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Abstract
Plasmonic effects of silver nanoparticles (Ag NPs) of various dimensions embedded and non-embedded in silicon dioxide 
antireflective coating (SiO2 ARC) deposited by electron-beam evaporation on silicon (Si) solar cells are characterized. Raman 
scattering and absorbance measurements were used to examine plasmonic resonance absorption of Ag NPs with various 
particle dimensions and different dielectric environments. The obtained Raman and absorbance results revealed that the large 
dimensions of Ag NPs exhibited much impressive plasmonic resonance absorption. Furthermore, optical reflectance and 
photovoltaic current–voltage measurements were also used to confirm the photovoltaic performance enhancement induc-
ing by plasmonic forward scattering of Ag NPs of various dimensions. Thus, the efficiency enhancement of 3.64, 7.42, and 
10.24% for the solar cells with Ag NPs in diameter of 21, 25, 32 nm, respectively, embedded in SiO2 ARC was achieved due 
to plasmonic scattering inducing by Ag NPs, compared to the cell with a pure SiO2 ARC without Ag NPs.

1  Introduction

A surface plasmon resonance (SPR) is the resonance oscil-
lation of collective conduction electrons in a metal stimu-
lated by beam of light incident. The resonance condition is 
established when the frequency of light matches the natural 
frequency of conduction electrons oscillating against from 
this restoring force. SPR in nanometer-sized structures is 
called localized surface plasmon resonance (LSPR). LSPRs 
are non-propagating excitations of the conduction electrons 
of metallic NPs coupled to the electromagnetic field and 
the collective conduction electrons oscillation causes a large 
resonant enhancement of the local field near the NP [1–5]. 
For gold (Au) and silver (Ag) nanoparticles (NPs), the reso-
nance falls into the visible region of the electromagnetic 
spectrum. Thus, the LSPR properties of Au NPs and Ag NPs 
have attracted attention for applications on optical devices 
because of the significant enhancement and confinement 
of the electric fields near metallic nanoparticle/dielectric 

interfaces [6, 7]. Typically, Ag NPs are extraordinarily effi-
cient at absorbing and scattering light. The strong interac-
tion of the Ag NPs with light occurs because the conduction 
electrons on the silver surface undergo a collective oscilla-
tion when excited by light at specific wavelengths [8, 9]. 
This oscillation results in unusually strong light scattering 
and absorption properties. In addition, the SPR of metallic 
NPs is sensitive to the particle size, shape, dielectric prop-
erties of the metal and the surrounding medium [10–15]. A 
unique property of spherical Ag NPs is that this SPR peak 
wavelength can be tuned from 400 to 530 nm by changing 
the particle size and the local refractive index near the par-
ticle surface. Even larger shifts of the SPR peak wavelength 
out into the infrared region of the electromagnetic spectrum 
can be achieved by producing Ag NPs with rod or plate 
shapes [9, 16, 17]. Tuning of the LSPR spectrum associated 
with metallic NPs closely match the solar spectrum, which 
increasing the optical absorption of incident photons within 
the active layer as well as increasing the photocurrent of 
device, is an important issues [6, 8, 18–27]. However, to our 
knowledge, only limited study has been conducted on plas-
monic effects of Ag NPs of various dimensions embedded 
and non-embedded in silicon dioxide antireflective coating 
(SiO2 ARC) on silicon solar cells [15, 28]

In the present study, surface plasmon resonances of 
Ag NPs with various particle-dimensions and different 
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dielectric-environments were first examined using Raman 
scattering and absorbance measurements [29, 30]. In addi-
tion, optical reflectance, internal quantum efficiency (IQE), 
and photovoltaic current density–voltage (J–V) of the cells 
with Ag NPs of various dimensions embedded and non-
embedded in SiO2 ARC on silicon solar cells were measured 
and compared. Through comparisons with reference cells, 
the photovoltaic performance enhancements of the cells with 
Ag NPs of various dimensions deposited on a thin SiO2 layer 
or embedded in SiO2 ARC are confirmed due to the plas-
monic forward scattering inducing by Ag NPs.

