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The authors investigated Si solar cell with the inclusion of nano-Ag dots using the ink-jet printer.
These nano-Ag dots were used for the Ohmic contact layer on phospho-silicate glass layer, which
was not removed after the formation of Si emitter layer by phosphorus diffusion process. The SiN,
layer deposited on the nano-Ag dots shows the catalyst selective growth and so the layer formed
beneath of nano-Ag dots. The photoreflectances show that the long wavelength from 360 nm to
1200 nm tends to be increased as the density of the nano-Ag is increased. In case of short wave-
length from 294 nm to 367 nm, it shows the opposite trend, indicating the plasmon effect of the
nano-Ag. As embedding the nano-Ag dots on the phospho-silicate glass layer, the blocked Ohmic
contact was opened and the quantum efficiency of 14.4% was achieved, which is higher than the
reference sample of 12.72% without the glass layer. The nano-Ag dots form the good Ohmic contact
and also enhance the light conversion efficiency with the formation of surface plasmon.
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1. INTRODUCTION

Si solar cell has been extensively investigated in order to
improve the cell efficiency by introducing nanostructures
such as semiconductor quantum dots, photonic crystals,
nanoporous Si, and metallic nanoparticles.'* Metallic
nanoparticles such as Cu, Au, Al, and Ag can be used in
Si solar cells to increase the device efficiency by increas-
ing the light absorption.>” Ag nanoparticles are widely
used in solar cells for their light scattering nature at proper
particle size® and strong enhancement of electric field at
the visible and near infrared region of light that occurs
due to the localized surface plasmon. This localized sur-
face plasmon enhances the light absorption into the solar
cell and increases the photocurrent.'™!" Furthermore, a
16-fold increase in photocurrent has been achieved for a
1.25 pm silicon-on insulator cells by using Ag nanoparti-
cles in which light is coupled into the optically dense over
a broad angular range when the localized surface plasmon
resonance in the Ag nanoparticles are excited by the inci-
dent light.

In conventional solar cell fabrication process,!*'* the
phospho-silicate glass (PSG) which is a dielectric layer
formed during the phosphorus duffision, is removed due to
its low absorption coefficient of light at long wavelengths.

*Author to whom correspondence should be addressed.
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But this dielectic layer associated with metallic nanopar-
ticles like Ag nanoparticles develops a tunable light trap-
ping for solar cells. Ag nanoparticles with dielectric layer
markedly enhances the redshift and tuned the localized sur-
face plasmon resonance to longer wavelengths to be cou-
pled into the cell for photocurrent enhancement.'>!® The
silicate glass layer is used in the high efficiency crystalline
solar cells for the front surface passivation and backside
thick oxide under the contacts that supressess the recom-
bination and increase the internal reflection. Furthermore,
the PSG layer is used as a dopant source to form selective
emitter by laser doping process in which the laser selec-
tively melts the silicon and drives the phosphorus in the
emitter deep into the wafer and reduces the sheet resis-
tance underneath the contact finger to achieve high internal
quantum efficiency.'” Therefore, it is valuable to clarify the
plasmon effect of Ag nanoparticles to enhance the reduc-
tion of contact resistance from the interaction with the
dielectric PSG layer on the surface of Si solar cells.

In this work, we investigated polycrystalline Si solar
cell with the inclusion of nano-Ag dots. We printed AZ
nanoparticles on the silicon solar cell wafers without
removing PSG layer by ink-jet printer, where the nant
Ag dots arrays were placed between PSG layer and SiNe
antireflection coating, and was compared with the refer-
ence samples with and without PSG layers. Nano-Ag dots
on PSG layer enhance the conversion efficiency of 1.65%
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o compare to the reference sample without PSG layer and
so provide the plasmonic conduction channel to compare
o the reference sample with PSG layer.

