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Abstract: NiOx is a p-type semiconductor with excellent stability, which makes it interesting
for a wide range of applications. Broadband photodetectors with high responsivity (R)
were fabricated by depositing r.f.-sputtered NiOx layers on n-Si at room temperature (RT),
50 ◦C and 100 ◦C. In self-powered mode the RT diodes have R between 0.95 and 0.39 A/W
for wavelengths between 365 and 635 nm, while at a reverse bias of −4 V, the responsivity
increases to values between 22 A/W and 10.7 A/W for wavelengths in the same range. The
increase of the deposition temperature leads to a decrease of R but also to a smaller reverse
dark current. Thus, the 100 ◦C photodiodes might be more appropriate for applications
where high responsivity is required, because of their smaller power consumption compared
to the RT diodes. In addition, it was found that the increase of the deposition temperature
leads to an increase of the diodes’ series resistance and the resistivity of NiOx. The effect
of Rapid Thermal Annealing (RTA) on the properties of the photodiodes was studied.
Annealing at 550 ◦C for 6 min leads to much higher responsivity compared to R of diodes
with as-deposited NiOx. However, a disadvantage of the annealed diode is that the reverse
current depends on the amplitude and polarity of previously applied bias voltage. The
higher responsivity of the RTA photodiodes makes them useful as light sensors.

Keywords: NiOx-nSi broadband photodetectors; high responsivity; r.f. sputtering; effect of
RTA treatment; light sensors

1. Introduction
NiOx is a p-type semiconductor with excellent chemical stability and high transmit-

tance in the visible part of the electromagnetic spectrum [1]. Its bandgap varies between
3.4 and 4.3 eV depending on the deposition technique and conditions. Due to its electrical
and optical properties, NiOx is considered an attractive material for various applications,
such as photovoltaic devices [2], electrochromic devices [3], gas sensors [4] and ultraviolet
and broadband photodetectors [5–8]. Various physical and chemical deposition techniques
have been used to prepare NiOx films. Among the most commonly used methods are
sputtering [9], sol–gel spin-coating [10–12], electron beam evaporation [7] and chemical
vapor deposition [13]. The structural, optical and electrical properties of the NiOx layers
depend strongly on the deposition technique [14–16]. The magnetron r.f. sputtering is
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widely used because of the following advantages: high film quality, low density of de-
fects, high adhesion, low cost and high deposition rate. NiOx films have been deposited
by d.c. and r.f. sputtering. Metallic Ni in an Ar/O2 gas atmosphere has been used in
the d.c. sputtering process. The r.f. sputtering of an NiO target has been carried out in
Ar/O2 and pure Ar atmospheres [14,17–21]. Despite recent advances, some challenges
remain regarding the optimization of the optical and electrical properties of r.f.-sputtered
NiOx layers, especially for application in photodetectors. Variations of process parameters,
such as substrate temperature, deposition power, base and working pressures, affect the
deposited film characteristics.

Wang et al. reported the effect of varying the deposition temperature during reactive
sputtering with a fixed r.f. power of 110 W [17]. Jamal et al. studied the effect of the variation
of the growth temperature in the range between room temperature (RT) and 400 ◦C on
the properties of r.f.-sputtered NiO thin films, demonstrating that increasing the substrate
temperature to 100 ◦C results in suitable properties for photovoltaic applications [18].
Ahmed et al. reported the effect of r.f. power used in the deposition and showed that the
best structural, morphological and optical properties of NiO were obtained at sputtering
power of 200 W [19]. Elmassi et al. investigated the variation of r.f. power on structural
properties of NiO thin films obtained in an O2/Ar atmosphere, finding a relationship
between power increment and crystallite size [20]. Abdur et al. investigated the impact
of open-air post-annealing on the optoelectrical and structural properties of NiO films,
reporting that films deposited at 100 ◦C showed favorable crystalline quality with the
highest observed carrier mobility [21].

However, the results for the effect of the deposition temperature and thermal annealing
processes on the properties of broadband photodetectors are limited. In this work, we
study the properties of NiOx layers deposited by r.f sputtering from an NiO target at a
fixed r.f. power of 60 W and temperatures between RT and 100 ◦C. In addition, the effect
of post-deposition annealing of NiOx films on the optical and electrical properties of the
metal/NiOx/nSi heterojunction diodes was studied.

