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Ultrahigh Performance UV Photodetector by Inserting an
Al2O3 Nanolayer in NiO/n-Si

Xingzhao Ma, Libin Tang,* Menghan Jia, Yuping Zhang, Wenbin Zuo, Yuhua Cai, Rui Li,
Liqing Yang, and Kar Seng Teng*

Ultraviolet (UV) photodetectors have gained much attention due to their
numerous important applications ranging from environmental monitoring to
space communication. To date, most p-NiO/n-Si heterojunction
photodetectors (HPDs) exhibit poor UV responsivity and slow response. This
is mainly due to a small valence band offset (𝚫EV) at the NiO/Si interface and
a high density of dangling bonds at the silicon surface. Herein, an UV HPD
consisting of NiO/Al2O3/n-Si is fabricated using magnetron sputtering
technique. The HPD has a large rectification ratio of 2.4 × 105. It also exhibits
excellent UV responsivity (R) of 15.8 A/W at −5 V and and detectivity (D*) of
1.14 × 1013 Jones at −4 V, respectively. The excellent performance of the HPD
can be attributed to the defect passivation at the interfaces of the
heterojunction and the efficient separation of photogenerated carriers by the
Al2O3 nanolayer. The external quantum efficiency (EQE) of the HPD as high
as 5.4 × 103%, hence implying a large optical gain due to carrier proliferation
resulting from impact ionization. Furthermore, the ultrafast response speed
with a rise time of 80 μs and a decay time of 184 μs are obtained.
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1. Introduction

UV photodetector has been widely
used in ozone monitoring, flame sens-
ing, optical communication and space
research.[1–4] One of the commonly used
semiconductor materials in photode-
tectors is silicon due to its integrability,
compatibility with CMOS process,
well-established manufacturing process
and high-speed detection capability.[5]

However, silicon-based photodetectors
encounter several issues in the UV
region, such as low photoresponse
due to high reflection coefficient and
shallow UV penetration depth. NiO, a
wide bandgap (3.4–4.1 eV) semicon-
ductor that strongly absorbs UV light,
is a good alternative material for UV
photodetector.[6] Due to the existence
of non-stoichiometric Ni vacancies and
interstitial oxygen, NiO exhibits intrinsic

p-type conduction and high hole mobility. Therefore, NiO is of-
ten used as p-type semiconductor in conjunction with n-Si in
the construction of silicon-based PN junction UV photodetectors
exhibiting high charge separation and collection efficiency. For
instance, NiO nanowire/n-Si HPD was developed and demon-
strated responsivity and detectivity of 9.1 mA/W and 1.8 × 109

Jones, respectively, under 365 nm at 0 V.[6] Also, silicon-based
UV photodetector consisting of p-NiO film demonstrated good
photovoltaic characteristics with responsivity of 0.15 A/W under
290 nm at 0 V.[7] However, the dangling bonds at silicon surface
of NiO/n-Si UV HPDs act as recombination centers, hence lead-
ing to a large dark current.[8] Moreover, due to the small ΔEV of
the NiO/n-Si interface, the photogenerated holes in the silicon
can be easily extracted into the external circuit, thereby reducing
the light-dark current ratio and UV–vis ratio.[9,10]

An ultra-thin layer of dielectric materials, such as SiO2,[11,12]

Al2O3,[13–15] and MgO,[16] have previously been used to passi-
vate dangling bonds at the surface of silicon and defect states
at the heterojunction interface. Among these dielectric layers,
Al2O3 has been effective as a carrier blocking layer to improve
the efficiency of carrier separation as well as a buffer layer to en-
hance the crystal quality of films.[13] Furthermore, Al2O3 also acts
a tunneling layer and has passivation effect at the heterojunction
that will improve the thermodynamic stability at the interfacial
contact.[17] T. Wang et al. fabricated a ZnO/Al2O3/p-Si HPD and
reported an increase of photoluminescent (PL) intensity at the
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device by 58%, while the dark current decreased by an order of
magnitude with the addition of Al2O3 dielectric layer.[13] H. Qian
et al. compared the photoelectric performances of Ga2O3/p-Si
and Ga2O3/Al2O3/p-Si HPDs. The dark current of the latter was
reduced by four orders of magnitude, and its detectivity improved
by two orders of magnitude under 254 nm UV light. Meanwhile,
the response and recovery speed of the device were reduced by
3.7 and 8.2 times, respectively.[15] It follows that the insertion of
Al2O3 layer between silicon and metal oxide can effectively im-
prove the photoelectric characteristics of HPD and therefore en-
hancing the device performances. However, most Al2O3 layers
are prepared using complex and expensive techniques, such as
atomic layer deposition (ALD) and metal-organic chemical va-
por deposition (MOCVD), and achieving uniformity on large area
film remains a challenge.