9, EXPERIMENTAL DETAILS

g solar cell was fabricated with the inclusion of nano-Ag
(ots using ink-jet printer instead of any other deposition
or spray process because of its low cost and simplicity '8
o maintain uniformity of the Ag nano-dot on the cell. The
_chematic diagram is shown in Figure 1. A p-type 6-in
?Pglycrystalline Si solar cell wafer with the average sheet
resistance of 47 {)/sq was used. In order to increase the
_absorption of light, the wafer surface was textured. In typi-
al texturing process, polycrystalline Si solar cell is usually
“{extured by using acid solution. The isotropic etching with
the mixture solution of HF:HNO;: CH,COOH was carried
outand the oxidized surface was etched by HF solution.
The p-n junction was formed on the textured wafer by
using a tube furnace with POCl; as the dopant source. In
wbe furnace, the process of phosphorus diffusion has two
steps, such as pre-deposition process and drive-in process.
re-deposition process is carried out at 820 °C for 7 min
. and makes the phosphorus concentration uniform on solar
cell surface. The drive-in process diffuses dopants in solar
_cell at the temperature of 860 °C for 16 min. The sheet
resistance was 49.6 Q/sq, measured by the 4 points probe
method and the lifetime was 13.9 us. In drive-in process,
_the PSG layer was formed on solar cell surface due to
 the Si0,:P,0; reaction. The PSG layer is usually removed
in the standard solar cell process. But in this work, we
did.not remove the PSG layer in order to understand the
Ohmic contact effect of nano-Ag dots which were ink-jet
printed on the solar cell. The nano-Ag dots have the size
distribution of 10~50 nm.

After ink-jet printing of nano-Ag dots arrays on PSG
layer, a 80 nm thickness of SiN, as the anti-reflection coat-
ing was deposited in the ambient gas mixture of SiH, and

=~

‘,km“'SO nm were printed on the PSG later.
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NH; by using plasma enhanced chemical vapor deposition
(PECVD). The bus and finger metal contacts were printed
by screen printing of Ag paste. The back metallization was
carried out by screen printing technique using Al paste.
Then the drying process was carried out at 270 °C for
60 sec, and co-fired at 790 °C for 90 sec in a belt-type
furnace. Finally the laser edge isolation was proceessed to
improve the parallel resistance. The nano-Ag dots sample
with PSG layer was compared to the two reference (Ref.)
samples with and without PSG layers. Furthermore, the
nano-Ag dots sample was partitioned to 4 quadrants in the
printing process of Ag nanoparticles.

Figure 2 shows the photographic image of the fabricated
6-in solar cell which shows the light blue surface due to
the PSG layer as compared to the nomal standard solar
cell. The nano-Ag dots were printed on 4 equal parts of the
solar cell. The second quadrant was selected as the Ref.
without any Ag dots on the PSG layer, and other quadrants
were nano-Ag dot printed with the line intervals of 160,
120, and 80 wm with the line width of 40 wm on the first,
third and fourth quadrants respectively. The sample parts
were named as Ref., Agl60, Agl120 and Ag80.

3. RESULTS AND DISCUSSION

Figure 3 shows the top and cross-sectional FE-SEM
images of the ink-jet printed nano-Ag dots on the fab-
ricated solar cell. Figure 3(a) shows the nano-Ag pat-
tern ink-jet printed on solar cell surface and Figures 3(b),
(c) and (d) are the magnified images where we can see
that most nano-Ag dots are located as well as aggregated at
the sunken parts of the textured wafer surface. The aggre-
gation of the nano-Ag dots is formed due to the dry and
co-firing process. The Figures 3(e) and (f) are the cross-
sectional images of the solar cell where the nano-Ag of
dots are found above the SiN, layer which is a contrast.
Even though the SiN, layer was deposited on the nano-Ag
dots, nano-Ag dots were located on the surface of solar

Nano-Ag dot

Fig 1. Schematic diagram of the Si solar cell structure with the inclusion of nano-Ag dots. The nano-Ag dots were printed by non-contact ink-jet
?fmter and the PSG layer remained on the emitter surface in the standard fabrication process of Si solar cells. The nano-Ag dots with the size of
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Fig. 2. Photograph of 6-in Si solar cell which was processed with the
inclusion of nano-Ag dots on PSG layer. The color of the sample surface
with the PSG layer shows a lightly blue rather than the dark blue for the
standard cell without PSG layer. We prepared samples with the different
densities of the nano-Ag dots. The 40-pm width ink lines including nano-
Ag dots were printed with the line intervals of 80, 120, and 160 um.

cell as shown in FE-SEM images. This indicates that SiN,
layer can be selectively grown up due to the catalystic
effect of nano-Ag dots. For the case of the part without
the nano-Ag dots, no selective growth of SiN, was found.