2. Results
Figure 1a shows the experimental dependencies of the ellipsometric parameters Ψ and

∆, and the fitted curves using the Cauchy dispersion model for an NiOx layer deposited
at 100 ◦C and subjected to Rapid Thermal Annealing (RTA). Similar fitting results were
obtained for the as-deposited layers prepared at RT, 50 ◦C and 100 ◦C, and for the RTA layers
deposited at the other two temperatures, RT and 50 ◦C. Figure 1b,c show the refractive
index of the as-deposited and annealed NiOx films. From results in Figure 1b,c, it may
be concluded that the RTA process does not lead to an important change of the optical
constants. The layer thicknesses, deposition rate, the refractive index (n) and the extinction
coefficient (k) at 632.8 nm of the as-deposited layers are shown in Table 1. The smaller
thickness of the films deposited at 100 ◦C may be explained by assuming that during the
deposition process at 100 ◦C, the substrate provides sufficient thermal energy to weakly
bonded atoms to leave the surface. The obtained values for the optical constants n and k
are close to ones reported in the literature for NiOx [19].

Figure 2a shows transmission spectra of a corning glass (CG) substrate and CG coated
with NiOx layers deposited at RT, 50 ◦C and 100 ◦C. The transparency of CG was ≥80%
in the range of 350–1000 nm. The transmittance of the samples with an NiOx layer varies
between ~60 and 80% in the visible—near IR range (400–1000 nm). Using the Tauc plot
method, the band gaps Eg of the films were obtained for the three deposition tempera-
tures, 3.79, 3.82 and 3.91 eV, respectively (Figure 2b). These results are in agreement with
previously published values for Eg of NiO [7,22–24].
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Figure 1. (a) Experimental Ψ and Δ dependences and the fitted curves for a layer deposited at 100 
°C and subjected to RTA. Refractive index for: (b) As-deposited layers; (c) RTA annealed layers. 
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Figure 1. (a) Experimental Ψ and ∆ dependences and the fitted curves for a layer deposited at 100 ◦C
and subjected to RTA. Refractive index for: (b) As-deposited layers; (c) RTA annealed layers.

Table 1. Thickness, deposition rate and optical constants n and k at 632.8 nm for layers deposited at
the three temperatures.

Temperature
(◦C)

Thickness
(nm)

Deposition
Rate (nm/min) n k

RT 41.5 6.9 2.25 0.03
50 48.9 8.2 2.29 0.044
100 36.0 6.0 2.25 0.01
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Figure 2. (a) Transmittance of CG substrate and CG coated with NiOx layers deposited at RT, 50 ◦C
and 100 ◦C; (b) band gaps of the films determined by the Tauc plot method.

Atomic force microscopy (AFM) was used to characterize the surface morphology
of as-deposited and annealed layers on an Si substrate (Figure 3). Smooth surfaces were
obtained for films deposited at RT, 50 ◦C and 100 ◦C with root mean square (RMS) values
of 0.6, 0.49 and 0.46 nm, respectively. The slight decrease of RMS with the temperature
may be explained by assuming that the thermal energy provided by the substrate leads
to some rearrangement of the surface atoms, which results in smoother surface. After the
RTA, the values of RMS for layers deposited at RT, 50 ◦C and 100 ◦C are 0.72, 0.42 and
0.62 nm. Interestingly, the annealing process leads to a slight increase of the roughness of
the RT and 100 ◦C films, but to a small decrease of RMS of the 50 ◦C layer.

A schematic diagram of the structure of the studied photodiodes and the experimental
setup used in the electrical characterization is shown in Figure 4. The applied bias was
defined relative to the back contact of the Si substrate; therefore, reverse bias means negative
voltage applied on the top metal electrode.
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Figure 4. Schematic diagram of the structure of the studied devices with definition of the bias
voltage polarity.

