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Abstract:

In this study, the electrical and optical properties of a novel NiO-based homojunction p-i-n
photodiode are reported. The p-i-n diode structure consists of Mg-doped, intrinsic and Cu-
doped NiO from the top to the bottom layers, respectively. The photodiode structure was grown
on a 0.7% Nb-doped SrTiO;3 (001) substrate using molecular beam epitaxy. The homojunction
p-type NiO:Mg/i-NiO/n-type NiO:Cu exhibits diode characteristics. The ideality factor and
barrier height of the diode are found to be 1.26 and 0.66 eV, respectively. The photoconductive
properties of the photodiode were investigated by operating the diode under reverse bias, and
spectral excitation of a Xe lamp. The responsivity of the photodiode is determined to be 295
mA/W at 3.9 eV. A constant photoresponse of the p-i-n photodiode between 3.75 eV and 6 eV

with a responsivity of 250 mA/W is observed.

Introduction:

NiO is a promising wide bandgap (E;~3.7 eV) material for ultraviolet optoelectronic
applications. So far, NiO has been used as a hole transport layer in perovskite based solar cell
applications due to its p-type characteristic in nature [1-3] and in ultraviolet metal-
semiconductor-metal photodetectors applications due to its wide bandgap and larger resistivity
[4-7]. Besides, it has been utilised as a p-type layer of NiO-based p-n and p-i-n junctions
photodetectors. [4—7]. In UV optoelectronic applications, GaN, AlGaN and AlGaP have been
usually preferred and these materials require good crystalline quality, which can obtained by

epitaxial techniques. On the other hand, it has been shown that NiO is not only grown by



epitaxial techniques such as molecular beam epitaxy (MBE) [8—10], but also magnetron
sputtering [11], pulsed laser deposition (PLD)[12], physical vapour deposition (PVD)[13],
chemical vapour deposition (CVD)[14], Sol-Gel method[15].

Modern optoelectronic and electronic devices are based on p-n and p-i-n junctions. Although
there are several NiO-based p-n and p-i-n junctions photodetector studies in the literature, these
are not in homojunction structure due to the challenge of making n-type doped NiO. Studies in
the literature have been mainly focused on the heterostructures that comprised of a p-type NiO
and n-type of other semiconductors such as ZnO[16-20] TiO2[21,22] and Ga>03[23,24] for UV
applications, and n-type Si[25,26] for UV-visible applications. While these kinds of NiO-based,
highly sensitive, heterojunctions are utilized as a photodetector, to create NiO-based emitters

the fabrication of homojunction p-n and p-i-n diodes are critical.

It is well known in the literature that Mg doping enhances the hole transport properties of NiO
when grown via MBE [4,27]. Cu doping, however, 1s an open topic with current studies mainly
looking at magnetron sputtered films, with both p-type and n-type carriers being reported
[28,29]. The p-type resistivity reported for NiO comes from nonstoichiometry in the samples,
with Ni vacancies creating Ni** sites which facilitate hole creation and transport. Furthermore,
it has been shown that p-type resistivity can only be present in Cu-doped NiO if there are Ni
vacancies present [30]. In this work, MBE is employed to produce films of high stoichiometry
and crystallinity, hence the so-called ‘intrinsic’ p-type nature of NiO should not be present. This
allows for the fabrication of a novel homojunction incorporating NiO:Mg | NiO | NiO:Cu into

a p-i-n diode for which we provide growth and characterization studies.

Experimental details:

The p-1-n homojunction was epitaxially grown on (001)-oriented 0.7% Nb-doped SrTiOs (STO)
substrate by MBE. Before the growth, the substrate was sequentially cleaned with acetone,
isopropanol and DI water for 15 minutes each, in an ultrasonic bath. The substrate was then

annealed at 950°C for an hour in a furnace at atmospheric pressure, which was followed by
MBE in-situ annealing at 600°C in an oxygen environment with a partial pressure of 5x10~°
mbar for 30 minutes. All layers were grown for an hour each at a substrate temperature of

300°C and an oxygen partial pressure of 5x10™® mbar. First, NiosCuosO layer was deposited



with Ni and Cu effusion cell temperatures of 1300°C and 925°C, respectively. Then
Nio.75Cu0.250 layer was grown with Ni and Cu effusion cell temperatures of 1300°C and 825°C,
respectively. The NiO layer was fabricated with a Ni effusion cell temperature of 1325°C.
Finally, the Nio.7sMgo.250 layer was grown with Ni and Mg effusion cell temperatures of 1325°C
and 275°C, respectively. X-ray diffraction (XRD) 26 — w scan was used to determine the
crystal structure and the epitaxial match between the substrate and the grown films. Cross-
sectional scanning transmission electron microscopy (STEM) specimen was prepared by using
an FEI Nova 200 NanoLab focused ion beam (FIB), using a standard lift-out method. A JEOL
ARM200CF transmission electron microscope (TEM) was utilized for high-angle annular dark

field (HAADF-STEM) imaging and energy-dispersive X-ray spectroscopy (EDX).