Furthermore, the nano-Ag dots can react with the SiN,
precursors in PECVD process. The nano-Ag particles

Fig. 3. FE-SEM images on the surface of Si solar cell including nano-
Ag dots. The image (a) shows the micro-ink dots printed by inkjet using
nano-Ag ink and the farther images show the magnified views on the
nano-Ag dots. The 80-nm thick SiN, layer deposited on the nano-Ag
dots layer could not cover the nanoparticles due to the catalystic selective
growth.
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swrounded by the SiN, thin film coats the partic|
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that the size of Ag nanoparticles is about SOON()QSS’
as shown in Figure 3(f). The Ag films with few nam);z

ter thickness deposited by e-beam evaporation op the §;
film grown by PECVD can form the nanoparticleg by
thermal treatment at the temperature of 700 °C 9 -
Ag-SiN, interface provides the good environmepy of the
selective growth of semiconductor materials sycp as. ¢
and ZnO.* Similarly, the SiN, thin film depositiop on g}é
nano-Ag dots placed on Si surface provides the Selecti%’
growth condition. The plasma supplies the €nergy for the
charge oscillations of electrons at the surfaces of 1121n@~;§@
dots, so that the surface charge polarization induces t};
coating of SiN, thin film. The coated nano-Ag dogs can
form the modified internal electromagnetic field expresgeg
to E; =3E(eq/ (e +28,)), Where E is the Ref. interpg
field and &, and &,, are the permittivities of the SiN_gpg
Ag, respectively.”! The enhancement of the internal weleck
tric field near the nano-Ag dots can influence on the light
absorption.

The photographic images of PL and EL about cell g
presented in Figure 4. Overall, both PL and EL images of
all parts show the well-matched dark spots and the cop.
trast of PL is better than that of EL with the magnification
gain of 31 under the measurement conditions of the bias of
0.9 V and the current of 0.5 A with camera exposure time
of 1.5 sec. The high PL spectra indicate that the p-n june-
tion formation is well-defined. Generally, the dark parts

of the PL show low shunt resistance related to the p-n Fig.
junction and the dark parts of EL show high series resis- i;dtl
tance of shunt resistance. In case of Ref. quadrant the PL Hoth
is relatively darker than other quadrants. This seems to be the |
related to the enhanced light emission for the samples with area
the inclusion of nano-Ag dots on the PSG layer. In case of and
Ag80, both PL and EL images seem to be dark with low
shunt resistance. The problem of the low shunt resistance for
reduces the current and voltage flow due to the leakage pla
current across the p-n junction in the solar cell and this can
means that the nano-Ag reduces series resistance in PSG I
layer, so that the Ohmic contact gets better. cell
In the standard Si p-n junction solar cell, PL and EL san
emissions are very sensitve on the series and shunt resis- war
tances. The dark solar cell region for both PL and EL Uv
images has the very low shunt resistance in p-n junc- Ag
tion, which causes the carrier recombination process due abs
to the formation of defect levels in the depletion region. : at -
The optically or electrically pumped electrons could not Ag
be back to valence band indicating that the high shunt lig]
resistance shows the similar emission effect for both PL she
and EL. However, the series resistance does not. The solar wa
cell region with bright PL and dark EL images has t00 %ﬁn
high series resistance. The good conditions of solar cell fnf
are for both bright PL and EL images with high shunt 1
and low series resistances. Therefore, the dark regions in ph
both PL and EL images have the unstable doping behavior ph

J. Nanosci, Nanotechnol. 12, 5552-5557, 2012 J
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Fig. 4. Light emission images of (a) PL and (b) EL with the magni-
fication gain of 31 from the 6-in wafer Si solar cell. The circled areas
are the probing positions on the quantum efficiency. The bright areas in
both PL and EL spectra have the relatively high shunt resistance because
the luminescence signal is related to the local junction voltage. The dark
areas in both PL and EL spectra have the relatively low shunt resistance
_and the different contrast area has the relatively high series resistance.

for: the polycrystalline Si grains with various crystalline
planes such as (110) where the doping channeling effect
can occur.