Herein, a NiO/Al2O3/n-Si UV HPD was fabricated using a
facile and low-cost magnetron sputtering technique. The HPD
exhibited a low dark current of 279 nA at−5 V and a high rectifica-
tion ratio of 2.4× 105 at±5 V. The device also demonstrated excel-
lent R, D* and EQE of 15.8 A/W, 1.03× 1013 Jones and 5.4× 103%,
respectively, under 365 nm illumination at −5 V. It has a fast re-
sponse speed with rise and decay times of 80 and 184 μs at −3 V,
respectively.

2. Experimental Section

NiO, Al2O3, and Au sputtering targets (99.99%) were purchased
from Zhongnuo Advanced Material (Beijing) Technology Co. Ltd.
A n-Si (1 0 0) wafer (resistivity of 1–3 Ω·cm) with thickness
of 400±25 μm was purchased from Suzhou Research Material
Micro-nano Technology Co. Ltd. All chemical reagents were used
without further purification.

NiO/Al2O3/n-Si heterojunction was fabricated by depositing
Al2O3 and NiO films on n-Si substrate using magnetron sputter-
ing technique at room temperature. Figure 1a shows schematic
diagrams on the preparation process of the heterojunction. Prior
to sputtering, the Si wafer was ultrasonically cleaned with ace-
tone, ethanol and deionized water in turn for 10 min at each
step. The Si wafer was then dipped into buffered oxide etchant
(HF:H2O = 1:50) for 20 s to remove native oxide. Finally, the Si
wafer was rinsed with deionized water and blown dried using ni-
trogen. The sputtering parameters, such as pressure, power, time
and argon flow rate, for Al2O3 film were 5 Pa, 100 W, 50 s and 50
sccm, and for NiO film were 0.43 Pa, 200 W, 50 min and 50 sccm,
respectively. In order to minimize lattice damage caused by mag-
netron sputtering and enhance the crystallinity of the films, the
deposited films were annealed in the air atmosphere at 300 °C
for 1 h.

The crystal structure of NiO thin film was studied using trans-
mission electron microscopy (TEM, Tecnai G2 TF30) and X-ray
diffraction (XRD, Rigaku D/Max-23). Element analysis of the NiO
film was performed by X-ray photoelectron spectroscopy (XPS, K,
Alpha+). The field emission scanning electron microscopy (SEM,
NOVA NANOSEM 450) was used to characterize the surface mor-
phology of NiO and Al2O3 films. Cross-sectional SEM image of
NiO/Al2O3/n-Si heterojunction was obtained to allow thickness
measurements of each film layer. The thickness of Al2O3 ultra-
thin layer was measured using atomic force microscopy (AFM,
Bruker Dimension ICON). The absorption spectra of NiO film

on quartz substrate were acquired using UV–vis absorption spec-
trometer (UV-3600PLUS), which provides a basis for the estima-
tion of the optical bandgap of NiO film. All characterizations, ex-
cept XRD, were performed on annealed films.

Figure 1b depicts the fabrication process of the NiO/Al2O3/n-
Si UV HPD (denoted as HPD-B) by magnetron sputtering tech-
nique. Au films/electrodes with a thickness of 100 nm were de-
posited onto the NiO/Al2O3/n-Si heterojunction to collect elec-
trons and holes. For the anode, the NiO side was masked be-
fore sputtering and the mask was then removed after sputtering,
hence leaving an exposed area of 0.04 cm2 as photosensitive re-
gion at the NiO film. Similarly, Au film was deposited on the n-
Si side as the cathode. Finally, Au wires were connected to the
Au electrodes using silver paste. A NiO/n-Si UV HPD (denoted
as HPD-A) was fabricated using similar method for comparative
study. A Keithley 2400 sourcemeter and an Agilent oscilloscope
(DSO-X 4054A) were used to characterize the electrical properties
of two type HPDs. All measurements were carried out at room
temperature under ambient conditions.

