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ABSTRACT: Solution-processed p−n heterojunction photodiodes have
been fabricated based on transition-metal oxides in which NiO and ternary
Zn1−xMgxO (x = 0−0.1) have been employed as p-type and n-type
semiconductors, respectively. Composition-related structural, electrical, and
optical properties are also investigated for all the films. It has been observed
that the bandgap of Zn1−xMgxO films can be tuned between 3.24 and 3.49
eV by increasing Mg content. The fabricated highly visible-blind p−n
junction photodiodes show an excellent rectification ratio along with good
photoresponse and quantum efficiency under ultraviolet (UV) illumination.
With an applied reverse bias of 1 V and depending on the value of x, the
maximum responsivity of the devices varies between 0.22 and 0.4 A/W and
the detectivity varies between 0.17 × 1012 and 2.2 × 1012 cm (Hz)1/2/W.
The photodetectors show an excellent UV-to-visible rejection ratio.
Compositional nonuniformity has been observed locally in the alloyed
films with x = 0.1, which is manifested in photoresponse and X-ray analysis data. This paper demonstrates simple solution-
processed, low cost, band tunable photodiodes with excellent figures of merit operated under low bias.
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■ INTRODUCTION

Transition-metal oxides (TMOs) have attracted considerable
attention in recent years within the research community
because of their versatile applications in transparent thin-film
transistors,1,2 ultraviolet light-emitting diodes,3,4 transparent
electrodes,5 and ultraviolet (UV) photodetectors (PD).6−9 The
applications of these oxides mainly rely on their intrinsic
properties, including optical transparency in the near-UV and
visible spectra, low impact on the environment, and thermal
stability, as well as heterojunctions composed of different types
of TMOs, or specifically p−n junctions.7 Among various
demonstrated TMO materials utilized in p−n heterojunction
UV PDs, NiO and ZnO, which are p- and n-type semi-
conductors, respectively, are particularly favored because of
their distinguished electrical and optical properties.3,7,10−12

Benefiting from a direct band gap of 3.3 eV and an exciton
binding energy of 60 meV, the II−VI semiconductor ZnO has
been employed for applications in optoelectronic devices.13

Moreover, the band gap can be engineered between 3.3 eV
(ZnO) and 7.8 eV (MgO) by formation of Zn1−xMgxO (ZMO)
alloys.14,15 The alloyed ZMO maintains high optical trans-

parency to visible wavelengths, which is indispensable for
transparent optoelectronic applications.12 Additionally, low
dislocation density during heteroepitaxy,16 high-energy radia-
tion resistance,17 and chemical stability18 distinguish ZnO (and
ZMO) from other wide band gap semiconductors such as GaN
(and its alloy AlxGa1−xN), ZnSe, and SiC.
For UV PD applications, ZMO has been primarily realized

either as a photoconductor19 or a Schottky photodiode.20,21 In
most of the cases, ZMO films have been prepared via
prohibitively expensive and sophisticated deposition techni-
ques, such as pulsed laser deposition (PLD),15,22 sputter-
ing,15,23 chemical vapor deposition (CVD),24 and molecular
beam epitaxy (MBE),25,26 and they all require energy intensive,
high vacuum deposition processes. However, metal−semi-
conductor−metal (MSM) and Schottky barrier PDs have their
own advantages, such as simple planar structure, no UV
absorption by metal contact as well as low stray capacitance for
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the former and fabrication simplicity, high speed and absence of
high-temperature diffusion processes for the later, p−n junction
detectors have even more advantags, viz., low or zero bias
currents, high impedance, built in voltage larger than that of a
Schottky diode made with the same semiconductor, as well as
low saturation current. In contrast to the well-illustrated
performance of p-NiO/n-ZnO heterojunctions for UV PD
applications,7,8,27 there have been few reports on homojunction
Zn1−xMgxO,

28,29 but p−n heterojunctions made with other
non-Zn-based oxides are lacking using sol−gel method.

