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Electrical Behaviors of the Co- and Ni-Based POMs
Interlayered Schottky Photodetector Devices

Murat Yildinm, Adem Kocyigit,* Yasemin Torlak,* Esma Yenel, Ali Akbar Hussaini,

and Mahmut Kus

Polyoxometalates (POMs) are attractive materials for various applications
such as energy storage, catalysis and medicine. Here, Co and Ni-based
POMs are chemically synthesized and characterized by X-ray diffractometer
(XRD) and Fourier transform infrared spectroscopies (FT-IR) for structural
characterization. While the morphological behaviors are analyzed by
scanning electron microscopy (SEM), transmission electron microscopy
(TEM) and atomic force microscopy (AFM), the optical properties are
investigated by UV-Vis spectrometer. Electrochemical characterizations are
carried out by cyclic voltammetry to determine oxidation levels of the metal
centers in the POMs. The CoPOM and NiPOM are inserted in between the
Al metal and p-Si semiconductor to obtain Al/CoPOM/p-Si and Al/NiPOM/
p-Si Schottky-type photodetector devices. Current-voltage (I-V) and current-
transient (I-t) measurements are employed to understand the electrical
properties of the Al/CoPOM /p-Si and Al/NiPOM/p-Si devices under dark
and various light power intensities. The devices exhibit phototransistor like
I-V characteristics in forward biases due to having POMs active layers.
Various device parameters are extracted from the I-V measurements and
discussed in details. -t measurements are performed to determine various
detector parameters such as responsivity and specific detectivity values

for under 2 V and zero biases. The Al/CoPOM/p-Si and Al/NiPOM/p-Si
Schottky-type photodetector devices can be employed in optoelectronic
applications.

1. Introduction

Polyoxometalates (POMs) are high-oxidation-state transi-
tion metal-oxide clusters with a diverse range of proper-
ties that render their attractive candidates for a great deal of

attention in numerous applications such
as energy storage systems,[!l material sci-
ence,”l catalysis,*¥  electrocatalysis,l
and medicine.l’! They also act as elec-
tron acceptors in electrochemical sen-
sors, diodes, and chemical reactions due
to their multielectron redox properties
and high stability without changing their
composition. Some researchers have con-
ducted various studies to improve the
light-to-electricity conversion performance
of the device by incorporating POMs into
semiconductor films.”8 During the last
few years, POMs have attracted as much
attention as photoactive materials due
to their rich photochemical activity.>:¥
Since metals within POM clusters have
fully oxidized dO centers, light absorp-
tion is generally investigated by O — M
ligand to metal charge transfer (LMCT)
bands in the range 200-500 nm." When
the electron absorbs the photon, a doubly
occupied binding orbital (HOMO) forms
an oxo-centered radical, and as a result is
elevated to the empty, antibonding orbital
(LUMO).['I In addition, different deriva-
tives of photoinduced POM clusters are
more reactive compared to other types of
clusters in the ground state. Also, they are

excellent oxidizing agent (higher electron affinity) and reducing
agent (lower ionization energy).

Schottky-type photodiodes or photodetectors are obtained
from the metal-semiconductor devices with a thin metallic con-
tact on the top layer.™ Another way to obtain a Schottky-type
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photodetector is using a photoactive layer in between the
metal and semiconductor with a dot top metallic layer to col-
lect photo-generated electrons.™ Especially, 2D materials such
as graphene and its derivatives have a great interest for fabri-
cating flexible photodetectors and multimode environmental
sensors.!18 Schottky-type photodetectors have sensitivity to
the light, low response time, and good responsivity.'’ There
are many studies to improve the light detection performance
of these kinds of photodiodes in the literature. Zhang et al. fab-
ricated 2,4-bis[4-(N,N-dimethylamino)phenyl] squaraine (SQ)
nanowire array-based Schottky-type photodetector and obtained
better detection performance by using organic layer nanowire
arrays.l?%l Cicek et al. obtained non-doped and graphene doped
polyvinyl alcohol (PVA) as interfacial layer to improve device
performance for Schottky-type junction, and the results con-
firmed improving performance with increasing graphene
doping.?!l Kacus et al. used phenol red as interfacial layer to
improve the efficiency of the Co/n-Si Schottky heterostructure,
and the results approved good device performance for optoelec-
tronic applications.?2l Wan et al. fabricated self-powered Gr/Si
UV photodetector with Al,O; antireflection layer for near-ultra-
violet and mid-ultraviolet spectral region, and they achieved fast
response time (5ns), higher internal quantum efficiency than
100%, high photoresponsivity (0.2 AW™) and specific detectivity
(1.6 x 10 Jones).2)l POMs layers can be employed as photoac-
tive layer between the metal and semiconductor for Schottky-
type photodetector.