3. Results and Discussion

TEM and XRD characterizations were performed to study the
crystal structures of NiO and Al2O3 films.Figure 2a,b shows the
TEM and HRTEM images of NiO film, respectively. The lattice
fringe spacings of 0.209, 0.147, and 0.241 nm correspond to the
(0 1 2), (1 1 0), and (1 0 1) crystal faces of NiO, respectively. The
corresponding atomic spatial arrangements of the different crys-
tal planes of NiO are shown in Figure 2c–e.

Figure 3a,b shows the XRD patterns of NiO and Al2O3 films de-
posited on Si substrate, respectively. The two characteristic peaks
corresponding to (1 0 1) and (1 1 0) crystal planes are evident in
the XRD pattern of the unannealed (UA) NiO film. A narrow full
width half maximum (FWHM) of these peaks suggest that the
NiO film is of good crystallinity before annealing. The diffraction
intensity of these peaks associated with annealed (A) NiO film has
slightly increased, while its FWHM remains unchanged. How-
ever, there is an increase in the number of characteristic peaks in
the XRD pattern of annealed NiO film. It reveals three character-
istic peaks corresponding to the (1 0 1), (0 1 2), and (1 1 0) crystal
planes of NiO, which belong to the hexagonal R-3m space group,
after annealing. This is consistent with the PDF standard card
(JCPDS PDF#44-1159), and in agreement with the TEM char-
acterization of NiO film. For unannealed (UA) Al2O3 film, the
XRD pattern reveals amorphous peaks at 2𝜃 values of 76.442° and
50.673°, which indicate poor crystallinity of the film. The diffrac-
tion intensity of the two peaks are enhanced upon annealing (A)
of the Al2O3 film. Furthermore, its FWHM is also reduced. A
characteristic peak that corresponds to the (2 0 5) crystal face can
be observed at 2𝜃 value of 64.576°, which conforms to JCPDS
PDF#26-0031, hence indicating that the crystallinity of the Al2O3
film is enhanced by the annealing treatment.

The chemical bond of NiO was characterized using XPS.
Figure 3c,d shows the XPS spectra of Ni and O elements, respec-
tively. The Ni 2p core level consists of doublet peaks (i.e., Ni 2p3/2
and Ni 2p1/2) as shown in Figure 3c. The Ni 2p3/2 peak are decon-
voluted into three peaks located at 854.69, 856.16, and 861.48 eV.
The peak at 854.69 eV is associated with the presence of NiO.[9]

While the peaks at 856.16 and 861.48 eV are the main and
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Figure 1. Schematic diagrams illustrating the fabrication process of a) NiO/Al2O3/n-Si heterojunction and b) NiO/Al2O3/n-Si HPD.

satellite peaks of Ni 2p3/2, respectively, indicating the existence of
Ni2+ (i.e., NiO) due to the interaction of Ni–O.[18] The other two
deconvoluted peaks, located at 873.52 (main peak) and 879.68 eV
(satellite peak), are associated with NiO of Ni 2p1/2 in stoichio-
metric NiO.[19] The XPS spectrum of O 1s is shown in Figure 3d.
The O 1s core level peak is deconvoluted into two components
related to oxygen vacancy (OV) and lattice oxygen (OL) at 531.68
and 530.21 eV, respectively. These two peaks are attributed to
Ni─O.[18]

FESEM images revealing the surface morphology of NiO and
Al2O3 films are shown in Figure 3e,f, respectively. Prismatic par-
ticles with clear boundaries can be observed at the NiO film. The
size of these particles is relatively uniform with an average size of
≈100 nm. As for Al2O3 film, it contains fine and dense particles
that are uniformly distributed across the surface. Cross-sectional

SEM image of the NiO/Al2O3/n-Si heterojunction is shown in
Figure 3g.

It is found that the NiO film has a longitudinal dense
growth pattern. The thickness of each deposited layer has a
crucial effect on the performance of the device. From the im-
age, the thickness of NiO and Al2O3 films can be estimated
as 618.2 and 5.0 nm, respectively. Figure 3h shows the AFM
topography of the Al2O3 film. The line profile (inset) shows
the Al2O3 film having a thickness of 5.0 nm, which is con-
sistent with the thickness estimated from the SEM image in
Figure 3g.

