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ARTICLE INFO ABSTRACT
Keywords: In this article, evidence for the existence of illumination and bias-dependent negative differential
Negative differential conductivity conductance (NDC) in Ni-doped Al/ZnO/p-Si Schottky diodes, and the possible mechanism for

Series resistance compensation
Ni-doped ZnO

Illumination

Bias

its origin, are presented. The atomic percentages of Ni doping were 0%, 3%, 5%, and 10%. NDC
is observed between -1.5 V to -0.5 V in reverse bias under illumination, but only at certain
doping levels and specific forward bias. Furthermore, the devices show excellent optoelectronic
characteristics in the photoconductive and photovoltaic modes, with device open circuit voltages
ranging from 0.03 V to 0.6 V under illumination.

1. Introduction

At present, ZnO remains the poster child for exciting metal oxides for new devices because of its optical and electrical properties.
It holds this position for its low cost and high experimental accessibility, and the potential for optimization through stable, co-doping
with other elements [1]. ZnO has a remarkable propensity to host many elements in the periodic table; there are growing reports
of its beneficial alloys with elements of comparable ionic radii and suitable electronic configuration, with the list now including
alkali/earth metals, lanthanides, actinides, and non-metals [2]. Some recent examples are Mg, Gd, Mn, Cu, Ti, Co, Cd, Cr, Fe, V, etc,
for application in photocatalysis, electronics and optoelectronics, spintronics, magnetic sensors, medicine, etc [3,4,2]. Unalloyed ZnO
is theoretically limited by a phenomenon that increases the prevalence of interface states with a p-Si substrate, with a net lowering
of the conduction band and enhancement of carrier recombination in the trap states. This encourages recombination within the
junction, with fewer carriers recombining at the electrodes. This increases the mismatch between ZnO and p-Si which, in a solar cell,
manifests externally as a lowered open-circuit voltage (V,.) [3]. In photoconductive devices, it is seen as a lowered device current.
It was proposed to co-dope ZnO with elements that tune its band gap by raising its conduction band and reducing recombinations.

&

* Corresponding author.
E-mail address: ocayaro@ufs.ac.za (R.O. Ocaya).

https://doi.org/10.1016/j.heliyon.2023.e16269
Received 18 February 2023; Received in revised form 5 May 2023; Accepted 11 May 2023

Available online 18 May 2023
2405-8440/© 2023 The Author(s). Published by Elsevier Ltd.  This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://www.ScienceDirect.com/
http://www.cell.com/heliyon
mailto:ocayaro@ufs.ac.za
https://doi.org/10.1016/j.heliyon.2023.e16269
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2023.e16269&domain=pdf
https://doi.org/10.1016/j.heliyon.2023.e16269
http://creativecommons.org/licenses/by-nc-nd/4.0/

R.O. Ocaya, Y. Orman, A.G. Al-Sehemi et al. Heliyon 9 (2023) 16269

Such efforts are the main drivers of the current research in an attempt to gain a fuller understanding of the underlying processes
involved in ZnO charge transport, particularly in its nanostructured composite films. This is done by evaluating the doped bandgap,
the surface potentials and substrate compatibilities, and the transparencies of the alloyed films, using a wide spectrum of techniques.
For semiconductor device applications, a persistent challenge has been to devise methods that achieve p-ZnO consistently, which
is generally harder than for n-ZnO [5,1]. Other transparent conductive metal oxides, particularly indium-tin (ITO), though potent,
are today less preferred for large-area devices like heterojunction solar cells (HJSC) because of the cost of rare earth elements, or
their peculiar processing requirements [6]. In the last decade, ZnO-based HJSCs have been demonstrated with photovoltaic power
conversion efficiencies (PCE) >15% [7]. ZnO has also found widespread application in photoconductive, gas, and other sensors
[8-10].