According to our best knowledge, there are only a few studies
on the photodetector application of the POMs layer.?*2% Our
aim is to illuminate the structural, optical, morphological, and
electrochemical behaviors of the synthesized K;[Co™Co'(H,0)
W1103).15H,0 (CoPOM) and K[Ni"'Ni'(H,0)W,05,]. 15H,0
(NiPOM) compounds, and to employ them for high-perfor-
mance photodetector applications. In this study, we synthe-
sized and characterized the CoPOM and NiPOM compounds,
which have a unique mixed-valence Co(III)/Co(lI) and Ni(III)/
Ni(II) structural features and are composed of a composition
of only earth-abundant elements (cobalt, nickel, tungsten, and
oxygen) by various instruments. Then, we employed CoPOM
and NiPOM as photoactive layer in between the Al and p-Si for
the first time to obtain Schottky-type photodetector devices by
[-V and I-t measurements under dark and various light power
intensities.

2. Results and Discussion

2.1. Structural Characterization

X-ray diffraction (XRD) analysis provides very important find-
ings in the identification of the morphological properties of
the internal structure of POMs and in the examination of the
crystal structure in powder form. XRD patterns of the synthe-
sized CoPOM and NiPOM were recorded and compared, as
shown in Figure la. The diffraction peaks at 25° and 35° in
XRD analysis for both POM compounds have dense peaks in
this angle range. All observed peaks and their positions are
in agreement with previously reported studies related with
POMs.[221 As seen in Figure 1a, the XRD powder model has
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Figure 1. a) XRD powder pattern and b) FT-IR spectra of CoOPOM and
NiPOM.

high crystallinity, especially at 25-35°, 15-20°, and 35-45° dif-
fractions. The gap crystallinity of these areas is related to POM
compounds with Keggin structure containing mixed valance
transition metal in their structure.[30-32

The presence of the heteropolyanion Keggin-type structure
with central Co™O, and Ni'O, tetrahedron was confirmed
for CoPOM and NiPOM by FT-IR technique. Figure 1b reveals
FT-IR spectrum of the synthesized CoPOM and NiPOM. The
characteristic peaks of the Co-O bending stretching modes
of oxygen-metal ions in the tetrahedral regions have values
of 1114 (sh) and 825 (s) for CoPOM and 1113 (sh) and 838 (s)
for NiPOM. The oxygen-metal ions in the tetrahedral regions,
peaks at 659 (s), 615 (m), 586 (w), 548 (w) are assigned to Ni-O
bend stretching modes. The peaks at 847 (s), 671 (m), 607 (w),
577 (w) for CoPOM and 836 (s), 679 (m), 621 (w), 588 (w) for
NiPOM correspond to the stretching mode of the metal-oxygen
bond in the structure.’% The bands at 1411 and 1573 cm™ for
NiPOM, 1396 and 1553 cm™ for CoPOM are due to the pres-
ence of water in the sphere of coordination.3!

