
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Fe

br
ua

ry
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

1/
9/

20
25

 1
1:

08
:5

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Fabrication of lo
Institute of Materials Science and Engineer

320, Taiwan. E-mail: ichen@ncu.edu.edu

† Electronic supplementary informa
10.1039/c9ra10457g

Cite this: RSC Adv., 2020, 10, 5579

Received 12th December 2019
Accepted 30th January 2020

DOI: 10.1039/c9ra10457g

rsc.li/rsc-advances

This journal is © The Royal Society o
cal micro-contacts to silicon solar
cells by dewetting of ultrathin polymer films†

Chih-Yao Chen, Jyun-Hao Yang, Tzu-Yu Lin, Hao-Yuan Ma and I-Chen Chen *

A local contact patterning process based on dewetting of 50 nm-thick polystyrene (PS) films has been

developed for fabrication of silicon PERC (Passivated Emitter and Rear Cell) solar cells. Holey PS films

with a random pattern of holes were prepared on dielectric passivated silicon wafers through the

dewetting process, and then served as etch masks for selective plasma etching of dielectric passivation

layers, in doing so metal contact patterns could be generated. The impact of local back contact

formation on cell performance was studied as a function of the metallization fraction. This chemical-

based patterning process, which broadens the applications of dewetting of polymer films, offers an

interesting alternative to laser-based approaches as it may avoid silicon surface damage and lower the

manufacturing costs. The application of this patterning technique to PERC fabrication could result in

a preliminary efficiency of 13.5% with a Voc ¼ 655 mV and a Jsc ¼ 38.4 mA cm�2. An apparent gain in

conversion efficiency of 0.6% could be achieved compared to the full-area aluminum back surface field

reference cell.
Introduction

The photovoltaic (PV) industry is by far dominated by crystalline
silicon (c-Si) technologies. Over the last decades, approximately
90% of global solar PV production has been based on a full-area
Al-BSF (aluminium back surface eld) design, which offers
simple device architecture and fabrication at very competitive
manufacturing cost. However, the Al-BSF could only provide
moderate rear surface passivation and internal reection. In
order to improve the conversion efficiency, the PERC (Passiv-
ated Emitter and Rear Cell) structure was proposed to replace
full Al-BSF using a dielectric-passivated rear side with local
metal contacts,1 as demonstrated by the local Al-BSF or local
back contact (LBC) technology. The PERC cell design is
becoming increasingly mainstream since only relatively few
changes are needed to make to standard Al-BSF processing.

Although LBC patterning could be done via conventional
photolithography, this costly technique is not production-
feasible for PV industry. Several different LBC metallization
approaches have been demonstrated and used for fabrication of
PERC cells.2–7 At present, the laser-based techniques are
considered as viable routes for LBC formation in PERC cells and
generally divided into two categories: (1) laser contact opening
process, where laser ablation is used to create contact windows
in the passivation layer that is applied to the rear surface of the
ing, National Central University, Zhongli
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silicon wafer, and (2) laser-red contact process, where local
opening of the passivation layers and Si–Al alloying can be
made in a single ring step. The laser-induced damages intro-
duced during laser processing, however, may result in higher
surface recombination, leading to a negative impact on the cell
performance.8,9 Although the surface damage may be mini-
mized using short picosecond (<10 ps) or femtosecond pulsed
laser with optimized parameters, the ultrashort pulse laser
system is not a cost-effective solution.

