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Abstract

Crucial commercial and space applications require the detection of broadband ultraviolet (UV)
rays spanning from UV-A to UV-C. In this study, the authors demonstrate a broadband UV
photodetector employing a p-type NiOy layer and an n-type 5-Ga, O3 heterostructure in PIN
configuration for the first time. Simulations are conducted to optimize the doping concentration
and thickness of the NiOy layer, ensuring that (a) a reasonable depletion width is maintained
within the NiOy layer for UV-A and UV-B light absorption; (b) anode ohmic contacts are
formed on the nondepleted NiOx film, and (c) >70% of the UV-C light is absorbed by
B-Ga;03. The optimized NiO/3-Ga; 03 PIN photodiode exhibits good responsivity to incident
light wavelengths in the UV-A, UV-B, and UV-C regions. While the NiOy layer is considered to
be responsible for providing good photoresponsivity in the UV-A and UV-B regions, a highly
resistive (near-intrinsic) 5-Ga,;O;3 layer is required for the absorption of incident UV-C light. A
record detectivity of >10'" cm Hz*3 W~! for the UV-B and UV-C regions and

>10'" cm Hz%> W~! for the UV-A region is observed in the NiO,/3-Ga, 03 heterostructure PIN
photodiode during the self-powered operation. The results presented in this study are promising
and instigate device design strategies for (ultra)wide bandgap semiconductor-based broadband
UV PIN photodetectors.

Keywords: PIN photodiode, 5-Ga,0j3, broadband photodetector, detectivity, TCAD

(Some figures may appear in colour only in the online journal)

1. Introduction layer monitoring, flame detection, and space communications
[1,2]. Some of these applications require the detection of
broadband UV-light wavelengths [3]. For example, the envir-
onment is exposed to harmful broad-range UV radiation
because of ozone layer degradation [4]. Likewise, UV flame
detectors mandate a broadband UV light detection to attain
compatibility in versatile applications. For instance, diesel
oil flame produces UV light in the range of 300-330 nm,
while electric arc consists of broadband UV light in the
range of 200-400 nm [5-7]. Other applications, such as
bioaerosol detection, nondestructive forensic examination and

Ultraviolet (UV) photodetectors are core devices for mul-
tiple commercial and strategic applications such as ozone
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astronomical telemetry imaging systems require detectors
with a broadband UV spectral response [8]. Wide bandgap
semiconductors with a bandgap (E,) of >3 eV are preferred
for fabricating UV photodetectors to overcome the require-
ment of expensive filters [9]. Several wide bandgap semicon-
ductors such as Mg ¢7Nig770/SrTiO3 [10], perovskite single
crystal [11], and AlGaN/GaN [12] based photodiode has been
reported to yield a broadband UV detectivity. While some of
them are promising for commercialization, others pose chal-
lenges like production cost and reliability [13]. In recent years,
B-Ga03 (Eg ~ 4.8 eV) has emerged as a potential candid-
ate for developing UV photodetectors [13]. Single crystalline
B-Ga, 03 wafers can be grown using low-cost bulk crystal
growth methods. Moreover, 3-Ga,O3 films offer an excel-
lent thermal, chemical and mechanical stability at elevated
temperatures [ 14]. However, standalone 3-Ga,; O3 photodiodes
exhibit a sharp responsivity peak at ~250 nm, preventing them
from detecting a broadband UV spectrum. Therefore, integrat-
ing 5-Ga,03 with a narrow bandgap semiconductor is essen-
tial for detecting a broadband UV spectrum.