In this work, we have successfully fabricated TMO UV PDs
comprising solution-processed p-NiO and n-Zn1−xMgxO (x =
0−0.1) layers on conductive fluorine-doped tin oxide (FTO)
covered glass substrates. Sol−gel Zn1−xMgxO thin films show a
hexagonal wurtzite type of crystalline structure and no
significant change of grain morphology for all the films studied.
The devices show prominent but tunable UV photoresponse
with various Mg contents consistent with the bandgap of
alloyed ZnO. For higher Mg content (x = 0.1), compositional

Figure 1. NiO/Zn1−xMgxO heterojunction PD: (a) Schematic of the device showing metal oxides along with FTO and Ti/Au metal contacts; (b)
cross-sectional SEM image of an actual device with x = 0.05; and (c) AFM images of all the TMOs spin coated on silicon substrates after annealing
them at 450 °C for 20 min in air. The nanograins are evident from the AFM images.
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nonuniformity has been observed over the film which is
manifested in the device’s optical properties.

■ EXPERIMENTAL DETAILS
Precursor Solution. For NiO, nickel acetate tetrahydrate was

dissolved in 2-methoxyethanol and monoethanolamine (MEA) in a
glass vial. Similarly, Zn1−xMgxO precursor solution was prepared
separately using zinc acetate tetrahydrate and magnesium acetate
tetrahydrate in the same solvents. The molar ratio of Ni2+:MEA or
(Zn2+ + Mg2+):MEA was maintained at 1:1 in the solution. The
concentration of Mg2+ was adjusted to form Zn1−xMgxO thin films
with x ranging from 0 to 0.1. Concentration of all metal ions was 0.4
M. The dissolved precursors were magnetically stirred at 60 °C for 2 h
in a water bath and then filtered with a 0.45 μm filter.
Device Fabrication. The FTO/glass substrates were cleaned with

acetone and isopropanol in an ultrasonic bath, rinsed with deionized
water, and finally dried with N2 gas. For thin-film fabrication, NiO
precursor was spin-coated on the substrates and the film was
immediately dried at 300 °C for several minutes on a preheated hot
plate in a fumehood. The procedure was repeated multiple times to
achieve film thickness of 250 to 300 nm. The same procedure was
repeated for Zn1−xMgxO to obtain ≈90−120 nm thick film. Finally,
the films were annealed at 400 °C for 20 min in air. Ultrathin Ti (10
nm)/Au (3 nm) top contacts were deposited by electron-beam
evaporation at a rate of about (0.5−1) Å/s through a metal mask
having an array of circular openings of 3.8 mm. No process
optimization was performed.
Characterization Methods. Surface morphology and cross-

sectional structure of the PDs were examined using a Bruker
Dimension FastScan atomic force microscopy (AFM) instrument
and a Hitachi-4700 high-resolution scanning electron microscopy
(SEM) instrument equipped with energy dispersive X-ray spectrom-
etry (EDS). [Certain commercial equipment, instruments, or materials
are identified in this paper in order to specify the experimental
procedure adequately. Such identification is not intended to imply
recommendation or endorsement by the National Institute of
Standards and Technology, nor is it intended to imply that the
materials or equipment identified are necessarily the best available for
the purpose.] Cross-sectional images were taken from freshly cleaved
samples after coating them with carbon to avoid charging effects.
Structural characterization of the oxide films was conducted using
conventional X-ray diffraction (XRD). Vacuum ultraviolet variable
angle ellipsometry (VUV-VASE) measurements were performed to
determine the dielectric functions of the films from which optical band
gaps were extracted by employing Tauc plots.30

Devices were characterized for current−voltage (I−V) and external
quantum efficiency (EQE) using a spectrally filtered light source.
Because of the device structure, it was not possible to illuminate
through the glass side. Also, FTO absorbs most of the UV light below
320 nm as compared to ultrathin Ti/Au. Hence, the devices were
illuminated through metal contacts during the measurement. EQE
system was calibrated using a NIST-calibrated silicon photodiode, and
a total uncertainty of ±5% (fractional) is associated with measured
EQE.