2.2. Morphological Characterization
The most versatile and widely used of the technique for the

study of the surface characteristic and the morphological
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Figure 2. a) SEM images at 20.00 kx magnification and b) TEM images for various magnification of COPOM and NiPOM.

features of POMs is scanning electron microscopy (SEM).
As can be seen from the SEM images of the CoPOM and
NiPOM structure in Figure 2a, it is clear that the POM nano-
particles are uniformly connected by interacting with each
other in networks. Also, they demonstrated a uniform rod-
like structure with an average length of about 100-200 nm
and a diameter of 30 nm. TEM images are shown in
Figure 2b to examine the structural details of the synthesized
CoPOM and NiPOM. The particle sizes of POMs are ranging
from 50 to 100 nm. The bright-field image of POM particles
has shown that the particles are very well dispersed in the
polycrystalline shape. However, the particles sometimes tend
to aggregate. The bright circle means that there are much
more Co and Ni containing POM particles on the surface.
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This can be interpreted as that the main composition of the
shell structures of POM is widely distributed throughout
the structure.33*] In order to visualize the enhanced surface
roughness of the two compounds containing different tran-
sition metals, representative AFM images obtained under
similar magnifications are examined. Figure S2 (Supporting
Information) shows the AFM images of the POMs. The root
mean square surface roughness values and average rough-
ness increased from 2.08 and 1.63 nm for NiPOM to 4.07
and 3.25 nm for CoPOM (Figure S2, Supporting Informa-
tion) due to the structural and transition metal variations. In
addition, structure of the POM surface can be observed from
3D AFM image, showing that the distribution of aggregated
clusters is almost uniform.
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Figure 3. Cyclic voltammogram of a) CoPOM and b) NiPOM on the glassy carbon electrode ([POM]=1x 10" m in ACN with 0.1 m TBABF, as sup-
porting electrolyte (Scan rate: 100 mV s™)). ¢) UV-vis spectra of CoOPOM and NiPOM.

2.3. Electrochemical Properties and Optical Characterization
of POM Compounds

Cyclic voltammetry is a useful tool to investigate the oxidation
levels of the metal centers in the POMs. The redox behaviors
of the POMs were carried in acetonitrile (0.1 m TBABF, solu-
tion) by using a glassy carbon working electrode with the poten-
tials referenced to an Ag/AgCl electrode. Two peaks
corresponding to metal a Co(III)/Co(II) and Ni(III)/Ni(II) oxi-
dation are clearly observed. The observed potential values indi-
cate that the metal in the low oxidation state is strongly bound
to the ligand.’®] CV of CoPOM (the central cobalt valence: +2)
and NiPOM (the central nickel valence: +2) indicate two oxida-
tion peaks at around 0.734 and 1.174 (Co! — Co'!), reduction
peaks at around 0.674 and 1.036 V according to Figure 3a, while
oxidation peaks are observed for NiPOM at around 0.645 and
1.156 (Ni'' — Ni) and reduction peaks at around 0.524 and
0.972 according to Figure 3b.’l CoPOM modified electrode
showed a pair of redox peaks with oxidation peak of Co™! —Co"!
at about 0.681 V and oxidation peak of Co™ —Co!V at about
1.08 V. NiPOM modified electrode showed a pair of redox peaks
with oxidation peak of Ni" —Ni'" at about 0.667 V and oxida-
tion peak of Ni'll »NilV at about 1.02 V.

Absorbance spectra of POM solutions in water are meas-
ured at pH:70 and given in Figure 3c. Two absorption peaks
at 251 nm and 263 nm wavelengths are observed for POMs
which are in agreement with the literature.’®3°l Since CoPOM
contains both Co(II) and Co(IlI) centers and NiPOM contains
both Ni(II) and Ni(III) centers, the band at 251 and 263 nm is
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assigned as a d-d transition of the Co(III) and Ni(III) center.*"!
In addition, the ligand-to-metal charge transfer (LMCT) band
has been seen at 251 nm for CoPOM compound and 263 nm
for NiPOM compound. The Co'!" center in CoPOM and Ni'
in NiPOM contribute to the stability of the Dawson-type poly-
anionic structure.f!

