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Nano Ag-enhanced energy conversion efficiency (ECE) in one standard commercial pc-Si solar cell

utilizing the forward scattering by Ag nanoparticles on surface has been researched experimentally

and simulatively in this paper. Directly assembling Ag nanoparticles (with size about 100 nm) on

the surface, it is found when the particle surface coverage is 10%, the ECE and the short circuit

current density are increased by 2.8% and 1.4%, respectively. Without changing any existing

structure of the ready-made solar cell, this facile and efficient method has huger applications than

other methods.VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4830418]

Crystalline silicon solar cells always occupy the domi-

nant position in photovoltaic market during the past decade,

therein poly-crystalline silicon (pc-Si) solar cell is the most

popular and wide-used product due to its low cost in contrast

with single-crystalline silicon (sc-Si) solar cell and high

energy conversion efficiency (ECE) compared with amor-

phous silicon (a-Si) solar cell.1,2 Surface texturing (ST) and

antireflection coating (ARC) are the common methods used

in producing pc-Si solar cell, which can significantly

increase the effective absorption of the incident lights.1–3

Nevertheless, the ECE of pc-Si solar cell is still lower than

that of sc-Si solar cell, which impels researchers realize the

importance of exploring new methods to further improve the

lights absorption of pc-Si solar cell. A promising way to

achieve this goal is taking use of the forward scattering

of the plasmonic effect excited by metal nanoparticles (Au,

Ag, Al, etc.),4–11 where Ag nanoparticles are widely used

due to its relative low price in contrast with Au and well con-

trollability in synthesis compared with Al.5,9,12–14 Incident

lights will scatter preferentially into the larger-permittivity

dielectric when Ag nanoparticles are put on the interface

between two dielectrics, resulting in an angular spread which

can induce an increase of optical path length.4,15 Based on

this principle, various Ag-enhanced Si solar cells have been

studied by researchers, including thin sc-Si solar cell, bulk

sc-Si solar cell, thin a-Si solar cell, and thin pc-Si solar

cell.5,16–20 But, most of the above solar cells are planar struc-

tures with or without ARC, where ST is often ignored.

Taking Ag as a scattering particles and combining with ARC

and ST all together will adequately utilize these three light-

trapping effects and consequently increase the ECE of Si

solar cells, Fahr’s group21 had reported a similar structure in

tandem Si solar cells which showed a great enhancement

of current densities from 11.67mA/cm2 to 14.48mA/cm2.

However, there is little relevant research on pc-Si solar cell.

What is more, although all the researches above show great

ECE enhancements in various Si solar cells, they are far

from practical application due to their complex preparation

procedures and large alterations in existing structures of Si

solar cell. Studies in ready-made commercial pc-Si solar

cells are barely researched, making the practical application

of Ag-enhanced Si solar cells in daily life still no obvious

breakthrough.

In this paper, Ag nanoparticles are placed randomly on

the surface of one commercial pc-Si solar cell (2 cm� 2 cm

� 180 lm, Suiying Solar Technology Co., Shanghai, China),

which is excellently textured and coated with about 75 nm

SiNx ARC. Three surface coverages (SC) (5%, 10%, and

20%) of Ag nanoparticles were tried in our test, and different

increases of ECE and short circuit current density (Jsc) were
observed. When the SC was 10% and the size of Ag nanopar-

ticles was about 100 nm, best result was obtained: Jsc
increased from 32.00mA/cm2 to 32.45mA/cm2 and ECE
increased from 14.00% to 14.39%, which were enhanced by

1.4% and 2.8%, respectively. The present manufacture tech-

nology of commercial pc-Si solar cell is full-fledged, the

ECE is steady and harder to increase, so this improvement is

undoubtedly very exciting. Because the enhancements are

obtained on ready-made commercial pc-Si solar cells which

are widely available in markets, this simple process has huger

applications compared with other methods. Relevant numeri-

cal simulations by finite difference time domain (FDTD)

method, which provide a good understanding of the experi-

mental results, are also presented in this paper. Figure 1

shows the schematic of forward scattering by Ag nanopar-

ticles on the surfaces of the commercial pc-Si solar cells.

Ag nanoparticles were synthesized by a modified method

reported by Silvert et al.,22 where 0.05 g silver nitrate (AgNO3,

99.8%, AR), 0.18 g polyvinylpyrrolidone (PVP,Mw¼ 55 000),

and 20ml ethylene glycol (C2H6O2, 99.0%, AR) were mixed

uniformly and heated at 130 �C for 1 h. Then these Ag nano-

particles were washed with absolute ethyl alcohol (EtOH,

95%, AR) for several times and dispersed in the EtOH for fur-

ther use. The nanoparticles synthesized by this method were

size-consistent with particle diameter about 100 nm. The inset

in Figure 2(b) is the transmission electron microscope (TEM,

JEM-2011) image of the Ag nanoparticles.

a)Author to whom correspondence should be addressed. Electronic mail:

xlxu@ustc.edu.cn
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The solution of Ag nanoparticles was dropped on the

surface of pc-Si solar cell directly, after the EtOH evaporat-

ing thoroughly the solution was dropped again, then same

process was repeated several times. By controlling the drop

times, surfaces with three SC (5%, 10%, and 20%) of Ag

nanoparticles were obtained. Figure 2 is the scanning

electron microscope (SEM, JSM-6700F) images of the

surfaces with different Ag SC: (a) no Ag, (b) SC¼ 5%,

(c) SC¼ 10%, and (d) SC¼ 20%.

