
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

ry
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

1/
10

/2
02

5 
9:

55
:3

1 
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
Analysis and opt
aSchool of Physics and Optoelectronic Engin

Dalian 116024, China. E-mail: ywei@dlut.e
bState Key Laboratory of Fine Chemicals, In

KTH Joint Education and Research Centre

of Technology, Dalian 116024, Liaoning, Ch
cKey Laboratory of Advanced Transducers an

Education and Shanxi Province, College o

University of Technology, No. 79 Yingze Stre

Cite this: RSC Adv., 2019, 9, 6681

Received 16th November 2018
Accepted 13th February 2019

DOI: 10.1039/c8ra09433k

rsc.li/rsc-advances

This journal is © The Royal Society of C
imization of alloyed Al-p+ region
and rear contacts for highly efficient industrial n-
type silicon solar cells

Yi Wei, *a Xue Jiang, a Yiren Lin,a Xichuan Yang, b Guohui Li,c Xuyang Liu,a

Ping Lia and Aimin Liua

This paper aims to develop high quality screen-printed Al emitters and improve the interface condition of

rear contacts in industrial silicon solar cells. We propose to introduce an ultra-thin SiO2 buffer layer between

the silicon bulk and metal contact during the fabrication process. A post-annealing strategy is adapted to

further modify the Al doping profiles. The experimental results show that the effects of this oxide layer

on migrating the nonuniformity of Al-p+ region and decreasing the defects at the metal–silicon interface

are significant. The recombination velocity of contacts, which is extracted from the measured Srear by an

analytical model, exhibits a decrease by 90.8% and the series resistance is reduced by 60.3% for the

improved contacts compared to the conventional screen-printed contacts. Finally, this technique is

applied to large-area (156 � 156 mm2) industrial n-type silicon solar cells and leads to a 2.18% increase

in average cell efficiency, including a 12.82 mV increase in open-circuit voltage Voc and 0.99 mA cm�2

increase in short-circuit current density Jsc compared with solar cells fabricated by a standard industrial

process. A 19.16% efficient cell with a Voc of 637.47 mV is achieved.
1 Introduction

Recently, n-type silicon solar cells have received increased
attention for industrial applications, such as the n-type rear-
junction Passivated Emitter Rear Totally-diffused (PERT) solar
cells.1–3 However, laser ablation and high-temperature boron
diffusion techniques (�1000 �C) are necessary in the fabrication
process of PERT solar cells, which inevitably increases the
damage and heat induced defects, as well as the fabrication
cost. To achieve a more simplied and cost-efficient process
while still being able to reach high efficiency, a screen-printing
method is increasingly used in industrial crystalline cells.4,5 The
Al-p+ region, which is alloyed from Al pastes, provides an ohmic
contact and is commonly used as an emitter in new concept n-
type cells, such as the n+np+ front-contact cells6–10 and the
interdigitated back contact (IBC) cells.11,12 Recent publications
have indicated that the electrical properties of the Al-p+ region
and contacts signicantly inuence the cell performance and
are considerably affected by the fabricating conditions. In the
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industrial alloying process, the screen-printing Al-paste is red
in a belt furnace with peak temperatures at about 800 �C to
900 �C.13 Si starts to melt into Al at 660 �C and forms an Al–Si
liquid state. It recrystallizes again during cooling, while some Al
atoms remain in the Si crystal lattice and form the Al-p+

region.14–16 Generally, the re-solidication is complete within
several seconds and is assumed to be under non-thermal–
equilibrium conditions; such a quick formation process usually
introduces agglomerations and voids at the interface of Si–Al in
industrial solar cells. Furthermore, the alloying reaction starts
locally at the contacting points between Al and Si, and forms
local Si–Al liquid melt on the wafer surface, which causes
thickness inhomogeneities in the Al-p+ region. These disad-
vantageous effects strongly inuence the eld effect of the p–n
junction and the ohmic contact. It is known that applying
a thicker paste and increasing the alloying temperature can
mitigate the thickness inhomogeneity.17,18 Nevertheless,
a thicker paste usually aggravates wafer bow due to the contrast
of thermal expansion coefficients between Si material and Al
paste matrix aer ring. Moreover, Al–O defect centers are
inevitably introduced due to high temperature treatment,19

which leads to the decrease of carrier lifetime in devices.
Therefore, the uniformity control and the understanding of the
recombination in Al-emitters are of prime importance for solar
cell design strategies and process optimization.