Current–voltage (I-V) characteristics of photodiodes with NiOx layers deposited at RT,
50 ◦C and 100 ◦C were measured by ramping the bias voltage in both directions (Figure 5).
No hysteresis was observed in these measurements as well as after various consecutive
measurements, indicating low density of deep traps in the NiOx layer and in the NiOx/Si
interfacial region. Typical rectifying dependences were measured with reverse saturation
dark currents of ~3 × 10−7, 7 × 10−7 and 1 × 10−7 A for the three deposition temperatures.
Under forward bias, the current increases exponentially to voltages of ~1 V for the RT diode
and to ~0.7 V for the other two diodes, and then the characteristics change their shape
because of the diodes’ series resistance. All diodes show photoresponses under reverse
bias voltages (Vr < 0 V) and in self-powered mode (V = 0 V). The short-circuit currents (ISC)
under illumination with red, green, blue and UV light for the diodes with NiOx deposited
at the three temperatures are given in Table 2. The open-circuit voltage (VOC) depends
slightly on the light intensity and varies between 0.2 V and 0.35 V depending on the light
intensity and the NiOx deposition temperature (Figure 5a–c). The photoresponses of the
diodes with the NiOx layer deposited at 100 ◦C are higher than those of the diodes obtained
at 50 ◦C and are close to those of the diodes obtained at room temperature. However, an
advantage of the 100 ◦C photodiodes is their smaller reverse dark current compared to the
RT diodes.
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Figure 5. I-V characteristics of photodiodes with NiOx layers deposited at: (a) RT, (b) 50 °C and (c) 
100 °C measured in the dark and under illumination with red, green, blue and UV light. 

Table 2. Short-circuit currents under illumination with red, green, blue and UV light for the diodes 
with NiOx deposited at the three temperatures. 

Light Color 
ISC (A) 

RT 50 °C 100 °C 
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Green 5.70 × 10−8 6.70 × 10−9 9.15 × 10−9 
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Figure 6 shows a schematic band diagram of a p-NiOx/n-Si photodiode under short-
circuit conditions. Under illumination with each of the four light-emitting diodes (LEDs) 
used in this study, the light passes through the NiOx layer since the photons’ energy is 
smaller than the NiOx bandgap. Then, the photons are absorbed in Si, generating electron–
hole pairs. The pairs generated in the depletion region and within a hole diffusion length 
from the transition region are separated by the internal electric field, resulting in Isc 
flowing through the diode. At reverse bias, the space charge region and the electric field 
at the heterojunction increase, leading to an increase of the photocurrent (Figure 5). 

  

Figure 5. I-V characteristics of photodiodes with NiOx layers deposited at: (a) RT, (b) 50 ◦C and
(c) 100 ◦C measured in the dark and under illumination with red, green, blue and UV light.

Table 2. Short-circuit currents under illumination with red, green, blue and UV light for the diodes
with NiOx deposited at the three temperatures.

Light Color
ISC (A)

RT 50 ◦C 100 ◦C

Red 1.30 × 10−7 1.50 × 10−8 7.85 × 10−9

Green 5.70 × 10−8 6.70 × 10−9 9.15 × 10−9

Blue 7.97 × 10−8 8.50 × 10−9 5.25 × 10−9

UV 2.87 × 10−8 6.40 × 10−9 6.85 × 10−9

Figure 6 shows a schematic band diagram of a p-NiOx/n-Si photodiode under short-
circuit conditions. Under illumination with each of the four light-emitting diodes (LEDs)
used in this study, the light passes through the NiOx layer since the photons’ energy is
smaller than the NiOx bandgap. Then, the photons are absorbed in Si, generating electron–
hole pairs. The pairs generated in the depletion region and within a hole diffusion length
from the transition region are separated by the internal electric field, resulting in Isc flowing
through the diode. At reverse bias, the space charge region and the electric field at the
heterojunction increase, leading to an increase of the photocurrent (Figure 5).

Inorganics 2025, 13, x FOR PEER REVIEW 8 of 17 
 

 

 

Figure 6. Schematic energy band diagram of a p-NiOx/n-Si diode under short-circuit conditions, V 
= 0 V. 

I-V characteristics of diodes with NiOx layers deposited at the three temperatures and 
subjected to the RTA process are shown in Figure 7. The thermal annealing leads to several 
important changes in the I-V dependences. Thus, the dark current and the photocurrents 
depend on the direction in which the bias voltage changes, leading to hysteresis at both 
the forward and reverse bias ramps. For forward biases, the current measured with bias 
increasing from 0 V towards positive voltages is smaller than the current measured in the 
opposite direction, most clearly seen in Figure 7b. The hysteresis is more pronounced 
under reverse biases and increases with the NiOx deposition temperature. The reverse bias 
voltages at which the current reaches saturation are close to or greater than −10 V (Figure 
7a–c). The photocurrents at these large negative voltages are greater than the 
photocurrents of the diodes with as-deposited NiOx layers. The highest values were 
obtained for the 50 °C, RTA diode (Figure 7b). However, the I-V hysteresis of the annealed 
photodiodes can be a disadvantage in their practical application. The inset in Figure 7b 
shows a zoomed view of the current in the region of −0.5–0.5 V of a characteristic that was 
measured between 5 V and −10 V and then in the opposite direction. It can be seen that 
when ramping the bias from positive voltages towards 0 V, the characteristic crosses the 
x-axis at a positive voltage of 0.3 V, indicating increase of the negative charge trapped in 
the structure. In contrast, when the bias voltage varies from −10 V towards 0 V, the 
characteristic crosses the x-axis at −0.3 V, indicating increase of the positive trapped 
charge. Therefore, the observed hysteresis is more likely due to change of the charge state 
of shallow traps at the NiOx/n-Si heterojunction interface and in the interfacial region with 
the bias voltage. As a result, no open-circuit voltage and short-circuit current were 
measured. Since no shift was observed of the I-V curves of diodes with as-deposited NiOx 
layers, it may be concluded that the RTA process has created defects, which can exchange 
carriers with Si, and as a result change their charge state. 

