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A B S T R A C T   

We synthesized a thin film of Au nanoparticles-decorated Congo red (CR) dye on both n-Si and p-Si substrates by 
the spin coating technique. UV–Vis spectrometer was used to determine the absorbance and band gap of the CR 
film. Transmission electron microscope (TEM) was used to assess the distribution of Au nanoparticles on the CR 
dye film. Then, the metal-semiconductor devices were fabricated by evaporation of Co metal and Al ohmic 
contacts on the front and back surfaces of the CR film-covered substrates, respectively. Thus, Co/CR:Au/n-Si and 
Co/CR:Au/p-Si Schottky photodiodes were fabricated and characterized by I–V measurements under dark and 
various light power illumination intensities at room temperature. The devices exhibited good rectifying be
haviors and low barrier heights. Various diode parameters such as ideality factor, barrier height, and series 
resistance values were calculated and compared for the two fabricated photodiodes. The Co/CR:Au/n-Si and Co/ 
CR:Au/p-Si devices exhibited good photodiode and photodetector properties. Various detection parameters 
revealed that the obtained devices can be improved for optoelectronic applications.   

1. Introduction 

Organic materials have received increasing interest because of their 
environmental compatibility, low cost, flexibility, and safe for human 
health [1]. Various organic materials have been used for technological 
applications such as solar cells, photodetectors, LEDs, and FET [2,3]. 
They can be used for photodiode applications to improve the perfor
mance of device [4]. Among the organic materials, 3,3′-[(1,1′, 
-biphenyl)-4,4′-diyl)bis(4-amino-1 amino naphthalene sulphonic)] or 
Congo red is a type of anionic organic dye with C32H22N6Na2O6S2 
chemical formula, and it is used for light-induced photoisomerization 
and reversible optical data storage [5]. 

Photodiodes convert light into an electrical signal when the light hits 
the photodiode surface, but their operation differs from that of normal 
diodes at reverse biases. In dark conditions, a photodiode behaves as a 

normal diode to stop the current at reverse biases [6,7]. However, light 
increases the reverse bias current depending on the power intensity of 
the incident light. Most of the photodiodes are designed as PIN diodes 
from a p-type region and an n-type region with an intrinsic semi
conductor between them. However, both the p-region and n-region 
decrease reaction time of the photodiode [8]. A Schottky photodiode has 
a low response time because of lacking of one more diffusion tail. 
Moreover, the efficiency of the photodiodes can be improved by adding 
plasmonic nanoparticles into the photodiodes as well as organic layers 
[9,10]. 

Organic materials can be used for photodiode and photodetector 
applications because of the increasing use of light-dependent carriers as 
an interfacial layer in the interface of the device [11,12]. In the present 
study, we used Congo red dye with Au nanoparticles as an interfacial 
layer between the Co and Si substrates, and the Co/CR:Au/n-Si and 
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Co/CR:Au/p-Si photodiodes were fabricated. I–V measurements were 
performed on the photodiodes to characterize the electrical properties 
under various illumination intensities. 

2. Experimental details 

Congo red dye and Au nanoparticles were purchased from Sigma- 
Aldrich and used directly without any further purification. The Congo 
red dye was dissolved in water, and Au nanoparticles were added to the 
Congo red solution to obtain a mixture of Au nanoparticles with Congo 
red. Both n-Si and p-Si substrates, which had carrier concentration of 7.5 
× 1016 cm− 3, 1–10 Ω-cm resistivity, and 400-μm thick, were sliced into 
1 cm2 pieces and cleaned with various alcohols according to RCA pro
cesses described previously [13]. The Al ohmic contacts were evapo
rated on the back or unpolished surfaces of the substrates, and the 
wafers were transferred immediately to a nitrogen-filled furnace for 
annealing only 5 min. Then, the Congo red solution was coated on the 
front surfaces of the Si substrates at 3000 rpm and 30 s by a spin coater. 
Finally, the Co metal was evaporated on the Congo red films by a 
thermal evaporator by using an array of mask with 7.85 × 10− 3 cm2 

opening areas. Thus, the Co/CR:Au/n-Si and Co/CR:Au/p-Si photodi
odes were obtained. Fig. 1 shows the schematic illustration of the 
fabricated devices. 

PerkinElmer Lambda 45 UV–Vis spectrometer was used to acquire 
absorption spectra of the CR film. TEM image of the Au nanoparticles- 
decorated CR dye was acquired by Hitachi HighTech HT7700. The 
photodiodes were characterized by I–V measurements under dark and 
various light power illumination intensities. Keithley 2400 was used as 
an I–V sourcemeter, and Sciencetech solar simulator (AM1.5 G or solar 
spectrum) was used to illuminate the photodiodes for various light 
power intensities from 100 mW to 400 mW by 50 mW interval per cm2 

surface area. 