The aim of this paper is to improve the electrical properties
of Al-p+ layer and the interface condition of rear contacts in n-
type silicon solar cells. We focus on their formation process
RSC Adv., 2019, 9, 6681–6688 | 6681
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and develop an industrially applicable method to integrate an
ultra-thin SiO2 buffer layer at the Si–Al interface. To determine
the contact recombination velocities of the Al-alloyed rear
contacts, area-averaged carrier lifetimes measured by the
microwave-detected photoconductance decay (MWPCD) tech-
nique are analyzed.20 In contrast to the typical industrial fabri-
cating process, the benecial effects of such a thin layer on
mitigating the nonuniformity of the Al-p+ region and decreasing
the defects at the metal–silicon interface are presented. Finally,
large-area (156 � 156 mm2) industrial n-type Si solar cells
featuring full-area and improved Al rear emitters are fabricated.

2 Experimental details

All the samples in this study were prepared on (100)-oriented
Czochralski (Cz) n-type silicon wafers of 1–3 U$cm resistivity,
with a thickness of 200 mm. Aer RCA cleaning followed by a HF
dip, the test samples for SEM and ECV measurements were
polished with a special solution. The Al-p+ region is formed by
ring the screen-printed Al pastes in an industrial conveyor belt
furnace. The samples for Quasi-Steady-State Photoconductance
(QSSPC) lifetime measurements are silicon samples with pyra-
midally textured/polished front surface and passivated with
SiNx. The lifetime of the starting wafers (bare n-type silicon, 52
� 52 mm) are about 1.9 ms. The rear surface is Al screen-printed,
and is red under industrial conditions. The residual Al paste
and the Al–Si eutectic on ECV and QSSPC samples are nally
removed in a boiling 37% solution of HCl. For the studies on
solar cells, we fabricate cells in two groups for comparison. The
group 1 cells are fabricated by a standard industrial process. In
group 2, the cells are with an interfacial oxide layer. The fabri-
cation ow chart is demonstrated in Fig. 1. The cells are all of
front Ag contact back-junction structure, with SiNx front surface
eld (FSF) passivation, processed on 156 � 156 mm2 wafers.
Aer industrial texturing and RCA cleaning, we perform an n+

FSF phosphorus diffusion on the textured front surface,
resulting in a FSF sheet resistance of 59U sq�1. The phosphorus
silicate glass (PSG) is subsequently etched off in HF solution. To
form a polished rear surface, we performed a single side wet
chemical etch of about 3 mm. The oxide thin layers are grown
from thermal oxidation at 860 �C on both sides of the samples,
and then washed off from the front surface by HF solution. This
SiO2 layer is estimated to be 1.86 nm by ellipsometry
measurement. Aerwards, an 80 nm-thick SiNx layer with
a refractive index n ¼ 2.0 is deposited on the front side of the
wafers by an in-line microwave Plasma Enhanced Chemical
Vapor Deposition (PECVD) system. A conventional grid pattern
Fig. 1 Process flow of the solar cells in group 2.

