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Abstract

We coated a thin film of Gold (lll) Chloride dye decorated with
Au nanoparticles on both n-Si and p-Si wafers using the spin-
coating method. Then, metal-semiconductor (MS) devices were
obtained by evaporating the schottky (Co metal) and ohmic (Al
metal) contacts on the front and back surfaces of the Au
nanoparticle-decorated Gold (lll) Chloride film-coated wafers,
respectively. Thus, Co/ Gold (1) Chloride: Au NPs /n-Si and Co/
Gold (Ill) Chloride: Au NPs /p-Si Schottky photodiodes were
fabricated and measured with I-V measurements under dark
and various light conditions at room temperature. The devices
showed good rectifying behaviors and low barrier height
properties. Various device parameters such as ideality factor,
barrier height, and series resistance values are very important
for the electrical properties of the diodes. These values are
calculated and compared with each other. The Au nanoparticles
(NPs)-doped devices showed good photovoltaic properties. The
detection parameters demonstrated that the fabricated devices
could be used for optoelectronic applications.

Keywords: Gold ((Ill) Chloride; Gold Nanoparticles; Photodiode; Organic
Dyes; Responsivity; Detectivity

1. Introduction

Recently, the hybrid materials consisting of a mixture of
organic and inorganic materials have allowed the
emergence of a new field such as hybrid optoelectronic
devices (Aslam Manthrammel et al. 2019). Particularly,
the combination of devices such as photodiodes, organic
or hybrid dye-sensitized solar cells and materials such as
highly conductive polymers or developing inorganic
semiconductor has led to serious research ( Jackle et al.
2015). In recent studies, the photodiode come to the fore

among the devices produced using hybrid materials.

Photodiodes (PDs) are photosensors with Schottky, p-n
and p-i-n junction structures that convert incoming
photon energy into electricity. When the photodiode is
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Oz

Spin kaplama teknigi kullanilarak hem n-Si hem de p-Si ylzeyleri
Au nanopargacik ile katkilanmis Altin (1) Klorir ince filmi ile
kaplandi. Daha sonra, Au nanopargacik katkilanmis Altin (111)
Klordr filmi ile kaph numunelerin sirasiyla 6n ve arka yuzeyleri
schottky (Co) ve ohmik (Al) metal kontaklari buharlastirilarak
metal-yari iletken aygitlar elde edildi. Boylece, Co/ Altin (llI)
Klorir: Au NP/n-Si ve Co/ Altin (lll) Klortr: Au NP/p-Si Schottky
fotodiyotlari elde edildi ve oda sicakliginda karanlik ve gesitli 1sik
sartlari altinda |-V olglimleri yapildi.  Aygitlar iyi dogrultma
davranislar ve disiik bariyer yiikseklikleri gésterdi. idealite
faktor, bariyer yiksekligi, seri direng degerleri gibi gesitli aygit
parametreleri diyotlarin elektriksel 6zellikleri agisindan oldukga
onemlidir. Bu degerler hesaplandi ve birbirleriyle karsilastiriidi.
Au nanopargacik ile katkilanmis aygitlar, iyi fotovoltaik 6zellik
gosterdi.  Segicilik  parametreleri,  Uretilen  aygitlarin
optoelektronik uygulamalar icin gelistirilebilecegini gosterdi.

Anahtar Kelimeler: Altin ((111) Kloride; Altin Nanopargacik; Fotodiyot;
Organik Boyalar; Duyarlilik; Ayirt Edicilik (Segicilik)

excited by photon with higher energy than band gap,
electron-hole pairs are produced by light illumination
inside the space charge region. Then, electron-hole pairs
produced by photons are separated by electric field of
junction and thus, preventing recombination of photo-
generated pairs. Then, these charges are drifted by
electric field of junction and the photocurrent is
accomplished (Tataroglu et al.2016). The incorporation of
a new interfacial layer between metal-semiconductor
such as an organic dye or an insulating layer opens
significant opportunities for the formation of hybrid
structures and fabrication of optoelectronic devices
(Kacus et al.2020). The interfacial layer separating metal
and semiconductor surfaces prevents diffusion and
reactions at the interface.
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In recent years, important researches have been revealed
on devices consisting of metal-semiconductor hybrid
structures integrated with organicinterface layers used in
applications such as photodiode (PD), photovoltaic (PV)
cells, FETs, and LEDs ( Tasgioglu et al. 2010, Ameline et al.
2015).
from ideal devices due to the inhomogeneities caused by

However, the obtained new photodiodes differ

the interface, changing series resistance, and the extra
energy distribution states forming at the interface. The
interface of metal-semiconductor structures can be
developed using a variety of techniques such as organic
dye layer. Organic dye materials with low cost and easy
manufacturing procedures ( Ikram et al. 2015, Akkaya et
al. 2019) improve device performance and also electrical
characteristics of metal-semiconductor structures. For
instance, organic dyes can increase or decrease device
parameters such as the ideality factor (n), schottky barrier
height (D), and series resistance (Rs) ( Akkilig et al. 2006,
Yiiksel et al. 2013 ).