2.4. Electrical Characteristics of the Al/CoPOM/p-Si and
Al/NiPOM/p-Si Photodiodes

[-V characteristics of the Al/CoPOM/p-Si and Al/NiPOM/p-
Si devices have been shown in Figure S3ab (Supporting
Information) for various light power intensities, respectively.
Both the Al/CoPOM/p-Si and Al/NiPOM/p-Si devices exhib-
ited increasing current profile in the forward bias region with
increasing light power intensity. The Al/CoPOM/p-Si and
Al/NiPOM/p-Si devices can be thought as two-lead photo-
transistors due to exhibiting a phototransistor behavior and
increasing base current with increasing light power intensity
and staying constant with increasing voltage in the forward bias
region. However, in the case of the Al/CoPOM/p-Si device, the
photocurrent increased with increasing light power and voltage
almost linearly. The phototransistors usually are fabricated on
the SiO,/Si surface as FET structure or PNP structure as BJT
on a one substrate and they are illuminated for switching.[*>=*!
In our study, we used normal Schottky-type photodetector
structure with n-type POM interlayers. The devices clearly
behaved such a phototransistor of BJT due to the forming the
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Figure4. In/-Vplots ofthe a) Al/CoPOM/p-Siand b) Al/NiPOM/p-Si devices.

photodiodes c) dark and d) 100 mW cm2 light intensity.

PNP type transistor in the forward bias as shown in the inset of
Figure S3b (Supporting Information). The n-type CoPOM and
NiPOM layers can absorb the light and emit electrons to the
medium.! While the photodiodes or photodetectors work in
the reverse biases, the phototransistors run in the forward bias
region. We have both photodiode behavior in reverse biases
and phototransistor behavior in the forward bias region. The
threshold or knee voltage values of the Al/CoPOM/p-Si and Al/
NiPOM/p-Si devices were calculated from these graphs and dis-
cussed in the next sections.

In I-V plots can help to calculate ideality factor, and barrier
height as well as series resistance of the metal-semiconductor
devices by the most widely used techniques such as thermionic
emission theory, Norde and Cheung methods.*’} According
to thermionic emission theory, while the slope of the second
region at the forward bias In I-V plot provides to calculate
the ideality factor, y-intercept of the plot helps calculate bar-
rier height value.® Figure 4a,b show the In I-V plots of the
Al/CoPOM/p-Si and Al/NiPOM/p-Si devices depending on

Comparison I-V characteristics of the Al/CoPOM/p-Si and Al/NiPOM/p-Si

the increasing light power. The changes of the current in the
reverse bias regions can clearly be seen in those graphs. Both
devices exhibited increasing photocurrent profile in the reverse
bias as well as forward bias regions. This result highlighted
the photodiode behavior of the fabricated devices with photo-
transistor behaviors.*)] The currents increased almost more
than at least 10 folds for both devices. In [-V characteristics of
both devices were plotted together to compare the reaction of
the Al/CoPOM/p-Si and Al/NiPOM/p-Si devices in dark and
100 mW cm™ light power. Figure 4c, displays In I-V character-
istics of the Al/CoPOM/p-Si and Al/NiPOM/p-Si devices under
dark and 100 mW cm™2 light power intensity. The Al/NiPOM/p-
Si photodiode has low reverse and forward bias currents in the
dark and 100 mW cm™ light power intensity. However, the sta-
bility of the current at the Al/NiPOM/p-Si is better than the Al/
CoPOM/p-Si device especially in forward biases.

The ideality factor (n), saturation current () and bar-
rier height values (d,) were calculated and listed in Table 1
according to thermionic emission theory for dark condition. The

Table 1. Various diode parameters for the Al/CoPOM/p-Si and Al/NiPOM/p-Si devices.

Interface type Saturation current n (I-V) n Cheung D, (I-V) [eV] @, Cheung[eV] @, Norde [eV] Ry Cheung R, Cheung Rs Norde [kQ]
lo 107 A) (kQ (H)] [kQ (din(N)]

CoPOM 6.09 3.02 3.37 0.63 0.61 0.68 0.42 0.51 0.31

NiPOM 4.66 3.34 3.26 0.64 0.62 0.67 3.26 3.2 1.23
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ideality factor values of the Al/CoPOM/p-Si and Al/NiPOM/p-
Si devices were determined as 3.02 and 3.34, and the barrier
height values were calculated as 0.63 and 0.64 eV, respectively.
The high ideality factor values at the Al/CoPOM/p-Si and Al/
NiPOM/p-Si devices can be attributed to barrier inhomogeneity
and interfacial POM layers as well as series resistance rather
than more than unity.%>1