■ RESULTS AND DISCUSSION

Figure 1a shows the schematic of the PD with various
components associated with the p−n junction photodiode. A
cross-sectional SEM image of a representative device as well as
the top-view AFM images of the annealed NiO and Zn1−xMgxO
thin films are also depicted in panels b and c of Figure 1,
respectively. The SEM image clearly shows the multilayer
structure of the PD for nominal Mg concentration of x = 0.05,
showing various oxide layers on FTO/glass substrates. The
thicknesses of spin-coated NiO and Zn0.95Mg0.05O have been
estimated to be about 250 and 120 nm, respectively. The sharp
interface between NiO and Zn0.95Mg0.05O indicates smooth

surfaces of fabricated films, which is further verified by AFM
results shown in Figure 1c, whereas nonuniform interface
between FTO and NiO is observed. Lifetime of photogenerated
carrier is a crucial factor in determining the performance of a
PD. The photogenerated minority carrier outside the depletion
region (the interface) has a very short lifetime because of fast
recombination with majority carriers. Hence, the effective
region of a UV PD is the depletion region, i.e., the interface.
Meanwhile, defects in the interface will greatly reduce the
lifetime of photogenerated charge carriers in terms of enhanced
possibility of scattering and functioning as recombination
centers. Therefore, a sharp, high-quality interface ensures better
performance of the PD.
High-resolution AFM images reveal polycrystalline nanoscale

grains and smooth surfaces of the spin-coated, annealed films.
The grain size of Zn1−xMgxO (x = 0.05, 0.1) film is comparable
to ZnO film with typical diameter ranged between 20 to 25 nm.
The resemblance in granularity of Zn1−xMgxO and ZnO films
originates from the similarity of the ionic radii of Zn2+ and
Mg2+.31 However, Zn1−xMgxO (x = 0.05, 0.1) films exhibit
much smoother surfaces when compared to ZnO film. The
calculated root-mean-square (rms) roughness for Zn1−xMgxO

Figure 2. (a) XRD scans showing diffraction peaks coming from cubic
and hexagonal structures of NiO and Zn1−xMgxO, respectively. XRD
measurements confirm the formation of metal oxides as well as no
MgO phase for the alloyed sample. (b) Estimation of the direct energy
band gap of all the oxides from ellipsometry measurements (Tauc
plot). The inset shows the linear fit of the measured band gap as a
function of Mg content.
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(x = 0, 0.05, 0.1) are 7.15, 2.02, and 2.63 nm, respectively. In
contrast, NiO film shows relatively larger gain size, roughly 40
nm, with a much diminished rms value of 0.45 nm. The low
surface roughness and small granularity of engineered NiO and
Zn1−xMgxO films make them suitable for applications in abrupt
heterojunctions.
Figure 2a shows XRD patterns of prepared NiO and

Zn1−xMgxO (x = 0, 0.05, 0.1) films. All the diffraction peaks
can be identified as cubic NiO (JCPDS entry 78-0643) or
hexagonal wurtzite ZnO structure (JCPDS entry 36-1451),
accordingly. These results imply that the fabricated ZMO films
retain the ZnO hexagonal wurtzite crystal structure without any
segregation of MgO phase. The broad diffraction peaks are in
agreement with the polycrystalline nature and the small grain
size of processed thin films. A subtle shifting of ZnO(002)
toward higher diffraction angle from 34.51° (x = 0) to 34.68°
(x = 0.1) with an increase in Mg content is identified in Figure
2a. This observation can be attributed to the slightly lower ionic
radii of Mg2+, which decreases the grain size of ZMO in the c-
axis.
To understand the optical absorption and bandgap energy of

NiO and Zn1−xMgxO, absorption coefficients (α) are calculated
from the pseudodielectric functions of the thin films using
ellipsometry. The optical band gap (Eg) is then derived from
the Tauc plot, which is a linear relationship of (αhυ)2 versus hυ
where hυ is the photon energy (Figure 2b). Eg is deduced from
a linear fit to the near band gap spectral region and is found to
be ≈3.72 eV for NiO, which is an agreement with reported
data.9 For Zn1−xMgxO films, there is a gradual blue shift of the
fundamental absorption edges with the increase of Mg
concentration. The value increases linearly from 3.24 eV for x