In this article, we present evidence of room temperature (300 K) NDC in suitably Ni-doped ZnO metal-semiconductor-metal
(MSM) Schottky photodiodes configured in the Al/(Ni:ZnO)/p-Si/Al structure. The electronegativity and ionic radius (r) of Ni
(r=0.69 A) imply an affinity and good substitutional compatibility with Zn (r = 0.74 A) with minimal distortion of the host structure
[11]. Prior studies have shown that Ni doping maintains ZnO film transparency [12] while enhancing the electrical conductivity
through two extra electrons. However, the trade-off is a reduction in the band gap e.g. to as low as ~3.15 (6% Ni) from ~3.37 eV
(undoped) [13,14]. By the foregoing arguments, the distribution of interface states is also enhanced with new carrier valleys intro-
duced in the band gap. Measurements have shown that there is a redshift, indicating enhanced absorption of Ni:ZnO in the visible
spectral regions, up from the ultraviolet region. Hussain et al. [7] were the first to report low-temperature NDC in Ni/Ge transferred
electron Schottky diodes. The NDC regions in the presented devices are dependent on the illumination and electric field applied to
the detecting area of the devices. NDC regions have been reported in some new devices, with various explanations being given for the
underlying mechanisms [15,16]. NDC in quantum-well devices is well studied, with increasing literature reports of the phenomenon
in heterojunction and superlattice devices. Also, these structured devices have many possible causative factors for the NDC in both
forward and reverse bias. In short, the underlying mechanisms are not yet fully understood. Explanations based on varied phenom-
ena, such as capacitive blockade, '-X resonances, single-electron, intervalley electron transfers, quantum mechanical tunneling, and
other effects, have been put forth [17-20]. Empirical and computational studies in varied contexts, e.g. Ma et al. [21], Haq et al.
[22], Ho et al. [18], etc, suggest that doping creates valleys/subbands such that applied field causes differential carrier mobilities, in
line with the RWH mechanism in forward bias [23], or quantum mechanical tunneling at low reverse biases. The degree of doping
must be kept below a level that degenerates the band gap into a near-metallic character. In the RWH mechanism, the application of a
higher field causes the transfer of some electrons to a higher valley/subband where their effective mass is higher thus reducing their
mobility and the net current. The effect resolves once the applied field exceeds the threshold, where the electrons reside fully in the
upper valley/subband. The current density then continues to increase with the applied field. Haq et al. [22] calculated the density
of states of ZnO doped with up to 25% Ni. They found that the interplay of the electron states in Zn, Ni, and O is highly dependent
on the applied energy. At lower energies, the peaks in the DOS arise from the Zn3¢ and O% electron states. At higher energies, it
is mainly due to the Ni*! and O% electron states. The change of the mobilities due to the field control of the electron population
could account for the differential conductance. A further interesting aspect of Ni doping is the potential impact of its ferromagnetism
owing to the two unpaired electrons, due to its likely impact on the localized carrier mobility near Ni sites. Whether these two
electrons are responsible through their magnetic moment to the NDC is arguable. Still, experimentation with a dopant with a higher
magnetic moment, such as Fe (4 unpaired electrons), would add some clarity. For the presented devices, additional electrical and
impedance spectroscopic measurements on the fabricated devices were done. The phenomenon may have escaped deeper scrutiny
over the last few decades owing to limiting post-experiment I-V analysis methods, such as the popular Cheung-Cheung method [24].
These methods linearize the series resistance over the empirical bias region and, therefore, inadvertently smooth out potential NDC
anomalies on the bias range. A recently devised method [25] proved rigorously that the true series resistance (R,) in the thermionic
emission equation is the instantaneous dynamic resistance. R; compensation then allows focusing on the peculiarities of the I-V
results. The results show that in reverse bias, all levels of Ni doping yield NDC regions under illumination, but are selective to doping
level in forward bias. The presence of Ni below 10% does not significantly enhance the photovoltaic characteristics, although the
open-circuit voltage approaches the theoretical 0.6 V at 10% Ni.