In terms of the device design, most literature reports on
5-Ga, 03 UV photodiodes are based on a P-N (hetero)junction
[2, 4, 15] or a metal-semiconductor-metal (MSM) [16-18]
configuration. Compared with the MSM configuration, P—
N junction photodiodes have several advantages, such as
lower dark current, higher responsivity, and better detectivity
[9]. Furthermore, a considerable zero-bias built-in potential
enables the self-powered operation of the P-N junction pho-
todiode. Because of the nonavailability of p-type doping,
[B-Ga, 03 heterojunction photodiodes comprise an n-type (-
Ga;0; film and a suitable p-type oxide [19, 20] or a p-type
semiconductor [9, 15]. In recent years, p-type NiOyx (E: 3.2—
3.8 eV) has attracted considerable attention for complement-
ing the n-type $-Ga,O3. NiOy is a chemically stable and non-
toxic oxide, providing a high visible light transmittance [19].
Furthermore, in several studies, good matching and a stable
heterostructure between NiOy and (3-Ga,Oj3 films have been
demonstrated [21, 22], as well as highly efficient NiO,/S-
Gay03 P-N junction diodes and Schottky barrier diodes
have been demonstrated for power electronic applications
[23-25].

A significant depletion region for light absorption in P-N
junction photodiodes requires low epitaxial-film doping [26].
A P-N photodiode comprising a semiconductor heterojunc-
tion requires a reasonable depletion width for both semi-
conductors to achieve a broadband photoresponse [8]. Con-
sequently, ohmic contacts in heterojunction P-N photodiodes
are formed on low-doped films, particularly on the epitaxial
film closer to the surface [8, 9]. Because the contact resist-
ance is a strong function of the epitaxial-film doping [27, 28],
P-N heterojunction photodiode ohmic contacts may suffer
from a large-ohmic-contact resistance. However, PIN pho-
todiodes provide a larger depletion region for light absorp-
tion without compromising the epitaxial-film doping near the
ohmic contacts [29].

Nevertheless, although a NiO,/3-Ga,O3 heterostructure
provides broadband responsivity because of the bandgap
difference, recent studies on NiO4/3-Ga,O3 P-N junction

photodetectors demonstrate narrowband photoresponsivity
characteristics in the 240-260 nm region [19, 30]. These
observations can be primarily attributed to the non-
optimization of the device design, i.e. optimum broadband
UV characteristics require a reasonable depletion region in
the NiOy film to generate a photoresponse to incident UV-A
and UV-B light. In contrast, the depletion region in 8-Ga, 03
generates a photoresponse to incident UV-C light. Moreover,
PIN configuration providing a larger depletion region for light
absorption compared to the P-N junction has not been repor-
ted yet. This work reports a NiOx/3-Ga, O3 PIN photodiode
that exhibits a broadband UV detection capability for the
first time. This feature is attributed to the overlapping of the
photoresponsivity characteristics of NiOy in the UV-A and
UV-B spectra, and 5-Ga,0j3 in the UV-C spectrum. The pro-
posed device exhibits a large photoresponse to incident light
having a wavelength in the UV-A (360 nm), UV-B (300 nm),
and UV-C (240 nm) spectra.

2. Experimental methods

Initially, device design optimization of the NiO,/3-Ga, O3 PIN
photodiode was conducted using the commercially available
Silvaco Technology Computer Aided Design (TCAD) soft-
ware. Parameters such as the bandgap and electron affinity
of NiOy and 3-Ga,03 were obtained from existing literature
studies [19]. Next, quasi-vertical NiO,/3-Ga, O3 PIN photodi-
odes were fabricated on commercially available n™—Si wafers.
Figure 1(a) shows a schematic of the fabricated NiO/3-
Ga,03 PIN photodiode. All 5-Ga,0O3 films were deposited
using the pulsed laser deposition (PLD) method, whereas the
NiOy film was deposited using a radio frequency sputtering
system. Before PLD growth, Si wafers were cleaned using
a piranha and buffer-oxide etch solution. The PLD depos-
ition was conducted using 900 nm highly-doped 5-Ga,O; lay-
ers (nT-Gay03), followed by a 100 nm low-doped 3-Ga,O;
layer (n~ Ga;03) and then 100 nm highly-resistive (considered
intrinsic) 5-Ga,0; films (i-Ga;03). The PLD growth con-
ditions were optimized to achieve doping concentrations of
~10' and ~10'7 cm~3 in the nT-Ga,05 and n—Ga, 05 films,
respectively. Next, a 25 nm p-type NiOx layer with a doping
concentration of ~10'"® cm™3 was deposited. The dopant for
Ga, 05 was SiO,, and for NiOx was Li. Note that additional
details on the growth process of PLD 3-Ga,0O3 and sputtered
NiOx films can be found in the literature [31-33]. The free
carrier concentrations in the films were validated using Hall
measurements. For this, Ga;O3 and NiOx films were grown
separately on different wafers, and Hall measurements were
carried out on square-shaped samples using Van der Pauw geo-
metry. Note that Si dopants in Ga,O3 are shallow, whereas
Li dopants in NiOx show an activation energy of ~110 meV
[34]. Thus, the doping concentration in Ga,O3; was directly
estimated from the Hall measurements, whereas the doping
concentration in NiOx was evaluated from the Hall measure-
ment results.

