrier layer. In addition, this type of photodetector has been successfully
developed to detect UV radiation in the 100 nm to 450 nm range and can be used in military and medical
applications. Medical diagnostics, environmental sensing, remote sensing, optical signal detection, thermal
imaging, night vision cameras, astronomy, missile tracking, target tracking, etc. The proposed structure could
thus offer interesting prospects for the development of highly sensitive UV metal-semiconductor-metal
photo-detectors, despite these advantages. Furthermore, the structure of BGaN may be less stable than that of
GaN or AlGaN, especially at high boron concentrations. Finally, although the studies show significant
improvements in performance, further research is needed to assess the long-term stability and reliability of
devices using BGaN as a back-barrier layer.

2. METHOD

With 3D-DevEDIT, a sophisticated luminous 3D optical device simulator, in Figure 1, the
AlGaN/GaN/BGaN MSM photodetector is shown in three dimensions: Figures 1(a) AlGaN/GaN MSM
photodetector and Figure 1(b) AlIGaN/GaN/BGaN/MSM photodetector.

It is necessary to select a refined meshing method for device meshing to obtain optimal results in
Figure 2. Figures 2(a)-(d) show a 2D transverse section of our device, highlighting the various regions of
AlGaN, GaN, and BGaN, with a luminous light source for the creation of 2DEG. Because photodetection in a
semiconductor is based on or works with the general rule, it is the formation of electron-hole pairs under the
action of light when photons have an energy equal to or less than the gap (Eg) of the semiconductor. The
purpose of this paper is to model the electrical and optical characteristics of this diode and try to enhance
them. This research will be based on the physical and optical characteristics of the materials employed, and it
should result in the creation of efficient structures.

(@ (b)

Figure 1. Schematic structure 3d of (a) AlGaN/GaN MSM photodetector and (b) AIGaN/GaN/BGaN/MSM
photodetector

The ALGaN/GaN photodetector Figure 2(a) is produced on a c-plane sapphire substrate and consists
of a 50 nm thick GaN buffer layer, a 100 nm thick GaN layer (doping n=1e16 cm?®), an 8 nm thick
Al0.25Ga0.75N nucleation area (doping N=1e16), and a 6 nm thick Al0.25Ga0.75N active layer (doping
N=5e18 cm?). For the n-type Schottky contact, platinum metal (pt) electrodes with a thickness of 1 nm are
used. This setup enhances the photosensitive surface while leaving the dynamic behavior the same. As a
result, this planar structure, Al-GaN/BGaN MSM photodetector, which has a design similar to that of a field-
effect transistor and a large bandwidth, makes it an ideal component for optoelectronic integrated circuits [31].
In Figure 2(b), we have the same structure, including, in addition, a 3nm-thick B0.03Ga0.99N layer between
the n-GaN and GaN tanpon layer.

The proposed device structure was modeled and appropriately fine-meshed throughout the
simulation by computationally solving the electron and hole continuity equations and the two-dimensional
Poisson's equation in a finite number of points that comprise the mesh of the stated structure. The
fundamental simulation parameters taken into account at 300 K° are shown in Table 1 [32]-[36].
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Figure 2. Schematic of the (a) AlGaN/GaN MSM photodetector, (b) A1GaN/GaN/B-GaN MSM photodetector,
(c) meshing of the AlGaN/GaN MSM photodetector, and (d) meshing of the AlIGaN/GaN/BGaN MSM
photodetector

Table 1. The physical model parameters assumed at T=300 K

Parameters Indication GaN AlIXGaX-1N BX GaX-1N
Bandgap energy Eg 34eV 3.88eV 3.32eV
Material permittivity er 9,5 10.32 8.859
The carrier lifetimes of electrons ™m 1x10-9s 1x 10-9s 5%10-9s
The carrier lifetimes of holes ™ 1x10-9s 1x10-9s 5x10-12s
Mobility of electron ue 900cm2/V s 600cm2/V s 50 cm2/V's
Mobility of hole uh 10 cm2/V s 10 cm2/V s 40 cm2/V's
The electron affinity X 41 3.82 4.108
The electron density of states Nc 1,08x1019 cm-3 2.07 x 1018cm-3 2.96x1018cm-3
The hole density of states Nv 1.16x1019cm-3 1.16 x 1019cm-3 3.96x1018cm-3

3. RESULTS AND DISCUSSION

Figure 3 depicts the energy band diagram for an AlGaN/GaN in Figure 3(@) and an
AlGaN/GaN/BGaN MSM photodetector in darkness and light in Figure 3(b). Numerical simulation is a very
useful technique for investigating physical events in devices that influence electrical and optical properties.
At room temperature, simulation results were achieved using Atlas Silvaco software and the Shockley-Read-
Hall (SRH) model (300 K).

