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Abstract—In this study, an n-ZnO/p-Si heterojunction 
diode with embedded Ag nanoparticles was fabricated 
to investigate the possible improvement of light 
trapping via the surface plasmon resonance effect for 
solar cell applications. The Ag nanoparticles were 
fabricated by the physical sputtering method. The 
acquired current-voltage curves and optical 
absorption spectra demonstrated that the application 
of Ag nanoparticles in the n-ZnO/p-Si interface 
increased the photo current, particularly in specific 
wavelength regions. The results indicate that the 
enhancement of the photo current was caused by the 
surface plasmon resonance effect generated by the Ag 
nanoparticles. In addition, minority carrier lifetime 
measurements showed that the recombination losses 
caused by the Ag nanoparticles were negligible. These 
results suggest that the embedding of Ag 
nanoparticles is a powerful method to improve the 
performance of n-ZnO/p-Si heterojunction solar cells.    
 
Index Terms—Surface plasmon resonance effect, Ag 
nanoparticles, optical absorption, photo current, 
minority carrier lifetime   

I. INTRODUCTION 

Recently, n-ZnO/p-Si heterojunction solar cells have 
attracted a significant amount of interest because of their 

various advantages, such as a simple process flow and a 
low temperature process [1]. The Zinc oxide (ZnO) film 
can be used as the n-type layer of the heterojunction 
device because it is easy to have n-type conductivity due 
to the excess Zn [2]. For the n-ZnO/p-Si heterojunction 
solar cells, the solar light can be efficiently collected 
owing to the wide band gap of ZnO (Eg=3.3 eV). That is, 
high energy photons can be absorbed in the ZnO region, 
while low energy photons that are transmitted through 
the ZnO layer can be absorbed in the depletion region of 
p-Si [3]. In addition, ZnO film has good electrical and 
optical properties with low price and non-toxicity [4]. 
Although n-ZnO/p-Si heterojunction solar cells have 
many advantages, they require improvements in terms of 
efficiency. Among the various approaches for increasing 
the efficiency in solar cells, the excitation of surface 
plasmon resonances by metal nanoparticles (NPs) has 
been studied to a great extent [5, 6]. When metal NPs are 
illuminated, the free electrons in the metal NPs oscillate 
owing to the electric field of the light. The oscillation can 
be maintained when the frequency of the light is equal to 
that of the oscillation of the free electrons. This 
phenomenon is called localized surface plasmon 
resonance. This resonance between the metal NPs and 
the incoming light enhances the electric field of the light 
and the optical transition rates. The improved optical 
transition increases the light absorption near the metal 
NPs, which is well known to have the potential for 
application in photoelectronic devices, such as light 
emitting diodes, photodetectors, and solar cells [7]. 

In this study, we have applied this concept to n-ZnO/p-
Si heterojunction devices by inserting Ag NPs to achieve 
increased optical absorption and energy conversion 
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efficiency. It was found that the presence of Ag NPs at 
the interface enhanced the electrical properties of the 
device.  

II. EXPERIMENTAL DETAILS 

In this study, a p-type single crystal silicon (p-Si) with 
a thickness of 700 μm and a resistivity of 10 Ω⋅cm was 
used. Before the deposition of the ZnO film and Ag NPs, 
the p-Si substrate was cleaned using the SPM, RCA 
cleaning process. The native oxide on the surface of the 
p-Si substrate was removed with a diluted hydrofluoric 
(HF) 1% solution. To fabricate the Ag NPs, we first 
deposited Ag films of different thickness by an RF 
magnetron sputtering system. After the annealing process, 
the Ag film formed an agglomeration of Ag NPs [8]. 
Among the various methods of preparation for metal NPs, 
the physical sputtering method was employed. The 
method presents many advantages, such as low cost and 
easy fabrication with uniformly distributed metal NPs. 
Subsequently, a thin ZnO film was deposited on the Ag 
NPs/p-Si sample with the sputtering system. For the 
ohmic contacts, Al and Ti electrodes were used for the p-
Si and n-ZnO, respectively. 