The device fabrication started by exposing the n™-Ga,0;
layer for contact formation. A hard mask was created to cover
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Figure 1. (a) Schematic of the fabricated NiOx/3-Ga,O3 PIN
photodiode; (b) micrograph (top view) of the photodiode.

a small area to enable cathode contact formation and depos-
ition on the other side of n~Ga,03, i-Ga;03, and NiOy. A
Ti/Au cathode ohmic contact was deposited on the exposed
nt-Ga, 03 film. Similarly, Ni/Au anode ohmic contacts were
deposited on NiOx and patterned using conventional photo-
lithography. Figure 1(b) shows the top view of the fabric-
ated devices. Both metallization steps were implemented using
the DC sputtering technique. The fabricated devices were
annealed at 450 °C for 1 min to enable contact formation
in a nitrogen atmosphere. The current—voltage (I-V) charac-
teristics of the photodiodes were recorded using a Keithley
4200 semiconductor parameter analyzer. The photoresponsiv-
ity and pulse response of the photodiodes were measured using
atest system (Zolix DSR600-x150-200-UV) supplied by Zolix
Instruments Co., Ltd. This system includes a digital source
meter (Keithley 2636B), a monochromator (TLS1509, Zolix),
a Xe lamp, and a LabVIEW-developed software for measure-
ment control. The system is capable of measuring photore-
sponsivity in the range of 200—1100 nm. All the measurements
were performed at room temperature. Note that additional
details on the photodiode characterization can be found in the
literature [35, 36].

3. Results and discussion

A broadband UV response can be achieved when the optimum
design of the photodiode device ensures that the depletion
region in NiOx results in a photoresponse to UV-A and UV-B
light, whereas the depletion region in $-Ga,O3 results in a
photoresponse to UV-C light, as shown in figure 1(a). Tradi-
tionally, the NiOyx layer exhibits broad UV absorption char-
acteristics, having a peak absorption coefficient at ~310 nm
[37]. However, the absorption coefficient of NiOy for incid-
ent light with a wavelength of 250 nm is still a large quantity,
indicating that a significant percentage of the incident light is
absorbed within tens of nm of the NiOy film thickness. The
light absorption inside a semiconductor for a specific incident
light wavelength is given as follows [38]:

¢ =poe” ™ ey

100 r\
o 801 '\ light wavelength: 250 nm
e .\
o
o 60F
o)
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§ 40 -
sl \.\
6‘3 20} .\.‘l..
...._.-.-.".-._I
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0O 30 60 90 120 150 180
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Figure 2. Percentage of the incident light intensity available in the
NiOx film as a function of the film thickness.

where ¢ is the light intensity available at a distance x from the
NiOy surface, g is the incident light intensity on the semi-
conductor (NiOy in this case) surface, and « is the absorption
coefficient at a specific wavelength [38]. Figure 2 shows the
percentage of g (250 nm wavelength) in NiOy for a given film
thickness. It can be observed that only ~60% of the 250 nm
wavelength incident light is available for absorption in (-
Ga, 03 if the thickness of the NiOy film is ~30 nm. Hence, for
an optimum device design, the thickness of NiOy film should
be maintained at <30 nm.