  

Figure 6. Schematic energy band diagram of a p-NiOx/n-Si diode under short-circuit conditions,
V = 0 V.

I-V characteristics of diodes with NiOx layers deposited at the three temperatures and
subjected to the RTA process are shown in Figure 7. The thermal annealing leads to several
important changes in the I-V dependences. Thus, the dark current and the photocurrents
depend on the direction in which the bias voltage changes, leading to hysteresis at both
the forward and reverse bias ramps. For forward biases, the current measured with bias
increasing from 0 V towards positive voltages is smaller than the current measured in
the opposite direction, most clearly seen in Figure 7b. The hysteresis is more pronounced
under reverse biases and increases with the NiOx deposition temperature. The reverse
bias voltages at which the current reaches saturation are close to or greater than −10 V
(Figure 7a–c). The photocurrents at these large negative voltages are greater than the
photocurrents of the diodes with as-deposited NiOx layers. The highest values were
obtained for the 50 ◦C, RTA diode (Figure 7b). However, the I-V hysteresis of the annealed
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photodiodes can be a disadvantage in their practical application. The inset in Figure 7b
shows a zoomed view of the current in the region of −0.5–0.5 V of a characteristic that
was measured between 5 V and −10 V and then in the opposite direction. It can be seen
that when ramping the bias from positive voltages towards 0 V, the characteristic crosses
the x-axis at a positive voltage of 0.3 V, indicating increase of the negative charge trapped
in the structure. In contrast, when the bias voltage varies from −10 V towards 0 V, the
characteristic crosses the x-axis at −0.3 V, indicating increase of the positive trapped charge.
Therefore, the observed hysteresis is more likely due to change of the charge state of shallow
traps at the NiOx/n-Si heterojunction interface and in the interfacial region with the bias
voltage. As a result, no open-circuit voltage and short-circuit current were measured. Since
no shift was observed of the I-V curves of diodes with as-deposited NiOx layers, it may be
concluded that the RTA process has created defects, which can exchange carriers with Si,
and as a result change their charge state.
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Figure 7. I-V characteristics of photodiodes with NiOx layers deposited at: (a) RT, (b) 50 °C and (c) 
100 °C and subjected to RTA annealing. The dependences were measured in the dark and under 
illumination with red, green, blue and UV light. The inset in (b) shows a zoomed view of the current 
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Capacitance–voltage (C-V) measurements were carried out in order to study in more
detail the effect of consecutive bias voltage ramps on the charge state of the diodes. The
results in Figure 8a show that ramping the voltage in both directions does not lead to
hysteresis in the C-V curves of diodes with NiOx layers deposited at the three temperatures,
indicating that no charge was trapped during these measurements. In contrast, the C-V
characteristics of the diodes subjected to RTA when measured under reverse bias sweep
from 0 V to −10 V and back to 0 V show a displacement of the C-V curves, corresponding
to increase of the trapped positive charge in the diodes (Figure 8b). In accordance with the
I-V measurements, the diodes with NiOx layers deposited at 50 ◦C and 100 ◦C show higher
hysteresis in dark.