2 � Experimental details

Nano-scale metallic particles with surface plasmons can be 
used to enhance Raman scattering and manipulate the light 
for photovoltaic devices to enhance its efficiency. In this 
study, the excitation of localized surface plasmon of the pro-
posed Ag NPs with various dimension embedded and non-
embedded in SiO2 layer was examined by surface enhanced 
Raman scattering and absorbance measurements. Next, the 
plasmonics light scattering modulation of various Ag NPs 
embedded and non-embedded in SiO2 ARC on the Si solar 
cells was also characterization using optical reflectance and 
J–V measurements.

2.1 � Raman scattering and absorbance produced 
by metallic nanoparticles

To characterize the plasmon-enhanced Raman scattering and 
absorbance produced by metallic nanoparticles, the samples 
were prepared as: (1) samples of Ag NPs non-embedded in 
SiO2 layer: 3-, 5-, and 7-nm thick Ag films were, respec-
tively, deposited on the glass substrates with a 20 nm-thick 
layer of SiO2 using E-beam evaporation. The samples were 
then annealed at 200 °C for 30 min under ambient H2 to 
form Ag NPs (Fig. 1a); (2) Samples of Ag NPs embedded in 
SiO2 layer: 3-, 5-, and 7-nm thick Ag films were first depos-
ited, respectively, on the glass substrates with a 20 nm-thick 

layer of SiO2 using E-beam evaporation. The samples were 
then annealed at 200 °C for 30 min under ambient H2 to 
form Ag NPs. Next, a 74-nm thick SiO2 film was depos-
ited over the surface of Ag NPs using E-beam evaporation 
(Fig. 1b); (3) We also deposited a 94 nm thick SiO2 layer 
on the glass substrate without metallic NPs as a reference 
sample for comparison (Fig. 1c). Raman scattering spec-
tra were collected using a micro-Raman system (Ramboss 
500i Micro-Raman/PL Spectroscopy, DONGWOO) with a 
semiconductor laser operating at 473 nm and with an output 
power of 0.09 mW as the excitation source. Besides, absorb-
ance spectra were collected using a miniature spectrometer 
(USB4000, Ocean Optics) with a deuterium tungsten light 
source (200–2000 nm) and a 5 cm diameter reflrctive inte-
grating sphere.

2.2 � Fabrication of plasmonic silicon solar cells

P-type crystalline silicon wafers with a (100) orientation 
and resistivity of 10 Ω-cm with a thickness of 525 μm were 
used as a base material for solar cell devices after being cut 
to samples of 1 × 1 cm2. Following RCA standard-cleaning 
processes, the silicon samples were coated with a phospho-
rus liquid source (Phosphorofilm, Emulsitone Co., New Jer-
sey, US) using spin-on coating at a speed of 3000 rpm for 
20 s. They were then prebaked at 200 °C for 5 min followed 
by further baking at 400 °C for 10 min in a rapid thermal 
annealing (RTA) chamber for the removal of organic species. 
The front and back sides of the samples were then capped 
using a layer of SiO2 (300-nm thick) using e-beam evapora-
tion before being heated in an RTA chamber at 925 °C under 
ambient N2 with 1–2% O2 for 90 s to initiate the diffusion 
of phosphorus and thereby obtain an n+-Si emitter layer 
(n+-Si emitter/p-Si base). The samples were then soaked 
in a solution of hydrofluoric acid to remove the layers of 
SiO2 and phosphosilicate glass before undergoing isolation 
etching using a photolithographic process using a solution 
of HNO3:HF:H2O at a ratio of 1:1:2, which resulted in indi-
vidual cells 4 × 4 mm2 in size. Ohmic contact electrodes 
were produced by depositing a layer of aluminum (Al) film 

Fig. 1   a Ag NPs on a thin SiO2 layer, b Ag NPs embedded in SiO2 ARC layer, c a pure SiO2 ARC layer. All proposed schemes were coated on 
the glass substrates and Si solar cells, respectively
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to a thickness of 300 nm on the back side and Ti (20-nm)/Al 
(300-nm) films on the front side using e-beam evaporation. 
The final step in the fabrication of the bare Si solar cells 
involved annealing under ambient N2 at 450 °C for 10 min to 
ensure a good ohmic contact between the metallic electrodes 
and Si semiconductor.