TCAD simulations were conducted to optimize the NiOy
thickness and doping concentration. The aim was to ensure
(a) a reasonable depletion region in the NiOyx film for UV-A
and UV-B light absorption, and (b) nondepleted regions near
the NiOy surface to enable anode ohmic-contact formation
with low contact resistance. The relation between the deple-
tion region width and the doping across a heterojunction diode
is given as follows [39]:

Npx, = NAxp (2

where Np and N, are the doping concentration in the n-type
and p-type semiconductors, respectively, whereas x, and x,
are the depletion width inside the n-type and p-type semicon-
ductors. Equation (2) shows that the depletion region width
strongly depends on the doping concentration across the het-
erojunction. The thickness of the depletion region inside the
NiOy film of the NiO,/3-Ga, O3 PIN photodiode was observed
to be ~19 nm for Ny ~ 10'® cm~3. Figure 3(b) shows the
electric field profile inside the NiOx/3-Ga,O3 PIN photodi-
ode; ~6 nm of the NiOx film was observed to be nondepleted.
However, the thickness of the depletion region inside the NiOy
film of the NiOx/3-Ga, O3 P-N junction photodiode is signi-
ficantly larger than that of the PIN photodiode for a similar
Na, as shown in figure 3(c). To summarize, the NiO,/3-Ga, 03
P-N junction photodiode requires a NiOy film of <30 nm for
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Figure 3. (a) Simulated thickness of the depletion region in NiOx (Wniox) as a function of doping in the NiOx film. Electric field profile
inside NiOy/3-GaO3: (b) PIN photodiode and (c) P-N junction photodiode. In (b) and (c), the doping concentrations are Ny = 10" em ™3,
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Figure 4. I-V characteristics of the NiOx/3-Ga,O3 PIN photodiode under dark and illumination conditions; (b) energy band representation
of individual NiOx and Ga; O3 layers, and (c) energy band profile in equilibrium, forward bias and reverse bias.

Na ~ 10" cm~—3 to ensure the formation of anode ohmic con-
tacts on the nondepleted film. Moreover, the thickness of the
depletion region for UV-C light absorption in the PIN photo-
diode is a user-defined quantity. The thickness of the intrinsic
[B-Ga, 03 film can vary by selecting appropriate growth condi-
tions. The above observations indicates that a NiO,/3-Ga,03
photodiode in PIN configuration is advantageous over the cur-
rently popular P-N junction configuration. Figures 2 and 3(a)
demonstrate that a NiO/3-Ga, O3 PIN photodiode comprising
a 25 nm-thick NiOy film and N of ~10'8 cm—3 achieves (a)
a reasonable thickness of the depletion region for UV-A and
UV-B light absorption, (b) a nondepleted NiOy film near the
surface that enables ohmic-contact formation, and (¢) >70%
of the 250 nm wavelength incident light intensity available for
absorption in the depletion regions of 5-Ga,0j3.

Next, the photoresponse of the NiO,/3-Ga, O3 PIN photo-
diode was investigated by recording the I-V characteristics of
the device under dark and illumination conditions for incid-
ent light wavelengths of 360, 300, and 240 nm, as shown in
figure 4(a). Interestingly, the photoresponse in forward bias is
observed to be higher than the reverse bias. To understand this,
energy band diagram was investigated. Figure 4(b) show the
energy band profile of individual layers before the formation
of NiOx/3-Ga, 03 PIN photodiode. The energy band profile in
forward bias and reverse bias is shown in figure 4(c). Forward

bias suppresses the potential barrier and depletion region lead-
ing to an enhanced charge carrier migration. On the contrary,
promotion of the potential barrier and increased depletion
region during reverse bias results in a restrained charge car-
rier migration. The enhanced photocurrent in forward bias is
consistent with other literature reports on Ga,O3; based P-N
heterojunction photodiodes [40]. However, forward bias min-
imizes the depletion region in NiOx layer, indicating a com-
promised broadband detection during realistic device opera-
tion. Now, The photocurrent at zero bias is observed to be
>107 higher than the dark current in the 240-360 nm range
light wavelengths. An increase in the zero-bias current upon
illumination confirms the self-powered operation of the pho-
todiode. The photodiode quality was then investigated by eval-
uating the photoresponsivity (R)) and detectivity (D)), which
are given as follows [4]:

(I photo — I da.rk)

Ry = PxA 3)
Ry

D = 4

A s 4)

where I 1 the photocurrent, Jgqx is the dark current, P is
the incident light intensity (22 W cm™2 in this work), A is



J. Phys. D: Appl. Phys. 56 (2023) 065104

J M T Vasquez et al

- 0 L
Z 04 200 300 400 500
D& Wavelength (nm)

280 320
Wavelength (nm)

240 360

Current (nA)

1N

Bias: 0 V

240 nm (b)

—_
N

(o]

0 20 40 60 80
Time (s)

100 120

Figure 5. (a) Detectivity and (b) time response of the NiOx/3-Ga,O3 PIN photodiode for incident light wavelengths of 240, 300, and

360 nm.

the effective area of the photodiode (3.32 x 10™* cm?), ¢ is
the electronic charge, and Jp is the dark-current density. The
inset of figure 5(a) shows the R) of the NiO4/8-Ga,O3 PIN
photodiode at zero-bias voltage. It is observed that the overlap-
ping of two distinct peaks results in broadband UV photore-
sponsivity. We speculate that the broader peak centered at
~320 nm is caused by the photoresponse of the depleted NiOy
film, whereas the photoresponse of the intrinsic 3-Ga, O3 film
causes the peak at ~250 nm. Figure 5(a) shows the D) val-
ues of the photodiode for incident light wavelengths of 240,
300, and 360 nm. A record detectivity of >10'" cm Hz*> W—!
is observed for the UV-A region, whereas the detectivity is
>10"" cm Hz% W~! for the UV-B and UV-C regions in the
self-powered operation. The values of observed detectivities
are summarized in table 1.

Next, figure 5(b) shows the time-dependent photoresponse
of the photodetector for different incident light wavelengths.
The time response was fitted to estimate the rise time (7,) and
the decay time (74) of the photodiode for a specific incident
wavelength [19]. The 7, (74) values of the NiO,/3-Ga, 03 PIN
photodiode for incident light wavelengths of 360, 300, and
240 nm were reported to be 1.69 s (0.32 s), 0.87 s (0.44 s),
and 0.71 s (0.65 s), respectively.

Finally, the performance of the broadband NiO,/3-Ga;03
UV PIN photodiode was benchmarked by comparing the pro-
posed device with existing Ga,O3-based heterojunction pho-
todiodes reported in the literature, as shown in table 1. Most
reports on self-powered broadband UV [3-Ga, O3 photodiodes
are based on the MSM or P-N junction configuration, as
observed in table 1. Although the NiO,/3-Ga, O3 heterostruc-
ture has been heavily investigated for power electronic applic-
ations, only a limited number of studies on the broadband cap-
ability of the NiO/3-Ga, O3 photodiode have been reported in
the literature. For example, Wang et al [19] and Jia et al [30]
fabricated NiO,/3-Ga, O3 P-N junction photodiodes by main-
taining a thick 5-Ga,0s3 layer on top of the NiOy film. Sig-
nificant photoresponsivity was observed only for a ~250 nm
wavelength incident light with no noticeable/considerable
photoresponse at longer wavelengths.

Similarly, Li ef al [41] fabricated NiO4/3-Ga; O3 P-N junc-
tion photodiodes by maintaining a 170 nm-thick NiOy film