Technical methods (maceration, distillation,
fermentation, decantation, precipitation, and filtering)
have widely used in the production of organic dyes
obtained from flowers, seeds, fruits, bark, root of plants
and insects ( Santos et al. 2018 ). Gold (lll) Chloride,
traditionally known as auric chloride, consists of gold and
chlorine. Gold (Ill) Chloride has molecular formula Au,Cls
(Blche et al. 2008 ) and solvent in water as well as
ethanol. It has a square planar and decomposes
temperature (over 160 °C) or varying light conditions. The
bonding in Gold (lll) Chloride dye has accepted somewhat

covalent (Clark et al.1958).

Moreover, energy band and chemical bonding structures
of organic materials can be easily modified. Thus, these
materials are often preferred in excellent performance
photodiode (PDs) devices. The noble metal (Au, Ag and Pt)
nanoparticles can be done with this modification. These
noble metal nanoparticles show surface plasmon
resonance behavior and thus, exhibit near-field effects
around particles due to the collective oscillations of
conduction electrons (Kacus et al.2019, Kacus et al. 2021,
Kacus et al.2020). Such oscillations result from coupling
the incident radiation with the of vibrational frequency of
the metal nanoparticles when wavelength of the
radiation is bigger compared to the size of the metal
nanoparticles ( Zhang et al.2008, Spinelli et al. 2012 ). The
doping metal nanoparticles into the organic interface
layer can improve the optical and electrical properties of
metal-insulator-semiconductor (MIS) devices. These
properties may be manipulated by changing the shape or
size of the noble metal nanoparticles and dielectric

parameters of the environment ( Kelly et al.2003, Mock et

al. 2002). Theoretically, it is proven that altering geometry

of metal nanoparticles can tune the resonance

wavelength and thus, complex nanostructures can be
form increasingly sharp and strong resonance (Kottmann
et al. 2001). Photon scattering from metal nanoparticles
increases the optical path length of the incident light and
thus, this case improves the effective optical thickness in

the active or interface layer of the electronic devices.

Theoretical and experimental studies have reported the
importance of organic dyes, the fabrication and improving
of metal-semiconductor devices in the literature. In
previous studies, Kacus et al. (2021) obtained Co/Aniline
Blue: Au NPs/n-Si/ Al device and investigated electrical
properties under dark and various light conditions (range
from 100-400 mW/cm?).
increased depending on increasing light values, and this

The reverse bias current

confirmed the photodiode behavior in the study.

The ideality factor (n) and schottky barrier height (®y) in
values of the Co/Aniline Blue/n-Si/ Al were reported as
2.12 and 0.60 eV while they were obtained as 1.93 and
0.72 eV for Co/Aniline Blue:AuNPs/n-Si/ Al, respectively.
The doping Au NPs into the Aniline Blue interlayer
affected device parameters such as decreasing of n value
and increasing of @y value. Ganesh et al. (2018) obtained
indigo carmine photodiode and applied wide range
voltage and frequencies for optoelectronic applications.
Seo et al. (2011) investigated the photovoltaic properties
of coumarin dyes containing a low-band- gap
chromophore of ethylenedioxythiophene (EDOT) and also
calculated fill factor and efficiency as 0.70 and 6.07%

under irradiation (the standard AM 1.5).

Ozkartal et al. (2019) fabricated photodiode as using
Methyl Violet organic interlayer and electrical properties
of photodiode were calculated. It has been found that
methyl violet dye modified the barrier height of diodes.
Reem et al. (2018) obtained Al/coumarin/p-Si/Al diode
and the high photoresponse properties of this device
have resulted to be used as photodiode device. Kogyigit
et al. (2021) obtained Co/CR:Au/n-Si and Co/CR:Au/p-Si
Schottky photodetector and these devices have the
characteristics of 1-V measurements under dark and
various light power (at room temperature) conditions.
The obtained devices exhibited both good rectifying and
low barrier height properties. The fabricated two devices
can be preferred for photodiode and photodetector
technology. Cavusoglu et al. (2024) studied the electrical
properties of the Al/Au:CuO/n-Si device using current—
voltage (/I-V) measurements for various light power
These

photodiode behavior. Responsivity and specific values of

densities. heterojunctions exhibited good
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heterojunction device are 3.44 A/W and 1.58 x 10%° Jones
for the 2% Au-doped CuO interfacial layer.