The diode fabrication steps were carried out using conventional photolithography techniques.
A ring window with a diameter of 400 um was patterned on the top of the diode. Layers of Au
and Ni, with thicknesses of 60 nm and 10 nm respectively, were deposited by thermal
evaporation for the top contact, while silver paste was used for the bottom contact. The current-
voltage (I-V) characteristics of the diode were studied by an Agilent B2902A source/meter unit
at room temperature. The capacitance-voltage (C-V) measurements were carried out by an
HP4192A impedance spectrometer. The voltage was swept from positive to negative and
negative to positive in the range of +2.5 V and -2.5 V. The C-V measurement was also studied
at the various AC frequencies (100 kHz, 300 kHz and 1 MHz) in the given voltage ranges to
enlighten the charge dynamics of the p-i-n diode. The spectral photocurrent measurements were
carried out using a 0.5 m Jarrell-Ash monochromator with 0.5 nm spectral resolution. Xe lamp
was used as an excitation source and the irradiated active area of the device was 0.125 mm?. A
mechanical chopper modulated the incident light at a frequency of 133 Hz, and a lock-in
amplifier (SRS-830) was used to determine the photocurrent of the p-i-n photodiode. The
measured photocurrent was converted to absolute responsivity by using a calibrated Si

photodetector to measure the spectral intensity of the light source.



Results and discussions
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Figure 1. a) A schematics of photodiode structure, b) Cross-sectional HAADF-STEM image
of the p-i-n diode on STO (001) substrate and corresponding EDX chemical averaged line
profiles along its layers, ¢) XRD pattern of the p-i-n diode, and d) HAADF-STEM image of
interface region corresponding to Nio.sCuo.sO layer, with digital diffractograms from a region
where Cu is fully soluble in the host NiO lattice (i), and a region where metallic Cu grains

coexist with Cu doped/alloyed NiO (ii).

Figure 1a shows a schematic of the device alongside a cross-sectional HAADF-STEM image
of the novel p-i-n diode (Figure 1b) grown epitaxially on the STO (001) by MBE, and the
corresponding EDX averaged line profiles of its layers. The overall thickness of the diode is 55
nm as shown by the HAADF, which additionally confirms a smooth homojunction surface. The
EDX chemical averaged line profiles present the atomic percentage distribution of Ni, O, Cu,
and Mg elements across the device. Figure 1c shows 260 — w scan XRD for the homojunction
p-i-n diode grown on the STO (001) substrate. The XRD result shows (002) reflections for the
rock-salt crystal structure NiO, the perovskite crystal structure STO and the presence of Cu

(002) peak indicating metallic Cu fcc grains. A closer look at the interface layer by HAADF



high-resolution image shows that within the nominal NipsCuosO layer besides the NiO host
lattice Cu metal grains are present, and they are fully commensurate with the lattice structure
of the NiO film, as indicated by the digital diffractograms (i) and (ii) taken from selected regions
shown in Figure 1d. This is also evident in the EDX spectra where the level of oxygen and Ni
atomic percentage falls in regions (layer) with high Cu concentration, indicating that Cu is
replacing Ni and also precipitating in Cu grains, in difference to Mg doped region of NiO where

the Mg is purely substitutional of Ni.
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Figure 2. Current-voltage characteristic and capacitance-voltage characteristic of

homojunction p-NiO:Mg/i-NiO/n-NiO:Cu diode under dark condition.

Figure 2 shows the current-voltage curves of the diode at room temperature, which
demonstrates that the junction possesses diode characteristics with 38 mA and 1 mA current
under 2 V forward and -2 V reverse bias, respectively. The dark current is 60 uA4 at 1 V,
increasing to 1 mA at 2 V. The main reason for the high current could be the carrier injection
from the defect states and the diffusion of the current from around the ring contact because of
the non-etched device structure. The capacitance versus voltage characteristic at IMHz AC
frequency is presented in Figure 2. In the low applied voltage range (<1.25 V), it shows a p-i-n
diode behaviour as deduced from the general diffusion capacitance theory and Shockley’s
semiconductor theory; the capacitance decreases with reverse bias, while increases with the

forward bias. As the forward bias is further increased, the capacitance decreases rapidly to



negative values, a phenomenon previously reported in the literature where it is attributed to the

emitted carriers from the defect states[31-37].