3. Results and discussion 

The optical properties of the CR films were investigated by UV–Vis 
spectroscopy. The variation in the optical absorbance against wave
length is shown in Fig. 2a. The absorbance graph reveals that the CR film 
has a narrow band structure with an absorption coefficient in the range 
of 5 cm− 1. In previous studies, the optical band gap nature of the ma
terials was tested using both experimental and theoretical methods, 
which indicated the importance of optical band gap characterization 
[14,15]. Hence, the Tauch method can be compared with the absorption 
coefficient and photon energy obtained from absorption spectra. We 
used it to determine the nature of the optical band gap of the CR film. For 
noncrystalline materials, the relationship between absorption coeffi
cient and photon energy is as follows [16]: 

α(hν)=A(hν − Eg)
s (1)  

where α is the absorption coefficient, hν represents photon energy, A is a 
constant, Eg is the optical bandgap, and s indicates the nature of tran
sition. When the value of s is ½, it shows direct transition, while when 
the value of s is 2, it shows indirect transition [17]. These correspond to 
the cases where the electronic momentum is conserved and not 
conserved in the transitions, respectively. In this context, the nature of 
transition is very important for optical materials. The easiest way to 
determine whether the optical transition is direct or indirect is to plot 
the (αhν)2 versus hν and (αhν)0.5 versus hν. Here, it is necessary to 
observe the linear part that indicates the optical transition in the plot. 
While Fig. 2b clearly shows optical transformation of this condition, 
while Fig. 2c shows a nonlinear component. Therefore, the CR film 
studied in this study has direct optical transition with a 4.07 eV optical 
band gap. 

Furthermore, the presence of Au nanoparticles in the synthesized CR 
layer was demonstrated using TEM measurement. TEM image of the Au 
nanoparticles-decorated CR layer are shown in Fig. 2d. Au nanoparticles 
aggregated and exhibited a nonhomogeneous distribution as observed in 
TEM images The dimensions of Au NPs were also examined, and the 
results were shown as embedded in Fig. 2d as a histogram graph. The 
histogram graph revealed that Au NPs exhibited a Gaussian distribution, 
and the average size of Au NPs was determined to be approximately 
7.58 nm. 

I–V characteristics of the Co/CR/n-Si and Co/CR/p-Si photodiodes 
are shown in Fig. 3a and b, respectively, to understand the effect of Au 
nanoparticles on the photodiodes. The photocurrent at reverse biases 
increased with 100 mW light power intensity to almost 100-fold for the 
Co/CR/n-Si, but it did not change much for the Co/CR/p-Si photodiode. 
Furthermore, a large current shift was clearly observed for the Co/CR/n- 
Si photodiode. These differences can be attributed to semiconductor and 
metal types. The work functions of the Co element, n-type Si, and p-type 
Si were 5 eV, 4.05 eV and 5.15 eV, respectively [18]. The contact be
tween the Co and n-type Si can easily be composed of rectifying contact, 
but the Co and p-type Si contact cannot. The CR layers and the native 
oxide layer on the Si substrate can help to compose rectifying contact for 
Co and p-Si contact [19]. For Au nanoparticles added to the CR layer, 
both the Co/CR:Au/n-Si and Co/CR:Au/p-Si photodiodes exhibited 
better performance than the CR interlayers alone. This can be attributed 
to the plasmonic behaviors of Au nanoparticles due to efficient trapping 
of incident light and increase in photocurrent for optoelectronic devices 
[20–22]. 

I–V characteristics of the Co/CR:Au/n-Si and Co/CR:Au/p-Si photo
diodes under dark and various light power intensities are shown in 
Fig. 4a and b, respectively. The obtained photodiodes exhibited normal 
diode characteristics due to current passage at forward biases and cur
rent blockage at reverse biases [23]. When the photodiodes were 
exposed to the light, the current increased at reverse biases because of 
photodiode characteristics depending on light power intensity. The 
Co/CR:Au/n-Si photodiode showed a lower dark reverse current and 
higher photocurrent at a certain light power than the Co/CR:Au/p-Si 
photodiode due to close work functions of n-Si and Co element. The 
forward bias current of the Co/CR:Au/p-Si photodiode did not change so 
much with increasing light power, but it increased for the Co/CR: 
Au/n-Si photodiode. These differences in current for forward and 
reverse biases can be attributed to the work function differences of 
n-type and p-type substrates. The reverse biases of the Co/CR:Au/n-Si 
and Co/CR:Au/p-Si photodiodes increased with the increase in reverse 
biases under dark. However, increasing light caused a flat profile by the 
changing the current at reverse biases. Moreover, light exposure caused 
a shift in the minimum current values to the forward bias region owing 
to increasing charge carrier in the interface of the photodiodes. Thus, the 
devices exhibited photovoltaic behavior [24]. 