Time-dependent photoresponses of all photodiodes upon red, green, blue and UV light
illumination was measured. The on/off switching curves (Figure 9) are characterized by
the rise (τr) and fall (τf) times, defined as the time needed for the photocurrent to increase
from 10% to 90% of its maximum value or to drop from 90 to 10%, respectively. The τr and
τf values for the diodes with as-deposited layers are less than 0.1 s (Figure 9a–c). As could
be expected from the I-V results obtained at reverse bias ramps, the RTA process can lead to
an increase of the switching times. Thus, the τr values for the annealed samples deposited
at RT, 50 ◦C and 100 ◦C are 9.5, 1.7 and 8.6 s, respectively. However, the τf times for the
annealed diodes are <0.1 s. Another important observation is that at the voltage pulses used
o Vr = −8 V, the RTA diodes with an NiOx layer deposited at 50 ◦C reach faster saturation
of the photocurrent (Figure 9e) compared to the other two diodes (Figure 9d,f). As it was
mentioned above, the variation of the current at applied bias under light illumination could
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be related to change of the charge state of shallow traps at the NiOx/Si interface and in the
interfacial region.

Inorganics 2025, 13, x FOR PEER REVIEW 10 of 17 
 

 

 

−3.0 −2.5 −2.0 −1.5 −1.0 −0.5 0.0
0

1×10−12

2×10−12

3×10−12

4×10−12

5×10−12

6×10−12

Pa
ra

lle
l C

ap
ac

ita
nc

e 
(F

)

Bias Voltage (V)

 RT
 50°C
 100°C

−10 −8 −6 −4 −2 0

0.0

2.0×10−12

4.0×10−12

6.0×10−12

8.0×10−12

1.0×10−11

1.2×10−11

Pa
ra

lle
l C

ap
ac

ita
nc

e 
(F

)

Bias Voltage (V)

 RTA RT
 RTA 50°C
 RTA 100°C

 
(a) (b) 

Figure 8. C-V characteristics measured in the dark under reverse bias of: (a) diodes with as-
deposited NiOx layers; (b) diodes with RTA annealed layers. 

Time-dependent photoresponses of all photodiodes upon red, green, blue and UV 
light illumination was measured. The on/off switching curves (Figure 9) are characterized 
by the rise (τr) and fall (τf) times, defined as the time needed for the photocurrent to 
increase from 10% to 90% of its maximum value or to drop from 90 to 10%, respectively. 
The τr and τf values for the diodes with as-deposited layers are less than 0.1 s (Figure 9a–
c). As could be expected from the I-V results obtained at reverse bias ramps, the RTA 
process can lead to an increase of the switching times. Thus, the τr values for the annealed 
samples deposited at RT, 50 °C and 100 °C are 9.5, 1.7 and 8.6 s, respectively. However, 
the τf times for the annealed diodes are <0.1 s. Another important observation is that at 
the voltage pulses used o Vr = −8 V, the RTA diodes with an NiOx layer deposited at 50 °C 
reach faster saturation of the photocurrent (Figure 9e) compared to the other two diodes 
(Figure 9d,f). As it was mentioned above, the variation of the current at applied bias under 
light illumination could be related to change of the charge state of shallow traps at the 
NiOx/Si interface and in the interfacial region. 

  

Figure 8. C-V characteristics measured in the dark under reverse bias of: (a) diodes with as-deposited
NiOx layers; (b) diodes with RTA annealed layers.

Inorganics 2025, 13, x FOR PEER REVIEW 11 of 17 
 

 

 

0 5 10 15 20 25 30 35

10−6

2×10−6

3×10−6

C
ur

re
nt

 (A
)

Time (s)
 

0 5 10 15 20 25 30 35

2×10−7

4×10−7

6×10−7

8×10−7

10−6

C
ur

re
nt

 (A
)

Time (s)
 

0 5 10 15 20 25 30 35

10−7

10−6

C
ur

re
nt

 (A
)

Time (s)
 

(a) (b) (c) 

0 50 100 150
10−6

10−5

C
ur

re
nt

 (A
)

Time (s)  
0 50 100 150 200

10−5

2×10−5

3×10−5

C
ur

re
nt

 (A
)

Time (s)  
0 50 100 150

3×10−6

6×10−6

9×10−6

1.2×10−5

C
ur

re
nt

 (A
)

Time (s)  
(d) (e) (f) 

Figure 9. Time-dependent photoresponses of diodes with as-deposited NiOx layers obtained at: (a) 
RT, (b) 50 °C, and (c) 100 °C, and of diodes with RTA annealed layers deposited at: (d) RT, (e)€ 50 
°C, and (f) 100 °C. The switching curves of the diodes with as-deposited layers were measured at 
voltage pulses of −3 V, while the RTA diodes were measured at pulses of Vr = −8 V. The red, green, 
blue and violet color lines correspond to illumination with red, green, blue and UV LED, 
respectively. 