2. Experimental

The Nickel-doped ZnO materials were synthesized as follows according to the outlines described by Ayachi et al., and Al-Ariki et
al. [12,26]. Firstly, 0.5 M of zinc acetate dihydrate was dissolved in 2-methoxyethanol for 1 hour at 60 °C while stirring. The various
contents of Nickel-doped ZnO solutions were prepared with atomic ratios of 1%, 3%, 5%, and 10%. The prepared solutions were
stirred for 10 minutes, and then monoethanolamine was added to these solutions. They were then stirred for 1 hour at 60 °C. To
prepare Ni-doped ZnO/p-Si diodes, Ni-doped ZnO films were coated on p-Si wafers with ohmic contacts, and the films were annealed
at 450 °C for 1 hour under a nitrogen atmosphere. The thicknesses of 1%, 3%, 5%, and 10% Ni doped films were measured using
a FYTRONIX film thickness analyzer [27]. The measured values were found to be 122.1 +0.13 nm for the 1% Ni doped film, 132.1
+0.11 nm for the 3% Ni doped film, 128.2+0.15 nm for the 5% Ni doped film, and 145.3+0.13 nm for the 10% Ni doped film. Top Al
contacts with a 2 mm diameter were then prepared on the Ni-doped ZnO films using a thermal evaporation system. Current-voltage,
capacitance-voltage, and photo transient measurements were performed using an FYTRONIX Semiconductor characterization system,
which includes an AAA class solar simulator, I-V analyzer, and C-V analyzer [28,29,27].
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Fig. 1. The measured I-V characteristics of the diodes with different Ni doping. The illumination intensity is varied from 0 to 100 mW/cm”. The Ni concentration is
0, 1, 3, 5, and 10% in (a), (b), (c), (d), and (e), respectively.

3. Results and discussion
3.1. Current-voltage characterization

The current through a Schottky diode in the thermionic emission theory is given by [30,31]

e[—b¢(x)+cz] 1— e—bz
e 1)

N
where y=1, z=(V-IR,) is the R, compensated bias, b=q/kT, c=b/n, r=R,, and s=1/AA*T?. We assume that the barrier height
is constant s.t. ¢ =®,. Then Eq. (1) becomes

y=e“(1—e%)/p. (2)

At the low biases typical in such Schottky diodes Eq. (2) can be approximated by Iny=(cz — Inp), where s = pexp(—b®). A semilog
plot of the R, compensated I-V characteristics is linear, with the intercept a=Inp~!, and ideality factor n=gq/ckT. This gives the
well-known result [32]

2

o =L (221, ®
q Iy

where [, =1/p is the zero bias thermionic current. At typical measurement conditions Eq. (3) implies that ®, approximately linear

in the temperature since kT»In(pAA*T?) [33]. The non-ionized acceptor density then [34,35]

V, - nd
A ) 0)}, @

nkT
where V, = E,-E,, where E is the Fermi level, and E,, is the maximum valence energy in the neutral part of p-type Si. The valence
band hole density of states N, in p-Si is circa 1.04x10' /cm3. Fig. 1 (a)-(e) shows the measured I-V characteristics of the diodes for
different Ni content.

Fig. 2 (a) shows the averaged plots using the measurements for 0% Ni for illustration. Fig. 2 (b) shows the two regions L1 and L2
where the parameters were determined. The least-squares fitting of each low and high bias region produced a slope, intercept, and
standard error pair for the characteristic.

NazNUexp{
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Fig. 3. Color map representation of In R, (k) versus applied bias, %Ni content, and illumination. The illumination intensities are 0, 20, 60 and 100 mW/cm? in (a),
(b), (c), and (d), respectively.

The plots suggest that R, is strongly affected by bias but not illumination. Fig. 3 is the color map of the calculated series resistance
under various conditions of bias, Ni content, and illumination. The obtained R, compensated I-V characteristics in the forward bias
under dark to 100 mW/cm? at a given Ni-content in ZnO were visually similar and were, therefore, averaged to a single trace before
applying the foregoing equations. Fig. 4 (a) is a surface plot of the R,-compensated forward bias I-V characteristics over varying Ni
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Fig. 4. In (a), the surface plot of the R,-compensated forward bias I-V characteristics for varying % Ni content with its color map, (b). In each plot, the arrow shows
a region of negative resistance.