Current density-voltage (J-V) and power-voltage (P-V)
characterizations of the pc-Si solar cells with different Ag

SC were tested by the solar simulator (OTENTO-SUN II,

Bunkoukeiki. co. ltd.,), and Jsc, open circuit voltage (Voc),

ECE and fill factor (FF) are all shown in Table I.

Figure 3 indicates that the maximum power (MP) of the
commercial pc-Si solar cell without any Ag nanoparticles on

its surface is 14.00 mW/cm2, and when SC¼ 5% and 10%

the MP increases to 14.06 mW/cm2 and 14.39 mW/cm2,

respectively, but when SC¼ 20% the MP decreases to

13.88 mW/cm2. The same variation tendencies of Jsc, ECE
and FF are also observed in Table I, where the three parame-

ters are increased by 1.4%, 2.8%, and 1.2%, respectively, in

contrast with the primal pc-Si solar cell when the SC¼ 10%.

These enhancements are mainly due to the forward scattering

of Ag nanoparticles, which effectively increases the optical

path length of the incident lights then improves the lights

absorption combining with the ST and ARC together and

finally turns into excess photo-generated carriers. For low

SC (5%) the improvement is not so obvious, because there

are not sufficient Ag nanoparticles to provide adequate lights

absorption. But, for high SC (20%), too many Ag nanopar-

ticles on the surfaces will hinder the lights to enter into the

pc-Si and decrease the absorption of the incident lights.

For better understanding the forward scattering effect

and experimental results above, the transmittance, electric

field distribution, and absorption profiles of pc-Si solar cells

were simulated, using the software FDTD Solutions,23 where

planar pc-Si solar cells with 75 nm Si3N4 ARC and different

Ag SC were adopted. As shown in Figure 4(a), perfectly

matched layer boundary conditions were used in z-direction

and periodic boundary conditions were used in x/y-direction.

Setting the diameter of Ag nanoparticles to 100 nm and dif-

ferent SC can be obtained by changing the intervals between

two particles.

Figure 4(b) shows the simulated transmittance of the

planar pc-Si solar cells (Tsim(k)) with different Ag SC. When

Ag nanoparticles are put on the surfaces of the solar cells,

the transmittance enhancement and suppression occurs at

wavelength above and below 680 nm (SC¼ 10%, different

SC slightly shifts), respectively. As we inferred previously,

we consider that these enhancements come from the forward

scattering effect of Ag nanoparticles. Figures 5(a) and 5(b)

FIG. 1. Schematic of forward scattering by Ag nanoparticles on the surface

of the commercial pc-Si solar cell.

FIG. 2. SEM images of commercial pc-Si solar cells with different Ag SC:

(a) SC¼ 0%, (b) SC¼ 5%, (c) SC¼ 10%, (d) SC¼ 20%, inset in (a) the

photograph of the commercial pc-Si solar cell, inset in (b) the TEM image

of the Ag nanoparticles.

TABLE I. Short circuit current density, open circuit voltage, energy conver-

sion efficiency, and fill factor with different Ag SC.

No Ag SC¼ 5% SC¼ 10% SC¼ 20%

Jsc (mA/cm2) 32.00 32.12 32.45 31.94

Voc (V) 0.591 0.590 0.592 0.589

ECE (%) 14.00 14.06 14.39 13.88

FF 0.740 0.742 0.749 0.738

FIG. 3. Current density-voltage (J-V) and power-voltage (P-V) characteriza-
tions of commercial pc-Si solar cells with different Ag SC.

203904-2 Yu et al. Appl. Phys. Lett. 103, 203904 (2013)
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show the simulated electric field distribution (k¼ 729 nm) of

pc-Si/ARC and pc-Si/ARC/Ag (SC¼ 10%) in x-y plane

below Si3N4 ARC 5 nm, respectively. Transmitted electric

field intensity of the pc-Si/ARC/Ag (SC¼ 10%) is obviously

improved in contrast with that of pc-Si/ARC, which is coin-

cident with Tsim(k) above, vividly suggesting Ag nanopar-

ticles can indeed result in certain lights streaming into pc-Si

more facile. On account of the position of the transmitted

electric field intensity (80 nm below the surface), this

improvement cannot come from the near-field enhancement

of the localized surface plasmon by Ag nanoparticles, and

the only reason for it is the far-field scattering effect (forward

scattering effect). For further researching the light absorption

by pc-Si, power absorption per unit volume (L(r
*
,k)) was cal-

culated by

Lðr*; kÞ ¼ 1

2
realr � ðE*ðr*; kÞ � H

* ðr*; kÞÞ

¼ 1

2
x
��E*ðr*; kÞ��2Imðepc�SiðkÞÞ: (1)