= 0 to 3.49 eV for x =0.1, which can be fitted with the equation
Eg = (3.248 + 2.51x) eV. It must be noted here that for x = 0.1,
the Tauc plot shows another linear regime at lower energy
(below 3.7 eV) in addition to the one used for linear fitting, and
this may indicate some composition variation across the sample
as will be shown later. Although the ionic radius of Mg2+ ions
(0.57 Å) is almost equal to that of Zn2+ ions (0.60 Å),31 which
might imply a wide range of solubility of Mg in ZnO, the
thermodynamic solubility limit of Mg in ZnO is a mole fraction
of only 4%.32 However, solid solubility of MgO in ZnO has
been reported to be mole fraction of 33% for thin films
deposited by PLD15 and 43% deposited by MBE.33 The sol−gel
method is based on equilibrium growth conditions; thus, the
solubility is influenced by the starting precursors, solvents,
temperature, etc. as opposed to other nonequilibrium growths.
The compositional fluctuations in solution-processed
Zn1−xMgxO systems have also been reported for modest34,35

to higher36 Mg content, and our data also indicate some
possible compositional variation for x = 0.1. The estimated
bandgap values are also consistent with the EQE measurements
(see Supporting Information, Figure S1). In any case, all the
films are highly transparent in the visible range, which makes
them suitable for UV PDs. Considering the limitation of this
sol−gel technique, one can utilize either PLD- or MBE-grown
Zn1−xMgxO on NiO to avoid such compositional nonun-
iformity at higher Mg content.
The energy levels of various components of the PD are

shown in Figure 3a, where Zn1−xMgxO is depicted as a tunable
bandgap system because of different Mg content. On the basis
of the reported data, incorporation of Mg2+ into ZnO leads to
the modifications of conduction band (CB) edge of the ternary

Figure 3. (a) Energy levels of various components in the PDs. The conduction band (CB) of Zn1−xMgxO changes with Mg content whereas valence
band (VB) position remains the same. Photogenerated electrons and holes move to their respective contact. (b) Current−voltage (I−V) plot of the
p-NiO/n-Zn0.95Mg0.05O heterojunction diode in dark and UV illumination at 335 nm with 1.2 μW power. The positive voltage stands for forward
bias, and the negative values mean reverse bias. The rectifying nature of the diode (see the inset linear current-density, J, and voltage, V, plot of the
diode in the dark at forward and reverse bias) as well as the photoresponse are evident from the I−V data. Another inset shows the actual PD with
NIST logo underneath. (c) Responsivity and detectivity of all the devices at 1 V reverse bias.
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oxide whereas the valence band (VB) edge remains
unchanged.37 Thus, the CB edge changes within ≈0.25 eV as
the corresponding bandgap of Zn1−xMgxO varies from 3.24 to
3.49 eV with an increase in Mg content (x = 0−0.1). Under UV
illumination, the photogenerated electrons are transported
through the Zn1−xMgxO layer to the Ti/Au cathode and the
holes are transported from the NiO to the FTO anode. On the
basis of the band-edge energy offsets, NiO/Zn1−xMgxO layers
form a type-II heterojunction (Figure 3a). The built-in field as
well as the energy gradient at the type-II interface enables
spatial separation of electrons and holes. The current−voltage
characteristics of the heterojunction diodes reveal the
anticipated rectifying behavior in the dark and exhibit an
excellent rectification ratio of ≈18 500 at ±1 V (inset of Figure
3b). Under UV illumination, current enhancement is observed
under forward and reverse bias because of the photogenerated
carriers. It is worthwhile to mention here that the current
density of the devices decreases after Mg alloying because of
the increase in resistivity. Undoped ZnO is an n-type material,
and the higher carrier density is attributed to the interstitial zinc
and/or oxygen vacancy.38 When Mg is incorporated into ZnO,
the oxygen vacancies are suppressed, which reduces the carrier
density in the film.39 Hence, dark current decreases from 100 to

18 nA at a reverse bias of 1 V when the Mg content increases
from 0.05 to 0.1. The ideality factor of the diode also increases
(see Supporting Information, Table S1).
The spectral response of the PD is obtained by scaling the

measured photocurrent with that of a calibrated Si photo-
detector, given nominally identical illumination under applied
reverse bias. The responsivity (Rλ) and the specific detectivity
(D*), which are the figures of merit of the PD, have been
calculated using the following equations:40

