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1 | INTRODUCTION

| Mustafa Coskun??

| Fatih Mehmet Coskun®® |

Abstract

Wide band gap metal oxides can increase the detection band and performance
of photodetectors. Among them, zinc oxide (ZnO) is a multi-functional oxide
metal with various applications in various areas, that is, gas sensors, electronics,
and optoelectronics. In this study, we employed ZnO metal oxide layers, which
were synthesized by hydrothermal method, as interfacial layers for Schottky-type
silicon-based photodetectors between Au metal and p-Si with 46 and 56 mM ZnO
solution molarities to fabricate Au/ZnO/p-Si heterostructures. Synthesized ZnO
morphology and crystallinity were tested by scanning electron microscopy and x-
ray diffraction techniques. The Au/ZnO/p-Si heterostructures were investigated
for photodetector applications by current-voltage (I-V) analysis in various light
densities ranging from dark to 150 mW/cm?, and different wavelengths for the
same light irradiance power. I-V characteristics under dark and light situations
were used to extract diode characteristics and light detection parameters. The
impedance analysis technique was also employed to demonstrate the capacitance
behavior for the Au/ZnO/p-Si heterostructures. The obtained Au/ZnO/p-Si het-
erostructures confirms that trap levels are important to obtain high-performance
photodetectors.
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structures can be synthesized by various techniques like
sol-gel, hydrothermal, spray pyrolysis, solvothermal, and

Metal oxides compose an oxide anion and metal cation,
and they can be used variety of applications, that is,
gas sensors, film coatings, solar cells, and energy storage
applications.!®> Among the metal oxides, ZnO is well-
studied and a well-known material and environmentally
friendly. It has a wide band gap of 3.3 eV and a large exci-
ton binding energy of 60 meV.* These behaviors make it
a good candidate for many applications such as cataly-
sis, sunscreen coatings, electronics, solar cells, gas sen-
sors, and photodetectors with various structures.”® ZnO

atomic layer deposition.'’®* The hydrothermal method
has several advantages such as green chemistry synthe-
sis, high purity and homogeneity, energy efficiency, and
costs, to obtain easily complex structures among these
methods.”* ZnO can be synthesized by hydrothermal
method with various structural shapes under different
reaction conditions.” Thus, the physical properties of a
device can be controlled in that way by ZnO structures.
Semiconductor technology is very important in our
modern life and composes daily electronic devices from
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basic sensors and chips to smartphones and high-speed
computers.'®!” The adjustable electric conductivity, minia-
turization, efficiency, and fast switching behaviors make
semiconductors favorable materials for a wide range of
applications from electronics to optoelectronics.'® Opto-
electronic devices include LEDs, photodetectors, solar
cells, and many others. One of them, photodetectors, is
capable of light detection by producing electron and hole
pairs (exciton) when photons strike them.'” Thus, the
produced excitons are driven by an internal force such
as an electric field or barrier potential to the different
poles to produce a signal.’’ Photodetectors have appli-
cations in telecommunication, sensors, and imaging.21
PIN, avalanche, and Schottky are various types of pho-
todetectors, and among them, Schottky photodetectors
are constructed by joining a semiconductor and a metal
together, and the barrier height between them operates as
a driving force for holes and electrons.’>?* The electron-
hole pairs are created inside the semiconductor when
high-energy light photons hit the structure. The Schottky
barrier separates these carriers to the different poles.?* This
separation causes an electrical current to flow through
the device, which the light can subsequently be sensed,
and the device is used for a variety of usage areas.”
They are also suitable for radio frequency and microwave
applications because of their fast response and small
capacity.”®

The photodetectors have some drawbacks such as
increasing dark current by increasing temperature, high
dark current, small active area, and applied voltage
for triggering.”” The internal defects or dislocations can
decrease the performance of the photodetectors because
of making trap levels in the band gap of the semi-
conductor as non-radiative recombination centers.”® To
reduce the concentration of interfacial trap states and
enhance the probability of collecting the excess carri-
ers (i.e., electrons and holes), rather than losing them
through non-radiative Shockley-Read-Hall recombina-
tion, researchers have sometimes used an interlayer such
as metal oxides, polymers, or insulator films in Schottky
photodetectors.”’3* There are many studies in the liter-
ature about ZnO-based photodetectors.*> However, there
is not much study on the changing molarity-based ZnO
interfacial layered Schottky-type photodetector according
to our best knowledge. In this study, we easily syn-
thesized ZnO flower-like structures by a hydrothermal
route for their use in Schottky-type photodetector devices
as an interlayer and investigated the electrical proper-
ties of Au/ZnO/p-Si heterostructures by 46 and 56 mM
solution molarities under varying irradiance levels and
different wavelengths as well as impedance spectroscopy
technique.