Plasmonic Si solar cells were fabricated by depositing 
a 20-nm thick SiO2 spacer layer on the top surface of the 
bare solar cells using e-beam evaporation. The SiO2 film 
was evaporated under pressure of 1.50 × 10− 4 Pa with an 
emission current of 22 mA, which resulted in a deposition 
rate of 0.32 Å/s. As shown in Fig. 1, a variety of Si solar cell 
samples were produced from the bare substrate to investigate 
the light scattering of Ag NPs of various particle dimen-
sion schemes: the cell with Ag NPs non-embedded in SiO2 
layer (Fig. 1a), the cell with Ag NPs embedded in SiO2 ARC 
(Fig. 1b), and the cell with a pure SiO2 ARC without Ag 
NPs (Fig. 1c). The morphology and dimensions of the Ag 
NPs were characterized using electron scanning microscopy 
(SEM; JEOL JSM-6500F) and the size distribution of the 
particles was calculated from SEM images using J-image 
software (National Institute of Mental Health, Bethesda, 
MD, USA). We then characterized the optical and electri-
cal performance of the resulting plasmonic Si solar cells 
based on the measurements of optical reflectance (Lambda 
35, PerkinElmer, Inc., Waltham, Massachusetts, USA), 
IQE response at wavelengths between 300 and 1000 nm 
(Enli Technology Co., Ltd.), and photovoltaic J–V under 
AM 1.5G (1000 mW/cm2 at 25 °C) solar simulation. The 
solar simulator (XES-151S, San-Ei Electric Co., Ltd.) was 
calibrated using a crystalline silicon reference cell (PVM-
236) certified by the National Renewable Energy Laboratory 
(NREL) prior to measurements.

3 � Results and discussion

Figure 2 shows SEM images of Ag NPs and the size dis-
tribution and surface coverage of Ag NPs, as calculated 
using ImageJ software from the corresponding SEM images 
deposited as an Ag film to thicknesses of (a) 3 nm, (b) 5 nm 
and (c) 7 nm, respectively. Because the plasmonic light scat-
tering induced by Ag-NPs was depended on the samples 
with Ag NPs of various size distribution profiles. The aver-
age surface coverage and average diameter of the obtained 
Ag NPs were as follows: 36.75% and 20.13 nm, 41.83% and 
25.03 nm, and 46.46% and 32.14 nm, corresponding to the 
deposited Ag film to thicknesses of (a) 3 nm, (b) 5 nm and 
(c) 7 nm. Thus, the surface coverage and diameter of Ag NPs 
increase when the deposited Ag film thickness increased.

The most intense surface-enhanced Raman scattering 
(SERS) signals are obtained from Ag NPs of various size 
and shape. Figure 3 shows the Raman spectra of samples 