3. Discussion 
The series resistance (Rs) reduces the voltage applied on the heterojunction and, thus, 

affects the I-V characteristic. Rs can be evaluated from the slope of the If/g vs. If 
characteristic [25], where If is the forward current in the region after the exponential 
increase of I and g is the conductance dIf/dVf. In this region Rs leads to change of the shape 
of the I-V curve. The dependence of I/g on I may be derived by differentiating the I-V 
equation 𝐼 = 𝐼 ൬𝑒(ିூோೞ)் − 1൰, 
where n is the ideality factor, which gives 𝑑𝐼𝑑𝑉 = 𝐼 𝑞𝑛𝑘𝑇 ൬1 − 𝑅௦ 𝑑𝐼𝑑𝑉൰, 
or 𝑔 = 𝐼 𝑞𝑛𝑘𝑇 (1 − 𝑅௦𝑔), 
By simple algebraic transformations, a linear dependence of I/g on the forward current I 
is obtained 𝐼𝑔 = 𝑛𝑘𝑇𝑞 + 𝑅௦𝐼 

Figure 10a displays the I/g vs. I dependencies for no annealed diodes with NiOx layers 
deposited at RT, 50 °C and 100 °C. The slope of the straight lines increases with the 

Figure 9. Time-dependent photoresponses of diodes with as-deposited NiOx layers obtained at:
(a) RT, (b) 50 ◦C, and (c) 100 ◦C, and of diodes with RTA annealed layers deposited at: (d) RT, (e) 50 ◦C,
and (f) 100 ◦C. The switching curves of the diodes with as-deposited layers were measured at voltage
pulses of −3 V, while the RTA diodes were measured at pulses of Vr = −8 V. The red, green, blue and
violet color lines correspond to illumination with red, green, blue and UV LED, respectively.

3. Discussion
The series resistance (Rs) reduces the voltage applied on the heterojunction and,

thus, affects the I-V characteristic. Rs can be evaluated from the slope of the If/g vs. If

characteristic [25], where If is the forward current in the region after the exponential increase
of I and g is the conductance dIf/dVf. In this region Rs leads to change of the shape of the
I-V curve. The dependence of I/g on I may be derived by differentiating the I-V equation

I = I0

(
e

q(V−IRs)
nkT − 1

)
,
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where n is the ideality factor, which gives

dI
dV

= I
q

nkT

(
1 − Rs

dI
dV

)
,

or
g = I

q
nkT

(1 − Rsg),

By simple algebraic transformations, a linear dependence of I/g on the forward current
I is obtained

I
g
=

nkT
q

+ Rs I

Figure 10a displays the I/g vs. I dependencies for no annealed diodes with NiOx

layers deposited at RT, 50 ◦C and 100 ◦C. The slope of the straight lines increases with the
deposition temperature, indicating that Rs also increases. Since the resistivity of the n-type
region of the heterojunction, n-Si, is constant, it may be concluded that the increase of the
deposition temperature leads to an increase of the resistivity of the NiOx layers. A similar
effect of increased resistivity was observed at a constant deposition temperature with an
increase of the r.f. power [26,27].
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The dependence of the forward current on the voltage sweep direction makes it
impossible to evaluate the series resistances of the diodes after RTA. An approximate
estimation was obtained for the RTA diode with an NiOx layer deposited at RT (Figure 7a)
by using the I-V characteristic measured from 0 V towards positive voltages. The obtained
result is compared with the I/g vs. I dependence for a no annealed diode with an NiOx

layer deposited at 100 ◦C, the one with the highest Rs (Figure 10b). The line slopes in
Figure 10b indicate that the RTA process leads to comparable or even higher values of Rs

than those of the 100 ◦C diodes.
The responsivity (R) of the fabricated photodiodes was calculated from [28]