American Ceramic Society

2 | EXPERIMENTAL PROCEDURES

Zinc chloride (ZnCl,) was employed as precursor for the
synthesis of ZnO flowers by the hydrothermal method as
described in Ref [34]. The different amounts of ZnCl, were
dissolved in distilled water by stirring 2 h, and the solution
pH was adjusted to 9 for by including triethylamine. The
solution was autoclaved at 200°C for 2 h after being stirred
for 24 h. To obtain the ZnO interlayer on the polished
side of a p-Si substrate, ZnO nanostructures synthesized
at 46 and 56 mM zinc concentrations were dispersed in
methanol. The employed substrate, which had 10 Q cm
resistivity and 7.3 X 10 cm™ carrier concentration, was
cut into 2 cm? slices and cleaned by an ultrasonic cleaner
in distilled water, acetone, and isopropanol. The cleaned
pieces were then moved to a thermal evaporation system
after removing unwanted oxide layer from the surfaces
with HF:H,O mixture (1:10) to achieve Al back contact
on the back side of the pieces. An annealing process at
500°C was employed on the p-Si/Al with a furnace in N,
medium for 3 min to create ohmic contact. The dispersed
ZnO solutions were deposited on the p-Si/Al to obtain
ZnO interfacial layer. Finally, to construct the Au/ZnO/p-
Si heterostructures, Au metal contacts were evaporated
on the ZnO interfacial layers. The resulting schematic
of the photodetector and the measuring medium can be
found everywhere.**’ Three different devices were fab-
ricated for 46 and 56 mM solution molarity conditions for
repeatability of the devices.

X-ray diffraction (XRD) patterns were recorded by the
PANalytical Empyrean x-ray diffractometer of from 10°
to 60°. Morphological visions of the ZnO samples were
taken via the scanning electron microscope (SEM) of FEI
QUANTA FEG 450 brand. A Sciencetech solar simulator
was utilized to expose light on Au/ZnO/p-Si photodetector
at a variety of wavelengths and AM 1.5G for various power
irradiance levels. A picoammeter/voltage sourcemeter of
Keithley 2400 was employed to record the -V data.
Capacitance-voltage (C-V) data were collected by HP
4192A LF Impedance Analyzer.

3 | RESULTS AND DISCUSSION

To elucidate the morphology and structure types of the
hydrothermally synthesized ZnO structures, SEM images
were taken for various magnifications and different places
on the surfaces of ZnO interlayers. SEM images of the
ZnO structures with 46 and 56 mM solution molarities
for different magnifications are shown in Figures 1A-D
and 2A-D, respectively. The ZnO surfaces are almost uni-
form and show flower-like granular structures in higher
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FIGURE 1 Scanning electron microscope (SEM) images of ZnO samples with 46 mM solution molarity for (A) 15 000X, (B) 40 000X, (C)
100 000X, and (D) 120 000x magnifications.

FIGURE 2 Scanning electron microscope (SEM) images of ZnO samples with 56 mM solution molarity for (A) 50 000X, (B) 100 000X,
(C) 120 000%, and (D) 200 000x magnifications.

519017 SUOLLLIOD AITERID 3|01 [dde o) AQ pouBA0B @12 SPILE VO ‘3N J0 SB[ 0 ATIGITBUIIUO AB]IA UO (SUO1IPUOD-PLIE-SULB WOY" AB| I ATR.q B! |U0y/’SdY) SUO IPUOD PUE SR 13U 895 *[G20Z/ZT/T0] U0 AreidliTauIIuO A8]1 *IIEGRPE UASS X109|1gl AQ EVE0 308 [TTTT'0T/10p/LI00 3 1A AReic]1[pUIUO SO IR 80//'SAY WOJ POpeo|umMoq ‘Y ‘SZ0Z ‘9T6ZTSST



ERKOL ET AL.

Journal | s

¢ American Ceramic Society

(A)

(100)

Intensity (a.u.)

30 35 40 45 50 55 60

2-Theta (Degree)

FIGURE 3

magnification in the case of lower molarity. However, this
granulation increased by increasing the molarity of ZnO.
Furthermore, as can be seen from the high-magnification
SEM photographs given in Figure 1D, nanoflakes merged
during the reaction process to form nanoflower struc-
tures. The structure of the nanoflakes of ZnO or porous
surfaces for Si as much as possible increases the light
interaction and provides more photon absorption accord-
ing to flat surfaces of ZnO and Si wafers according to
the literature.’®3° Furthermore, the combination of these
flakes to form flower-like structures may increase this
potential. In Figure 2A-D, as a result of increasing ZnO
molarity, the formation of irregular and relatively larger
nanoparticles was observed, indicating a lower surface
area compared to Figure 1. Therefore, ZnO nanoflower
structures can increase the light absorption rate and charge
transfer properties of electronic devices.*’ Good photodi-
ode characteristics such as high responsivity and specific
detectivity of the photodiode can be obtained based on syn-
thesized ZnO nanostructures such as flower, rod, and thin
film.*~** Thus, flower-like structures can help to increase
the performance of the photodetector.

To confirm the crystalline nature of the synthesized
ZnO flavor-like structures, XRD measurements were con-
ducted on the ZnO interlayer films. XRD patterns of ZnO
structures, which were obtained from the 46 and 56 mM
solutions molarities, have been displayed in Figure 3A,B
for the two-theta degrees from 10 to 60, respectively. The
pattern revealed that ZnO exhibited (10 0), (002), (101),
(1 0 2), and (11 0) planes with hexagonal wurtzite crys-
talline structure, and they were found to be consistent with
the JCPDS No. 36-1451 cards.** The characteristics peaks
observed for the ZnO crystal structure demonstrated that

Intensity (a.u.)