6682 | RSC Adv., 2019, 9, 6681–6688
on the front and a full area pattern on the rear are screen-
printed by using Ag and Al pastes, respectively. The Al-p+

emitters and the contacts are formed in an infrared conveyor
belt furnace by a co-ring process at 880 �C for 13 s. In order to
characterize the surface recombination velocity of metallized
rear surfaces, lifetime measurements were performed by
MWPCD measurements. The wafers were cleaned and polished
in a wet chemical process. We dened 23 contact geometry with
an area of 25 � 25 mm on each 156 � 156 mm2 wafer. The
geometries vary in contact pitch p (ranging from 300 to 3500
mm) and contact width a (ranging from 80 to 500 mm). We
completed the contact formation by full-area screen printing Al
paste at approximately 880 �C and nally an 80 nm-thick SiNx

layer was deposited on both sides of the wafers by PECVD.
3 Results and discussion
3.1 Inuence on the formation of the homogeneous Al-p+

layer

(i) Formation of Al-p+ region. The Al-emitter is generally
formed in a belt furnace with peak temperatures around 800 �C
to 900 �C in the contact ring step of solar cell fabrication. Fig. 2
shows the formation process of Al-p+ regions and the rear
contact from a screen-printed aluminium paste. Aer the burn-
out of the organic components in the pastes, the alloying
process starts with the melting of the Al at 660 �C. The liquid
aluminium locally penetrates the shells of the Al particles to
make contact with the silicon surface to start the melt with Si,
and to neighbouring Al particles. It is important to notice that
the Al paste particles are held in place by the matrix during the
whole ring process and the transport of the liquid Si–Al takes
place from particle to particle via small sintering necks.14 The
alloying reaction thus starts locally on the wafer surface, leading
to the formation of liquid “lakes” on the wafer surface, as
demonstrated in Fig. 2(b). According to the formation model
of M. Rauer,17 when the Al–Si melt on the surface exceeds
a critical thickness, it starts to contract to minimize the inter-
face tension between Al–Si liquid and solid Si wafer, leading to
melt accumulation and depletion. On cooling down, silicon is
rejected from the melt and recrystallizes epitaxially on the wafer
surface. As the accumulated regions effectively provide a higher
amount of Al–Si melt, the Al-p+ region growth is enhanced
Fig. 2 Sketch of the formation of Al-p+ regions and rear contact from
a screen printed aluminium paste. (a) After drying (removal of solvents)
a porous paste matrix of aluminium particles is attached to the Si wafer
surface. (b) The alloying process starts with the melting of the
aluminium at 660 �C. The liquid aluminium dissolves silicon, forming
local Si–Al liquid “lakes” on the wafer surface. (c) On cooling down
after reaching the eutectic temperature of 577 �C, an Si–Al solid layer is
present on top of the Al-p+ region. Arrows indicate the enhanced
thickness due to locally accumulated Si–Al liquid.

This journal is © The Royal Society of Chemistry 2019
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within these regions. The residual Al–Si melt solidies at the
eutectic temperature of 577 �C, building a compact Al–Si layer of
eutectic composition on top of the Al-p+ region, as shown in the
sketch in Fig. 2(c). This model explains the formation of lateral
thickness inhomogeneities in the Al-p+ region.

(ii) Thickness homogeneity. The thickness of the Al-p+

layer is determined by the amount of Si dissolved into the Al–Si
melt at the peak temperature. Theoretical calculations reveal
that increasing the thickness of the deposited Al pastes or peak
alloying temperature can improve the quality of the Al-p+

region. However, high temperatures tend to degrade the Al
emitter quality as a result of nonuniformity triggered by the
agglomeration of Al–Si melt in combination with the bandgap
narrowing due to the high doping effect. Moreover, it is found
that the critical temperature above which the solar cell perfor-
mance starts to degenerate is lower for thicker Al layers, which
puts a limit on the maximum thickness that can be achieved.21

Since the liquid Al transports through sintering necks
between paste particles to make contact with Si, the locally
started reaction between Si and Al can not make full coverage of
the surface. Therefore, the morphology of the Si surface, as well
as the presence of an interface layer becomes important to the
homogeneity of the Al-p+ layer. In Fig. 3, scanning electron
microscope (SEM) images of the cross section of the Al-doped p+

regions realized from different surface conditions are shown.
Due to the potential contrast between the Al-p+ region and the Si
base, the Al-p+ regions are clearly visible.