In the present work, Gold (ll) Chloride: Au NPs interface
was used to form an effective hybrid photodiode between
Co and n-Si layers. Spin coating method was used this
work for being simple, low cost and convenient.
According to literature studies, there is no work for
fabrication and investigating the electrical measurements
of this hybrid structures. Thus, we aim to analyze the
potential use of Gold (lll) Chloride: Au NPs material for
photodiode technology and current-voltage
measurement of device was performed under the various
light intensity and dark conditions, respectively. The
responsivity and photosensitivity parameters of n-Si and

p-Si substrates photodiodes were compared in detail.

2. Materials and Methods

2.1 Cleaning of Si-Substrate and creation of front and
back contacts

Gold (Ill) Chloride dye and Au NPs were obtained from
Sigma-Aldrich and 0.1 g of Gold (lll) Chloride was
dissolved in 10 ml of water, and then Au NPs (1wt%) were
doped with Gold (l1I) Chloride solution to obtain a mixture
of Gold (Ill) Chloride: Au NPs. This mix was stirred with a
magnetic stirrer for 12 h at room condition (25°C). N-Si
and p-Si semiconductor used in this study have a
thickness of 400 pum, carrier concentration of 7.5 x10%
cm3, orientation of 100, and resistivity of 5-10 Q-cm.
These substrates were divided into 1cm? pieces and
cleaned using the RCA procedure as described in Kacus et
al. (2020).
been used for n-Si and p-Si wafer (Kacus et al. 2020):

Following chemical cleaning procedure has

e NHs3+H,0,+6H,0, 60 °C, t=10min (RCA1).

e Deionised water rinse.

e HCl+ Hy02+6H,0, 60 °C, t=10min (RCA2)

e Deionised water rinse.

e Dryingin N; gas.
After cleaning, back (ohmic) contact (Aluminium, Al,
metal) of n-Si and p-Si wafers were formed with using
thermal evaporation system at ~10°® Torr pressure. These
ohmic contact substrates (n-Si and p-Si wafers) have
annealed in an N, environment (5 min and 15 min) to
provide ohmic contact with low resistance, respectively.
Then, Gold (lll) Chloride:Au NPs mixture was covered on
the brilliant surfaces of the Si wafers by a spin coating (
3000 rpm and 50 s ) and left to dry. After this coating
process, schottky contact (Cobalt, Co metal) was formed
on thin film by VAKSIS DC magnetron sputtering by using
an array of mask with 7.85 x10°3 cm? opening areas for the
obtaining rectifying contact. As a result, the Co/ Gold (lIl)
Chloride: Au NPs /n-Si and Co/ Gold (l11) Chloride: Au NPs

/p-Si hybrid structure photodiodes were completed and
the schematic illustration of the hybrid structure devices
are shown in Figure 1.

2.2 Equipment and measurements

The electrical I-V measurements of the obtained hybrid
structure photodiodes were formed by Keithley 2400
Picoammeter/Voltage Source under the dark conditions.
The Sciencetech solar simulator (AM1.5) was used to
determine the effect of light on the device parameters
(range from 100-400 mW/cm?).

Co Metallic Contacts

Gold{lll) Chleride:Au NPs

n-Si or p-Si

Al Ohmic Contact

of the Co/Gold (lll)

illustration

Schematic
and Co/Gold (lll) Chloride:AuNPs /p-Si

Figure 1.
Chloride:AuNPs/n-Si
photodiodes.

3. Results and Discussions

Inl-V plots of the Co/Gold (lll)Chloride /n-Si, Co/Gold (ll1)
Chloride:AuNPs /n-Si, Co/Gold (Ill)Chloride /p-Si and
Co/Gold (Ill) Chloride:AuNPs /p-Si
been shown in Figure 2a and b to understand the effect

photodiodes have

of Au nanoparticles on different semiconductor types
photodiodes at * 2V, respectively. The current was
decreased with Au NPs for Co/ Gold (l1) Chloride: Au NPs
/n-Si and Co/ Gold (lIl) Chloride: Au NPs /p-Si photodiodes
at reverse bias and under the dark conditions. After the
interface layer is doped with Au NPs, the current
decreases at the reverse bias voltage, and this can be
explained by electron-hole recombination as a function of
charge carriers and low minority carrier concentration
(Kacus et al. 2021). Furthermore, the Co/ Gold (lll)
Chloride: Au NPs /n-Si photodiode exhibited clearly a
large current shift. These differences can be attributed to
the work functions of Co metal, n-type Si semiconductor,
p-type Si semiconductor, and Au NPs, which are 5 eV, 4.05
eV, 5.15 eV and 3.6eV, respectively (Yilmaz et al. 2020).
Since the work function of the n-Si semiconductor is
closer to Co metal, rectifying contact can occur easily
between the Co metal and n-Si type semiconductor. Gold
(In) Chloride and SiO, (native oxide) layers on the Si
wafers can help to form rectifying contact but, the
rectifying contact can not occur easily between Co metal
and p-Si semiconductor (Zandonay et al. 2008). Various
device parameters such as ideality factor (n), schottky
barrier height (D) as well as series resistance (R;) values
of both

were obtained from [V characteristics
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photodiodes. After Au NPs doped to Gold (lll) Chloride
dye, Co/ Gold (lll) Chloride: Au NPs/n-Si  photodiode
showed better performance than Co/Gold (lll)
Chloride:AuNPs /p-Si, Co/Gold (lll)Chloride /n-Si and
Co/Gold (Il)Chloride /p-Si  photodiodes. Firstly, the
thermionic emission theory (TE) was employed to obtain
the n and @y values. Then, these calculated values for all
photodiodes are listed in Table 1 under the dark
condition.