=λR
I

P
light

0

* = λD
R
qJ2 dark

where Ilight is the photocurrent of the device under UV
illumination, P0 the light intensity, and Jdark the dark current at
the same value of reverse bias used for Rλ. It has been assumed
that the dark current is the major source of shot noise. Typical
responsivity and detectivity of NiO/Zn1−xMgxO devices under
a reverse bias of 1 V are shown in Figure 3c for the spectral
range 280 to 450 nm. For ZnO (x = 0), the peak response

Figure 4. Device performance of NiO/Zn1−xMgxO heterojunctions with various Mg content, x, as a function of applied reverse bias: (a) responsivity,
Rλ, and (b) detectivity, D.
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occurs at 360 nm with the responsivity of 0.22 A/W. The −3
dB cutoff edge is close to the absorption edge of ZnO. The
photoresponse maxima are blue-shifted for Zn1−xMgxO alloy
films, consistent with the increase of bandgap. For
Zn0.95Mg0.05O, the maximum responsivity reaches to 0.4 A/W
at 310 nm and there is no discernible responsivity for photons
below 360 nm. In the case of Zn0.9Mg0.1O, the responsivity
peaks at 300 nm followed by a sharp decrease at 340 nm, which
is close to the bandgap of NiO, and then slower decrease above
350 nm, which corresponds to the absorption edge of
Zn0.9Mg0.1O. The responsivity goes further beyond the band
gap of Zn0.9Mg0.1O, indicating a possible composition
fluctuation across the sample. To verify this, EDS analysis has
been performed for the compositional analyses of Mg and Zn in

all the samples. The values are plotted as a function of nominal
Mg content (x) and compared with the measured Mg:Zn
values (see Supporting Information, Figure S2). The
experimental Mg:Zn ratio shows less deviation from its nominal
value for Mg content of x = 0.05, whereas it deviates
significantly for x = 0.1. Hence, these data suggest a local
compositional nonuniformity for higher Mg content which is
beyond the thermodynamic solubility limit. Furthermore, it is
possible that Mg may incorporate into NiO during annealing,
and this is likely to increase the bandgap of NiO;41 hence, the
photoresponse of the alloyed samples further extends to the
shorter wavelength. In contrast, the ionic radius of Ni2+ ions
(0.55 Å) is also similar to that of Zn2+ (0.60 Å).31 Thus, there
can be Zn2+ diffusion into NiO although one may expect a
different level of Zn2+ incorporation into NiO as compared to
Mg2+ because of its relatively larger size. Investigating these
effects is beyond the scope of this paper. Detectivity, which
characterizes the normalized signal-to-noise performance of a
PD, is another figure of merit, and the measured data show the
maximum detectivity of (0.17−2.2) × 1012 cm (Hz)1/2/W or
Jones depending on the composition. Overall, the data clearly
show that one can tune the response of the heterojunction
NiO/Zn1−xMgxO system simply by tuning the ZMO bandgap.
The advantages of operating a photodiode under zero or low

bias voltage are the low dark current, low noise level, and large
dynamic range. Thus, the device performance was further
assessed below 1 V reverse bias, as shown in Figure 4. When
the devices were tested in the photovoltaic mode (i.e., under
zero bias), the flow of photocurrent out of the device is
restricted. Hence, the responsivity is very low, particularly for
NiO/ZnO devices (maximum value is 0.34 mA/W at 340 nm).
For x = 0.05, it is 1.4 mA/W; the detectivity is ∼6.76 × 1010

Jones, both at 340 nm. When the bias is increased across the
device, there is no appreciable response from the NiO/ZnO
device below 0.5 V (Figure 5a). However, for the alloyed
samples, the strong response is detected under the same bias.
ZnO is intrinsically an n-type semiconductor with high carrier
concentration and thus at equilibrium, resulting in smaller
depletion widths42 and lower quantum yields because the
minority carrier (i.e., holes for ZnO) diffusion lengths are very
short in these materials.43 Upon illumination, the minority
carrier current increases, mostly from electron−hole pairs
generated within the depletion region. The collection efficiency
is very inefficient in the quasi-neutral region (part of the device
beyond the depletion region) because of the small minority
carrier diffusion length; thus, recombination can take place. For
Mg alloyed devices, the resistivity goes up, which is analogous

Figure 5. (a) NiO/Zn1−xMgxO heterojunction device response at 350
nm as a function of applied bias. (b) UV−visible rejection ratio (Ri/
R400 nm) for Mg content of x = 0.05 and 0.1 in which i = (280−400)
nm.