The energy band diagram was modeled utilizing BLAZE, which is interfaced with ATLAS. For Il1-
V, 1I-VI, and devices with position-dependent band structures (heterojunctions), BLAZE is a versatile 2-D
device simulator. Modifications to the charge transport equations in BLAZE accommodate the impacts of
positionally dependent band structures. Two Schottky barriers linked back-to-back provide the fundamental
building block of an MSM structure. The total of the two depletion widths rises in tandem with the applied
voltage. The whole barrier's electron is far bigger than the barrier itself. The two depletion areas come into
contact with one another at the reach-through voltage, Vrt, and the total precisely matches the flat band
voltage, VFB. As the supplied voltage causes the effective hole barrier to fall, the hole current rapidly rises.
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Figure 3. Band Diagram of (a) AlIGaN/GaN MSM photodetector and (b) AlGaN/GaN/BGaN/MSM
photodetector

Figure 4, shows the electrical-field MSM photodetector in dark and light conditions and without the
BGaN. Without the BGaN layer, the electrical field at the interface of the layer that receives the illumination
(AlGaN) increases from 2.94e5 V/cm in the dark to 6.88e5 V/cm in the light; however, when the BGaN layer
was used, the electrical field increased to 3.01e5 V/cm in the dark and 6.93e5 V/cm in the light.
Electromagnetic wave transmission analysis, or semiconductor analysis, may be used to analyze the energy
flow across MSM photodetectors. P-i-n  photodetectors and metal-semiconductor-metal (MSM)
photodetectors both work on the same principles. Their reaction is connected to the current produced in the
depletion area of two Schottky diodes by electron-hole pairs that are separated by an electric field. In this
work, we used AlGaN alloy as the active layer because it is a direct band gap semiconductor and has high
chemical resistance, high radiation resistance, and high gap energy, as shown in Figures 4(a) and (b).
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Figure 4. Electrical field of (a) AlGaN/GaN MSM photodetector and (b) AlIGaN/GaN/BGaN MSM
photodetector

Figure 5 shows the I-V property of the MSM photodetector in both dark and light environments,
with and without BGaN. Figure 5(a) is without BGaN; we get 8.74e-5A in darkness and 2.6 mA in
illumination at Vanode = 20 V; the sensitivity (I illumination/l dark) is 28.60. As a result, with BGaN, we
have 9.2 e-5 A in the dark and 2.7 mA in illumination at Vanode = 20V, as shown in Figure 5(b). The
sensitivity (I illumination/I dark) is 29.34. Due to the materials' efficient management of two-dimensional gas
in the GaN channel and BGaN, this device is clearly a better option for photosensitivity applications as it has
lower dark current and higher photosensitivity with and without BGaN. In Figure 6, we show the illumination
currents in the MSM photodetector with and without BGaN.
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Figure 5. I-V characteristics of (a) AlGaN/GaN MSM photodetector and (b) AlIGaN/GaN/BGaN/MSM
photodetector in darkness

ATLAS OVERLAY
Data from multiple files

0— = Cathode Current (A) J

-0.005 —]|
-0.01 7

-0.015 ]

Cathode current (A)

-0.02

-0.025 —|

~——without BGaN \ﬁ)
with BGaN
I B e S T
[ 4 16 20

8 12
Ancde Voltage (V)

Figure 6. The illumination currents in the MSM photodetector UV with and without BGaN

The current that is produced as a result of photon absorption is known as photocurrent, also known
as photogenerated current. Dark current is the current that exists when no light is impinged on the detector
and is produced thermally or through phonon interaction. When light containing photons of a high enough
energy strikes a semiconductor's surface, the photon may be absorbed, and electron-hole pairs may form. For
a photon to absorb, occur, and move an electron from the valence band to the conduction band, its energy
must be larger than or equal to the semiconductor material's band gap. The photon's energy can be linked to
the light's wavelength or frequency, as illustrated by using a BGaN layer. The performance of a
photodetector is determined by the dark current; the better if its value is small. The comparison of the Dark
current/Photocurrent at a temperature of 300 K for a voltage of 20V of the photodetector with and without a
layer of BGaN are shown in Table 2. For 3% boron concentration, we obtained a large increase in the layer
resistivity; the dark current in the BGaN decreased.

In Figure 7, we illustrate that the available photocurrent is a function of wavelength. The maximum
photocurrent is obtained at around 0.350 um of incident light because the semiconductor absorbs the most
light at this wavelength; we get 1.56e-7 A without BGaN and 1.85e-7 A with BGaN in the MSM UV
Photodetector.