Figures 5(c)–5(f) are the simulated absorption profiles of

pc-Si/ARC and pc-Si/ARC/Ag (SC¼ 10%) at k¼ 729 nm,

where (c) and (d) are in x-y plane below the Si3N4 ARC 5 nm,

and (e) and (f) are in y-z plane at x¼ 0. Figures 5(c) and 5(d)

are fundamentally the same as Figures 5(a) and 5(b), respec-

tively, indicating that the transmitted light can be well

absorbed, in other words suggest that the absorption enhance-

ment (subsequently converting into Jsc/ECE enhancement)

indeed drives from the forward scattering effect if what

we inferred is right. Three areas are divided in Figures 5(e)

and 5(f): (1) z> 0 nm, air; (2) �75 nm< z< 0 nm, Si3N4;

(3) z<�75 nm, pc-Si. In areas of air and Si3N4, there are

nearly no absorptions due to their ignorable imaginary parts

of refractive index, but in the area z<�75 nm, absorption is

remarkable. In the region �800 nm< z<�75 nm, light

absorption of pc-Si/ARC/Ag (SC¼ 10%) is obviously

enhanced in contrast with pc-Si/ARC. Compared with

Figures 5(a) and 5(b), 5(e) and 5(f) are more convincing in

exhibiting the forward scattering effect. It is noticed that the

absorption pattern of pc-Si/ARC/Ag (SC¼ 10%) shows an

obvious angular distribution in contrast with that of pc-Si/

ARC, which is one characteristic of the forward scattering

effect just as we mentioned in the introduction previously.

Therefore, combining with the results of (a) and (b), it is

reasonable to believe that the enhancement is caused by the

forward scattering of Ag nanoparticles. Here k¼ 729 nm was

chosen on consideration of its higher transmittance compared

with other lights above 680 nm, which can better show the

differences of electric field distribution and absorption pro-

files between pc-Si/ARC and pc-Si/ARC/Ag (SC¼ 10%).

What is more, the transmittance suppression below 680 nm is

caused by the Fabry-Perot oscillation, which slightly shifts to

longer wavelength when nanoparticles are deposited.

Assuming that all electron-hole pairs contribute to pho-

tocurrent, the Jsc can be calculated by

FIG. 4. (a) Schematic of the simulation model used in FDTD solutions,

(b) simulated transmittance of the planar pc-Si solar cells with different Ag SC.

FIG. 5. (a), (b) Simulated electric field distribution (k¼ 729 nm) in x-y

plane below Si3N4 ARC 5 nm; (c), (d) simulated absorption profiles

(k¼ 729 nm) in x-y plane below Si3N4 ARC 5nm; (e), (f) simulated absorp-

tion profiles (k¼ 729 nm) in y-z plane (x¼ 0). (a), (c), (e) pc-Si/ARC,

(b), (d), (f) pc-Si/ARC/Ag (SC¼ 10%).
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Jsc ¼ e

ð
k
hc
QEðkÞIAM1:5ðkÞdk; (2)

where e is the electron charge, h is Plank’s constant, c is the
speed of light in the free space, k is the wavelength, QE(k) is
the quantum efficiency at the wavelength k and IAM1.5(k) is
the solar spectrum intensity (Air Mass 1.5). QE(k) is defined
by

QEðkÞ ¼ PabsðkÞ
PinðkÞ ; (3)

where Pin (k) and Pabs (k) is the power of the incident light

and absorbed light within the solar cell. Because the actual

thickness of the pc-Si solar cell is about 180 lm, sufficient for

all lights into pc-Si being absorbed, Eq. (3) is equal to

Tsim(k). The simulated Jsc is shown in the table inserted in

Figure 4(b). Comparing with the experimental results, simu-

lations give the same variation tendency of the Jsc. When Ag

SC¼ 10%, Jsc increase from 41.13mA/cm2 to 41.93mA/cm2

in contrast with that without Ag covered, which is slightly

higher than the experimental result (0.45mA/cm2). After all,

the simulations are perfectly ideal, and in view of various

losses in our practical situation this 0.8mA/cm2 increase is

acceptable.

In conclusion, Ag-enhanced ECE in standard commer-

cial pc-Si solar cells was researched by us both on experi-

ments and numerical simulations. By dropping Ag solutions

on surfaces of commercial pc-Si solar cells, the best result

was obtained when Ag SC¼ 10% with an increase of ECE
by 2.8%. On consideration of the handleability of this tech-

nique, our experiment provides a useful method for photo-

voltaic industry.
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