Equations of thermionic emission theory is given as below
(Kacus et al. 2020):

=1, [exp (%) - 1] (1)

The T, q, V, k, lo and n terms are temperature, charge of
electron, the applied voltage, boltzmann constant,

saturation current and ideality factor, respectively.

=
[

4 Co/Gold(IIT) Chloride n-31
A CoGdd(IID) Chloride: Au NPzn-31

Current (A)
— [ b — o]
Q, S e R =

[ [
2 “ S
Pt [EPTTe [ETTTe PP pppren e | .1..,l aosed saued 1o

MEPITEPET S BPUPIT A AP A AT A AT A A

2 -1 0 1 2
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& Co/'Gold(II)Chloride p-5i
A CoGold{IOI)Chloride:Au NPz 'p-5§

Current(A)

10.11 MEPETETIT AT PR AP AT AT AP RS Ar S A A
2 -1 0 1 2
Voltage(V)

Figure 2. Semi-logarithmic |-V characteristics of the a) Co/Gold
(IChloride /n-Si, Co/Gold (lIl) Chloride: AuNPs /n-Si and b)
Co/Gold (lll)Chloride /p-Si, Co/Gold (lll) Chloride:AuNPs /p-Si
photodiodes under dark condition.

The barrier height values are calculated from saturation
current (lp) equation and are given as below:

lo = AAT?exp(Z1t) (2)

where A (7.85 x 10 cm? for n-type Si ), A*(112 A/cm?K?
for n-type Si and 11 A/cm?K? for p-type Si ) and the barrier
height (Oy) are effective diode area, Richardson constant
and barrier height of zero bias, respectively. The formulas
of idealite factor (n) and barrier height (Dp) values are
given as below (Kacus et al. 2020):

n=g (ngI)) (3)
o, = 1n (47) @)

The n and @, values of the Co/Gold (lll)Chloride /n-Si
device were calculated as 5.89 and 0.54 eV and also,
these values were determined as 1.50 and 0.71 eV for
Co/Gold (lll) Chloride:AuNPs /n-Si device, respectively.
While the n and ®;, values of the Co/Gold (Ill)Chloride /p-
Si device were determined as 1.74 and 0.62 eV, these
values have calculated as 1.92 and 0.69 eV for Co/Gold
(1) Chloride:AuNPs /p-Si device. The ideality factor and
barrier height values are slightly different for Co/Gold (l11)
Chloride /n-Si  and Co/Gold (Ill) Chloride : Au NPs /n-Si
devices than for Co/Gold (lll)Chloride /p-Si and Co/Gold
(1) Chloride : Au NPs /p-Si
function differences of the n-type Si and p-type Si

devices due to the work

semiconductor wafers. These experimental results can be
expressed with metal-semiconductor (M-S) interfaces
and the different work function of different type
semiconductor (Kacus et al. 2021). The ideal factor of
ideal rectifying device is unity and also, various effects
such as series resistance, the inhomogeneous of interface
layer and the presence of oxide layer on semiconductor
wafers cause the ideality factor to be higher than “1” [30].
The experimental results reported that Au NPs into the
Gold (lll) Chloride layer effected device parameters.
Hence, presence of noble metals nanoparticles in the
interface layer of the device can change the
inhomogeneity of schottky barrier height. The current
transport mechanism is a temperature-dependent
process across the metal-semiconductor (M-S) interface
and low temperatures cause a decrease in schottky
barrier height resulting in electrons can surmount the
lower barrier height. When a large number of electrons
gain enough energy at high temperature conditions, they
can overcome high barrier heights ( Bilgili et al. 2019). At

room temperature, the decrease in n values can be
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attributed to a reduction in the defect state density and
the increased surface roughness at the metal-dielectric
interface due to the incorporation of Au NPs into the
device and the increase of R; values. Additionally, the n
value of device with the plasmonic layer is significantly
decreased compared to the value of the device with the
gold chloride layer at higher temperature and this case
can affect electronic properties of device. Moreover, this
situation can be explained by the decrease in interfacial
defect the
concentration across the metal-semiconductor junction
(Gayen et al. 2014).

states and increase in free carrier

Another method used to confirm the results of device
parameters obtained from the thermionic emission (TE)
theory is the Norde method (Norde, 1979). The Norde
function plots of the Co/Gold (lll)Chloride /n-Si, Co/Gold
(111) Chloride:AuNPs /n-Si, Co/Gold (Ill)Chloride /p-Si and
Co/Gold (1) Chloride:AuNPs /p-Si
shown in

photodiodes are
The
photodiodes demonstrated a characteristic behavior such

Figure 3, respectively. obtained

as normal Norde function. The following formula

expresses the Norde function:

F(V) = % — kT (;) (5)

AA*T?