For a detailed understanding of diode electrical properties, the diode parameters such as ideality
factor, barrier height, series resistance, etc. have been determined by analyzing the current-
voltage measurements in dark ambient conditions. According to the conventional thermionic
emission (TE) theory [38,39], the forward current through a diode at a forward bias is given by

the following equation,

I =1, [exp (%) — 1] (1)

where T is the temperature in Kelvin, kg is the Boltzmann’s constant, ¢ is the electronic charge,
V is the applied bias voltage, which is greater than or equal to 3ksT/q at small applied voltages,
n is the ideality factor and /o is the reverse saturation current obtained from the intercept point

of the line at zero applied voltage and the following equation,

)]

I, = AA*T?exp (— u) )
kgT

where A* is the effective Richardson constant, which is taken from literature as 96 Acm™ 2K 2

for NiO[38], A is the effective contact area and @y, is the zero bias potential barrier height. The

ideality factor and barrier height (®;,) can be determined by the following expressions,

dlnini\ "1
Nideality = kZT( g; ) (3)
and
AA*T?
o, = (kgT) In ln( - ) 4)

respectively.



The barrier height can also be determined from Norde’s method [40,41]. According to this
method, barrier height, as well as series resistance, can be determined from analysis of the
following expression,

F(V)=§—k:7lnln( ! ) (5)

AA*T?

where y is the integer (dimensionless) greater than n. F(V) - voltage (V) plot is given in Figure
3a. The barrier height and series resistance of the diode can be determined by substituting

F(Vin) and current value (Imin) corresponding to Vmin in Figure 3a into the following equations

Vin kT
op = F(Vipin) + T % (6)

qlmin

Furthermore, the ideality factor, barrier height and series resistance of the diode can also be

determined by dV/d(In I) — current curve using the Cheung method as [38,42],

Zaniny = 1Rs +2(7) ©
)=V -—n ("q—T) In In (AAiTZ) (10)

respectively. The experimental dV/dIn(I) versus I and the H(I) versus I are demonstrated in
Figure 3b. The ideality factor and barrier height are calculated from the intercept of dV/dIn(I)
versus I plot and H(I) versus I plot, respectively. The value of Rs can also be obtained from the

slopes of the dV/dIn(I) versus I plot and H(I) versus I plot.
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Figure 3. a) F(V) as a function of V, b) dv/d(In(I)) and H (V) as a function of current.

All obtained diode parameters are listed in Table 1. These results show that the values of diode
parameters obtained using different models are in good agreement with each other. The barrier
height obtained from the different methods is 0.66 + 0.03 eV. As the barrier height is simply
the difference between the affinities of the p- and n-type layers this proves that the given

structure has a diode characteristic.

Table 1. Electrical parameters of p-type NiO / i-NiO / n-type NiO homojunction p—i—n diode

determined from three different methods

I-V Characteristic Norde method dV/d(In I) Cheung Method
n Pp(eV) | PpeV) Rs (12) n Rs(2) | Pp(eV) | Rs(2)
1.26 0.69 0.66 2.7x10* | 1.55 4.4x10%* | 0.64 2.8x10*

The obtained ideality factor of the diode is 1.26 and 1.55 from Eq. 3 and the intercept of the
dV/dIn(I) - I plot, respectively. An ideality factor of between 1 and 2 is an indication that both
diffusion and recombination-based current mechanisms contribute to the forward bias current.
The slight differences in the ideality factors likely come from the difference in the methods
used. While the value corresponding to the lowest applied voltage is used in Eq.3, the intercept
of the dV/dIn(I) — I covers higher applied voltage values. The latter method, using the high
voltage higher ideality, is attributed to radiative recombination-based current mechanisms

which are compatible with the negative capacitance effect given in Figure 2 [36].
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Figure 4. a) The current-voltage characteristic in dark and illumination conditions (Xe lamp,
150 W), b) derivation of photo current-voltage characteristic and ¢) capacitance-voltage of the
diode. The dashed lines represent a voltage sweep from -2.5 V to +2.5V while the solid lines

show the sweep from the other direction.