R =
Iph

Pλ·A

where Iph = Ilight − Idark is the photocurrent, Pλ is the optical power intensity at a specific
wavelength λ and A is the area of the top contact. Here, Ilight and Idark are the currents mea-
sured under light illumination and in dark conditions. High responsivity was determined
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for the no annealed photodiodes. The results are shown in Figure 11a and in Table 3. The
responsivity of the diodes with an NiOx layer deposited at RT is higher than R of the other
diodes in self-powered mode, as well as at reverse bias of −4 V. For applications where a
self-biased mode of operation is required, the RT diodes are the most appropriate. However,
for some applications where higher responsivity is required, the 100 ◦C photodiodes may
be the better option because of their smaller dark current at −4 V and R, which is close to
that of the RT diode. The responsivity of the diodes subjected to RTA under Vr = −10 V
is shown in Figure 11b. Very high values for R were determined under bias voltage of
−10 V, much higher than the ones reported in the literature for broadband photodetectors.
While the R of the diode RTA annealed at 50 ◦C is the highest one, this diode can be less
appropriate because of its higher dark current and lack of saturation of the photocurrent,
even at reverse bias voltage of −10 V. Although the RTA annealed diodes may not be
appropriate for applications where precise measurement of the optical power is required,
they may be useful as light sensors because of their high responsivity.
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NiOx layers.

Table 3. Responsivity of photodiodes with as-deposited NiOx layers.

Wavelength
(nm)

R (A/W), Self-Powered Mode R (A/W), Vr = −4 V

RT 50 ◦C 100 ◦C RT 50 ◦C 100 ◦C

635 0.39 0.045 0.023 10.7 1.77 8.1
530 0.61 0.072 0.056 15.8 1.96 10.8
400 0.67 0.072 0.077 18.8 2.4 13.7
365 0.95 0.21 0.23 22.4 2.74 15.6

The obtained results for R at 0 V and at −4 V for photodiodes with as-deposited NiOx

layers are compared with results reported in the literature in Table 4. The determined
responsivity of the photodiodes deposited at RT and 100 ◦C are among the highest reported
and are comparable with results published by other authors. Ma et. al. reported a
responsivity of 15.8 A/W at −5 V, which is slightly higher than our result for 100 ◦C diodes,
however the maximum bias voltage used here was −4 V.
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Table 4. Comparison of NiO-based photodiode parameters reported in literature. PRF stands for
r.f. power.

Device R
(A/W)

D
(Jones)

Id
(A) On/Off Ratio τr, τf

(s)
Year

[Ref.]

p-NiO/nSi 4.8 × 10−3

(at 318 nm)
- - - - 2015 [29]

p-NiO/nSi 1.73, 1.81, 2.07
(at 5 V, 365, 625, 850 nm) - -

31, 35, 41
(at 5 V,

365, 625, 850 nm)
3.49/7.68 × 10−3 2022 [30]

NiO/TiO2
0.074

(at 0 V, 380 nm) - 10−9 922 33.6/92.6 × 10−3 2022 [31]

p-NiO/n-Si

0.95, 0.67, 0.61, 0.39
(at 0 V, 365, 400, 530,
635 nm, PRF = 60 W)
22.4, 18.8, 15.8, 10.7
(at −4 V, 365, 400,

530, 635 nm)

5.5 × 1010

(at 0 V, 365 nm)

8.5 × 10−12

(at 0 V)
2.8 × 10−7

(at −4 V)

3.4 × 103

(at 0 V,
365 nm,

PRF = 60 W)

<0.1 2023
[27]

p-NiO/n-GaN 3.11 × 10−3

(at 0 V) 8.69 × 109 - - 2/47 × 10−3 2024 [32]

NiO/Ga2O3
5.08 × 10−3

(at −10 V, 254 nm) 3.19 × 1011 2.76 × 10−12 802.53 62/67 × 10−3 2024 [9]

NiO/Al2O3/n-Si 15.8
(at −5 V, 365 nm) 1.14 × 1014 0.279 × 10−6 - 0.08/0.184 × 10−3 2024 [33]

p-NiO/n-Si
(100 ◦C)

15.6
(at −4 V, 365 nm)

0.23
(at 0 V, 365 nm)

8.41 × 1010

(at −4 V, 365 nm)
2.875 × 1011

(at 0 V, 365 nm)

1.02 × 10−7

1.9 × 10−12
68.23 × 10−3

3.66 × 10−3
<0.1

- This work

Another relevant parameter is the specific detectivity (D*), which can be defined as
the sensibility of a photodiode to detect weak light signals. D* involves the R at a given
wavelength of the excitation light, the elementary charge (q) and the dark current density
(JD) and is given by

D∗ =
Rλ√
2qJD

The values obtained for the detectivity are close to the best values reported in the
literature for NiOx-based photodetectors (Table 4).