Dewetting of ultrathin (<100 nm) polymer lms, which can
be basically divided into two categories: spinodal and nucleated
dewetting, has been studied and utilized to create nano- and
microstructures on substrates.10–12 In general, both spinodal
and nucleated dewetting could not lead to well-ordered dewet-
ting patterns although relatively correlated pattern arrange-
ment could be obtained via spinodal dewetting.11 Regular
patterns could be achieved through dewetting on chemically or
topographically patterned substrates.13–17 Nevertheless, these
pre-patterning approaches are not efficient or cost-effective for
PV manufacturing as photolithography. Compared to nucleated
dewetting, spinodal dewetting has been considered as a viable
patterning method. However, spinodal dewetting can only be
observed for polymer lms with a thickness typically below
15 nm,11 which may not be sufficiently thick to function as
masks for pattern transfer by dry etching. In addition, the spi-
nodal dewetting time would be too long for practical applica-
tions, especially with thicker lms. In this study, nucleated
dewetting of 50 nm-thick polystyrene (PS) lms is proposed as
an effective approach to fabricate back contact patterns for
PERC cells. PS lms with randomly distributed holes were used
RSC Adv., 2020, 10, 5579–5584 | 5579
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as etch masks and thus random local Al-BSF could be formed by
dry etching of passivation layers followed by high temperature
aluminiummetallization. It is shown that metallization fraction
could be well-controlled by adjusting the dewetting time and
the plasma-induced damage during dry etching could be
removed by the Si–Al alloying process. The correlation between
cell performance and metallization ratio has been investigated.
Experimental

Full area Al-BSF and PERC solar cells were made from (100)-
oriented, one-side polished p-type Si wafers with a thickness of
180 mm and resistivity range between 1 and 5 U cm. Full area Al-
BSF cells were used as references. Both the saw damage removal
and surface texturing were preceded at the unpolished side of
a wafer using potassium hydroxide solutions. A spin-on dopant
source based on phosphoric acid was developed and prepared
in-house. Highly phosphorus-doped emitter layers with a sheet
resistance of 60 U ,�1 were formed on the front surface using
this phosphorous source followed by diffusion at 900 �C. The
junction depth from SIMS (secondary ion mass spectroscopy)
analysis is around 600 nm. Aer that, hydrogenated silicon
nitride (SiNx:H) was deposited by plasma enhanced chemical
vapor deposition (PECVD) on both front and rear surface (front-
side: 75 nm, back-side: 180 nm) and acts as an antireective
coating (ARC), as well as a source of hydrogen for surface
passivation.

In the case of PERC cells, holey PS lms were used for back
contact opening. The PS opening technique is sketched in Fig. 1.
First, a spin-on PS solution was prepared by dissolving PS
powders (Mw ¼ 650 kg mol�1, Mw/Mn ¼ 1.05) in toluene. 50 nm-
thick PS lms were coated on top of the rear passivation layer via
spin-coating of the PS solution. Holey PS lms, which serve as
etch masks, could be obtained aer immersing PS-coated wafers
into acetone. The immersion time was adjusted to control the
average size of holes and open-area fraction. The circular contact
holes through the passivation layers can be formed by etching
away exposed SiNx:H layers using Ar/SF6 plasma followed by
removal of holey PS lms using oxygen plasma, as depicted in
Fig. 1. Then, the Ag and Al pastes were screen-printed and co-
red to form the front electrodes and back contacts, separately.
The co-ring process step was performed at 800 �C for both full
Fig. 1 Process flow for local contact patterning process based on
dewetting of PS films.

5580 | RSC Adv., 2020, 10, 5579–5584
and local Al-BSF cells. The back-side contact exhibits a BSF
thickness of approximately 6 mm. The contact resistivity of the
back-side contact (�8.8� 10�3 U cm2) was determined using the
transfer linemethod (TLM).18 The reference cell was fabricated as
local Al-BSF cells except for rear full Al screen printing without
passivation. Fig. S1† shows schematic cross-sections of both
PERC and reference cells.