Table 1
Method 1 results for the diodes constructed with different Ni %, excluding R, since Method 1 predicts
that R, is bias-dependent.

%Ni Region @, +0.004 (eV) n To (nA)
0 L1 0.637 9.0 0.438
L2 0.533 36.1 24.7
1 L1 0.632 7.1 0.521
L2 0.561 22.3 8.48
3 L1 0.637 9.0 0.438
L2 0.533 36.1 24.7
5 L1 0.664 6.6 0.155
L2 0.271 5.9 1346
10 L1 0.651 3.5 0.254
L2 0.538 11 0.206

content. Fig. 4 (b) is the contour map of the same plot which facilitates recognition of the negative resistance region, as indicated by
the arrow.
Method 2 is the Cheung and Cheung method [24], with the functions (Tables 1 and 2):

dV_ _ o o kT

dinl = % ’
H(I)=R,I +nd,, (5)
v ()]
q AArT2 )L

ZnO/p-Si diodes in various configurations have the following typical parameter values: ®,=0.7 eV, V,;=0.66 V, and N, between
10'% and 10! /cm? for the average acceptor density [36-40]. The Method 1 results in Table 3 have the closest match to those of
Ocak [36].

3.2. Impedance characteristics

A metal oxide semiconductor (MOS) C-V characteristic normally shows the regions associated with charge accumulation, charge
depletion, and charge inversion. At temperature 7', the device capacitance at applied bias (V) is [41,42,31,30,43]

L=_;<V_Vbi+£)' (6)
Cc? qe AZN, q

The net dielectric permittivity for p-Si is e, = 11.8¢,, where £, =0.08854 pF/cm. The area of the device is A. The plot of 1/C? versus
V using Eq. (6) at a given temperature gives a gradient that is used to estimate N4, and an intercept that is used to estimate V.
Fig. 5 are the 3-D plots of the C-V-f variations at different Ni%. Fig. 6 are the corresponding colors maps.
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Fig. 5. Variations of capacitance with applied bias and frequency with %Ni content. The Ni concentration is 0, 1, 3, 5 and 10% in (a), (b), (c), (d) and (e), respectively.

Table 3 summarizes the results of V,;, and N, using Method 1 and the C-V method. N, corresponds to a 300 K p-Si resistivity of
9-15 Qcm. This result matches the square resistance of the substrates used for the diodes. C-V impedance measurements were made
at 10 kHz, with V}; reported increasing to 0.5 V with frequency. The barrier height is determined using Eq. (4).

The nonionized acceptor density was calculated from the C-V method over all frequencies.

3.3. Electrical photo-responses

The equivalent circuit in Fig. 7 was used to determine the R -compensated photoconductive and photovoltaic responses shown
in Fig. 9. The plots show that NDC regions are observed in the 0, 3, and 5% doped devices in forward bias. In reverse bias, for biases
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between -1.5 V and 0 V, all devices exhibit NDC. In the reverse bias mode, there is no evidence of NDC behavior in the characteristics.
Thus, both bias and illumination contribute to the onset of the observed NDC. Most NDCs in heterojunction devices in the literature
are reported in the reverse bias region.
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Method 2 results for the diodes constructed with different Ni %. Method 2 assumes that R, is constant in the bias region
of 0.5V to 2.5 V, where the functions of Eq. (5) are linear.