Furthermore, we have investigated the photoconductive properties of the photodiode. Figure 4a
shows the current-voltage (reverse) characteristic under dark and illumination conditions (Xe
lamp, 150 W). The total current (Igqrr + Ipn) generated under the Xe lamp follows the dark
current trend as a function of voltage, in the low current region up to ~1.25 V. After this, the
total current deviates from the dark current, resulting in a drastic increment in photocurrent.
The dependence of current on the bias voltage becomes clearer when we plot the deviation of
I, with respect to the applied voltage as depicted in Figure 4b [43,44]. While at low voltage
range (Region I) I, exhibits an almost ohmic behaviour as expected for p-i-n photodiodes,
above -1.25 V biases I, increases exponentially up to -2.1 V (Region II) then saturates. The

high photocurrent, in Region II, originates from the carriers released from the trap such as deep-



level states and interface states due to photon assistance and expanding the depletion layer over
the interfaces between the layers [45]. Above -2 V, Region III, due to the 20 nm thickness active
layer, the electric field reached above 1 X 10°V /cm, which can cause strong bending and the
barrier width becomes narrow, and the tunnelling current becomes dominant. The reduction in
the active area and tunnelled carriers cause a decrease in the photogeneration rate, which results

in a low photocurrent.

The capacitance-voltage (C-V) was plotted under the reverse bias for the different AC
frequencies in Figure 4c and supports the Ipn trend. The C-V shows a conventional diode
characteristic for 1 MHz of AC frequencies, and it slightly decreases over the whole applied
voltage range [36,46]. For the low AC frequencies, an increment was observed in the
capacitance under the high reverse bias, Region II. In addition, a hysteresis between the bi-
directional C-V curves was observed, which becomes stronger in the lower AC frequencies.
These C-V trends and the bi-directional hysteresis under reverse bias can also be attributed to
the existence of the deep-level states and interface states [47—49]. In light of these results, it
can be concluded that -1.25 V <V, <-2.1V reverse voltage range is the optimum voltage range

for the operation of the photodiode with high responsivity.
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Figure 5. The spectral responsivity of homojunction p-type NiO:Mg/i-NiO / n-type NiO:Cu
photodiode under -2V reverse bias and inserted schematic illustration of Franz-Keldysh

effect.



Figure 5 shows the spectral responsivity of homojunction p-type NiO:Mg/i-NiO/n-type NiO:Cu
photodiode under -2V reverse bias. It shows a spectral photoresponse characteristic of classic
homojunction p-i-n photodiode with a peak responsivity of 295 mA/W of at 3.9 eV. The highest
peak energy in spectral responsivity can be attributed to the bandgap energy of active material,
which is NiO in this study [50]. Moreover, with three different slopes, an exponential-like
increment has been observed from the lower photon energy to that of the higher and an
oscillatory behaviour in responsivity of the photodiode is observed above the bandgap. These

trends can be explained by the Franz—Keldysh effect.

Franz—Keldysh effect is a physical phenomenon associated with the influence of a high electric
field on near-band-edge absorption [51,52]. It may cause a red shift of the absorption edge,
giving rise to the presence of an absorption tail below the bandgap and an oscillatory behaviour
in the frequency of the optical properties of the semiconductor is revealed above the energy of
the bandgap (inserted in Figure 5) [53]. It is well-known phenomena in the literature on thin-
film semiconductors and high-current photodetectors [51]. In other respects, the tail below the
bandgap and nearly flat high responsivity above the bandgap compared to the NiO-based metal-
semiconductor-metal photodetectors which show an interminable reduction of responsivity at
the higher energy can also be attributed to the incorporation of the Cu and Mg atoms to the top
and bottom NiO layers, respectively. The incorporation of Cu and Mg atoms with high
concentration may forms alloying, which may cause blue and red-shift in the bandgap,

respectively. Unveiling the dynamics of the doping mechanisms will be the future work.

Conclusion

In this study, by introducing p-type NiO:Mg /1-NiO / n-type NiO:Cu homojunction p-i-n diode,
we reported the growth, fabrication, and diode parameters as well as photodetector
characteristics of a novel photodiode. The homojunction p-type NiO / i-NiO / n-type NiO has
revealed good diode characteristics as well as rectification. These results show that Mg and Cu
are promising doping atoms for NiO to have p-type and n-type doping characteristics,
respectively. A nearly flat photoresponse on the p-i-n photodiode in between 3.75 eV and 6 eV
with a responsivity of 250 mA/W was observed. Moreover, under forward bias, a negative
capacitance effect which is attributed to radiative recombination in the active region is
observed. These results may pave the way for fabricating highly sensitive photodetectors and

efficient LEDs / lasers based on homojunction p-i-n NO for ultraviolet applications.
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