The y is an integer which is higher than n. Then, the F (V)
versus V plot of these devices is drawn and the minimum
value of this plot is shown in the F(V) — V plot.The next
stage, Eq.6 is used to calculate barrier height (®y) value:

Dy, = F(V) + (2~ ) (6)

where F(V) and Vy, are the minimum values of F(V) and
the Then,
experimental serial resistance (Rg) value is obtained

corresponding  voltage, respectively.

from the following Eq.7:

Ry =< X1 (7)

S
q Imin

The barrier height (@), series resistance (Rs) and
rectifying ratio(RR) values for obtained devices are listed
in Table 1. The rectifying ratio (RR) values increased for
the Co/ Gold (1) Chloride: Au NPs /n-Si (D2) and Co/ Gold
(1) Chloride: Au NPs /p-Si (D4) photodiodes with Au

nanoparticles (NPs)-doped devices.

14

F(V) (V)

P Gold {III) Chloride:AuNPs /p-Si
{P Gold {III) Chloride p-Si
{P Gold {III) Chloride:AuNPs/n-Si
{ Gold {III) Chloride n-Si

LA L L L 1 I LA L L 1 1l I LA L L 1 1 I LU L L Ll I L1
0 0.5 1 15 2
Voltage(V)

Figure 3. Norde plots of F(V) vs V of Co/Gold (lll)Chloride /n- Si,
Co/Gold (Ill) Chloride:AuNPs /n-Si , Co/Gold (Ill)Chloride /p-Si
and Co/Gold (ll1) Chloride:AuNPs /p-Si photodiodes.

Table 1 Various device parameters of Co/Gold (Ill)Chloride /n-Si Co/Gold (l1) Chloride:AuNPs /n-Si, Co/ Gold (Ill)Chloride /p-Si and

Co/Gold (Ill) Chloride:AuNPs /p-Si  photodiodes

I-V dv/d(Inl) H(1)-1 Norde
n (08 n Rs(Q) R«(Q) (0 (0 Ri(Q) Rectifying
Device Structure (eV) (eV) (eV) Ratio(RR)
Gold (li)Chloride /n-Si 5.89 0.54 1043 156.83 15871 0.51 0.57 32.21 104.29
Gold (1l1) Chloride:AuNPs /n-Si 1.50 071 178 86.69 86.86 0.67 0.77 108.7 22720
Gold (ll1)Chloride /p-Si 1.74 0.62 1.74 24.83 24.90 0.69 0.47 13.30 23345
Gold (I11) Chloride:AuNPs /p-Si 1.92 0.69 3.71 173.20 176.70 0.65 0.51 435.1 64330

The determined ideality factor and barrier height values
by other methods are in good agreement with obtained
parameters from the thermionic emission theory.
Another technique used to comfirm the calculated device
parameters is Cheung method (Cheung et al. 1986). The
dVv/d(Inl) and H (I) are two Cheung functions and thus,
they exhibit straight lines when the functions are plotted
against current. The n, ®,, and two R values were

determined using these plots. The determination of the
device parameters with these plots has been reported in
previous studies (Kogyigit et al. 2019). In this method,
serial resistance (Rs) value of the device is expressed as

below:
dv nkT
amm - g T IRs (8)
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kT I
H@) =V -nin (AA*TZ) 9)
and
H(D) = IR, + n®,, (10)

The Cheung plots of the obtained Co/Gold (llI)Chloride /n-
Si, Co/Gold(lll) Chloride:AuNPs/n-Si, Co/Gold (Ill)Chloride
/p-Si and Co/Gold (Ill) Chloride:AuNPs /p-Si devices are

demonstrated in Figure 4a and b for dark condition,
respectively. The Cheung plots exhibited good linearity
for the obtained photodiodes. The calculated n, &, and
two R, values are shown in Table 1 for the obtained
photodiode devices. The determined device parameters
confirm the correction of the results and these values are
in harmony with the obtained results with other
techniques (Luongo et al. 2017). The metal nanoparticles
doping with organic materials caused the formation of
agglomerations due to the potential attractive forces
between Gold (Ill) Chloride and metal nanoparticles
(Coetzee et al. 2020) and thus, this case led to increase
series resistance values. The agglomeration around metal
nanoparticles can cause higher resistance for the Co/Gold
(111) Chloride : AuNPs /p-Si device resulting in doping Au
nanoparticles in the Gold (IIl) Chloride solution. According
to the obtained results, Au NPs doped into interface layer
may affect the distribution of the interface states of
metal-insulator-semiconductor (MIS) structures. The
new interfacial states, such as oxide-organic interface
states, can be formed by chemical interactions between
interface layer and n-Si surface.