Figure 5 shows the photoreflectance spectra of Si solar
cell with the inclusion of printed nano-Ag dots. The Ref.
sample shows low photoreflectance in the nearly visible
wavelength of 367 nm and high photoreflectance in the
UV region at wavelength of 228 nm as compared to the
Agl60, Agl20 and Ag80. Furthermore, the Ref. shows
absorption of light in the wavelength of 304 nm and also
at the wavelength of 1012 nm. The photoreflectances of
Agl60, Ag120 and Ag80 are same at the nearly visible
light at the wavelength of 376 nm where as the Ag80
shows the lowest photoreflectance in the UV region at the
Wavelength of 228 nm, high photo-absorption at the wave-
Tength of 313 nm &nd little high photoreflectance in the
}ﬂfrared region as compared to the Agl60 and Ag120. This
Implies that, as the densities of nano-Ag dots are increased,
Photoreflectances are decreased in the UV region and the
ph0t0~absorptions are increased from 304 nm to 313 nm,

. Nanosci. Nanotechnol. 12, 5552-5557, 2012
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Fig. 5. Photoreflectances of Si solar cell with the inclusion of nano-Ag
dots. As the densities of nano-Ag dots are increased, photoreflectances
are increased to compare to the Ref. sample in the larger spectral region
of the wavelength than 367 nm. However, for the wavelength region
below 367 nm, the photoreflectances are proportional, indicating the con-
tribution of the plasmon effect of nano-Ag dots.

but as compared to the Ref. sample the photoreflectance
increases in the nearly visible region of wavelength from
367 nm to 376 nm. The photoreflectance below the region
of wavelength of 367 nm are decreased which indicates
the contribution of the plasmon effect of nano-Ag dots.

According to the Mie theory for a nanoparticle, the size-
dependent contribution on the plasmonic effect is very sen-
sitive on optical absorption.** The absorption of solar light
can be enhanced by the excitation of surface plasmons
of metal nanoparticles with the optimal diameter of about
d =50 nm. Furthermore, the extinction cross-section o'(A)
in the long wave length limit can be written as®

3m2de)? l: € }
A (Crm + 2€d)2 +€i2m

where d is the diameter of the metallic nanospheres, €,
is the dielectric constant of the medium surrounding the
nanosphere, A is the wavelength, €, and €, are the real
and imaginary parts of the metal dielectric function. This
formula predicts a surface plasmon resonant peak when
€., = —2€, which for Ag occurs in the UV portion of
the spectrum. The surface plasmon resonance frequency
is wp = w,/[€ (wg) +2€4]"/* and w, = (ne’/mEy)'?,
where ), is the plasma frequency and €P is the metal
dielectric function of the interband transition, respectively.
When the dielectric constant of the medium is changed, the
peak position of resonance wavelength is shifted. There-
fore, the enhanced photo-absorption below the wavelength
of 367 nm comes from the dominant plasmonic effect of
light absorption and the enhanced photoreflectance above
the wavelength of 367 nm, comes from the dominant plas-
monic effect of light scattering on nanoparticles.

Figure 6 shows quantum efficiencies of Si solar cell with
the inclusion of nano-Ag dots. In case of Ref. sample,

o(A) =
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Fig. 6. Quantum efficiencies of Si solar cell with the inclusion of nano-
Ag dots. As the densities of nano-Ag dots are increased, the efficiencies
are decreased.

quantum efficiency shows the highest value in the spec-
tral range below 827 nm and the efficiency decreases with
the increasing density of nano-Ag dots. However, for the
spectral range above 827 nm, the sample of Ag120 shows
the lower efficiency than the sample of Ag80 above the
wavelength of 828 nm. The Ref. sample shows the high-
est peak position at the wavelength of 753 nm. For the
samples of Agl60, Agl20, and Ag80, the peak positions
are located at the wavelengths of 827, 780, and 828 nm,
respectively. The quantum efficiency is inversely propor-
tional to the photoreflectance. The nano-Ag dot arrays
result in the reduced quantum efficiency with the increased
photoreflectance in the overall spectral range. The high
density spacing of the nano-Ag dots by ink-jet printing
technique blocks the light absorption, so that the quantum
efficiency is limited.

The surface-coated nano-Ag dots with SiN, layer pro-
duce strong scattering of light at a particular wave-
length due to the localized surface plasmons. This effect
causes the modification of the photoreflectance and the
light trapping. For the nano-Ag dots with the size of
200 nm, the quantum efficiency is improved in the spec-
tral range between 600 and 800 nm with the corre-
sponding absorption enhancement above the wavelength of
600 nm.>* However, all samples with nano-Ag dots show
the decreased efficiency for the spectral range between 368
and 827 nm. Even though the sample of Agl20 shows
the higher photoreflectance than the Ref. sample without
nano-Ag dots, it shows the enhanced efficiency above the
spectral range of 827 nm.