%Ni Parameter 0 20 40 60 80 100
(mW/cm?)

n 7.2 9.1 6.9 8.5 6.9 7.4

0 D, (eV) 0.643 0.508 0.665 0.540 0.659 0.615
Rs (k) 10.3 8.6 8.1 6.6 7.2 6.9
n 18.9 14.9 19.2 15.4 20.1 22.2

1 D, (eV) 0.284 0.348 0.266 0.333 0.260 0.229
Rs (k) 2.3 2.6 2.3 2.8 21 21
n 5.6 6.6 6.7 7.3 5.9 7.1

3 D, (eV) 0.816 0.697 0.692 0.631 0.783 0.656
Rs (k) 19.4 14.5 13.1 121 12.3 11.4
n 6.5 6.1 9.1 12.1 6.7 7.0

5 D, (eV) 0.698 0.747 0.498 0.376 0.674 0.650
Rs (k) 0.62 0.60 0.56 0.53 0.57 0.56
n 10.1 4.6 5.0 5.5 6.0 5.5

10 D, (eV) 0.396 0.841 0.782 0.714 0.657 0.701
Rs (k) 0.62 0.72 0.72 0.70 0.67 0.65

Table 3

Method 1 calculated built-in voltage, V,,, and the
calculated non-ionized acceptor density, N,, at 10 kHz.

C-V method-

Method 1 C-V method
% Ni Vy Vy @, N,(10)
(%] W) (eV) (/em?)
0 0.204 0.116 0.355 10.0+3.0
1 0.197 0.415 0.651 11.0+6.0
3 0.192 0.354 0.594 9.6+1.2
5 0.173 0.220 0.454 12.4+3.4
10 0.287 0.171 0.412 9.2+0.8

Vac

Vbias

Fig. 7. The basic reverse and forward bias photo-response measurement circuit. In reverse bias, V,. =0. To measure the photovoltaic
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In general, the short-circuit photocurrent is
V,

_—m—I

L=2" 1,
S

7

where the total bias is V,, =(V,.+ V};,,), R, is the parallel combination of R, and the dark resistance R,, and I, is the dark current.
Both R, and R, are determined using Method 1.

3.3.1. Photoconductive response
The photoconductance power law [44,45]

I,=aP’. ©)

The index y has been used to interpret the prevalent recombination mechanisms in the diode [44,46-48]. The plots in Fig. 8 obey
the power law at arbitrary biases e.g. -1.6 V and -0.4 V. There is a strong bias dependence on y, with lower reverse bias magnitudes



R.O. Ocaya, Y. Orman, A.G. Al-Sehemi et al. Heliyon 9 (2023) 16269

0.6 /\0\,
05
] —a— 0% Ni
—o— 1% Ni
04 4 —a— 3% Ni
- —v— 5% Ni
2 03 —o—10% Ni
>° |
0.2
3 — v v
0.0 T T T T T
20 40 60 80 100
P (mW/cm?)

Fig. 10. R,-corrected open-circuit voltages, V,,, for various %Ni content in the fabricated diodes.

oc?

1.0x10° 4 (@) N EZE Z&;ﬁ% 1.0x1044 () e Egg W%
—v—80 mWicm® —v—80 mWiem®
L —— 100mW/cm® 4 —4— 100mW/em®
8.0x10° 8.0x10°
»
. 6.0x10° . adl ad . 6.0x10°
&3 r ] f <
A A~
4.0x10° 4 N poat~s - 4.0x10° 4 / \
2.0x10° o ' ﬂ i 2.0x10° 4 H\
a A 25
" T i T i T % 1 " T ¥ 1 ¥ T T ¥ T i T
0 5 10 15 20 25 30 35 0 15 20 35
Time (sec) Time (sec)
c 3% Ni ——20 mW/cm: 5% Ni ——20 mW/cm:
1owi0* (©) e | roaotd (@) Tame
1 it 1 o omiiont
8.0x10° 8.0x10° 4
1 VT T 1
. 6.0x10° - VY 1 . 6.0x10°
< <
= 1 P AR, b yas = 1
4.0x10° - 4.0x10° 4 —
M [ ,._1 [ \ ! \
1 1 - ‘
\ |
2.0x10° | 2.0x10° 4
H 1 [
" — Aa W "
Ll T ¥ T x T ¥ T % T N Ll ¥ T ¥ T T T ¥ T ¥ 1 ¥ T r 1 * T
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Time (sec) Time (sec)
10% Ni ——20 lecmj
1.0x10% 4 (€) e mw?
—v—80 mW/em®
1 == 100mW/em”
8.0x10° 4
— 6.0x10° 4
<
4.0x10°
2.0x10° 4
] T " T " T z 1 % T ¥ 1 % T
0 5 10 15 20 25 30 35

Time (sec)

Fig. 11. Transient current responses of the diodes under 100 mW/cm? illumination and Ni concentrations of 0, 1, 3, 5 and 10% in (a), (b), (c), (d) and (e), respectively.