I–V characteristics of the Co/CR:Au/n-Si and Co/CR:Au/p-Si photo
diodes were used to calculate various diode parameters such as ideality 
factor (n) and barrier height (ϕb) as well as series resistance (Rs). First, Fig. 1. Schematic illustration of the Co/CR:Au/n-Si and Co/CR:Au/p-Si 

photodiodes. 
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Fig. 2. a) Optical absorbance spectra, b) (αhν)2 versus energy c) (αhν)0.5 versus energy plots of the CR film, and d) TEM image of Au nanoparticles-decorated 
CR structures. 

Fig. 3. Semi-logarithmic I–V characteristics of the a) Co/CR/n-Si and b) Co/CR/p-Si photodiodes under dark and 100 mW/cm2 light power intensity.  

Fig. 4. Semi-logarithmic I–V characteristics of the a) Co/CR:Au/n-Si and b) Co/CR:Au/p-Si photodiodes for various light power intensities.  
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the thermionic emission theory was employed to obtain the n and ϕb 
values for dark and various light illumination power intensities. The 
calculated n and ϕb values for the Co/CR:Au/n-Si and Co/CR:Au/p-Si 
photodiodes under dark are listed in Table 1. The n and ϕb values are 
close to each other for both photodiodes. Fig. 5a and b displays a light 
intensity-dependent profile of the n and ϕb values for the Co/CR:Au/n-Si 
and Co/CR:Au/p-Si photodiodes. While the ideality factor values 
increased with the increase of light power intensity, the barrier height 
values decreased for both Co/CR:Au/n-Si and Co/CR:Au/p-Si photodi
odes. Both the ideality factor and barrier height values were slightly 
higher for Co/CR:Au/n-Si than for Co/CR:Au/p-Si due to the work 
function differences of the n-type and p-type Si substrates. 

The shunt and series resistance are important parameters to affect 
the electrical behaviors of the photodiodes [25]. While the shunt resis
tance (Rsh) value of a diode remains constant at a certain reverse bias, 
the Rs value is determined at the high forward bias for constant values of 
the junction resistance (Rj) [26]. Fig. 6a and b shows the Rj versus 
voltage plots of the Co/CR:Au/n-Si and Co/CR:Au/p-Si photodiodes 
depending on the various light power illumination intensities. For the 
Co/CR:Au/n-Si photodiode, increased up to a certain value from 0.5 V to 
0 for various light power intensities and stayed almost constant toward 
higher reverse biases. For the Co/CR:Au/p-Si photodiode, the Rj values 
remained constant at higher forward biases and increased suddenly at 
around 0. Both devices exhibited peaks, and the intensities of the peaks 
or Rsh values decreased with increasing light power due to increasing 
charge carriers. While the Rsh values of the photodiodes are around 
104–106 Ω, the Rs values are about 200–300 Ω for both devices. These 
values are suitable for this type of photodiode, and the photodiodes can 
be used for optoelectronic applications [27]. 

The Norde method was used to confirm the obtained diode param
eter results from the thermionic emission theory [28]. The Norde 
function plots of the Co/CR:Au/n-Si and Co/CR:Au/p-Si photodiodes in 
dark are shown in Fig. 7a and b, respectively. The photodiodes exhibited 
a normal Norde function profile. The calculated barrier height and series 
resistance values are shown in Table 1. The calculated parameters are in 
good agreement with those from the thermionic emission ideality factor 
and barrier height values. 

Another technique to confirm the calculated parameters is the 
Cheung method [29]. There are two Cheung functions: dV/d(lnI) and H 
(I), and they exhibit straight lines when the functions are plotted against 
current. These plots enable to determine the n, Фb, and two Rs values. 
The determination of the diode parameters has been reported previously 

[30]. The Cheung plots of the Co/CR:Au/n-Si and Co/CR:Au/p-Si pho
todiodes for dark condition are shown in Fig. 8a and b, respectively. The 
Cheung functions exhibited good linearity for both photodiodes. The 
determined n, Фb, and two Rs values are shown in Table 1 for both 
photodiodes. The obtained diode parameters are in harmony with the 
other techniques and confirm the correction of the results [31]. 