In order to compare the inuence of the surface morphology
and the SiO2 interface layer on homogeneity, the thickness
distributions of the Al-p+ region cross-section are measured.22

Fig. 3(a) shows a discontinuous alloy layer at the Si–Al interface
for the pyramidally textured sample. The tops of the pyramidal
structures on the rear surface are completely melted, some
bottom parts inadequately contact with the Al paste which
results in an average thickness of 3.46 mm and full width at half
maximum (FWHM) of 1.37 mm in the Gaussian tted prole, as
shown in the graph below the image. This situation can be
improved using a polished surface as shown in Fig. 3(b), the
alloy layer is more continuous whereas the interface is still
rough with abrupt tips and occasional cracks. The average
Fig. 3 SEM images of the cross-section of Al-doped p+ regions at Si
surfaces. The samples are of (a) a pyramidally textured Si surface, (b)
a polished Si surface, (c) a polished and oxidized Si surface. All the three
samples are fired at the same industrial condition of 880 �C. Direct
measurements of the Al-p+ region thickness are performed, as marked
red for (a)–(c). A Gaussian distribution is fitted to eachmeasured result,
as shown below the images.

This journal is © The Royal Society of Chemistry 2019
thickness is 3.76 mm and FWHM is 0.76 mm. In Fig. 3(c), we
apply a thin SiO2 layer on the polished Si surface before screen-
printing. It is clearly seen that the Si–Al alloy layer exhibits more
smooth and uniform properties. The average thickness is 3.67
mm and FWHM is reduced to 0.39 mm, a remarkable effect on
homogeneity is observed. It is believed that the SiO2 layer works
as a buffer, which slows down the immediate contact between Al
particles in the paste and Si surface during the ring process.
This effect thus reduces the large amount of melt at the
agglomerated regions, resulting in a more uniform Al-p+ layer
over a wide range.
3.2 Inuence of the post-annealing conditions

(i) Inuence on Al diffusion proles. Due to the fact that
the Al-p+ regions placed on the rear side of a solar cell work as
a p–n junction in n-type back-junction solar cells, the diffusion
depth and doping level of Al are essential to form a reasonable
electrical eld to separate the charge carriers and enable
diffusion of minority carriers. In order to modify the Al
diffusion prole and improve the performance of solar cells,
we adopt a post-annealing strategy aer the ring process.
Five Al doped silicon samples under different diffusion
conditions are prepared to determine the inuence of
different doping levels, and the thickness of the Al-p+ region.
The post-annealing treatments are kept at 400 �C, 450 �C,
500 �C, 550 �C and 600 �C in ambient air, the annealing time is
20 min. The peak concentration Npeak and its corresponding
depth position dpeak are extracted from the Al doping prole
curves of Fig. 4(a). As seen in Fig. 4(b), the annealing treat-
ments provide higher doping levels and thicker Al-p+ layer
depths. As the temperature rises to 550 �C and above, it seems
that the Al doping concentration reaches a maximum value
and maintains a constant level as the annealing temperature
rises, while the junction depths increase further. Al bumps
begin to be observed at screen-printed surfaces at 600 �C. It is
suspected that the driving force for the agglomeration is to
reduce the interface energy between the Al–Si melt and Si by
minimizing the contact interface area. This occurs by the
Fig. 4 (a) Al doping profiles of silicon samples under different post-
annealing temperatures. (b) The peak doping concentration of Al as
a function of post-annealing temperatures. All samples are screen-
printed with industrial Al pastes and fired in an infrared conveyor belt
furnace at 880 �C for 13 s. The post-annealing temperature is varied
from 400 �C to 600 �C for 20 min.