(B)

30 35 40 45 50 55 60

2-Theta (Degree)

X-ray diffraction (XRD) patterns of ZnO interlayers of (A) 46 mM and (B) 56 mM solution molarities.

the ZnO structures were synthesized in a manner consis-
tent with a crystalline structure, with no evidence of the
presence of additional compounds in the form of second-
phase peaks. The XRD peak intensities are high for higher
molarity solution of 56 mM, and this can be ascribed to
the increment in the molarity making it to deposit of ZnO
structure amount on the p-Si.*’

The constructed Au/ZnO/p-Si heterostructures for dif-
ferent molarities of ZnO solutions have been investigated
by performing I-V analysis under both dark and varying
conditions of irradiance levels from 10 to 150 mW/cm?. The
I-V curves of the Au/ZnO/p-Si heterostructures for dark
conditions are shown in Figure 4A,C for 46 and 56 mM
ZnO solution molarities, respectively. The Au/ZnO/p-Si
heterostructures revealed typical Schottky diode behavior
blocking current at reverse bias at the level from pA to nA
and passing current at forward bias after a threshold volt-
age of about 0.300-0.400 V.*% I-V curve of the Au/ZnO/p-
Si for changing irradiance levels as a function has been
displayed in Figure 4B,D for 46 and 56 mM ZnO solution
molarities, respectively. When the 10 mW/cm? irradiance
level hit the Au/ZnO/p-Si, both heterostructures and
electron-hole pairs occurred, and the current immediately
increased 3- or 5-fold at negative voltages. This increase
confirms the photodetection behavior of the Au/ZnO/p-Si
heterostructure. Li et al. fabricated p-Si/MoS, heterostruc-
tures and confirmed the same detection behavior by
obtaining electron-hole pairs.*’ After the 10 mW/cm?
irradiance level, the increase of the current slowed down
for periodic increases at each irradiance. This case may
depend on the saturation of the current with recombina-
tion mechanism or interfacial traps due to different types
of current conduction mechanisms.*® Furthermore,
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FIGURE 4 Parts (A) and (C) display dark condition, (B) and (D) irradiance levels-dependent profile I-V characteristics of Au/ZnO/p-Si
heterostructures for 46 and 56 mM solution molarity conditions, respectively.

increasing the molarity of the solution caused to
decrease at reverse current and saturation current
from pA to nA level because the ZnO interlayer may be
induced to decrease the conductivity of the Au/ZnO/p-Si
heterostructure.

To better understand the current conduction mecha-
nism in the Au/ZnO/p-Si heterostructure, various param-
eters such as series resistance (Ry), ideality factor (n), and
barrier height (®;) values are extracted with the meth-
ods of thermionic emission theory (TE), Cheung or Norde
methods from the I-V characteristics.*”*° In the literature,
the detailed analysis of these methods for diode parame-
ters has been explained in the case of determination and
formulation.”*? The values of the n and the ®; of the
Au/ZnO/p-Si heterostructures have been computed by the
I-V curve according to the TE theory in the dark and under

different illumination conditions with different irradiance
levels. Figure 5A,C shows the variation of n and the ®;, pro-
files of the Au/ZnO/p-Si heterostructures as a function of
irradiance levels for 46 mM and 56 mM solution molarities,
respectively. Although the @, was found to be 0.612 eV, the
n was determined to be 2.152 in dark condition for 46 mM
solution molarity, and they obtained 0.826 eV and 2.085
for 56 mM ZnO solution. In the case of 46 mM solution,
the @, values decreased slowly from 0.612 to 0.608 eV for
all ranges of irradiance levels, and the n values increased
from 2.152 to 2.322 for 10 mW/cm?, then increased linearly
from 2.381. For 56 mM solution, the ®, values decreased
fast from 0.826 to 0.758 eV, and the n values rose from
2.085 to 2.569 for up to 30 mW/cm?, then stayed constant
toward higher irradiance levels. Such variations at the n
and the @, by increment of irradiance level may be due to
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FIGURE 5
56 mM solution molarity conditions, respectively.

barrier inhomogeneity or electron tunneling out of the bar-
rier with higher energy.>® The slight changes in the current
by variation of the irradiance levels at forward biases imply
that the Au/ZnO/p-Si heterostructures have less barrier
inhomogeneity. This is important for high-performance
photodevices.”

To achieve low noise equivalent power or a high signal-
noise ratio, the shunt (Rg;,) and series resistance (Ry) of a
photodetector are important parameters. They are derived
from the junction resistance (R;), which is obtained by
dV/dI formalism, at reverse bias for Ry and forward
biases for R, Figure 5B,D shows the R~V curves of
the Au/ZnO/p-Si heterostructures for different irradiance
levels in the case of 46 and 56 mM solution molarity condi-
tions, respectively. The Ry, value of the Au/ZnO/p-Si with
46 mM solution for the dark is about 107 Q and it is about
10° Q level for Au/ZnO/p-Si with 56 mM solution. How-
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Parts (A) and (C) show n and @, changes, (B) and (D) R~V curve of the Au/ZnO/p-Si by varying irradiance levels for 46 and

ever, although the Ry, values decrease to the level of 10°
owing to the charge carriers increase with the increase of
the irradiance levels for 46 mM molarity, they decrease to
10° Q level for 56 mM solution. This decrease with increas-
ing irradiance levels can be depended on that Au/ZnO/p-Si
heterostructures can give a response change of power level
and exhibit photodetector behavior. The R, values of the
devices for 46 and 56 mM solution molarity are the level of
10° Q.