The UV–vis absorption spectrum of NiO film is shown in
Figure 3i. The absorption of NiO film is strongest at the
wavelength range of 260–300 nm, and gradually weakens be-
yond 300 nm. There is almost no absorption in visible region.
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Figure 2. a,b) TEM and HRTEM images of NiO, respectively. c–e) Atomic spatial arrangements of the NiO crystal planes.

Equation 1 can be used to estimate the optical bandgap energy
(Eg) of the NiO film:

𝛼 (h𝜈) = A
(
h𝜈 − Eg

)1∕2
(1)

where 𝛼 is absorption coefficient, h𝜈 is photon energy, and A is
a constant. A plot of (𝛼h𝜈)2cm−2 as a function of h𝜈 is shown
in the inset of Figure 3i. Taking into account of the film thick-
ness measured by AFM, the Eg of NiO film is determined to
be 3.62 eV, which is within the theoretical Eg range of NiO
(3.4–4.1 eV).

I–V characteristics of HPD-A and HPD-B before and after an-
nealing under dark condition are shown in Figure 4a. Figure 4b
shows the corresponding log I–V plots. HPD-A exhibits poor rec-
tification characteristic before annealing and a large leakage cur-
rent of more than 104 μA. After annealing, its rectification char-
acteristic is enhanced and the dark current is reduced to 15 μA.
As for unannealed HPD-B, it exhibits some rectification charac-
teristic but has a large dark current of 79 μA. Upon annealing,
the HPD-B exhibits significantly improved rectification charac-
teristic, and its dark current is reduced to 94 nA. It is obvious
that both annealing treatment and insertion of Al2O3 nanolayer

could reduce the dark current and increase the rectification ratio
of the HPD. For NiO film, the recrystallization process occurs in
the film during annealing, which leads to the disappearance of
almost all the defects from the sputtering process and greatly re-
duces the probability of carrier recombination. Furthermore, the
crystallinity of the film is further enhanced after annealing, which
provides an improved transport path for carriers. As for Al2O3
film, the annealing treatment can provide the sputtered particles
with dynamic energy, which promotes the migration of the par-
ticles to suitable lattice sites for nucleation and results in film
crystallization. The rearrangement of atoms during the anneal-
ing treatment would reduce the defect sites at the crystal lattice
of Al2O3, which results in good quality NiO/Al2O3 and Al2O3/Si
interfaces, hence improving the carrier transmission efficiency.
Therefore, this has led to a decrease in the leakage current in both
HPD-A and HPD-B after annealing. The performance improve-
ment is also attributed to the passivation effects of Al2O3 layer on
the dangling bonds at the silicon surface and the defect states at
the heterojunction interface as well as the large ∆EV (4.03 eV) of
the Al2O3/n-Si heterojunction that prevents holes in the silicon
from being extracted into the external circuit. To investigate the
photoelectric response characteristics of HPDs, a LED light with
wavelength of 365 nm and optical power density of 5.8 mW cm−2

Adv. Electron. Mater. 2024, 10, 2300909 2300909 (4 of 8) © 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 3. a,b) XRD patterns of NiO and Al2O3 films, respectively. c,d) XPS spectra of Ni 2p and O 1s core levels at NiO film, respectively. e,f) SEM
images of NiO and Al2O3 films, respectively. g) Cross-sectional SEM image of NiO/Al2O3/n-Si heterojunction. h) AFM image and line profiles (inset)
for thickness measurement of Al2O3 film. i) UV–vis absorption spectrum of the NiO film and the inset shows the plots of [𝛼(h𝜈)]2 versus photon energy.

was irradiated on to the photosensitive regions of both annealed
HPD-A and HPD-B. It is worth noting that the LED illuminated
area is much larger than the photosensitive area (red dotted line)
as shown in the inset of Figure 4c–e. Figure 4c,d shows the I–V
and log I–V plots of HPD-A, respectively, under illumination and
dark conditions.