The IV graphs of the obtained Co/Gold (ll)
Chloride:AuNPs /n-Si  and Co/Gold (Ill) Chloride:AuNPs
/p-Si devices are demostrated in Figure 5a and b under
dark and various light conditions at £1V, respectively. The
fabricated devices exhibited normal diode behavior due
to current passage at forward biases and current blockage
at reverse biases (Ejderha et al. 2009). When photodiodes
are exposed to light, the current increases in the reverse
bias voltage under various light power densies due to
produce
photocurrent when energies of photons are higher than
height.
composed of Au nanoparticles are shown in Figure 5a and
b. In this approach, the produced photocurrent are
directly related to the plasmonic properties of different
metal nanoparticles. When thin Gold (1) Chloride:Au NPs
layer used as the active layer, it absorbs the incident light

characteristics of photodiodes. It can

schottky barrier The photodiode devices

and free carriers are produced and also, charges
separated due to the electric field’s influence at the
Co/Gold (Ill) Chloride: Au NPs/n-Si or Co/Gold ()
Chloride: Au NPs/p-Si interface.

16

1.2

0.8

dv/d(in 1) (V)

G)(D @ Gold (l11)Chloride/n-Si
( Gold (111) Chloride:AuNPs/n-Si
@ Gold (111) Chloride/p-Si
@ Gold (111) Chloride:AuNPs/p-Si

0.02 0.04 0.06
Current (A)

(b)

© Gold (111) Chloride:AuNPs/n-Si
@ Gold (111) Chloride/n-Si
@ Gold (111) Chloride/p-Si
@ Gold (111) Chloride: AuNPs/p-Si

o4
a9
R A

@™

P
QoY
Pt

@4

L L L L L L l L L L L L L l L L L L L L
0 0.02 0.04 0.06
Current (A)
Figure 4. Cheungs plots of dV/dIn(l) - | (a) and H(l) - I (b) of
Co/Gold (Ill)Chloride /n-Si, Co/Gold (lll) Chloride:AuNPs /n-Si,
Co/ Gold (lll)Chloride /p-Si and Co/Gold (lIl) Chloride:AuNPs /p-
Si photodiodes.

The built-in field in the reverse bias leads electrons to be
instantly transfered from the Co/Gold (Ill) Chloride: Au
NPs/n-Si structure to n-Si semiconductor. While holes are
transported in the Gold (l1I) Chloride:Au NPs layer toward
the Co electrode, electrons are collected by the Al
electrode. Thus, the reverse current value effectively
increased than the dark current due to the generation of
free carriers ( EI-Nahass et al. 2007). In the dark condition,
electrons can pass through lower barriers due to the
inhomogeneity of the Gold (lll) Chloride:Au NPs/n-Si
interface. Therefore, the current preferentially flows
through the patches with lower barriers (®Qp). When some
electrons are exposed to light, they gain high energy and
thus, the excited electrons gain enough energy to
overcome a larger barrier. This case may lead to an
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increase in the ®b value and a decrease in the n value
(Budak et al.2020, Kaplan et al. 2021)and also, Table 1 can
be listed.

Gold (I11) Chloride:AuNPs /n-Si
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ﬂ‘
N/ - )
10° 100mW/cm:
< =— dark
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Figure 5. Semi-logarithmic /-V characteristics of the a) Co/Gold
(111) Chloride : Au NPs /n-Si and b) Co/Gold (l1I) Chloride : Au NPs
/p-Si photodiodes under various light conditions.

The Co/Gold (lll) Chloride:AuNPs /n-Si photodiode has
lower dark reverse current and higher photocurrent than
the Co/Gold (Ill) Chloride:AuNPs /p-Si photodiode due to
close work functions of n-Si and Co element at a certain

light power. When the obtained Co/Gold (lll)
Chloride:AuNPs /n-Si and Co/Gold (Ill) Chloride:AuNPs
/p-Si photodiodes are exposed to light, the forward bias

current does not change so much depending on
increasing light power. The difference in work function of
n-type and p-type semiconductor can be attributed to the
difference in forward and reverse bias currents. The
reverse bias current of the Co/Gold (l11) Chloride: Au NPs

/n-Si and Co/Gold (Ill) Chloride: Au NPs /p-Si
photodiodes increased with increasing light power.
However, reverse current shows a flat profile with
increasing light at reverse biases. When photodiodes are
exposed to light, it causes an increase in the charge
carriers at the interface and a change in the minimum
current values at the forward bias region, and thus the
devices (Tatar et

al.2009).