To confirm the values determined from the TE theory,
the parameters of the diodes can be accounted for using the
Norde and Cheung methods. The equation for the calcula-
tion and the detailed explanation of how to figure out of the
parameters using these techniques can be referred to the
literature.”®"’ It is possible to compute the ®; and R, values
by the F(V) graph of the Norde function. This method uses
the F(V) minimum value, the associated voltage minimum,
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FIGURE 6 Parts(A) and (C) present Norde plots, (B) and (D) show Cheung plots of the Au/ZnO/p-Si heterostructures with 46 and

56 mM solution molarities at dark situation, respectively.

and current values to determine the ®; and R;. Figure 6A,C
presents the F(V) versus V plots of the Au/ZnO/p-Si het-
erostructures for the dark environment, and they display
normal Norde function plots 46 and 56 mM solution molar-
ity conditions. The series resistance was found as 1.012 kQ,
whereas the ®, was found to be 0.618 eV for 46 mM
solution molarity. They were obtained as 3.349 MQ and
0.826 eV for 56 mM solution molarity. Higher Ry and &,
values at the 56 mM ZnO solution molarity-based het-
erostructure than the heterostructure with 46 mM solution
molarity can be ascribed to the dielectric behavior of ZnO.

The n, @, and two alternative R, values are also derived
using the Cheung technique by plotting the dV/dInI and
H(D) functions against the current. Although the n and
@, values are determined by y-intercepts of the dV/dInI
and H(I) functions, their slopes of two different close R;

values. Figure 6B,D presents Cheung’s curve graphs of
the Au/ZnO/p-Si for 46 and 56 mM solution molarity
conditions in the dark state, and the plots show almost
straight-line characteristics concerning the current. The n
and &, values were accounted to be 2.199 and 0.601 eV,
respectively, whereas the R; values were determined as
1.164 and 1.071 kQ from dV/dInI and H(I) plots for 46 mM
solution molarity. Although the n and ®; values were
determined to be 2.126 and 0.810 eV, the R, values were
obtained to be 3.892 and 3.075 MQ for 56 mM ZnO solution
molarity. Whereas the adjacent values of the R affirm the
consistency of the Cheung technique, the different results
for all methods and all values can be linked to the approach
of the I-V curve.”®

The ratio of the forward and reverse bias currents for a
fixed voltage is called the rectification ratio (RR). It gives
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Parameters of photodetection for Au/ZnO/p-Si heterostructure in the case of 46 mM solution molarity depending on

irradiance levels (A) rectification ratio, (B) photosensitivity, (C) responsivity, and (D) specific detectivity.

the degree of how much a diode blocks current at reverse
bias and transmits current at forward bias.’® The value
of RR may decrease with increasing irradiance levels if
a photodetector is highly light-sensitive. Irradiance level-
dependent RR profile of the Au/ZnO/p-Si heterostructures
both 46 and 56 mM ZnO solution molarities have been pre-
sented in Figures 7A and 8A, respectively. The RR value of
the dark condition has been computed to be 9.166 x 10?
for 46 mM solution molarity and 1.890 x 10* for 56 mM
solution molarity. The RR values of the light illuminations
decreased to lower levels at +2 V for both devices. The
reason for this decrease can attributed to increasing cur-
rent at reverse biases due to photodetection behaviors of
the devices as shown in I-V characteristics. Zeng et al.
fabricated MoTe,/Ta:3-Ga, 03 p-n junction with very high
rectification ratio and very high responsivity by changing
irrdiance level.®

Detection characteristics can be evaluated using photo-
sensitivity (K), responsivity (R), specific detectivity (D*),

and external quantum efficiency (EQE) values, and they
are listed by the following expressions®':

I
p
K= ¢
Idark
1
S
R= PA )
A
D* =R 3
2quark ( )
hc
EQE=—R% 4
QB =7 )

where I, shows photocurrent and refers to the difference
of the light and dark currents. The A, q, and P are detec-
tor effective area, charge of the electron, and irradiance
levels, respectively. The c refers to the speed of light, h
is the Planck constant, and A is the wavelength of the
incident light. Irradiance level-dependent profiles of the
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Parameters of photodetection for Au/ZnO/p-Si heterostructure in the case of 56 mM solution molarity depending on

irradiance levels (A) rectification ratio, (B) photosensitivity, (C) responsivity, and (D) specific detectivity.

photosensitivity, responsivity, and specific detectivity are
displayed in Figure 7B-D, respectively, for Au/ZnO/p-Si
heterostructures with 46 mM ZnO solution molarity and
Figure 8B-D for 56 mM ZnO solution molarity. Although
the values of K increased linearly, the R and D* values expo-
nentially decreased and reached constant values for higher
irradiance levels for both devices. The linear increase of
the K values with an increment of irradiance levels and
low slope highlight that the Au/ZnO/p-Si photodetectors
have a photoconduction mechanism, but the trap levels
cause low photosensitivity.”” The exponential decrease at
the R and D*values may be ascribed to the complex charge
transport mechanism that occurs by charge trapping and
recombination. Thus, this condition causes saturation for
high-level irradiance levels.®® Furthermore, the values of
I, KR, and D*have been listed in Tables 1 and 2 for chang-
ing irradiance levels in the case of 46 and 56 mM ZnO
solution molarities. Although the highest K and I}, values
were obtained to be 5.601 and 12.750 pA for 150 mW/cm?

irradiance level for 46 mM ZnO solution molarity, the high-
est R and D* values were determined as 92.501 mA/W and
8.705 x 10° Jones for 10 mW/cm? irradiance level, respec-
tively. In the case of 56 mM solution molarity, the highest
K and I, values were obtained as 5.017 and 30.818 nA
for 150 mW/cm? irradiance level, and the highest values
of R and D* were determined to be 150.028 puA/W and
2.684 x 10® Jones for 10 mW/cm? irradiance level, respec-
tively. The photodetector with 46 mM ZnO solution molar-
ity has better performance according to calculated detector
parameters.