The inset of Figure 4c depicts the vertical structure of HPD-A
consisting of Au/NiO/n-Si/Au. As shown in Figure 4c, the HPD-
A exhibits a large dark current of 20 μA at -5 V and a obvious
rectification behavior with rectification ratio of 1.1 × 104 within
±5 V, which is due to the existence of built-in electric field at the
interface between p-NiO and n-Si. It can be seen from Figure 4d
that the light-to-dark current ratio of HPD-A is less than one
order of magnitude. This is mainly caused by the defect states
and dangling bonds at the NiO/n-Si interface and the small ∆EV
(0.03 eV).[8–10] The I–V and log I–V plots of HPD-B under light
and dark conditions are shown in Figure 4e,f, respectively. The
inset of Figure 4e illustrates the vertical structure of HPD-B con-
sisting of Au/NiO/Al2O3/n-Si/Au. A low dark current of 279 nA
was obtained by HPD-B under a large bias voltage of −5 V. The
rectification ratio is 2.4 × 105 within ±5 V, and the light-to-dark

current ratio is up to 1.3 × 104. The improvement of the pho-
toresponse performance is mainly attributed to the passivation
of the defects at the heterojunction interface of the Al2O3 tunnel-
ing layer. Al2O3 also provides fixed negative charges, which are
conducive to hole extraction.[20]

The photoelectric performances of HPD-B are evaluated using
key parameters, such as R, D* and EQE, which are determined
using the following formulas:[21–23]

R =
Iph − Id

PA
(2)

D∗ = R
√

2eId∕A
(3)

EQE = R hc
e𝜆

(4)

where Iph and Id represent photocurrent and dark current, respec-
tively, P is power density of incident light, A is effective irradiation
area, e is electron charge, h is Planck’s constant, c is speed of light,
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Figure 4. a,b) I–V and log I–V plots of HPD-A and HPD-B, respectively, under dark condition. c,d) I–V and log I–V plots of HPD-A under 365 nm
illumination and dark conditions, respectively. e,f) I–V and log I–V plots of HPD-B under 365 nm illumination and dark conditions, respectively.

and 𝜆 is wavelength of the incident light. The plots of R and D*
against bias for HPD-B is shown in Figure 5a. When the HPD
is under low negative bias (<1.7 V), both R and D* values are
relatively low. The values of R and D* increase significantly with
an increase of bias. The maximum values of R and D* are 15.8
A/W at −5 V and 1.14 × 1013 Jones at −4 V, respectively. Figure 5b
shows the EQE plot of HPD-B and the inset shows an enlarged
EQE plot from 0 to −1.5 V. The value of EQE remains relatively
constant at low negative bias (<1.7 V) but increases rapidly at
large negative bias voltage. The value of EQE can be obtained as
5.4 × 103%, which indicates high gain of the HPD-B.

Transient response of HPD-B was characterized under
frequency-modulated illumination using a signal generator, a
digital oscilloscope and a signal amplifier. As shown in Figure 5c,
the HPD exhibits excellent stability and repeatability under
365 nm illumination at 600 Hz modulated frequency with −3 V
bias voltage. Rise time is defined as the time it takes for the pho-
tocurrent to rise from 10% to 90% of its maximum value, while
decay time is the opposite. For a photodetector with photocon-
ductive gain, it usually takes a long time to accumulate photocur-
rent, resulting in a long response time. However, as shown in
Figure 5di,ii, the HPD-B exhibits fast transient response with rise
and decay times of 80 and 184 μs, respectively. Table 1 compares
the performances of HPD-B reported in this work with other
metal-oxide-based UV HPDs.

Energy band diagrams of HPD-B are illustrated in Figure 5e,f
to explain the carrier transport and origin of gain at the de-
vice. The electron affinities of n-Si, Al2O3 ,and NiO are 4.05, 2.4,
and 1.5 eV, and their energy gaps are 1.12, 5.75, and 3.62 eV,
respectively.[15] Therefore, the conduction band offset (∆EC) at
the NiO/Al2O3 interface is calculated as 0.9 eV, and the valence
band offset (∆EV) at the Al2O3/n-Si interface is 2.98 eV. The work