Fig. 1 and Fig. 2 show a schematic cross section of the 
n-ZnO/Ag NPs/p-Si diode and the process flow of the 
fabrication, respectively. Scanning electron microscopy 
(SEM) was performed to determine the morphology of 
the Ag NPs. Additionally, we confirmed the structure of 
the ZnO/Ag NPs/p-Si heterojunction by transmission 
electron microscopy (TEM). To examine the light 
absorption of the Ag NPs, the absorption spectrum was 
measured from the UV to the visible region with an UV-
VIS spectrometer. Current-voltage (I-V) measurements 
were performed with an Agilent 4155C semiconductor 
parameter analyzer to investigate the electrical properties 
of the n-ZnO/Ag NPs/p-Si diode. Finally, the minority 
carrier lifetime, which is a key parameter in solar cell 
efficiency, was measured with the quasi-steady-state 
photoconductance (QSSPC) method using Sinton WCT-
120.  

III. RESULT AND DISCUSSION 

The Ag NPs were prepared with the RF sputtering 
system using various deposition times to control the size 

of the NPs. Since the shape, size, and distribution of the 
NPs have a strong influence on the absorption coefficient, 
we compared the optical absorption of the Ag NPs 
according to the sputtering times. The Ag films were 
sputtered on glass for 30 s, 60 s, and 120 s. Then, the 
films were treated by a thermal anneal process at 400 ℃ 
under N2 atmosphere for 30 min. The surface tension 
caused the Ag films to agglomerate, forming Ag NPs at 

Al(100nm)

p-Si substrate(700μm)

ZnO(100nm)

Ti (100nm)

Ag Nanoparticles  

Fig. 1. A schematic diagram of the n-ZnO/Ag NPs/p-Si diode 
structure. 
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Fig. 2. Process flow diagram of the n-ZnO/Ag NPs/p-Si diode 
fabrication. 
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high temperatures. Fig. 3 shows SEM images of Ag NPs 
with various sizes. As the deposition times increased, the 
Ag NPs were enlarged. The mean diameters of the Ag 
NPs in Figs. 3(a), (b) and (c) were 8 nm, 15 nm, and 35 
nm, respectively. 

It is well known that the size of the NPs has a 
significant effect on the optical absorption and Ag NPs 
have a specific absorption peak in the visible region due 
to the surface plasmon resonance [9]. 

An UV-VIS spectrometer was employed to determine 
the optical absorption according to the Ag NPs size. The 
absorption spectra of Ag NPs with various sizes are 
shown in Fig. 4. The maximum absorption peaks are 
located at the wavelengths of 447, 469, and 512 nm when 
the average diameters of the Ag NPs are 8, 15, and 35 
nm, respectively. Moreover, as the size increases, the 
absorption peak exhibits a red shift, which is caused by 
the surface plasmon resonance effect [10]. 

Based on the observation that the highest absorption 
peak was achieved for 15 nm Ag NPs, as shown in Fig. 4, 
15 nm NPs were inserted in the interface between n-ZnO 
and p-Si to improve the photo current of the 
heterojunction diode. The TEM image displayed in Fig. 5 
clearly shows that the Ag NPs (dark spherical regions) 
had sizes between 10 nm and 20 nm.  

Next, we studied the effect of surface plasmon 
resonance on the electrical properties. Fig. 6 shows the 
measurement results of I-V characteristics of the n-
ZnO/p-Si diodes with and without Ag NPs. The I-V 
properties in reverse bias region are important because 
the solar cell efficiency is associated with reverse 
saturation current [11]. Both the dark current and the 
photo current under a 532 nm light source with an 
intensity of 200 mW/cm2 are increased after applying the 
Ag NPs. The dark-reverse current can be increased by 
the easier carrier injection due to the modified interface 
by Ag NPs [12]. It is evident that the photo current of the 
n-ZnO/Ag NPs/p-Si diode is remarkably enhanced 

compared to the photo current of n-Zno/p-Si diode. At a 
bias of 0 V, the measured photo current values were 8.17 
mA/cm2 and 1.02 mA/cm2 for the n-ZnO/15 nm Ag 
NPs/p-Si diode and the n-ZnO/p-Si diode, respectively. 
These results show that the photo current were largely 
increased after inserting the 15 nm Ag NPs. In case of 
the photo current, it is thought that the primary reason for 
the large increase is the enhanced light scattering and 
absorption at specific wavelengths induced by the Ag 
NPs.  