The threshold voltages of the Al/CoPOM/p-Si and Al/
NiPOM/p-Si devices were determined as 0.38 and 0.25 V under
dark, respectively. The threshold voltage changes with changing
light power have been shown in Figure S4a (Supporting
Information). The threshold voltage values decreased slightly
with increasing light power for the Al/CoPOM/p-Si and Al/
NiPOM/p-Si devices. However, the Al/NiPOM/p-Si device has
lower threshold voltage changes. These threshold voltage values
are in good agreement for Si-based Schottky-type devices.>?
Moreover, the ideality factor, barrier height, and rectifying ratio
(RR) values for changing light power intensity were calculated
for the Al/CoPOM/p-Si and Al/NiPOM/p-Si devices. The light
power-dependent profile of the ideality factor, barrier height,
and rectifying ratio have been indicated in Figure S4b—d (Sup-
porting Information), respectively. While the ideality factor
values generally increased with increasing light power intensity,
barrier heights and rectifying ratio values decreased for the Al/
CoPOM/p-Si and Al/NiPOM/p-Si devices. The increasing of
the ideality factor values and decreasing of the barrier height
values with increasing light power intensity can be attributed
to increasing charge carriers in the interface of the devices or
increasing photocurrent at the forward biases. In the case of RR
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values, the decrease can be attributed to the increasing rate of
the reverse bias photocurrent with increasing light power inten-
sity more than forward biases.

The series (R;) and shunt resistance (Rg,) values can be
extracted from the I-V characteristics by the plotting of the
junction resistance (R;) depending on the changing voltage.
While the reverse bias region of the R; shows Ry, forward
bias region of the R; indicates R; of Schottky-type devices."”] R;
versus voltage plots were used to calculate the Ry, and R, values
(data not shown here). The Al/CoPOM/p-Si photodiode has Ry,
at around 8-10 MQ and R, at about 18 kQ. In the case of the Al/
NiPOM/p-Si photodiode, the Ry, value is 25-600 MQ and R
value is about 50-100 k€.

The device parameters were calculated by Cheung and
Norde method to confirm the calculated parameters from the
thermionic emission theory!>*% While Figure 5a,b shows
the Cheung plots of the Al/CoPOM/p-Si and Al/NiPOM/p-
Si devices, Figure 5c,d indicates the Norde plots of the Al/
CoPOM/p-Si and Al/NiPOM/p-Si photodiodes, respectively.
The calculated device parameters have been given in Table 1.
The obtained device parameters are in good harmony with each
other. The small differences of the device parameters can be
attributed to approximation differences.”® The obtained series
resistance values of the Al/CoPOM/p-Si are lower than the Al/
NiPOM/p-Si device.

Current transient (I-t) measurements of the Al/CoPOM/p-Si
and Al/NiPOM/p-Si devices have been shown in Figure S5a,b
(Supporting Information), respectively depending on the
light power intensity. The currents of the Al/CoPOM/p-Si and
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Figure 5. Cheung plots of the a) Al/CoPOM/p-Si and b) Al/NiPOM/p-Si photodiodes. F(V)-V plots of the c) Al/CoPOM/p-Si and d) Al/NiPOM/p-Si

devices.
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Al/NiPOM/p-Si devices suddenly increased when the light is
on, and decreased immediately when the light is off position for
all various light power intensity values. This result highlighted
that the fabricated devices have good responsivity to the light
illumination.’”! Moreover, the current increased almost linearly
on both the Al/CoPOM/p-Si and Al/NiPOM/p-Si devices with
increasing light power intensity and maximum current were
obtained for 100 mW cm™2 values. The rise and fall times of the
devices were obtained as 800 ms for both the Al/CoPOM/p-Si
and Al/NiPOM/p-Si devices (in Figure S6a,b, Supporting Infor-
mation). These results implied good response time according
to literature.l®!