10



R.O. Ocaya, Y. Orman, A.G. Al-Sehemi et al. Heliyon 9 (2023) 16269

) 4000
—— 10kHz 20mW/cm’
e comwen’ ] (d)
= 10kHz 80mW/cm’
—— 10kHZ100mW/cm’ 5% Ni
3000 l
(a)
1000 2000 - —
0% Ni
"' 7T T i / I
(b) 1
1000 —

1% Ni

m 3000 + (e)

10% Ni

C (pF)
C (pF)

1000 (c) 2000
3% Ni
0 5 10 15 20 25 30 35 s f_] 'I_“

Time (sec) T ;i » ——
0 5 10 15 20 25 30 35

Time (sec)

Fig. 12. Photo-capacitance responses of the diodes to 10 kHz, 50% duty-cycle illumination for varying Ni concentrations of 0, 1, 3, 5 and 10% in (a), (b), (c), (d) and
(e), respectively.

generally favoring monomolecular recombination. At lower biases, however, increased doping favors bimolecular recombination.
Higher magnitudes of reverse bias favor bimolecular recombination [28,49].
The observed photoconductive responses of the devices are comparable to those of similar p-Si/ZnO based diodes [50].

3.3.2. Photovoltaic response

The diode open-circuit voltage, V., is a photovoltaic parameter that was estimated by setting V,;,, =0 in Eq. (7). The photocurrent
is then the Norton current. Fig. 10 shows the calculated V,. under various illumination intensities. The amount of Ni in the devices
influences V., driving it towards the theoretical >0.6 V at 10% Ni doping [1].

The photovoltaic performance of the fabricated devices is comparable with those reported in the literature [51,37,38,52].

3.4. Transient photoresponse

Photocapacitance and photoconductance indicate the extent of photo-generated carrier trapping by over-capacitance [15]. Fig. 11
and Fig. 12 show, respectively, the transient current and photo-capacitance responses of the fabricated diodes. Both of these figures
show that the photocurrent and photo capacitance of 0% Ni devices exhibit two different stages during the rising process: a fast-rising
process and a slow-rising process as a result of absorbing light. The reason for the different rates of the fast and slow processes is the
oxygen molecule adsorption process on the surface of the p-Si/ZnO device. The oxygen molecule adsorption process for the fast-rising
process is higher than that for the slow-rising process. This adsorption process changes the charge separation of a p-Si/ZnO junction,
and as a result, the fast and slow rising processes occur in the depletion layer of the device.

The photo capacitance characteristics of the fabricated devices are comparable to those reported in the literature [53].

4. Conclusions

We have presented evidence of room temperature (300 K) NDC in suitably Ni-doped ZnO metal-semiconductor-metal photodiodes
in the Al/(Ni:ZnO)/p-Si/Al configuration. The Ridley-Watkins-Hilsum (RWH) mechanism is suggested to account for the negative
differential conductance in the diodes. All the presented devices exhibit NDC at specific biases between -1.5 V and -0.5 V. In forward
bias, NDC was seen only for diodes with a specific doping level [54]. NDCs were shown to be bias- and illumination-dependent. The
occurrence of NDC in I-V characteristics may be more widespread than previously appreciated as a result of the limiting nature of
the methods used to characterize the series resistance. The measured V,. of the devices ranged from 0.03 V to 0.6 V. The atomic
percentages of Ni doping were 0%, 3%, 5%, and 10%. Future studies are required to understand the origin and mechanisms of NDC
in similar metal-semiconductor-metal (MSM) photodiodes.
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