RSC Adv., 2019, 9, 6681–6688 | 6683
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Fig. 6 Measured effective minority carrier lifetimes for samples
annealed at different conditions. The temperatures are varied from
400 to 600 �C, for 10 to 60 min. The injection level is maintained at
1015 cm�3.
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formation of a higher contact angle, which produces the
bumps.21

(ii) Inuence on effective lifetime. In order to determine
the inuence of post-annealing on effective lifetime (seff),
injection-dependent lifetime measurements were performed by
the QSSPC technique.23,24 The implied open-circuit voltage iVoc
at one sun is used to determine the voltage of the device if
contacts were applied, when only the recombination of the
investigated emitter is considered. In Fig. 5(a) and (b), the seff
values and iVoc at 1 sun are plotted as a function of the post-
annealing temperature. The improvement in lifetime is quite
clear, the seff curves for samples which suffer a post-annealing
treatment are higher than those of the samples without
annealing, as shown by the red, magenta, green and blue
curves. The lifetime values can be gradually boosted as the
annealing temperature increases from 200 �C to 500 �C. The
corresponding lifetime values have been extracted from
Fig. 5(a), as shown by the right axis in Fig. 5(b). A similar trend is
also observed from the annealing condition dependent iVoc
curves, which exhibit a high value of 675 mV at the annealing
temperature of 500 �C.

To further investigate the inuence of the annealing condi-
tion on seff and nd an optimal condition for solar cell treat-
ment, a more meticulous work was performed with a set of
samples which were annealed at various temperatures and
times. The test samples are of n-type silicon with polished and
passivated front surface, and Al-p+ back surface eld. The
QSSPC measurements were performed at an injection level of
1015 cm�3. As shown in the three-dimensional diagram of
Fig. 6, the annealing conditions varied from 400 to 600 �C, for
10 to 60 min. It can be seen that the seff of the samples
increased with the annealing time at 400 �C. When annealed at
500 �C, the seff reached the highest value at an annealing time
of 30min and then began to decline as the time increased to 45
and 60 min. For this same annealing time, the seff of the
sample annealed at 500 �C was greater than that of the sample
annealed at 400 �C. However, when the annealing temperature
reached 600 �C, the seff of the samples clearly decreased. And
with the increase of annealing time, the seff tended to be lower.
This is because the Al bumps are greatly enhanced at 600 �C,
Fig. 5 (a) Measured injection dependent effective minority carrier
lifetime for pyramidally textured samples with different post-annealing
conditions. (b) Implied Voc and effective carrier lifetime as a function of
the post-annealing temperature. The injection level is kept at 1015

cm�3. The structure of the test samples is sketched in the inserted
graph. The drawn dot dash lines are guides to the eye.

6684 | RSC Adv., 2019, 9, 6681–6688
forming a large number of surface defects and locally high-
doped regions, resulting in an increase of surface recombi-
nation and Auger recombination. Considering that prolonged
annealing can cause agglomeration and damage to the
sample, the longer the annealing time is, the more defects will
be generated, we thus chose 500 �C for 30 min as the optimum
annealing conditions.

3.3 Recombination in Al-p+ region

The saturation current densities of the Al-p+ regions (j0,Al) can
be experimentally determined via the QSSPC measurements.
Under high-level injection conditions, the recombination rate
in the Al-p+ region has a quadratic dependence on the carrier
density, as expressed in eqn (1)25,26

1

seffðDnÞ �
1

sAuger

¼ 1

sSRHðDnÞ þ
1

qni2W
$j0;total$Dn; (1)

where sSRH is the bulk Shockley–Read–Hall (SRH) lifetime, sAuger
is the bulk Auger lifetime, j0,total is the total saturation current
density, q is the elementary charge, ni is the intrinsic carrier
density, Dn is the excess carrier concentration, and W is the
wafer thickness. According to the slope method,27,28 the
1
seff

� 1
sAuger

curve shows a linear dependence of Dn, which can

be used to extract j0,total. For our asymmetric samples, the
saturation current density of the Al emitter (j0,Al) can be
extracted by j0,Al ¼ j0,total � j0,residual. The saturation current
density of samples without Al-p+ region (j0,residual) can be
determined with the help of an additional symmetric reference.
The j0,Al for the sample with SiO2 and treated under 500 �C for
30 min is found to be 209.5� 44.5 fA cm�2, exhibiting a marked
decrease of 1.54 pA cm�2 compared with the standard pro-
cessed sample.