exhibited photovoltaic behavior

The responsivity (R) is an important parameter and the
input-output gain of the device is determined with this
value (Gayen et al. 2014). The rectifying ratio (RR) (for a
certain voltage value), responsivity (R), and specific
detectivity (D*) formulas are given as follows:

RR = Iforward (11)
Ireverse
L
R = ﬁ (12)
A
D*=R (13)
2qlgark

where |, is photocurrent, P is incident power density, and
A is the effective area of detector. The photodiode
parameters such as rectifying ratio (RR), photocurrent
(Ion), responsivity (R), and specific detectivity (D*) of
Co/Gold (lll) Chloride:AuNPs /n-Si  and Co/Gold (lIl)
Chloride:AuNPs /p-Si photodiodes are listed in Table 2
and 3 with the

respectively. Other

increasing light power intensity,
important parameters such as
detectivity (D*), responsivity (R), rectifying ratio (RR) and
photocurrent (I,n) also characterize a photodiode. In Fig.
6a,b,c and d detectivity (D*), responsivity (R), rectifying
ratio (RR) and photocurrent (lpn) profiles of the Co/ Gold
(1) Chloride: Au NPs /n-Si and Co/ Gold (lll) Chloride: Au
NPs /p-Si photodiodes with the various light intensities
are shown. The rectifying property of Co/Gold (lll)
Chloride:AuNPs /n-Si and Co/Gold (lIll) Chloride:AuNPs
/p-Si  photodiodes decreased in the light conditions due
to increased charge transport at reverse biases in the
interface while the obtained photodiodes have shown
good rectifying behaviors in the dark condition (Orak et
al. 2018) As the light power intensity increased, the
reverse biases current increased, and thus RR values of
the obtained photodiodes decreased (Yildiz et al.2020).
The photodiode behaviors of the obtained Co/ Gold (lil)
Chloride: Au NPs /n-Si and Co/ Gold (lIIl) Chloride: Au NPs
/p-Si junctions clearly confirm this case. The RR values
decreased for the Co/ Gold (IIl) Chloride: Au NPs /n-Si and
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Co/ Gold (Ill) Chloride: Au NPs /p-Si photodiodes with the
various light power. The RR values of the Co/ Gold (lIl)
Chloride: Au NPs /p-Si photodiode is higher than the Co/
Gold (lll) Chloride: Au NPs /n-Si photodiode. This
decrease in RR values depending on increasing light
power confirmed the photodiode behavior of the
fabricated devices. The responsivity of all photodiodes
increased depending on increasing light power. The
responsivity values of the Co/ Gold (lIl) Chloride: Au NPs
/n-Si photodiode were almost four times higher than that
of the Co/Gold (lll) Chloride: Au NPs /p-Si photodiode.
The photocurrent values increased almost linearly
depending on increasing light power intensity for Co/Gold
() Chloride:AuNPs  /n-Si Co/Gold  (Ill)
Chloride:AuNPs /p-Si photodiodes, but the photocurrent
of the Co/Gold (Ill) Chloride:AuNPs /n-Si
photodiode were slightly higher than that of the Co/Gold
(1) Chloride:AuNPs /p-Si photodiode. The responsivity

(R) and specific detectivity (D*) values of the Co/Gold (l11)

and

values

Chloride:AuNPs /n-Si  photodiode were higher than that
of the Co/Gold (Ill) Chloride:AuNPs /p-Si
The doping of Au NPs into the interface improves good

photodiode.

stability of photodiode depending on the increase in light

power intensity and this case is beneficial for
performance. The responsivity (R) and detectivity (D*)
values of the obtained photodiodes are in good
agreement with the calculated values in the literature
(Shafique et al.2019, Gao et al. 2019). Furthermore,
ON/OFF Ratios of the Co/Gold (Ill) Chloride:AuNPs /n-Si
and Co/Gold (lll) Chloride:AuNPs /p-Si

shown in Table 2 and 3, respectively. The change of

photodiodes are

ON/OFF ratios with light intensity is just like the change of
photocurrent. The changes in both Table 2 and 3 show
that the density of photo-generated carriers increases
with increasing light intensity and these Co/Gold (lIl)
Chloride:AuNPs /n-Si and Co/Gold (lIll) Chloride:AuNPs
/p-Si devices are a suitable design for high-performance
photodiode applications.
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Figure 6. a) Rectifying Ratio, b) Responsivity, c) Detectivity