with the following configurations, Fig. 3a: 20-nm SiO2, Ag-
NPs (3 nm)/SiO2, Ag NPs (5 nm)/SiO2, and Ag NPs (7 nm)/
SiO2; Fig. 3b: 94-nm SiO2, Ag NPs (3 nm) embedded in 
SiO2, Ag NPs (5 nm) embedded in SiO2, and Ag NPs (7 nm) 
embedded in SiO2. Typically, the intensity of the Raman 
signals was enhanced by surface plasmon resonance of the 
metallic NPs, compared to that of the sample comprising 
only an SiO2 on the glass substrate and a higher Raman 
signal intensity was exhibited on the sample with the large 
dimensions and high coverage of Ag NPs. The samples of 
Ag NPs non-embedded in SiO2 ARC presented five Raman 
signal intensity peaks (plasmon resonance modes) at 861, 
1144, 1294, 1415, and 1625 cm− 1 and the samples of Ag 
NPs embedded in SiO2 ARC also presented five Raman sig-
nal intensity peaks at 860, 1142, 1372, 1408, and 1624 cm− 1. 
However, the peak at 1294 cm− 1 mode was suppressed and 
the 1415 cm− 1 mode was split into 1372 and 1408 cm− 1 
modes because the refractive index (n) of the up-side sur-
face of the Ag NPs is increased [from n = 1 (air) to n = 1.5 
(SiO2)] when Ag NPs embedded in SiO2 layer. Furthermore, 
the Raman peaks can be assigned to the molecular vibrations 
in Ag/SiO2 composites as follows [31, 32]: (1) the 861 cm− 1 
Raman band was the ring stretching of Ag-O-Ag; (2) the 
1144 cm− 1 Raman band was the asymmetric stretching of 
Si-O-Si; (3) the 1294 cm− 1 Raman band was the bending of 
Si-O-Si; (4) the 1372 cm− 1 Raman band was the stretching 
of Ag[O-O]−, and (5) the 1625 cm− 1 Raman band was the 
overtone of Ag-OH. In conclusion, we observed a strong 
local electric field associated with the surface plasmon reso-
nance of Ag NPs in this study.

Ag NPs absorb and scatter light with extraordinary effi-
ciency. Their strong interaction with light occurs because 
the conduction electrons on the metal surface undergo a 
collective oscillation when they are excited by light at 
specific wavelengths. Ag NPs absorption and scattering 
properties can be tuned by controlling the particle size, 
shape, and the local refractive index near the particle sur-
face. Figure 4 shows the absorbance spectra of samples 
with the following configurations, Fig. 4a: 20-nm SiO2, 
Ag-NPs (3 nm)/SiO2, Ag NPs (5 nm)/SiO2, and Ag NPs 
(7 nm)/SiO2; Fig. b: 94-nm SiO2, Ag NPs (3 nm) embed-
ded in SiO2, Ag NPs (5 nm) embedded in SiO2, and Ag 
NPs (7 nm) embedded in SiO2. The optical properties of 
Ag NPs are highly dependent on the nanoparticle diam-
eter. Smaller nanoparticles primarily absorb light and have 
peaks near 410 nm, while larger particles exhibit increased 
scattering and have peaks that broaden and shift towards 
longer wavelength (419 nm), as shown in Fig. 4a. Ag NPs 
optical properties also depend on the refractive index near 
the surface of nanoparticle. As the refractive index near 
the surface of nanoparticle increases, the nanoparticle 
absorbance peak shifts to longer wavelengths as shown 
in Fig. 4b, compared to Fig. 4a. Practically, this means 
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that the nanoparticle absorbance peak location will shift 
to longer wavelengths if the Ag NPs embedded in SiO2. 
Thus, in this study, increasing the refractive index (n) of 
the up-side surface of nanoparticle from n = 1 (air) to 
n = 1.5 (SiO2) results in an absorbance peak shift of over 
30 nm. In general, we observed that the surface plasmon 
resonance band of proposed Ag NPs scheme exhibited at 
the wavelength range of 350–550 nm in this study.

Figure 5 shows the optical reflectance spectra of the pro-
posed samples. The reflectance of the cells with a thin SiO2 
space layer of 20 nm or with an SiO2 ARC was lower than 
that of the bare cell, due to the antireflective properties of the 
SiO2. In Fig. 5a, at wavelengths of 350–550 nm, the reflec-
tance of the cell with Ag NPs of various particle-dimensions 
on the SiO2 layer was lower than that of the cell with only an 
SiO2 layer, due to the surface plasmon resonance absorption 