For n-type Si solar cells where the Al-p+ regions act as rear
emitters, the thicknesses of the Al-p+ regions directly affect the
screening of electrons from the metallized, recombination-
active rear surfaces. Therefore, it inuences the open-circuit
This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Simulated results of saturation current densities of Al emitter as
a function of doping depth. The sample structure is of SiNx passivated
front surface and the rear surface is Al screen-printed, as shown in the
inset of Fig. 5(b). The doping profile at 500 �C in Fig. 4(a) is used for
simulations. The SRH recombination, the Auger recombination, and
the effect of incomplete ionization of Al acceptors are considered in
the simulationmodel. (a) The Sr is varied from 100 to108 cm s�1 and the
Nt is 9 � 1014 cm�3. (b) The influence of the defect density, Nt is varied
from 1 � 1014 cm�3 to 3 � 1015 cm�3 and Sr is 2600 cm s�1.

Fig. 8 (a) Image of test sample for the measurements of recombi-
nation at Al contacts. (b) Lifetime mapping of the test sample,
measured by MWPCD. The sample consists of 23 areas of 25 � 25 mm
on the 156 � 156 cm2 wafer. The pitch p varies from 300 to 3500 mm
and contact width varies from 80 to 500 mm.
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voltage Voc and the maximum attainable efficiency of solar
cells. Fig. 7 shows the simulated j0,Al as a function of Al doping
depth. The model considers the inuence of SRH recombina-
tion and Auger recombination, and takes the effect of incom-
plete ionization of Al acceptors into account.29–31 In Fig. 7(a),
the minority carrier surface recombination velocity of the Al-p+

side Sr has been varied from Sr ¼ 100 cm s�1 to Sr ¼ 108 cm s�1,
assuming the defect density Nt is 9 � 1014 cm�3.29,32 When the
surface is perfectly passivated (Sr ¼ 100 cm s�1), the saturation
current density j0,Al is quite low under 300 fA cm�2. Due to the
fact that the defect traps increase in the doped region, the
rising trend of j0,Al with the increase of the Al emitter thickness
can be seen. Similar trends can also be observed for 2.6 � 103,
8 � 103 and 104 cm s�1 curves. For Sr ¼ 1.5 � 104 cm s�1, the
j0,Al characteristics become nearly constant. With increasing Sr
values, j0,Al rises quite quickly especially for relatively poorly
passivated emitters (Sr > 1.5 � 104 cm s�1) at low Al prole
depths. The j0,Al proles decline with the Al-p+ region thick-
ness, and this trend is more signicant with the increase of Sr.
The reason is that the eld passivation effect by preventing the
minority carriers to the surface is enhanced for thicker Al-p+

depths, leading to weakened recombination at the surface and
a decrease in j0,Al.
3.4 Determination of recombination velocity around Al
contacts

In order to characterize the surface recombination velocity Smet

of metallized rear surfaces, we follow the approach presented in
ref. 33 and 34, MWPCD measurements were performed to
obtain the area-averaged effective rear surface recombination
velocity Srear for each single 25� 25 mm2 area in the test wafers.
The image of the test sample and the MWPCD lifetimemapping
is shown in Fig. 8. For high tBulk and low surface recombination
velocities, the effective carrier lifetime is approximated by35

1

seff
¼ Sfront þ Srear

W
: (2)
This journal is © The Royal Society of Chemistry 2019
Fischer’s analytical model describes the area averaged
effective rear surface recombination velocity,36 which is a func-
tion of the base series resistance Rs, the sample thicknessW, the
diffusion coefficient D, the metallization area fraction f, the
surface recombination velocity in the passivated area Spass as
well as the surface recombination velocity under the contact
Scont.