Figure 9A,C indicate voltage and irradiance levels-
dependent profiles of responsivity for 46 and 56 mM
solution molarities, respectively. When the reverse voltage
increased, the responsivity values increased. However,
the increase in irradiance levels induced to decrease in
the responsivity values owing to the charge trapping and
recombination mechanism. In addition, The Au/ZnO/p-Si
heterostructures were investigated by I-V analysis for 365,
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TABLE 1 Performance parameters of the Au/ZnO/p-Si heterostructure with 46 mM ZnO solution molarity for varying irradiance levels
and wavelengths.
Responsivity Photosensitivity Photocurrent Specific detectivity
Conditions Variations (mA/W) -) A) (Jones) EQE (%)
Power 10 92.501 3.622 7.265 x 1076 8.705 x 10° -
(mW/cm?) 20 52.428 3.972 8.235%x 1076 4.934 x 10° -
30 35.169 3.990 8.286 X 107° 3.310 x 10° -
40 28.768 4.261 9.038 x 107° 2.707 x 10° -
50 23.647 4.351 9.29 X 107° 2.225 x 10° -
60 19.986 4.399 9.418 x 10°° 1.881 x 10° -
70 17.867 4.545 9.823 x107° 1.681 x 10° -
80 15.733 4.567 9.885 x 107° 1.481 x 10° -
90 14.550 4711 1.028 X 1073 1.369 x 10° -
100 13.379 4.792 1.051x 1073 1.259 x 10° -
125 11.229 4.978 1.102 X 1073 1.057 x 10° -
150 10.822 5.601 1.275 X 1073 1.018 x 10° -
Wavelength 365 118.639 4.362 9.318 X 10~° 1.117 x 10%° 40.305
(nm) 395 133.775 4.791 1.051 X 10~° 1.259 x 10 41.995
850 134.423 4.810 1.056 x 10~> 1.265 x 10'° 19.610

Abbreviation: EQE, external quantum efficiency.

TABLE 2 Performance parameters of the Au/ZnO/p-Si heterostructure with 56 mM ZnO solution molarity for varying irradiance levels
and wavelengths.
Responsivity Photosensitivity Photocurrent Specific detectivity
Conditions Variations (nA/W) -) A) (Jones) EQE (%)
Power 10 150.028 2.536 1178 x 1078 2.684 x 10® -
(mW/cm?) 20 85.620 2.753 1.345x 107 1.531 x 108 -
30 66.402 3.040 1.565 x 1078 1.188 x 108 -
40 59.925 3.454 1.883 x 1078 1.072 x 10® -
50 54.211 3.775 2129 x 1078 9.697 X 107 -
60 44.453 3.731 2.095 %1078 7.951 x 107 -
70 45.712 4.276 2,513 x 1078 8.177 x 107 -
80 42512 4.482 2.671 x 1078 7.604 x 107 -
90 41.953 4.866 2.966 X 1078 7.504 x 107 -
100 37.938 4.884 2.980 x 1078 6.786 X 107 -
125 36.521 5.674 3.585x 1078 6.533 x 107 -
150 26.159 5.017 3.082x 1078 4.679 x 107 -
Wavelength 365 12.736 1.130 1.000 X 10~° 2.278 x 107 4.327 x 1073
(nm) 395 0.701jjch4 1.007 5.506 X 1071 1.254 x 10° 0.220 x 1073
850 13.235 1.136 1.040 x 10~° 2.367 x 107 1.931 x 1073

Abbreviation: EQE, external quantum efficiency.

395, and 850 nm wavelengths illumination situation at
10 mW/cm? irradiance levels. Figure 9B,D displays the
I-V curve of the Au/ZnO/p-Si heterostructures for dark,
sun (10 mW/cm?), and various wavelength illumination
conditions in the case of 46 and 56 mM solution molarity
conditions, respectively. The current increase due to
increasing irradiance level for 10 mW/cm? at reverse

biases can be seen easily. The inset of Figure 9B shows the
current changes depending on the wavelength variations.
According to the results, the Au/ZnO/p-Si heterostruc-
ture exhibited the highest photocurrent in the case of
850 nm illumination condition for 46 mM ZnO solution
molarity. Normally, it is expected that ZnO interlayer
can contribute photocurrent at the UV region due to the
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Parts (A) and (C) R-V plots for varying irradiance levels, and (B) and (D) I-V curve of the Au/ZnO/p-Si heterostructures in

case of illumination wavelengths for or 46 and 56 mM ZnO solution molarities, respectively.

UV absorbance of Zn0.* However, the traps or defects
states in the ZnO structure caused to recombination of
the charges. In the case of 56 mM ZnO solution molarity
condition, photocurrent did not increase more than sun
condition. This can be attributed to that the interfa-
cial states or trap levels are effective in these specific
wavelengths.