For the characterization, hole formation in the PS lms was
investigated via a scanning electron microscope (SEM) and an
optical microscope (OM). The carrier lifetime was measured by
quasi-steady-state photo-conductance (QSSPC) using a WCT-
120 silicon wafer lifetime detector (Sinton Consulting Inc.).
The illuminated current–voltage (J–V) characteristic of the
fabricated solar cells was measured at room temperature under
the air mass 1.5 global spectrum. The reectance and internal
quantum efficiency (IQE) of the samples were evaluated using
an IPCE (Incident Photon to current Conversion Efficiency)
system with a wavelength range of 300 to 1100 nm.
Results and discussion

Ultrathin polymer lms on substrates are generally unstable,
and their instability could be revealed through dewetting
processes by immersion under a liquid solvent, resulting in
a decrease in the glass transition temperature and interfacial
tension, and thus formation of holes.19,20 In the solvent-driven
dewetting, the short range force of polar interactions at the
interfaces may be mainly responsible for the lm instability
instead of the apolar Lifshitz–van der Waals forces.21,22 There-
fore, solvent polarity may be an important factor in the solvent-
driven dewetting. In this study, the polar poor solvent (such as
acetone) was chosen to carry out the dewetting process for two
reasons: (1) prevention of rapid dissolution of the polymer
during dewetting, and (2) promotion of lm instability and
dewetting by favorable polar interactions at the interface.20

Fig. 2 shows the morphologies of PS lms on top of SiNx-
passivated Si wafers aer dewetting in acetone with an
immersion time of between 60 s and 600 s. Dewetting of smooth
Fig. 2 SEM images of holey PS films on top of SiNx-passivated Si
wafers after immersion in acetone for (a) 60 s, (b) 300 s, (c) 480 s and
(d) 600 s.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Optical microscope images of (a) a holey PS film on the rear
SiNx:H passivation layer after soaking in acetone for 300 s and (b)
a holey SiNx:H layer after the plasma etch process and removal of the
PS film.
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PS lms begins with formation of holes. As shown in Fig. 2(a),
the hole nucleation was developed at random locations
throughout the surfaces of the PS lms within a few seconds of
immersion in acetone. The holes grow in size and remain iso-
lated from one another at the early stages. As holes continue to
grow, the rims of growing holes eventually contact each other
and then the coalescence of holes occurs due to the capillary
pressure (see Fig. 2b–d).23 As depicted in Fig. 2, the size distri-
bution of the holes is relatively narrow even aer immersion for
600 s, implying that all holes were created nearly simulta-
neously within a narrow time interval at the initial stage.

The surface roughness of the PS lms was evaluated as
a function of immersion time by atomic force microscopy (AFM)
in terms of root mean square (RMS) roughness. Representative
AFM images of the surfaces of PS lms before and aer immer-
sion in acetone are presented in Fig. S2(a) and (b).† As depicted in
Fig. S2(c),† the RMS roughness value remains nearly unchanged
aer a very early stage of dewetting (immersion time < 60 s),
implying that nucleated dewetting is the dominant rupture
mechanism since instability amplitude of the spinodal dewetting
process would grow over longer timescales and thus lead to
a continuous increase in surface roughness.17

A systematic analysis of the dewetting evolution of 50 nm-
thick PS lms was carried out using ImageJ soware. The
derived average diameter of holes, hole density and open-area
fraction are shown as a function of time in Fig. 3. The average
diameter of holes in Fig. 2 was determined by counting at least
200 holes. From Fig. 3(a), it is clearly observed that the average
size of holes increases with an increase in dewetting time, while
the number of holes would gradually decrease due to coales-
cence of growing holes. The continued growth and coalescence
of holes is also reected in an increase in the open-area fraction
(shown in Fig. 3b).

Optical microscopy was used to examine the eligibility of
holey PS lms serving as etch masks since a high optical
contrast between Si and SiNx:H could be obtained. Fig. 4(a)
shows a typical OM image of a holey PS lm on the SiNx:H layer
aer immersion in acetone for 300 s. In this study, the thickness
of all PS lms was kept constant at around 50 nm, which was
determined by atomic force microscope (AFM) measurements
on the holey lms. The holey PS lm has advantageous prop-
erties as an etch mask since PS is inexpensive and chemically
inert, but could be easily attacked by organic solutions and
oxygen plasma. Here, the portion of the SiNx:H lm not masked
Fig. 3 (a) Average diameter and number density of holes, and (b)
open-area fraction as a function of immersion time for PS films on top
of the SiNx:H passivation layers.