Light Intensity (mW/cm2)

and d) Photocurrent plots of the Co/ Gold (Ill) Chloride:Au NPs  /n-Si

and Co/ Gold (Ill) Chloride: Au NPs /p-Si photodiodes depending on the various light intensies.
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Figure 7 depicts the ON/OFF Ratio reverse light intensity
plots of the Co/ Gold (Ill) Chloride:Au NPs /n-Si and
Co/Gold (lll) Chloride:Au NPs /p-Si  photodiodes. The
ON/OFF ratio of the Co/Gold (llIl) Chloride:AuNPs /n-Si
photodiode changed from 79.52 (100 mW/cm?) to 498.65
(400 mW/cm?). The ON/OFF ratio of the Co/Gold ()
Chloride:AuNPs /p-Si  photodiode changed from 127.28
(100 mW/cm?) to 718.58 (400 mW/cm?). Experimental

improvement on the photodiodes. This situation can be
explained that Au NPs with surface plasmon resonance
(LSPR) affected significantly the sensitivity of the Gold (l11)
Chloride:AuNPs /n-Si and Gold (lll) Chloride:AuNPs /p-Si
photodiodes depending on light intensity. The Gold (lll)
Chloride: Au NPs interface material has shown different
responses at various wavelengths or energy values, and
these responses may enable its use in optoelectronics

results showed that Au NPs made a significant under various light intensities.
800
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Figure 7. The ON/OFF Ratio versus light intensity for the Co/Gold (l1) Chloride:AuNPs /n-Si and Co/Gold (Ill) Chloride:AuNPs /p-Si

photodiodes.

Table 2 The detector parameters of Co/Gold (Ill) Chloride:AuNPs /n-Si

photodiode at +1V

Light Intensity loh ldark ON/OFF Ratio  Responsivity Detectivity Rectifying

(mW/cm?) (R) (D) Ratio(RR)

100 2.73E-05 3.4E-07 79.52 0.347 3.19E-15 217.5

150 3.19E-05 3.4E-07 93.091 0.610 5.61E-15 188.1

200 4.38E-05 3.4E-07 127.74 1.117 1.03E-14 141.6

250 6.08E-05 3.4E-07 177.08 1.937 1.78E-14 105.8

300 9.50E-05 3.4E-07 276.67 3.631 3.33E-14 71.90

350 0.000128 3.4E-07 373.92 5.726 5.26E-14 57.80

400 0.000171 3.4E-07 498.65 8.727 8.01E-14 44.70
Table 3 The detector parameters of Co/ Gold (lIl) Chloride:AuNPs /p-Si photodiode at 1V

Light Intensity loh ldark ON/OFF Ratio  Responsivity Detectivity Rectifying

(mW/cm?) (R) (D) Ratio(RR)

100 9.22E-06 7.2E-08 127.28 0.117 4.96E-16 364.77

150 1.30E-05 7.2E-08 180.14 0.249 1.05E-15 269.79

200 1.70E-05 7.2E-08 234.69 0.433 1.83E-15 214.08

250 2.64E-05 7.2E-08 364.58 0.841 3.55E-15 143.8

300 3.55E-05 7.2E-08 489.85 1.356 5.72E-15 112.9

350 4.44E-05 7.2E-08 612.95 1.980 8.35E-15 94.80

400 5.20E-05 7.2E-08 718.58 2.654 1.12E-14 84.70
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4, Conclusion

The Gold (Ill) Chloride: Au NPs and Gold (Ill) Chloride
were used as interlayer in between Co metal and both n-
type and p-type silicon, and also these layers were
covered with spin coating technique for obtained Co
/Gold (lll) Chloride: Au NPs /n-Si, Co/Gold (lll) Chloride:
Au NPs /p-Si, Co/Gold (lll) Chloride/n-Si and Co/Gold (ll1)
Chloride/p-Si photodiodes. The I-V measurements of the
photodiodes were compared with each other and
characterized under the dark and light conditions. The
diode parameters were calculated from Thermionic
Emission theory, Norde and Cheung methods using I-V
measurements for dark conditions and were discussed of
detail. The calculated serie resistance values are suitable
for both

photovoltaic

undoped and Au-doped devices. The

parameters such as photocurrent,
responsivity and detectivity values were obtained and
compared with Co/Gold (Ill) Chloride:AuNPs /n-Si and
Co/Gold (Ill) Chloride:AuNPs /p-Si photodiodes. The
rectification ratio (RR) of the fabricated photodiodes
decreased with the increase of light power density, and

thus the devices show good rectification properties. The
Au-doped

photocurrent (Iph) behavior, good responsivity property

photodiodes demonstrated linear
(R) and detectivity property (D*) such as a typically
photodiode. The responsivity (R) and detectivity (D*)
of the Co/Gold (Ill) Chloride:AuNPs /n-Si
photodiode slightly increased with increasing light power
intensity while the Co/Gold (Ill) Chloride:AuNPs /p-Si

photodiode almost stayed constant. It was emphasized

values

that these two photodiodes could be used in theindustry
based on the obtained experimental results. Although th
The rectification ratio ( RR) values of devices decreased
with increasing light power intensity, the photocurrent
values linearly improved both of the Co/Gold (lIl)
Chloride:AuNPs /n-Si  and Co/Gold (lll) Chloride:AuNPs
/p-Si
the obtained photodiode devices can be used for

photodiodes. According to experimental results,

optoelectronic applications.
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