4. Materials and Methods
NiOx thin films were deposited on n-type (100) Si wafers with resistivity of 4–10 Ω·cm

by r.f. magnetron sputtering at 25 ◦C (RT), 50 ◦C and 100 ◦C. The deposition time was
6 min for the three temperatures. Prior to deposition, the substrates were cleaned in an
ultrasonic bath for 5 min with acetone, isopropyl alcohol and deionized water and dried
with high-purity nitrogen. NiO target (99.9%) with dimensions of 50.8 × 3.175 mm at a
working distance of 7 cm was used for deposition. The sputtering gas was ultra-high-purity
(UHP) argon (99.9999%). The chamber base pressure was 1 × 10−5 Torr, the working
pressure was 5 mTorr and the Ar flow was 18.9 sccm. Before the deposition, the target was
pre-sputtered for 20 min. To study the effect of thermal annealing, half of the samples were
subjected to the RTA process in an UHP N2 atmosphere. The annealing was performed in
a horizontal tube furnace (Zhengzhou CY Scientific Instrument Co., Zhengzhou, China)
equipped with a sliding rail. The samples were placed in a quartz tube under constant N2

flow of 100 mL/min in a position outside of the furnace. The furnace was heated at a rate
of 10 ◦C/min to the desired temperature and when it was reached, the furnace was moved
to the position of the samples. The samples were annealed at 550 ◦C for 6 min. Following
the annealing process, the furnace was returned to its initial position and the samples were
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allowed to cool to room temperature under the same N2 environment to ensure controlled
conditions. For electrical characterization, semitransparent Au electrodes (~50 nm of
thickness) with areas of 95 × 95 µm2 spaced by 30 µm were thermally evaporated through
a shadow mask as top contacts. Aluminum with a thickness of ~300 nm was used as
back contact.

The thickness and the optical constants, refractive index and extinction coefficient,
were determined by ellipsometric measurements using a Variable Angle Spectroscopic
Ellipsometer J.A. Woollam M—2000U, (J.A. Woollam Co., Lincoln, NE, USA). The measure-
ments were carried out at three angles of incidence in the range of 50–70◦. The experimental
results for the ellipsometric angles Ψ and ∆ were fitted in the 400–1000 nm range using
the Cauchy dispersion model. The surface morphologies of NiOx layers deposited on Si
were characterized using AFM instrument NX10 (Park Systems Co., Suwon, Republic of
Korea) Park Systems, Republic of Korea. The AFM was equipped with an anti-acoustic
box and an active vibration isolation table to prevent noises and vibrations that can af-
fect the measurements. The measurements were carried out with a PPP-NCHR probe tip
(Park Systems Co., Suwon, Republic of Korea) with a force constant k = 42 N/m and a
resonance frequency of 330 kHz using the non-contact mode. The scanned area was 1 × 1
µm2. Electrical characterization was carried out using a Keithley 4200-SCS Semiconductor
Characterization System, (Tektroniks Inc., Beaverton,OR, USA). I-V dependencies were
measured in the dark and under illumination with red, green, blue and UV light-emitting
diodes (LEDs). The LEDs’ optical power intensities are given in Table 5. C-V characteristics
were measured in the dark at a frequency of 100 kHz using a test signal with an amplitude
of 30 mV. The bias sweep delay time and hold time for the I-V and C-V measurements were
0.5 s and 1 s, respectively, while the voltage steps used were 50 or 100 mV.

Table 5. Optical power of the light-emitting diodes used in this study [27].

Color Photon Wavelength/Energy
(nm/eV)

Optical Power Intensity
(mW/cm2)

Red 635/1.95 3.71
Green 530/2.34 1.03
Blue 400/3.10 1.31
UV 365/3.40 0.335

5. Conclusions
Photodetectors with high responsivity in self-powered mode and at a reverse bias

of −4 V were fabricated by depositing r.f.-sputtered NiOx layers on n-Si at RT, 50 ◦C and
100 ◦C. The increase of the deposition temperature leads to a decrease of R at V = 0 V and
Vr = −4 V, but at the same time to a smaller dark current at reverse biases. In addition,
higher deposition temperature leads to an increase of the diodes’ series resistance and of the
NiOx resistivity. The diodes fabricated after RTA annealing show much higher R compared
to those with as-deposited layers. A disadvantage of these diodes is the dependence of their
dark current and photocurrents on the direction of the bias voltage change. As a result, the
annealed diodes may be inappropriate for applications where exact determination of the
optical power is required, but because of the very high responsivity, they might be useful
as light sensors.
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