Srear ¼
�
Rs � rW

rD
þ 1

fScont

��1
þ Spass

1� f
: (3)

The Rs depends on the contact layout, and the metallization
area fraction f. For line contacts, the metallization area fraction

fline ¼ a
p
depends on the line widths a and the contact pitches p.

The Rs is calculated according to ref. 37:

Rs ¼ pr

2p
ln

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cosh

pa

4W

r
þ 1

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cosh

pa

4W

r
� 1

0
BBB@

1
CCCAþ rW

�
1� exp

�
�W

p

��
;

tanh
pa

4W
#

1ffiffiffi
2

p

Rs ¼ prp

2
ln

2 1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tanh

pa

4W

r� �

1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tanh

pa

4W

r
0
BBB@

1
CCCA

2
6664

3
7775

�1

þ rW

�
1� exp

�
�W

p

��
;

1ffiffiffi
2

p \tanh
pa

4W
# 1:

(4)

In Fig. 9(a), the dependence of Srear on the respective line
pitch in each 25� 25mm2 area is shown. The red and blue solid
squares are Srear calculated from experiments using eqn (2), the
red and the blue curves are tted results. Srear decreases with
increasing line pitch due to the decrease in metallization frac-
tion. Applying a SiO2 interface layer and improved Al-p+

conditions results in signicantly much lower Srear values
RSC Adv., 2019, 9, 6681–6688 | 6685
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Fig. 9 (a) Effective rear-surface recombination velocity Srear as
a function of line pitch pmeasured from the samples in (b) and (c). The
square symbols correspond to experimental results for contacts
prepared by the standard method (blue) and improved method (red).
The green and black lines show the fits of the analytical model to the
measured data. (b) and (c) SEM images of Si–Al interface of contacts
prepared by the standard and improved methods, respectively.

Fig. 10 Schematic of n-type solar cells. The rear Al-p+ emitters are
alloyed from screen-printed pastes. (a) Standard solar cell with SiNx

FSF passivation and pyramidally textured rear surface. (b) Improved
solar cell with SiNx FSF passivation, polished rear surface, optimized Al
emitter and interfacial oxide layer.
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compared to that under the standard industrial condition. By
tting experimental results using eqn (3) and (4), we extract
Smet ¼ 2.8380 � 104 cm s�1 for the conventional screen-printed
standard contacts and Smet ¼ 2.6114 � 103 cm s�1 for the
improved contacts. To understand the change in Scont measured
at the two contacts, we investigate the formation of the Al-p+

layer beneath the contacts by means of SEM. The SEM images of
contact cross sections are shown in Fig. 9(b) and (c). Analyzing
cross-sectional images, the most noticeable nding is
a considerably thickened eutectic layer at the interface of Si–Al
for the improved contacts. The signicant decrease in Smet is
attributed to the homogeneous Al-p+ region and the thick Si–Al
eutectic formation over the entire contact, as indicated by the
red dot square in Fig. 9(c). In contrast, the Si–Al interface using
the standard method exhibits inadequate contact between the
Table 1 Solar cell parameters measured under standard testing conditio
4–10 cells

Cell groups Voc (mV) Jsc (mA cm�2) Rs (mU)

1 Average 623.20 � 9.85 35.97 � 0.53 3.00 � 1.78
Best 633.30 36.60 1.96
2 Average 636.03 � 1.02 36.96 � 0.31 1.05 � 0.47
Best 637.47 37.59 0.59

6686 | RSC Adv., 2019, 9, 6681–6688
Si bulk and the metal, no continuous Si–Al eutectic is observed
in Fig. 9(b).
3.5 Determination of the specic resistance