To further examine the effect of the Ag NPs, we 
compared the photo current at various wavelengths. Fig. 
7 shows the normalized photo-generated current of the 
diode with and without Ag NPs. The dark current values 
of the n-ZnO/15 nm Ag NPs/p-Si and the n-ZnO/p-Si 
diode were extracted in -1 V. Also, the photo current 
values of the n-ZnO/15 nm Ag NPs/p-Si and n-ZnO/p-Si 
diode were extracted in -1 V as a function of 
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100nm 100nm 100nm

 

Fig. 3. SEM image of Ag NPs on glass for the sputtering times
of (a) 8 nm, (b) 15 nm, (c) 35 nm. 
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Fig. 4. Optical absorption spectrum of Ag NPs according to Ag 
NPs sizes. 
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Fig. 5. TEM image of cross section view of ZnO/Ag NPs/p-Si 
structure. 
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wavelengths from 400 nm to 700 nm. The photo-
generated current is the growth rate of photo current as 
compared with that of the dark current. The insertion of 
Ag NPs caused an increase in the maximum photo-
generated current by a factor of 1.13–1.35.  

For the device with the Ag NPs, this increase was 
particularly prominent in the wavelength region from 460 
nm to 500 nm. This result agrees well with the optical 
absorption spectra of the Ag NPs shown in Fig. 4, 
indicating that the large increase in the photo-generated 
current is mostly due to the coupling of the Ag NPs with 
the surface plasmon resonance. Therefore, an improved 
absorption in the visible region can be expected from the 
addition of Ag NPs at the n-ZnO/p-Si interface. 

However, the Ag NPs in the interface can increase the 
interface trap densities which can lower the solar cell 

performance [13]. Table 1 shows the minority carrier 
lifetime values which are measured to confirm the 
possible effect of Ag NPs. The structure with Ag NPs 
and without Ag NPs indicates 289.1 μsec and 264.24 
μsec, respectively. 

When the Ag NPs were inserted, the minority carrier 
lifetime values were slightly reduced, but this difference 
is too low to estimate the efficiency reduction of the solar 
cell. This result shows that the effect of the Ag NPs on 
the recombination losses was negligible. 

V. CONCLUSIONS 

In this work, we investigated the effect of inserting Ag 
NPs in the interface of n-ZnO/p-Si heterojunction devices. 
In n-ZnO/Ag NPs/p-Si diode, the surface plasmon 
resonance peak was observed, which exhibited a red shift 
when the size of the Ag NPs size increased. The 
application of Ag NPs enhanced the I-V characteristics of 
the diodes and the photo-generated current was increased 
by a factor of 1.35. The Ag NPs appeared to produce 
enhanced light scattering and absorption at specific 
wavelengths through the surface plasmon resonance. 
Additionally, we found that the recombination losses due 
to the Ag NPs can be ignorable. Therefore, the fabrication 
of heterojunction solar cells with embedded Ag NPs is 
advantageous for obtaining the photocurrent enhancement 
without accelerating the recombination losses.  
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Fig. 6. Dark and photo current I-V characteristic in the n-
ZnO/15 nm Ag NPs/p-Si diode and the n-ZnO/p-Si diode. 
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Fig. 7. Normalized photo-generated current at a bias of -1 V in 
n-ZnO/p-Si diode with and without Ag NPs as a function of 
wavelength. 

 
 

Table 1. Measurement results of the minority carrier lifetime 
from without and with Ag NPs structure 

 Minority carrier lifetime 
(A) Without Ag NPs 289.1 μsec 

(B) With Ag NPs 264.24 μsec 
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