Table 1 shows the cell efficiency of reference samples
and Ag nanodots printed solar cell measured under a sim-
ulated AM 1.5 sun spectrum. The efficiency of refer-
ence sample with PSG layer was about 0.994% with open
circuit voltage (V,.) of 0.0028 V, the short circuit current
(1) of 0.464 A, and fill factor (FF) of 1.07 with the series
resistance (R;) of 0.00029 Q and the shunt resistance (Ry,)
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Table I. Efficiency data of the Ref. and nano-Ag printeq sol

. . . ar cell s
measured solar simulator under the condition of AM 15 i celi &

. Uniingss,,
The efficiency of Ref. solar cell with PSG layer was measuﬁfzmé%
0.994% and it was increased to 12.72% for the Ref sample W}ibe
PSG layer. Furthermore, the efficiency of nano-Ag printed solq, cé;!%
measured to be 14.37%. S gy
voc [sc FF Ncc]l R( R
Ref. with PSG  0.0028 0.4645 10704  0.994 0.00029 4@@2«3

Ref. w/o PSG  0.5910 6919 75.71

12721 0.00070 g4,
Nano-Ag 0.605 7.69  77.118

14375 0.00205 13 43

of 4.668 . However, the efficiency of reference sample
without PSG layer was about 12.72% with V, = 0.591 y
I, =6.919 A and FF =75.71 with R, = 0.00070 ané
R, = 6.644 Q. Furthermore, the efficiency of the sample
with Ag nanodots is about 14.375% with V, = 0.605 v
I, =7.69 A and FF =77.118 with R; = 0.00295 () 4p4
Ry, = 13.427 ). The low efficiency of the Ref. sample has
the very low open circuit voltage. So that no carriers fory

the photovoltaic circuit due to the formation of short ¢jp :, SN
cuit. But the high efficiency of the solar cell printed napo. o
Ag indicates that printed nano-Ag gets through into PSG =~ (G

layer and forms the Ohmic contact between the n-type §i

layer and metal electrode. Re
The Ref. sample with PSG layer shows a very low

efficiency due to the formation of short circuit by the L.

PSG layer. The PSG layer acts as a charge leakage layer

between the metal electrodes of screen printed Ag paste

]

and the n-type Si emitter layer. After we removed the PSG ; 3.
layer, the cell efficiency of Ref. sample was increased up |
to 12.72%. For the nano-Ag dots sample with the PSG 4.

layer, the cell efficiency of 14.375% indicates that the Ag
nanoparticles can prevent the charge leakage from the PSG
layer so that the plasmonic effect contributes to the con-
ductive interface for Ohmic contact. To compare to the
Ref. sample without the PSG layer, the small enhance-
ment of the cell efficiency of 1.65% may come from the
nano-Ag dots contribution of light absorption of surface
plasmon. This means that the PSG layer acts as a sur-
face passivation layer where nano-Ag dots can be diffused
into the solar cell. Therefore, we conclude that the nano-
Ag dots play the roles of both the enhancement of the
light conversion efficiency and the formation of surface
plasmon.

4. CONCLUSIONS

The nano-Ag dots were patterned on the PSG layer using
nano-Ag dots and we deposited SiN, after nano-Ag print-
ing process. We fabricated the Si solar cell and measured
several characteristics. The nano-Ag dots are covered on
the SiN, layer in the standard process, but the nano-Ag
dots are located on surface of solar cell from the med-
surement of FE-SEM images because the SiN, layer cap

J. Nanosci. Nanotechnol. 12, 5552-5557, 2012 J
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. electively grown up due to the nano-Ag dots. How-
cer, the parts without the nano-Ag dots show the nor-
mal growth of SiN,. In the results of measurements of
pand EL, the emission spectra are not much dependent
on the densities of the nano-Ag dots, which can decrease
(e series resistance. Surface plasmonic effect of the nano-
dots shows the decrease in photo-reflectance below the
wavelength of 376 nm. As the densities of nano-Ag dots
e increased, the quantum efficiencies are decreased. The
_conversion efficiency of Ref. sample with PSG layer is
{3994% due to the PSG layer, and after removing the PSG
Taver, the cell efficiency of Ref. sample has been increased
“I; to 12.72%. However, the nano-Ag dots sample with
the PSG layer shows the cell efficiency of 14.375%. As a
concluding remark, the nano-Ag dots play the role of the
enhancement of the light conversion efficiency by forming

ihe surface plasmon.
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