The photodetection parameters were studied depending
on the voltage for various wavelength values. Figure 10A-D
present voltage-dependent detection parameters of the
Au/ZnO/p-Si heterostructure with 46 mM ZnO solu-
tion molarity for varying wavelength values. Although
Figure 10A,B shows photosensitivity and EQE profiles,
Figure 10C,D displays responsivity and detectivity, respec-
tively. The detection performance of the Au/ZnO/p-Si
heterostructure with 46 mM ZnO solution molarity gener-
ally increased by increasing reverse bias. Its performance

also generally increased in the case of photosensitivity,
responsivity, and detectivity by increasing wavelength.
However, the highest EQE value was obtained for 365 nm
wavelength. Table 1 lists the photodetection parameters
of the Au/ZnO/p-Si heterostructure with 46 mM solution
molarity for varying wavelengths for —2 V. This Au/ZnO/p-
Si heterostructure exhibited the highest photosensitivity,
responsivity, and detectivity of 4.810, 134.423 mA/W, and
1.265 x 10'° Jones, respectively, for illumination at 850 nm.
The highest EQE value was obtained as 40.305% at 365 nm.
The reason for the high performance at 850 nm instead
of 365 nm or UV region can be attributed to ZnO inter-
layer having many recombination centers to trap charge
carriers.

Voltage-dependent detection parameters of the
Au/ZnO/p-Si heterostructure with 56 mM ZnO solu-
tion molarity for varying wavelength values have been
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FIGURE 10 Voltage-dependent detection parameters of Au/ZnO/p-Si heterostructure with 46 mM ZnO solution molarity for varying
wavelength. (A) Photosensitivity (B) external quantum efficiency (EQE) (%), (C) responsivity, and (D) specific detectivity.

shown in Figure 11A-D. Figure 11A,B exhibits photosen-
sitivity and EQE profiles, whereas Figure 11C,D presents
responsivity and detectivity, respectively. Although the
photodetection performance parameters, that is, EQE,
responsivity, and specific detectivity values, increased
first for increasing reverse voltage and then decreased
toward —2 V for almost every illuminated wavelength,
the photosensitivity values generally decreased. This can
be attributed to that the recombination of the charges is
faster toward higher reverse voltages. Furthermore, the
values of performance for the Au/ZnO/p-Si heterostruc-
ture with 56 mM ZnO solution molarity did not change
much with changing wavelengths. Table 2 tabulates the
detection parameters of the Au/ZnO/p-Si heterostructure
with 56 mM solution molarity for varying wavelengths
for —2 V. The highest EQE value was obtained for 365 nm
wavelength to be 4.327 x 1073, whereas the highest
photosensitivity, responsivity, and detectivity values were
accounted as 1.136, 13.235 pA/W, and 2.367 x 10® Jones,
respectively, for illumination at 850 nm. The low perfor-

mance of the ZnO interlayer with 56 mM solution molarity
can be ascribed to the conductivity performance of the
ZnO or trap levels. In that way, Li et al. confirmed that
the suppressing of the defects can decrease effectively
non-radiative recombination to improve the performance
of a photodetector.®®

We also compared our results with those of previous
studies in the literature. Table 3 displays the performance
of the last ZnO-based photodetector results compared with
this study. According to Table 3, the obtained performance
of the photodetectors is in good agreement with the current
literature. The fabrication atmosphere, methods, device
structures, and used materials are not the same as these
heterostructures, and we cannot completely compare our
results with previous studies. However, the comparison
can give some information about performances of the
fabricated devices.

The impedance spectroscopy analysis has been
employed to determine the effects of interfacial trap
states of Au/ZnO/p-Si heterostructure in case of changing
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frequencies because capacitance and conductance inves-
tigations are useful. The filling of trap states in the band
gap can induce a variation in the capacitance values
of the heterostructure due to electrons that can fill the
lower conduction band or be emitted to the valance
band. Thus, frequency-dependent C-V characteristics
can help to determine the condition of the trap state
levels.” Figure 12A,C introduces C-V, and Figure 12B,D
displays G-V curves of the Au/ZnO/p-Si heterostructures
with 46 and 56 mM ZnO solution molarities, respectively,
for varying frequencies from 10 kHz to 1 MHz. Both
conductance and capacitance values are changed by
voltage. However, the conductance values stayed constant,
whereas the capacitance values reduced as the frequency
increased. The failure of the interface states to chase the
AC signal is responsible for the decrease in capacitance
values with increments of frequency.”* Generally, the
detected capacitance of Schottky heterostructure changes
by frequency and voltage due to impurity level, Schot-

tky barrier feature, interface states, series resistance,
or interfacial layer between semiconductor and metal.
Although usually interface states are effective at lower
frequencies on capacitance, series resistance is effective at
higher frequencies.”” The interface states and resistance
of the Au/ZnO/p-Si heterostructures are calculated using
impedance spectroscopy analysis to investigate the effect
on the devices. The C-V and G-V curves and C~2-V graphs
can be used to compute these parameters. The results
obtained are in agreement with the previous literature on
ZnO-based interlayers.>>’%~78

The Nicollian and Brews technique is generally utilized
to calculate the resistance (R;) of the Au/ZnO/p-Si het-
erostructure with varying frequency using the following
equation:

R; Cm

i = €
G2 + (wCp)’ )
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TABLE

3 The comparisons of Au/ZnO/p-Si photodetectors some of the previous results.

Wavelength
Structure I, (A) K(—) R (mA/W) D* (Jones) EQE (%) (nm) Refs.
GR/ZnO NW/GR 6.05x107° 800 420.0 - - 325 66
Au/ZnO/p-Si 6.09 X 1075 7.93 77.51 1.30 x 10'° 26.33 365 46
Zn0:GQD - - 500 2.11 x 101 - 365 67
Au/In:ZnO/Au - 71.4 2500 1.44 x 101 - 390 68
Au/ZnO/p-Si - - 441.2 39.2 x 102 - 360 69
Pd/Cd0O/ZnO - - 12 900 2.90 x 10° - 375 70
Au/ZnO/p-Si 1.22x107° - 380 - - 360 7
Ag/Zn0O/Al 30.0 X 107° - 200 7.66 x 10'° - Sun 72
Au/Zn0O/p-Si 10.51 X 107° 4.79 133.77 1.26 x 10%° 41.99 395 This work
Abbreviation: EQE, external quantum efficiency; GR, shows graphene; NW, indicates nanowire.
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FIGURE 12 Parts (A) and (C) exhibit C-V, (B) and (D) display G-V characteristics of the Au/ZnO/p-Si heterostructure with 46 and

56 mM ZnO solution molarities for various frequencies, respectively.
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FIGURE 13 Parts (A) and (C) exhibit C~2-V plots and (B) and (D) show R;-V graphs of the Au/ZnO/p-Si heterostructure with 46 and

56 mM ZnO solution molarities for various frequencies, respectively.

where w indicates the angular frequency, G,, and C,, are
the detected conductance and capacitance subsequently.
From the slope and x-intercept of the C~2-V plots, sev-
eral electrical variables are calculated, that is, the width
of the depletion region (W), the maximum electric field
(E,,), the Fermi energy levels (Er), the carrier concentra-
tion of the acceptor atoms (N, ), and the barrier height. The
equations for calculating those values based on the C™2-V/
diagrams are available everywhere.”” Among these, ®;, is
defined by the following equation®’:

@, = (V4 + Ep) — AD 5)

where A® is barrier lowering of image force and Vjy
is the diffusion potential obtained by the equation of

V4 = V; + kT/q, separately. Here, V; is the x-intercept
extrapolated from the voltage axis for C~2-V plots.

Figure 13A,C shows the C~2-V plots of the Au/ZnO/p-Si
heterostructures for 46 and 56 mM ZnO solution molar-
ities, whereas Figure 13B,D presents R;-V curves of the
Au/ZnO/p-Si heterostructures for different frequencies
from 100 kHz to 1 MHz. Both the C~2-V plots and R;-
V curves of the Au/ZnO/p-Si heterostructures changed
with changing frequency and voltage. R;—V graphs revealed
a decreasing profile and exhibited peaks, and the peak
positions changed with increasing frequency. These behav-
iors can be attributed to the distribution of the interface
states and their restructuring and reordering by apply-
ing the electric field.*"*? Furthermore, the Au/ZnO/p-Si
heterostructure with 46 mM solution molarity has a dif-
ferent R;-V profile than with 56 mM solution molarity
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TABLE 4 The calculated electrical parameters of the Au/ZnO/p-Si heterostructure with 46 mM ZnO solution molarity for varying

frequency.
F (kHz) N, (10 cm™3) @, (eV) Ep (eV)
10 4.163 0.472 0.339
50 2.981 0.538 0.348
100 2.492 0.560 0.353
200 1.746 0.676 0.362
300 1.271 0.876 0.370
400 1.040 0.968 0.375
500 0.904 1.030 0.379
600 0.822 1.047 0.381
700 0.747 1.070 0.384
800 0.688 1.093 0.386
9200 0.645 1.114 0.388
1000 0.619 1.143 0.389

TABLE 5

frequency.
F (kHz) N, (108 cm—3) @, (eV) Ep (eV)
10 5.605 0.944 0.272
50 1.367 1.092 0.309
100 0.908 1.174 0.319
200 0.706 1.203 0.326
300 0.616 1.242 0.329
400 0.557 1.271 0.332
500 0.500 1.309 0.335
600 0.455 1.346 0.337
700 0.437 1.378 0.338
800 0.412 1.405 0.340
900 0.393 1.428 0.341
1000 0.370 1.473 0.342

due to having various amounts of interface states. These
can be attributed to heterostructures having different
frequency-dependent charges, that is, mobile oxide, fixed,
or interfacial charges.®® Tables 4 and 5 show the electri-
cal parameter values of the Au/ZnO/p-Si heterostructures
with 46 and 56 mM ZnO solution molarities for vari-
ous frequencies calculated from C~2-V plots, respectively.
Although the value of N, decreases, the ®;, Er, and W
parameters increase as the frequency increases for both
heterostructures. However, the E,, values of Au/ZnO/p-Si
heterostructures with 46 mM solution molarity increased
toward 500 kHz and then decreased again up to 1 MHz.
The E,, values of Au/ZnO/p-Si heterostructures with the
56 mM solution molarity decreased by increasing fre-
quency. Most of the calculated parameters are almost the
same level for the Au/ZnO/p-Si heterostructures with 46
and 56 mM ZnO solution molarities. The results of N,