This journal is © The Royal Society of Chemistry 2020
by the holey PS lm was removed using SF6 plasma with the
addition of Ar. The previous study has shown that the sputter
yield of PS lms by Ar ions is much less than unity aer
formation of a surface damaged layer with a thickness < 2 nm,24

implying that the holey PS lm could serve as an etch mask for
Ar/SF6 plasma etching of SiNx:H. Aer removal of the holey PS
lm by oxygen plasma, as shown in Fig. 4(b), it can be
conrmed that the hole patterns in PS lms can be successfully
transferred to the SiNx:H layer, which indicates that highly
selective etching of SiNx:H with respect to PS could be achieved.

To investigate the surface recombination properties of rear
surfaces with local Al-BSF structures fabricated by the hole-
patterning technique described in this study, the test wafers
were coated by SiNx:H lms on both sides followed by LBC
fabrication with various metallization areas. Fig. 5(a) shows
effective carrier lifetime (seff) as a function of metallization area
fraction (f) which was obtained from QSSPCmeasurements with
an injection level of Dn¼ 1015 cm�3. The metallization areas are
assumed to be the same as the exposed areas of holey PS lms
since the metallization patterns were dened by holey PS lms.
The maximum lifetime is around 40 ms for the symmetrically
SiNx-passivated sample (f ¼ 0%). In addition, the effective life-
time is gradually reduced with increasing the f value, indicating
that the SiNx:H layer could provide a better passivation quality
compared to Al-BSF.

The surface recombination velocities (SRVs) can be linked to
the measured seff via25,26

1

seff
¼ 1

sbulk
þ a2D (1)
Fig. 5 (a) Minority carrier lifetime and implied Voc as a function of
metallization area fraction. (b) Effective rear-surface recombination
velocity as a function of metallization area fraction.

RSC Adv., 2020, 10, 5579–5584 | 5581
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Fig. 6 One-sun illuminated cell parameters (Voc, Jsc, FF, and effi-
ciency) of reference (full-area Al-BSF) and PERC solar cells with various
rear metallization area fractions.

Fig. 7 (a) Illuminated J–V characteristics and (b) IQE and reflectance
of the reference cell and PERC cell with f ¼ 8%.
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where sbulk is the bulk lifetime, which was obtained from the
wafer supplier. a is the smallest eigenvalue solution of

tanðaWÞ ¼ Sf þ Sr

aD� SfSr

aD

(2)

with the wafer thickness W and the diffusion constant of
minority carriers D. Sf and Sr are the SRVs at the front and rear
surfaces, respectively. The value of D could be deduced from the
base resistivity of the wafer. Fischer's analytical model can be
applied to describe the effective Sr by27

Sr ¼
�
Rb þ rW

rD
þ 1

fSmet

��1
þ Spass

1� f
(3)

Here r denotes the base resistivity and f is the metallization area
fraction on the rear surface, corresponding to the open-area
fraction of the holey PS lm. Smet and Spass are the SRVs at
the metallized and passivated areas of the rear side, respec-
tively. The base series resistance Rb depends on the contact
geometry.28 The value of Spass was obtained from the double-
side SiNx-passivated sample (Sf ¼ Sr) using eqn (1) and (2).
Fig. 5(b) shows the effective Sr as a function of the metallization
area fraction extracted from the QSSPC measurements on 5
U cm substrates. By employing the Fischer's model and a least
squares t of the experimental data, the evaluation reveals
Smet z 9000 cm s�1 for the circular contacts. It should be
emphasized that Smet represents the SRV of the plasma-etched
surface aer applying screen printed metallization. A number
of studies have shown that the distribution of ion-induced
damage could extend tens of times deeper than the nominal
ion penetration depth for the sub-keV ion energy used in
plasma etching.29,30 In this study, the plasma treatments were
operated with a self-bias of�100 V, resulting in a damage depth
expected to be <100 nm. In order to evaluate the inuence of
plasma-induced damages on SRV at the rear surface, a full area
Al-BSF sample without patterning and plasma treatments was
prepared for comparison. An effective rear SRV of around 8600
was extracted from the lifetime measurements for the sample,
implying that plasma-induced surface defects could be healed
aer the ring (Si–Al alloying) process and thus not cause
recombination losses.