The data from I-t graphs were used to calculate various pho-
todetector parameters such as photocurrent, photosensitivity,
responsivity, specific detectivity, and noise equivalent power.
Their formulas are given in equations from (1) to (5).5%) The
I, shows photocurrent, K exhibits photosensitivity, R represents
responsivity, D* indicates specific detectivity, and NEP is noise
equivalent power or detectivity limit.[60-61

Ip :Ilight _Idark (1)
K="1r @)
Idark
R= I_P (3)
PA
D' =R |2 “
2quark
AN
NEP = *f (5)
D

Here q is the charge of the electron, A is detector area, and
Afis bandwidth.

Various photodetector parameters of the Al/CoPOM/p-Si and
Al/NiPOM/p-Si devices were calculated and listed in Table 2 for
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changing light power intensity. While the photocurrent and
photosensitivity values increased linearly with increasing light
power, responsivity and specific detectivity values decreased
exponentially according to Table 2. The obtained responsivity
values are good enough for a Schottky-type photodiode. Both
the obtained responsivity and specific detectivity values are
high according to a kind of Schottky-type photodetector without
any graphene layer, and the devices can be employed optoelec-
tronic applications.[®%]

The polyoxometalates have been rarely used for improving
of the performances of the photodetectors in the literature.
Li et al. studied photoconductivity of Keggin-type tungsten-
series POMs for potential application in sensors, photo-
detectors, and photocatalysis, and they concluded that the
POMs exhibited good photoconductivity.??! Xie et al. oper-
ated Keplerate-type POM with polyethyleneimine to obtain
CH;3;NH;PbI; based perovskite composite photodetector, and
they reached 6.02 mA W' responsivity values under sun radi-
ation.[®¥ Xu et al. used CH;NH;PbI; perovskite with graphitic
carbon nitride (g-C3N,) with POM layer to increase photo-
current 2.6 times by increasing grain size, decreasing passi-
vating defect states (with g-C3;N,) and improving light absorp-
tion (with POM layer).% Zheng et al. employed POM for
ZnO nanowire photodetector for improving the UV absorp-
tion of the ZnO nanowires by 36.9%. They also obtained high
responsivity and detectivity values by this POM-modified
ZnO nanowire photodetector.%’] Furthermore, the results of
the Al/CoPOM/p-Si and Al/NiPOM/p-Si photodetectors have
been compared with recent literature in Table 3 for other
types of materials in the case of photodetector applications.
According to Table 3, the obtained responsivity, specific detec-
tivity and photosensitivity values of Al/CoPOM/p-Si and Al/
NiPOM/p-Si photodetectors are good agreement with litera-
ture for various materials.

To determine detectivity, responsivity, photosensitivity, and
detection limit values at zero bias are important to evaluate the
performance of a photodetector because these kinds of pho-
todetectors can be used in low power consumptions applica-
tions such as wearable devices, internet of things.°! Zero bias
detector parameters have been listed in Table S1 (Supporting
Information) for the Al/CoPOM/p-Si and Al/NiPOM/p-Si
devices. While the photosensitivity, responsivity and specific

Table 2. Various photodetector parameters of the Al/CoPOM/p-Si and Al/NiPOM/p-Si devices depending on the light power intensity under 2 V bias.

Photodetector Power [mW cm™| I, [A] RIAWT D* [Jones] NEP [W Hz /3

Al/CoPOM/p-Si 20 116 x 1073 7.38 2.88 x 10 3.07 x 10712
40 1.95x 1073 6.20 2.39x 100 3.70 x 10712
60 272x107 5.77 2.19 x 10" 4.04x 1072
80 3.38x107° 5.38 2.03x 10 4371072
100 4.03x107 5.13 1.91x 101 4.64 %1072

Al/NiPOM/p-Si 20 6.54 %107 4.6 5.48 X 10'° 1.62 %1072
40 1.09 %1073 3.49 4.53x 10" 1.96 x 1072
60 1.48 x 1073 3.14 4.03x 10" 2.20x10712
80 177 x107? 1.57 2.81 3.57 x10'° 2.49 x 1072
100 2.06 X107 13.04 2.63 3.27 x10'° 2.71x1072
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Table 3. The comparison of the Al/CoPOM/p-Si and Al/NiPOM/p-Si photodetectors with some recently published works.