E,, (10° V/cm) W, (10~* cm) £

0.371 6.531 9.409
0.388 9.205 8.201
0.373 10.529 7.510
0.392 15.432 6.733
0.431 22.936 6.215
0.424 27.440 5.697
0.415 30.831 5.266
0.401 32.699 4.920
0.388 34.812 4.532
0.378 36.837 4.204
0.371 38.562 3.824
0.370 40.097 3.289

The calculated electrical parameters of the Au/ZnO/p-Si heterostructure with 56 mM ZnO solution molarity for varying

E,, (10° V/cm) Wy (10~ cm) £

3.332 3.990 9.351
1.779 8.712 6.114
1.516 11.159 5.287
1.354 12.815 4.927
1.292 13.997 4.640
1.246 14.925 4.496
1.203 16.041 4.388
1.168 17.121 4316
1163 17.735 4.226
1143 18.476 4.165
1129 19.098 4.093
1.116 20.079 4,053

are lower than the literature due to low level capacitance
values.®*

The real part dielectric constant (¢) of the Au/ZnO/p-Si
heterostructure with 46 and 56 mM ZnO solution molari-
ties was calculated by the formalism of ¢ = C,,,/C, where
C, shows free-space capacitor value and given in Tables 4
and 5 for various capacitance values at O voltage. The
results revealed that the Au/ZnO/p-Si heterostructure has
a dielectric constant of around 9 at 10 kHz, and their values
decreased slightly by increasing frequency. These results
are in good agreement with the literature.?>%>%¢ Further-
more, the increasing molarity of the ZnO from 46 to 56 mM
caused the converging of dielectric constant values around
4 after 100 kHz frequency. This converging at the ¢ values
of the Au/ZnO/p-Si heterostructure with 56 mM solution
molarity can be attributed to the freezing or not responding
of the interface states toward higher frequency.*°
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FIGURE 14 Voltage-dependent N profiles for Au/ZnO/p-Si
heterostructures with 46 and 56 mM ZnO solution molarities.

Furthermore, the calculation of the interface states den-
sity (INg) can be obtained by following the formula with
low-high frequency capacitance (C; p—Cp) technique®:

-1 -1
1 1 1 1 1
Ny=— [[—=-=) —(—-— 6
Y l(CLF Ci> <CHF COx)] ©

where C;r and Cyp are low and high frequency capac-
itance, and C, is interfacial layer capacitance which
obtained by next equation depending on the capacitance
(C,») and conductance (G,,) parameters. The C, is cal-
culated for the zone of strong accumulation with formula
of:

G2
Cox =Cpa |1+ iz (7)
(wCina)

where G,,, and C,,, are the measured maximum con-
ductance and capacitance values, respectively. Figure 14
shows voltage-dependent N, profiles for Au/ZnO/p-Si
heterostructures with 46 and 56 mM ZnO solution molar-
ities. According to this graph, the Ny values are almost
10-fold higher for the heterostructure of Au/ZnO/p-Si
with 46 and 56 mM ZnO solution molarities due to
maybe its ZnO interfacial morphological structure as
shown in Figure 1. Furthermore, the changing molar-
ity of the ZnO solution caused to change the region
and intensity of the peaks due to increasing passivation
amount of the ZnO. Such peak properties and chang-
ing peak position by increasing solution molarity can be
attributed to the partial distribution of the N in the band-
gap of Si or restructuring or reordering of charges and
traps.?’

4 | CONCLUSION

ZnO structures were easily synthesized on p-Si by a
hydrothermal route for different molarity concentrations
of 46 and 56 mM, and they were investigated by SEM
and XRD techniques for structural characterization. The
SEM results confirmed the flower-like structures with
changing molarity, whereas the XRD pattern indicated
the hexagonal wurtzite phase of the ZnO. The ZnO struc-
tures were employed to construct the Au/ZnO/p-Si het-
erostructures to investigate their photodetection capability
as an interfacial layer between the Au and p-Si sub-
strates. The I-V analyses were performed for Au/ZnO/p-Si
heterostructure at a range of irradiance levels (dark to
150 mW/cm?) and wavelength values of 365, 395, and
850 nm. The impedance spectroscopy technique was also
employed to determine interface states on the Au/ZnO/p-
Si heterostructures. The ideality factor, series resistance,
and barrier height values were determined to be 2.152,
1.012 kQ and 0.612 eV for the Au/ZnO/p-Si heterostructure
with 46 mM solution molarity and 2.085, 3.349 MQ, and
0.826 eV for the Au/ZnO/p-Si heterostructure with 56 mM
solution molarity, respectively. Although photosensitivity
values increased linearly by increasing irradiance levels,
specific detectivity and responsivity values exponentially
decreased for both Au/ZnO/p-Si heterostructures. The
highest responsivity and specific detectivity values were
obtained to be 134.423 mA/W and 1.265 x 10° Jones,
respectively, for illumination at 850 nm for the Au/ZnO/p-
Si heterostructure with 46 mM solution molarity. The max-
imum EQE value was obtained again with Au/ZnO/p-Si
heterostructure with 46 mM solution molarity as 40.305%
at 365 nm. The C-V characteristics confirmed the fre-
quency and voltage-dependent profiles of the Au/ZnO/p-Si
heterostructures.
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