function of Au is 5.1 eV. Under UV irradiation, photogenerated
electron-hole pairs are generated in both NiO and n-Si. At a low
bias, the electrons in NiO drift through the ultrathin Al2O3, which
has higher electron affinity, to reach n-Si and the process is driven
by built-in electric field as illustrated in Figure 5e. These elec-
trons, along with the electrons in n-Si, are collected by the cath-
ode. The photogenerated holes in NiO are collected by the anode
due to the built-in electric field. However, it is difficult for the
photogenerated holes in n-Si to tunnel through the Al2O3 layer
to reach NiO because of the large ∆EV (2.98 eV) at the Al2O3/n-Si
interface. The applied electric field from a small bias voltage is
insufficient for a significant number of photogenerated holes to
tunnel through the Al2O3 layer, hence resulting in an accumu-
lation of photogenerated holes near the Al2O3/n-Si interface. As
shown in Figure 4f, the photoresponse of HPD-B at small reverse
bias voltage (<−1.7 V) is limited. With the increase of reverse
bias, the depletion region of the heterojunction become widen
and the electric field across the region is enhanced due to the re-
verse bias produces an electric field in the depletion region in the
same direction as the built-in electric field. At −5 V bias, there is
a significant acceleration of the photogenerated holes as shown
in Figure 5f. The photogenerated holes, which are previously
accumulated near the Al2O3/n-Si interface, can tunnel through
the ultrathin Al2O3 and are collected by the anode together with
the photogenerated holes in NiO. Furthermore, the accelerat-
ing photogenerated holes can potentially impact the crystal lat-
tice of the Al2O3 layer and lead to the release of their kinetic
energy thereby generating additional carriers within the Al2O3
layer. Consequently, an increased number of carriers are gener-
ated and collected when the biased voltage is at -5 V. This explains
the significant enhancement in the photoresponse of HPD-B as
observed in Figure 4f. Also, the proliferation of these carriers
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Figure 5. a) R and D* plots of HPD-B. b) EQE plot of HPD-B and the inset shows the enlarged EQE from 0 to −1.5 V. c) Switching behavior of HPD-B
under 365 nm illumination at 0 V. d) Enlarged views of i) rise and ii) decay edges corresponding to (c). e,f) Energy band diagrams of HPD-B at 0 V and
−3 V, respectively.

due to impact ionization can result in optical gain achieved by
HPD-B.[32,33]

4. Conclusion

In summary, a high performance NiO/Al2O3/n-Si UV HPD, con-
sisting of an ultrathin Al2O3 nanolayer (≈5.0 nm) between p-NiO
and n-Si was fabricated and studied. The device exhibits a low
dark current of 279 nA and large rectification ratio of 2.4 × 105.
The high D* of 1.14 × 1013 Jones was obtained at – 4 V. It demon-
strates excellent R and EQE of 15.8 A/W and 5.4 × 103% at −5 V,

respectively. The high EQE indicates optical gain, which is at-
tributed to the proliferation of carriers resulted from impact ion-
ization at the Al2O3 layer. The HPD also exhibits fast response
with rise and decay time of 80 and 184 μs, respectively. The Al2O3
dielectric layer has the following beneficial effects that enhance
the photoresponse of the HPD: i) It passivates the dangling bonds
at the silicon surface and defect states at the NiO/n-Si interface
to reduce the recombination of carriers. ii) The large ∆EV at the
Al2O3/n-Si interface suppresses the dark current in the HPD.
(iii) The surface of Al2O3 introduces negative fixed charges,
which are conducive to the extraction of holes.

Table 1. Comparison of characteristic parameters of UV HPDs based on metal oxide heterostructures.

HPD Wavelength
[nm]

Bias
[V]

R
[A W−1]

EQE
[%]

D*
[Jones]

Rise/decay time
[ms]

Ref.

SnO2/SiO2/p-Si 365 −1 0.355 − 2.66 × 1012
<100 [12]

Ga2O3/Al2O3/p-Si 254 −10 8.1 − 4.21 × 1013 870/290 [15]

NiO/ZnO/n-Si 280 −1 3.67 − 4.21 × 1012 10 500/400 [24]

MgZnO/MgO/p-Si 240 6 1.16 600 − 0.015 [25]

NiO/SiO2/n-ZnO 365 2 5.77 1.96 × 103 1.51 × 1011 48 [26]

NiO/TiO2/ZnO 365 2 291 − 6.9 × 1011 160/280 [27]

NiO/n-Si 365 0 0.013 − 1.03 × 1011 − [28]

NiO/n-Si 365 −5 0.16 − − 1500/700 [29]

NiO/n-Si 330 3 0.7 − 6.3 × 1013 − [30]

NiO/n-Si 365 5 1.73 − − − [31]

NiO/Al2O3/n-Si 365 −5 15.8 5.4 × 103 1.14 × 1013 0.08/0.184 This work

Adv. Electron. Mater. 2024, 10, 2300909 2300909 (7 of 8) © 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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