Device Device type Wavelength [nm] Photosensitivity [-] Responsivity [A W] Detectivity [Jones] Refs.
Pd/Bi,0,Se/Ti MSM 500 - 193.00 7.00 x 10" [70]
Al/CuAlMn/n-Si/Al Schottky diode 365 5.55 0.14 1.21x 10 71
MoTe,-WS,- MoTe, Avalanche photodiode 400-700 - 6.02 6.47 x 10" [72]
Cu/ZnO/Cu MSM 365 - 1.20 5.77 x 10" [73]
Cu/Yb@V,0s/n-Si Schottky diode - 55.45 0.04 9.97 x 10'° [74]
p-type BP-FL/AIl Schottky diode Solar radiation - 0.01 7.49 x 107 [75]
Au/Ni/Si-doped 3-Ga,04/Ti/Au MSM 254 - 366.88 233 x 107 [76]
Au/NTCDA/p-Si/Al Schottky diode 194 - 0.02 1.50 x 10" 771
(c-ITO)/native SiO,/n-Si Schottky diode 880 - 0.55 2.14% 10" [78]
Cr/Au/GeAs/Cr/Au MSM 660 - 905.50 8.60 x 10 79]
Al/WPOM/p-Si and Al/ Schottky diode Solar radiation 103.15 1.87 8.38x 10" [24]
MoPOM/p-Si

FG on GR-FG/Si MsM 200 to 1100 nm - 0.50 7.40 x 10° [80]
GR/ultrathin Si MSM UV region - 0.47 2.50 x 10 [81]
Al/CoPOM/p-Si and Al/ Schottky diode Solar radiation 13.04 7.38 5.48 x 10'° This work

NiPOM/p-Si

detectivity values increased with increasing light power, detec-
tion limit decreased for Al/CoPOM/p-Si and Al/NiPOM/p-
Si devices. These results confirmed that Al/CoPOM/p-Si
and Al/NiPOM/p-Si devices can be employed self-powered
photodetector.®”!

3. Conclusion

Co and Ni-based polyoxometalates (POMs) were synthesized
successfully chemically and characterized by various instru-
ments. XRD results revealed that CoOPOM and NiPOM have
crystalline structure in nature. FT-IR results showed the var-
ious bond structures of the CoPOM and NiPOM structures.
Morphological characterization by SEM, TEM, and AFM
indicated that the CoPOM and NiPOM structures have uni-
form rod-like particles with 50-100 nm dimensions. UV-Vis
spectrometer results clearly exhibited the absorbance peaks
of the CoPOM and NiPOM structures. Cyclic voltammetry
results confirmed the oxidation level of the metal centers.
The electrical characterization of the Al/CoPOM/p-Si and Al/
NiPOM/p-Si devices was performed by -V measurements
under dark and various light power intensities and, the results
were discussed and compared to each other in detail. Various
device parameters from I[-V measurements and detector
parameters from the I measurements were extracted. The
devices exhibited high responsivity and specific detectivity.
The overall results highlighted those POMs layers are quite
proper materials for optic communication, safety, and envi-
ronmental sensing applications.

4. Experimental Section

Synthesis  of CoPOM  (K,[Co"'Co' (H,0)W;,054.15H,0):  The
chemicals required for the synthesis of CoPOM and NiPOM
(Na;WO,2H,0, Co(OAc),4H,0, Ni(OAc),4H,0, K,5,05 and KNO,)
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were purchased from Sigma-Aldrich and used without purification.
A mixture of Na,WO,2H,0 (0.06 mmol) in 40 mL water was stirred
at room temperature for 2 h and heated to reflux for 3 h under argon
atmosphere. Then, a 4 mL of glacial acetic acid was added, and the
pH value of this mixture was adjusted to the range of 6-7. In order to
make sure the reaction to be controlled, Co(OAc),-4H,0 (0.01 mol)
was dissolved in 13 mL of ultrapure water and added dropwise into the
mixture. A 7 g of K,S,0g was slowly added to the solution after reaching
80 °C temperature. When the color of the solution turns from dark
green to brown, KNO; was added. The solution was adjusted to room
temperature, and the obtained brown solid obtained by this process was
filtered.®l