The responsivity (R) of a photodiode is an important parameter 
because it shows the input-output gain of the device [32]. The R–V plots 
of the Co/CR:Au/n-Si and Co/CR:Au/p-Si photodiodes depending on the 
increasing light power intensity are illustrated in Fig. 9a and b, 
respectively. The responsivity values increased with the increase of light 
power and reverse biases for both photodiodes. The responsivity values 
of the Co/CR:Au/n-Si photodiode was almost four times higher than that 
of the Co/CR:Au/p-Si photodiode. There was a sudden decrease in the R 
values at around − 1 V for the Co/CR:Au/p-Si photodiode due to slow 
change in the photocurrent with increasing light power intensity. 

The various detection parameters as well as rectifying ratio (RR) of 
the Co/CR:Au/n-Si and Co/CR:Au/p-Si photodiodes with changing light 
power intensity were investigated. The rectifying ratio (for a certain 
voltage value), responsivity, and specific detectivity formulas are given 
as follows: 

RR=
Iforward

Ireverse
(1a)  

R=
Ip

PA
(2)  

D* =R

̅̅̅̅̅̅̅̅̅̅̅̅̅
A

2qIdark

√

(3)  

where Ip exhibits photocurrent, P is incident power density, and A is the 
effective detector area. 

Fig. 10a, b, c, and d show the rectifying ratio (RR), photocurrent, 
responsivity, and specific detectivity changes of the photodiodes 
depending on the light power intensity, respectively. The RR values 
were decreased for both the Co/CR:Au/n-Si and Co/CR:Au/p-Si photo
diodes with increasing light power. The RR values of the Co/CR:Au/p-Si 
photodiode were higher than the Co/CR:Au/n-Si photodiode. This 
decrease in RR values with increasing light power confirmed the 
photodiode behaviors of the devices [33]. The photocurrent values 
increased almost linearly with increasing light power intensity for both 

Table 1 
Various diode parameters of the Co/CR:Au/n-Si and Co/CR:Au/p-Si photodiodes.  

Photodiode Saturation Current 
(I0) 

n (I–V) 
– 

n Cheung 
– 

Фb (I–V) 
(eV)  

Фb Cheung 
(eV)  

Фb Norde 
(eV)  

Rs Cheung 
(kΩ (H(I))) 

Rs Cheung ((kΩ (dln(I)) Rs Norde 
(kΩ) 

Co/CR:Au/n-Si 9.10 × 10− 7 1.42 1.42 0.65 0.68 0.72 0.61 0.68 0.64 
Co/CR:Au/p-Si 4.37 × 10− 7 1.39 1.39 0.64 0.64 0.67 0.21 0.20 0.31  

Fig. 5. a) The ideality factor and b) barrier height changes of the Co/CR:Au/n-Si and Co/CR:Au/p-Si photodiodes, respectively.  
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the Co/CR:Au/n-Si and Co/CR:Au/p-Si photodiodes at zero bias, but the 
photocurrent values of the Co/CR:Au/n-Si photodiode were slightly 
higher than those of the Co/CR:Au/p-Si photodiode. The responsivity 
and specific detectivity values of the photodiodes did not change with 
the increase in the light power intensity. The responsivity and specific 
detectivity values of the Co/CR:Au/n-Si photodiode were higher than 
those of the Co/CR:Au/p-Si photodiode. The photodiodes exhibited 
good stability with the increase in light power intensity. 

4. Conclusion 

The Congo red film with Au nanoparticles were formed on both the n- 
Si and p-Si substrates by the spin coating technique. UV–Vis 

spectrometer and TEM were used to determine absorption spectra and 
surface distribution of the Au nanoparticles on the CR film, respectively. 
Then, the Co/CR:Au/n-Si and Co/CR:Au/p-Si devices were fabricated 
and characterized by I–V measurements under various light power in
tensities. Various diode parameters such as ideality factor, barrier 
height, and series resistance values were calculated and compared for 
both photodiodes by using different methods. While the ideality factor 
values increased by increasing light power intensity, the barrier height 
values decreased. Junction resistance plots revealed that the devices had 
suitable shunt and series resistance for optoelectronic devices. The 
responsivity values were higher for the Co/CR:Au/n-Si photodiode than 
for the Co/CR:Au/p-Si photodiode. Although the RR values decreased 
with increasing light power intensity, the photocurrent values linearly 

Fig. 6. Rj-V plots of the a) Co/CR:Au/n-Si and b) Co/CR:Au/p-Si photodiodes for various light illumination power intensities.  

Fig. 7. F(v)-V characteristics of the a) Co/CR:Au/n-Si and b) Co/CR:Au/p-Si photodiodes.  

Fig. 8. Cheungs plots of the a) Co/CR:Au/n-Si and b) Co/CR:Au/p-Si photodiodes.  
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increased. According to the photodetector parameters, the fabricated 
devices can be improved for optoelectronic applications. 
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