The dewetting technique was used to fabricate the LBCs for
PERC solar cells with various metallization area fractions. This
study concentrates on development of the local metallization
technique without optimal designs and fabrication processes to
enhance the cell efficiency, such as passivation and ring steps.
The illuminated characteristics of fabricated PERC and refer-
ence cells (short circuit current density (Jsc), open circuit voltage
(Voc), ll factor (FF) and conversion efficiency) are shown in
Fig. 6 as a function of the metallization area fraction. Compared
to the reference cell, a clear increase in Voc and Jsc of PERC cells
could be observed as a result of the improved rear passivation,
while the FF decreases with reducing the metallization area
fraction, which could be mainly attributed to the parasitic
resistive losses. The highest conversion efficiency is achieved
from the sample with f ¼ 8%, and its illuminated J–V curve is
displayed in Fig. 7(a) and compared to that of the reference cell.
5582 | RSC Adv., 2020, 10, 5579–5584
In order to evaluate rear-side passivation properties, IQE and
reectance measurements were performed on both the refer-
ence and PERC cells. As depicted in Fig. 7(b), the IQE spectra of
the reference and the PERC cells under front side illumination
overlap from the near ultraviolet to the visible regime, while the
distinct difference was measured in the near infrared above
850 nm. The longer wavelength part of the IQE spectrum is
sensitive to the quality of rear-side passivation layers which is
mainly characterized by the two parameters: rear-side SRV and
the light reectance on the rear.31,32 For the PERC samples, the
higher IQE values in the wavelength range between 800 nm and
1000 nm is reected in a lower rear-side SRV, which is corre-
sponding to the results in Fig. 5(b). In addition to reducing
carrier combination, the passivation layers could simulta-
neously increase internal reection of the light on rear surface,
which results in an increase in the escape reectance and IQE at
This journal is © The Royal Society of Chemistry 2020
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wavelengths above 1000 nm. From these experimental results,
the improvements in the Voc and Jsc could be ascribed to less
recombination losses and the improved rear reectance of
PERC cells. As discussed above, a reduction in the metallization
area fraction could decrease the rear surface recombination but
increase the series resistance, which in turn increases both Voc
and Jsc but lowers the FF. Therefore, the optimal metallization
area is determined by trade-off between the surface recombi-
nation and resistive losses. In this report, the best PERC cell
shows a conversion efficiency of 13.4% with an obvious increase
in Voc and Jsc of 7 mV and 2.1 mA cm�2, respectively, leading to
a gain of 0.6% absolute in efficiency compared to the reference
cell. From the previous studies, the laser-based PERC processes
could result in an improvement in cell efficiency ranging
between 0.6% and 1%,33–36 implying that the dewetting tech-
nique could be a promising approach for PERC fabrication
while the reported cell results were based on preliminary, non-
optimal fabrication processes. Further improvement in process
parameters (ring, diffusion and doping conditions, etc.) is
likely to enhance the cell performance, as well as the efficiency
gain.

Conclusions

In this report, we have investigated the feasibility of dewetting
of PS lms as an approach to fabricate local metal–semi-
conductor contacts for Si PERC solar cells. Dewetting of PS lms
on dielectric-passivated Si wafers could lead to the formation of
circular holes in PS lms, which were served as etch masks to
create local contact patterns aer plasma etching. The metal-
lization area could be well-controlled by adjusting the dewetting
time. Furthermore, this simple patterning technique could
effectively minimize surface damage during the metallization
process. Compared to the fully area BSF cell, an apparent
increase in efficiency of up to 0.6% could be achieved due to
better rear passivation and higher rear internal reectance,
indicating that the dewetting technique is well suited for
implementing the local contact patterns and has the promising
potential for application in fabrication of PERC cells.
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