Fig. 2   SEM image and size distribution and surface coverage of Ag-NPs obtained from the deposited Ag film to thicknesses of a 3 nm, b 5 nm 
and c 7 nm
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induced by Ag NPs. It should be noted that at wavelengths 
of 600–1100 nm, the reflectance of the cell with Ag NPs 
on the SiO2 layer decreased to a level below that of the cell 
with only an SiO2 layer, due to the plasmonic forward scat-
tering of photons induced by the Ag NPs. Furthermore, the 
reflectance of the cell with large-dimension Ag NPs (7 nm) 
was lower than that of small-dimension Ag NPs (5 or 3 nm) 
ones, which agree to the results of Raman and absorbance 
of high plasmonic effects induced by larger Ag NPs dimen-
sions. Similarly, for Ag NPs embedded in SiO2 ARC case, 
the reflectance of the cells with Ag NPs was lower than that 
the cell with a pure SiO2 ARC due to the plasmonic effects 
induced by Ag NPs, as shown in Fig. 5b. Particularly, the 
reflectance of the cell with Ag NPs embedded in SiO2 ARC 
was much lower than the cell with Ag NPs embedded in 
SiO2 (non-embedded one) and the reflective trough of the 
cell with Ag NPs embedded in SiO2 ARC was red shifted 

when the particle dimension was increased. Optical trans-
mittance spectra of the glass-substrates coated with 94-nm 
SiO2 ARC, Ag NPs (3 nm) embedded in SiO2 ARC, Ag 
NPs (5 nm) embedded in SiO2 ARC, and Ag NPs (7 nm) 
embedded in SiO2 ARC are presented in Fig. 5c for further 
comparison. In general, a lower reflectance on the photovol-
taic devices would be benefited to enhance photocurrent and 
conversion efficiency.

Internal quantum efficiency (IQE) is the ratio of the 
number of charge carriers collected by the solar cell to the 
number of photons of a given energy that shine on the solar 
cell from outside and are absorbed by the cell. Figure 6 pre-
sents the IQE response of the bare silicon solar cell, the 
cell coated with an SiO2 ARC layer, and solar cells coated 
with Ag NPs of various sizes embedded in SiO2 ARC layer. 
The IQE responses of the cells with an SiO2 ARC layer and 
the cells with Ag NPs embedded in SiO2 ARC layer are 
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in strong agreement with the optical reflectivity results. At 
wavelengths of 350–550 nm, the IQE values of cells with 
Ag NPs were lower than those of cells with only an SiO2 
layer and the bare cell. This can be attributed to the surface 
plasmon resonance absorption of Ag NPs. In contrast, at 
wavelengths of 350–550 nm, the IQE values of cells with Ag 
NPs were higher than those of cells with only an SiO2 layer 
and the bare cell, which are benefited from the plasmonics 
forward scattering of Ag NPs. The forward scatter photons 
within the active layer of cells provide far higher collection 
efficiency, which generates higher photocurrent.

The photovoltaic J–V characteristics of (a) the cells 
with Ag NPs on a thin SiO2 space layer and (b) the cells 
with Ag NPs embedded in SiO2 ARC are presented in 
Fig. 7. The photovoltaic performance of all evaluated solar 
cells is listed in Table 1. In Fig. 7a, the case of the cells 
with a thin SiO2 space layer (20 nm), the conversion effi-
ciency (η) enhancement was about 4.55% (from 11.45 to 
11.97%) due to antireflection of SiO2 layer, compared to 
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the bare cell. For the cells with Ag NPs on a thin SiO2 
space layer, an increasing in short-circuit current–density 
(Jsc) and η is also obtained due to the contribution of plas-
monic effects of Ag NPs. Thus, the cells with Ag NPs of 
dimensions of 21, 25, and 32 nm on thin SiO2 space layer 
(non-embedded in SiO2 scheme), the efficiency enhance-
ment (∆η) of 2.76% (from 11.97 to 12.30%), 7.60% (from 
11.97 to 12.88%), and 8.88% (from 11.97 to 13.02%), 
respectively, were obtained, compared to the cell with a 
thin SiO2 space layer without Ag NPs. An increasing sig-
nificantly in Jsc and η was found when the cells coated 
with a large dimension of Ag NPs. Similarly, in Fig. 7b, 
the cells with Ag NPs embedded in SiO2, Jsc and η were 
(32.71 mA/cm2, 13.96%), (34.15 mA/cm2, 14.47%), and 
(34.54 mA/cm2, 14.85%) corresponding to Ag NPs of 
dimensions of 21, 25, and 32 nm, compared to the cell 
with a pure SiO2 ARC (31.67  mA/cm2, 13.47%). An 
enhancing further in Jsc and η to the cells with Ag NPs 
embedded in SiO2 ARC was attributed to the combination 
of the plasmonic effects of Ag NPs and antireflection of 
SiO2 ARC. Practically, the back-scattering of Ag NPs was 
reduced and re-coupled it into the active layer for the cells 
with Ag NPs embedded in SiO2 ARC.