Table 1. Performance Matrix of Various Zn1−xMgxO-Based PDs Reported in the Literature

material system configuration growth method bias (V) max. Rλ (A/W) max. D* (Jones) ref

Zn0.38Mg0.62O MSM MBE 10 1.664 − 44
Zn0.5Mg0.5O p−n MBE 2 6m − 45
Zn0.53Mg0.47O MSM sputtering 5 10.6m − 46
Zn0.66Mg0.34O MSM PLD 10 0.8 − 29
Zn0.66Mg0.34O MSM PLD 5 1200 − 19
Zn0.76Mg0.24O p−n MBE 9 0.4m 1.8 × 1010 28
Zn0.8Mg0.2O MSM sputtering 3 0.02 3.1 × 1011 47
Zn0.82Mg0.18O Schottky CVD 1.5 32 − 48
NiO−ZnO p−n sol−gel 1 0.28 6.3 × 1011 27
NiO−ZnO p−n sol−gel 1 10.2 1 × 1012 49
NiO−Zn1‑xMgxO p−n sol−gel 1 0.22−0.4 (0.17−2.2) × 1012 this work
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to the enhancement in bandgap, and the free carrier density
decreases. Thus, the depletion width on Zn1−xMgxO side
increases. Hence, NiO/Zn1−xMgxO (x = 0.05, 0.1) hetero-
structure diode shows a better photoresponse as compared to
ZnO at the same low bias as the minority carriers in the sample
are swept out by the large electric field despite having short
diffusion length. The responsivity of the devices almost
saturates at high bias, indicating carrier mobility saturation or
sweep-out effect yielding a saturation of the current. The
heterojunction devices also exhibit good UV-selective sensi-
tivity with an excellent UV-to-visible rejection ratio.
The solar blindness is usually quantified in terms of rejection

ratio, which is defined as the ratio of the photoresponse of a PD
in the UV light to the visible light. A high UV-to-visible ratio is
always desirable for the detector which will show very weak
response to the solar visible spectrum and no filter is needed for
UV detection. The rejection ratio for each wavelength was
calculated from the responsivity at ith wavelength in the UV
regime divided by the responsivity at 400 nm, (Ri/R400nm, i =
280−400 nm). The maximum rejection ratio of over 600 has
been achieved for Zn1−xMgxO with x = 0.05, and over 100 for x
= 0.1 (Figure 5b). For x = 0.1, the responsivity of the device
shows some (periodic) trend with no sharp cutoff under the
applied bias because of the compositional fluctuation, and the
same trend has also been seen in the rejection ratio. Finally, the
performance of PDs in this work and some previously reported
data are summarized in Table 1 for comparison. Considering
the simplicity of such solution-processed p−n heterojunction
architecture, the devices here show excellent figures of merit as
compared to other oxide-based PDs.

■ CONCLUSIONS
Simple, cost-effective solution-processed p−n heterojunction
UV photodetectors have been conveniently fabricated on
FTO/glass substrates by spin-coating methods using wide-band
gap NiO and Zn1−xMgxO. Sol−gel Zn1−xMgxO thin films have
hexagonal wurtzite type crystalline structure and nanograin
morphology without any MgO phase. The fabricated
heterojunction photodiode exhibits very low dark current
under reverse bias with excellent rectification. The PDs have
shown tunable photoresponse with superior responsivity and
detectivity in the UV regime. Compositional nonuniformity has
also been observed for high Mg content. Considering the
advantages of solution-processable fabrication, the devices have
potential for use in low cost, large-area UV PD applications.
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