Table 2. Device’s comparison in darkness and illumination current

Device Dark current Illumination current Ref
A study of BGaN/GaN Photo-detector Between 10-4A and 10-3A between 0.002A and 0.007A [24]
UV/Blue
AlGaN/GaN MSM photodetector UV 8.74e-5A 0.026A This work
without BGaN
AlGaN/GaN MSM photodetector UV 9.2 e-5A 0.027A This work
without BGaN
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Where E is the energy of the photon, h is Planck’s constant, v is the optical frequency of the photon, ¢ is the
speed of light, and A is the wavelength at which the lowest energy photon can be detected and whose energy
is equal to the band gap.
In Figure 8, we show the optical response of the MSM UV photodetector with and without BGaN.
We obtained a 19 A/W without BGaN and a 23 A/W with BGaN, with maximum responsivity at an optical
wavelength of 0.350 um. The ratio of electrical output to optical input is the measure of a photodetector's
sensitivity. Its definition is the ratio of incident optical power to photogenerated current. Reactivity is
frequently expressed as amperes per watt, or volts per watt, in relation to incident radiant power. Both the
wavelength of the incident light and the band gap of the material employed to create the photodetector affect
responsiveness.
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In Figure 9, we show the quantum efficiency of the device. We obtained a nmax of 88% without
BGaN and 90% with BGaN, and at 4 = 0.350 pm, we got a max of 68% without BGaN and 81% with BGaN.
The device is able to detect mainly UV radiation. The quantum efficiency (1), which is the ratio of the
number of electrons created to the number of photons impinging on the detector, is a crucial parameter for
evaluating the detector's performance. In other terms, it is often stated in percentage units and may be
described as the efficiency of converting a photon to an electron. A photodetector with a quantum efficiency
of one would be perfect. The quantum efficiency of all photodetectors is really less than one.

Figure 10 illustrates the photodetector MSM UV's absorption and transmission in relation to the
incident light's wavelength. The absorption may be expanded by using the alloys (Al, Ga, B) N; the detection
threshold can be adjusted to collect the most photons while minimizing photon transmission. They are better
than those of a photodetector without BGaN, which has a direct bearing on effectiveness. This has a direct
impact on efficiency . We obtained an absorption of 0.97 with BGaN and 0.88 without BGaN at A = 0.350
um, as well as a transmission of 0.03 with BGaN and 0.12 without BGaN.

Figure 11 illustrates the capacitance as a function of the voltage with and without BGaN. The
capacitance per unit area of the fully depleted semiconductor is equal to that of a parallel-plate capacitor. Two
voltage ranges can be used to describe how an MSM structure's differential capacitance varies. The resulting
capacitance per unit area when V<VRT is caused by two capacitances connected in series. The
semiconductor is totally exhausted at V>VRT, and the capacitance per unit area is equal to that of a parallel-
plate capacitor. Our device, in this context, the total capacitance per unit area comes from two depletion
zones between the metal electrodes and the semiconductor i.e., two Schottky diodes in series.
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Figure 10. Absorption and transmission of a UV MSM photodetector
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Where q is the elementary charge, ¢ is the permittivity of the semiconductor, ND is the doping concentration
(donor), Vbi is the built-in potential, and VRT is the Reaching Threshold Voltage. In Figures 11(a)-(b), we get
with BGaN 7.49 e-15 F and without BGaN 7.44 e-15 F, which are low values indicative of low leakage
current compared to what exists in the literature.

Figure 12 shows the speed of the MSM photodetector with and without BGaN. We analyze the rise-
time response of our planar structure with and without BGaN. In the cathode current in OV bias, i.c., solar
cell mode, the transient response is analyzed because, with the bias voltage, the carriers drift faster, so we
cannot predict the intrinsic transient behavior of the device. From Figures 12(a)-(b), we saw that the speed of
the photodetector with and without BGaN is almost the same. We observe that our device has a fast transient
response with and without BGaN. Our MSM photodetector with and without BGaN operates in the range of 1
el7 kHz with a photocurrent of 7.82 e-7 A. The photodetector speed is one of the main parameters to
consider when evaluating the photodetector performance.
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Figure 11. Capacitances of (a) without BGaN AlIGaN/GaN MSM photodetector and (b) with BGaN
AlGaN/GaN/BGaN/MSM photodetector
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4. CONCLUSION

A high-sensitivity illuminated AlIGaN/GaN/BGaN MSM ultraviolet photodetector has been designed
and characterized using the Silvaco simulator. The proposed photodetector exhibited a high efficiency n of
90% obtained by using a BGaN layer. However, because of the increased electrical field and high currents
caused by the addition of BGaN, the rate of excess port recombination decreases. This gadget can be applied
to a variety of UV-related applications. We obtained a high photocurrent equal to 26 mA and 27 mA with and
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without BGaN, respectively, under illumination at 20V. The results show that the high-quality
AlGaN/GaN/BGaN MSM photodetector UV structure proposed a device with low cost. This device can be
used in different applications in the UV range.
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