4 � Conclusions

The obtained results of Raman and absorbance examined the 
plasmonic effects of Ag NPs embedded and non-embedded 
in SiO2 with various dimensions and revealed that the large 
dimensions of Ag NPs exhibited much impressive plasmonic 
effects. Moreover, optical reflectance and photovoltaic cur-
rent–voltage measurements were also used to confirm the 
photovoltaic performance enhancement inducing by plas-
monic effects of Ag NPs. For Ag NPs on the thin SiO2 space 
layer (non-embedded), the efficiency enhancement of 8.77% 
(from 11.97 to 13.02%) of the cell with Ag NPs of 32-nm 
dimension was obtained, compared to the cell with a thin 
SiO2 space layer. Furthermore, the efficiency enhancement 
of 10.24% (from 13.47 to 14.85%) of the cell with Ag NPs 
of 32-nm dimension embedded in SiO2 ARC was obtained. 
The gain of 1.38% in absolute efficiency of the cell with 
Ag NPs of 32-nm dimension embedded in SiO2 ARC was 
obtained and the gain indicated the potential benefit of Ag 
NPs embedded in SiO2 ARC due to additional plasmonic 
effects on the cell, compared to the cell with a pure SiO2 
ARC.

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

5

10

15

20

25

30

35

40

C
ur

re
nt

 d
en

si
ty

 (m
A

/c
m

2 )

Voltage (V)

 Bare SC
 SC/SiO2 (20 nm)
 SC/SiO2 (20 nm)/Ag (3 nm)
 SC/SiO2 (20 nm)/Ag (5 nm)
 SC/SiO2 (20 nm)/Ag (7 nm)

(a)

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

5

10

15

20

25

30

35

40

C
ur

re
nt

 d
en

si
ty

 (m
A

/c
m

2 )

Voltage (V)

 Bare SC
 SC/SiO2 ARC
 SC/Ag (3 nm) embedded in SiO2 ARC
 SC/Ag (5 nm) embedded in SiO

2
 ARC

 SC/Ag (7 nm) embedded in SiO
2
 ARC

(b)

Fig. 7   Photovoltaic current density–voltage (J–V) characteristics, a: the cells with Ag NPs on a thin SiO2 space layer, b: the cells with Ag NPs 
embedded in SiO2 ARC

Table 1   The photovoltaic performance of all evaluated solar cells

Cell with Ag NPs on thin SiO2 layer (20 nm) Cell with Ag NPs embedded in SiO2 ARC

Bare SC SiO2 Ag 3 nm Ag 5 nm Ag 7 nm Bare SC SiO2 ARC Ag 3 nm Ag 5 nm Ag 7 nm

Voc (mV) 547.77 549.42 548.6 550.85 549.52 544.32 543.08 547.17 548.47 548.99
Jsc (mA/cm2) 26.48 27.84 28.72 29.87 30.45 26.26 31.67 32.71 34.15 34.54
F.F. (%) 79.06 78.27 78.02 78.27 77.82 78.98 78.37 77.97 78.23 78.32
η (%) 11.45 11.97 12.30 12.88 13.02 11.28 13.47 13.96 14.47 14.85
△Jsc (%) – 5.13 8.46 12.80 14.99 – 20.60 24.56 30.05 31.53
△η (%) – 4.55 7.42 12.49 13.71 – 19.41 23.76 28.28 31.65
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