on top of the 5-Ga,03 film. These photodiodes exhibited a
better detectivity of 2.27 x 10" cm Hz> W' ata 7 V applied
bias for an incident light wavelength of 260 nm. Presumably,
the detectivity in the self-powered operation is possibly sig-
nificantly lower. Furthermore, the work of Li et al [41] did
not mention the broadband UV detection characteristics of the
proposed photodiodes. Therefore, the detectivities observed in
this study for NiO4/8-Ga, 03 heterostructure based PIN pho-
todiode during self-powered operation is a significant mile-
stone, thanks to the device optimization performed using the
TCAD simulations. In other studies on 3-Ga,03-based broad-
band UV photodetectors, p-type semiconductors (GaN, GaSe,
and CuOx) were used, as shown in table 1. However, the inter-
face quality of the heterostructure between 5-Ga, O3 and semi-
conductors, such as GaN, GaSe, and CuOx, is still unclear. The
NiO,/3-Ga,03 photodiode investigated in this work exhibits
reliable broadband characteristics and higher detectivity in the
self-powered mode than other reported NiO,/3-Ga;O3 P-N
junction photodiodes. Moreover, as shown in table 1, lower
doping in the p-type region (than that of the proposed device)
was employed in existing studies on P-N junction broadband
UV B-Ga,0; photodiodes. Such low doping near the anode
contact region possibly induces a large contact resistance and
may hinder the commercialization process.

Next, we present a discussion to justify the importance
of the proposed NiO,/3-Ga,03 broadband UV PIN photo-
diode. Bulk $-Gay0; single crystals are progressing fast to
achieve commercial maturity because of the compatibility of
B-Ga, 03 films with low-cost growth techniques such as the
Czochralski growth method [14, 42]. To date, highly effi-
cient kilovolt-class [3-Ga,O3 Schottky diodes [43, 44] and
P-N junction diodes [23, 45] have already been reported in
the literature. These reports used single crystalline Ga,O3
substrates that are likely to offer better carrier mobility than
the Ga,O3; films grown on Si substrate in this work. For
instance, the mobility in low-doped Ga,O; film was observed
to be ~10 cm? V~! s~!, much lower than single crystalline
films for a similar doping concentration [42]. Moreover, Zhou
et al reported a low trap density of ~2.2 x 10° eV~! cm—?
at the NiOx/Ga,Os; interface [46]. Such a low trap density
enables a high I,,/I ratio of 10° (or more) in NiOx/Ga, 03
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Table 1. Benchmark table comparing recent studies on 8-Ga; O3 heterojunction UV photodiodes.

Diode Doping near
configura- Wavelength contacts Detectivity Responsivity
Photodiode tion range (nm) (cm_3) (x 10" ¢m HZ%? w=h  (A/W) tltq (s/s) Reference
NiOx/Ga,03;  PIN 240-360 P:5x 107 240 nm: 1.92 1.9 x 1073 0.71/0.65 This work
N: 10" 300 nm: 1.84 1.7 x 1073 0.87/0.44
360 nm: 0.3 0.4 x 1073 1.69/0.32
NiOx/Ga,03* P-N 245 Unknown 31.4 (10 V bias) 27.43 (10 V bias) — Jia et al [30]
NiO«/Ga,03 P-N 254 Unknown 0.0545 57 x 107° 0.34/3.65 Wang et al [19]
NiOx/Ga,053* P-N 260 Unknown ~0.628 0.362 (7 V bias) — Li et al [41]
GaN/Ga;0;3 P-N 256-365 P: 107 0.47 — Kalra et al [8]
N: 10%°
GaN/Ga;03  P-N 254-365 P: 6 x 10'6 254 nm: 0.617 28.44 0.14/0.07 Li et al [9]
N: 10" 365 nm: 1.23 54.43 0.1/0.08
CuOx/Gay03* P-N 390-visible P:unknown 390 nm: 5.2 53 0.2/0.2 Bae et al [2]
N:2.7 x 10" (16 V bias) (16 V bias)
GaSe/Ga,0O3 P-N 254 Unknown 120 190 0.32u4/52.6p Wang et al [15]
Sn0,/Ga;0;* MSM 254-302 P: unknown 254 nm: 17 000 1532 (50 V bias)  0.2/3 Mondal et al [4]
N: 6 x 10'® (50 V bias) 262 (50 V bias)
302 nm: 2970
(50 V bias)