Synthesis of NiPOM (K,{[Ni"/Ni" (H,0)W;,05- 15H,0): The NiPOM
compound was prepared according to the same procedure as the
CoPOM compound. A mixture of Na,WO,-2H,0 (0.06 mmol) in 40 mL
water was stirred at room temperature for 2 h and heated to reflux for
3 h under argon atmosphere. Later, a 4 mL of glacial acetic acid was
added, and the pH value of this mixture was adjusted to the range of
6-7. In order to control the reaction, Ni(OAc),-4H,O (0.01 mol) was
dissolved in 13 mL of ultrapure water and added dropwise to the mixture.
A7 g of K;S,0g was slowly added into the solution after reaching 80 °C.
When the color of the solution turns from dark green to brown, KNO;
was added. The solution was adjusted to room temperature, and the
obtained green solid obtained by this process was filtered.[?8]

Fabrication of the CoPOM and NiPOM Interlayered Photodiodes:
The fabrication processes of the Al/CoPOM/p-Si and Al/NiPOM/
p-Si photodetectors were started with the cleaning of the p-Si wafer,
which had (100) crystal orientation, 1-10 Q cm resistivity and 300 pm
thicknesses, as substrate and semiconductor material. The silicon wafer
was cut into 2 cm? square pieces and cleaned by ultrasonic cleaner in
acetone, distilled water, and isopropanol for 30 min. Then, the wafer
pieces were immersed into HF:H,O (1:10) solution to remove native
oxide layers from the Si surfaces for 30 s. These pieces, then, were
immediately transferred into thermal evaporator in MBRAUN glove
box platform to obtain Al ohmic contact on the back surfaces with the
thickness of 100 nm. The obtained CoPOM and NiPOM solutions were
coated on the front or polished surfaces by spin coating technique at
3000 rpm and in 30 s. The CoPOM and NiPOM layers were heated
up on a heater at 80 °C, and then they were transferred the thermal
evaporator chamber to achieve Al metallic contact on the top of CoPOM
and NiPOM layers. Thus, the Al/CoPOM/p-Si and Al/NiPOM/p-Si
photodetectors were successfully fabricated. The schematic and band
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diagrams of the photodetectors with heteropolyanion Keggin-type
structure of the POM layers has been shown in Figure S1a,b (Supporting
Information), respectively.l%8l When theoretically two Schottky junctions
have symmetrical design, the device cannot exhibit photocurrent
at zero biases for that reason. The symmetry should be broken for
effective photodetectors by adding an interfacial layer between metal
and semiconductor, using asymmetrical metallic contacts or choosing
different contact that have different work functions. One used as
interlayer of CoOPOM and NiPOM for that reason.[®’]

Characterization: In the range 400-4000 cm~', the FT-IR spectrum of
POMs was recorded at room temperature on Bruker Vertex 70 model
spectrophotometer. UV-vis absorption spectra were recorded on an
Agilent 8453 UV-Vis spectrophotometer. The powder XRD pattern
was collected with a PANalytical Empyrean using Cu-Ker radiation.
Cyclic voltammogram measurements were performed on an Ivium
Compactstat instrument by using glassy carbon as the working
electrode, an Ag wire as the reference electrode, and a Pt wire as the
counter electrode. For the further evaluation, surface morphologies and
topographies of the POMs were characterized using a scanning electron
microscopy (SEM, Zeiss EVOLS10), transmission electron microscopy
(TEM, JEOL JEM-1400Flash) and atomic force microscopy (AFM,
NT-MDT Ntegra). The |-V and |-t measurements were performed to
characterize the Al/CoPOM/p-Si and Al/NiPOM/p-Si photodiodes by
Fytronix FY-7000 instruments under dark and various light intensities of
20-100 mW cm2,

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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