2 Not a self-powered photodiode.

PN junction power diodes fabricated on single crystalline
Ga;03 substrates [25, 45], contrary to only ~107 observed
in this work (see figure 4(a)). Therefore, it can be safely
assumed that an improved performance (photoresponsivity
and detectivity) can be attained by the proposed NiOy/3-
Ga, 03 PIN photodiode when implemented on single crystal-
line Ga, O3 substrates. Moreover, to our knowledge, there is
no report on 3-Ga;O3-based PIN diodes, which are important
for both power electronic [47] and photodetector [48] applic-
ations. Regarding a P-N junction photodiode, a large deple-
tion region, which is necessary for light absorption, requires
low epitaxial-film doping. Unfortunately, the ohmic-contact
resistance is an inverse function of the epitaxial-film dop-
ing near the contacts [28]. Consequently, P-N junction pho-
todiodes possibly result in a significant contact resistance,
as shown in figure 2(a). However, adding a highly resistive
(near intrinsic) layer provides improved thickness optimiz-
ation and a large depletion region, which is necessary for
photodetection. Consequently, a highly doped epitaxial layer
can be used for ohmic-contact formation in a PIN photodi-
ode. However, TCAD simulations indicated that the absence
of the intrinsic 8-Ga, 03 layer, which is necessary to form a
broadband NiO,/3-Ga, 03 P-N junction photodiode, requires
a thick NiOy film to achieve a good anode-ohmic-contact
formation. Alternatively, reducing the NiOy thickness in a
NiO,/3-Ga; 03 P-N junction photodiode to achieve improved
UV-C absorption would require an increase in NiOx dop-
ing, thus reducing the corresponding thickness of the deple-
tion region and resulting in a compromised UV-A and UV-B
absorption.

Finally, the switching speed of a photodiode is a function of
the net depletion capacitance; a large thickness of the depletion
region is required to achieve a fast response. The addition of
an intrinsic region ensures a large and controllable thickness of

the depletion region. Unfortunately, in this work, the observed
response time of the carriers is large, which is probably caused
by the poor material quality. However, good quality epi-
taxial films are expected to yield a faster photoresponse in
PIN configuration than the P-N junction configuration [49].
This involves the usage of suitable substrates, optimization
of deposition techniques and thermal annealing processes.
For instance, metalorganic chemical vapor deposition grown
Ga, 03 films on foreign substrate yielded P-N junction photo-
diode response time in low-us range [15], contrary to hundreds
of msec response time observed in this work on PLD Ga,03
film counterpart. As mentioned previously, the NiOx/Ga, 03
interface plays a pivotal role in the overall performance of
the photodiode. The charged defects (and the corresponding
electric field) causes a considerable reduction in the photo-
generated carrier velocity, thereby increasing the carrier transit
time [50]. Finally, optimization of the intrinsic layer thickness
is also important in improving the PIN photodiode response
time. A thicker intrinsic layer offers a lower device capacit-
ance, but increases the device resistance. Thus, the analysis
and methods presented in this study are promising and instig-
ate device design strategies for future broadband UV photode-
tectors based on (ultra)wide bandgap semiconductor hetero-
structures in PIN configuration.

4. Conclusion

This study proposed a broadband UV PIN photodiode based
on a NiOx//3-Ga, 03 heterostructure. TCAD simulations were
conducted to optimize the doping and thickness of NiOy
films to ensure (a) a reasonable thickness of the depletion
region for UV-A and UV-B light absorption, (b) a nondepleted
NiOy film near the surface for ohmic-contact formation, and
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(c) >70% of the 250 nm wavelength (UV-C) incident light
intensity available for absorption in the depletion regions
of [3-Ga,03. Consequently, the optimized NiO./3-Ga,03
photodiode exhibited record detectivities of 1.92 x 10!,
1.84 x 10", and 0.3 x 10" cm Hz%> W~ for incident light
wavelengths of 240, 300, and 360 nm, respectively. Finally,
the analysis and methods presented in this paper are prom-
ising and instigate device design strategies for future broad-
band UV PIN photodetectors based on (ultra)wide bandgap
semiconductor heterostructures.
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