In order to achieve good electrical properties of solar cells, one of
the primary conditions is to form a low-resistance ohmic contact
between Si and Al. To study series resistance in our solar cells,
their interface inuence is tested by Suns-Voc measurements38

and light I–V measurements. The cells structures under test are
shown in Fig. 10. According to eqn (5), the difference between
PFF and FF translates into a series resistance of Rs,Suns-Voc

39,40

Rs;Suns-Voc
¼ ðPFF� FFÞVocJsc

Jmpp
2
: (5)

The FF is the ll factor from I–V curves and PFF is the
pseudo ll factor from Suns-Voc curve, Jsc and Jmpp are short-
circuit current density and current density at the maximum
power point, respectively. It is calculated to be 0.94 � 0.28 mU

for the improved samples and 2.12 � 0.71 mU for the standard
samples. A decrease of 1.18 mW is realized. The smaller Rs,Suns-

Voc
values of group 2 cells is due to the thickened and uniform

Si–Al alloy layer, which enables better transport of the majority
carriers.
3.6 Solar cells

We applied the improved Al emitter to the 156� 156 mm2 large-
area back junction solar cells. The schematic solar cell struc-
tures are shown in Fig. 10. The standard solar cells (group 1)
were fabricated using the industrial process for reference
purposes. We notice that the height of the pyramids on the rear
surface cannot be compensated even printing more Al, because
the thick Al pastes are not able to completely reach pyramid
bottom. For the solar cells in the improved process (group 2),
a SiO2 ultra-thin layer is applied to the Si–Al interface at the rear
side and the corresponding optimized annealing condition is
used. The inuence of the polished rear surface has been
studied in our previous work.7 Compared with the cells
featuring a polished rear surface without an interfacial layer,
further improvements in the electronic parameters due to the
SiO2 layer was evidenced.

Table 1 shows the I–V characteristic data of both cell types.
An important nding is that the application of the ultra-thin
SiO2 layer does not hinder the majority charge carrier trans-
port across its barrier and thus allows for good FF of 79.82%
and pFF of 80.6%. The reduced Rs and Rs,Suns-Voc

for group 2
ns (AM1.5, 1000 W m�2, 25 �C). The average values are calculated from

FF (%) Eff. (%) PFF (%) Rs,Suns-Voc
(mU)

72.71 � 3.02 16.32 � 1.09 80.13 � 1.03 2.12 � 0.71
74.69 17.32 80.60 1.92
78.68 � 1.31 18.50 � 0.41 82.55 � 0.35 0.94 � 0.28
79.95 19.16 82.20 0.46

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra09433k


Fig. 11 Internal quantum efficiency curves of the standard solar cell
and the solar cell with an optimized emitter.
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again stress the importance of the formation of a thick
continuous eutectic at the rear contacts. As expected, the
average Voc of the solar cells with optimized emitters is greatly
increased to 636.03 mV, and Jsc is increased to 36.96 mA cm�2.
The positive consequences are also apparent from the internal
quantum efficiency (IQE) measurement which is shown in
Fig. 11. A remarkable high response in the whole spectrum
range is observed. We observe slightly lower IQE at short
wavelengths for the optimized solar cell, the reason might lie in
that the post-annealing process caused damage to the SiNx FSF
passivation layers. However, better responses in long wave-
length are clearly due to the optimized Al-p+ region, reduced
recombination on the rear surface and in the emitter. The
improvement in absolute efficiency is 2.18%, resulting in
a 19.16% efficient, fully screen-printed solar cell when
compared with solar cells fabricated by the conventional screen-
printed process.
4 Conclusion

Al emitters and contacts realized by full-area screen-printing of
an Al paste have been intensively investigated. In order to form
an optimal Al-p+ region for solar cells, an ultra-thin SiO2 layer at
the interface of the metal and silicon was proposed and post-
annealing treatments were adopted. A combination of experi-
mental results and model calculations have been used to
provide an understanding of the recombination effects in
emitter and contacts, the transport properties, and the trends to
choose optimal process conditions. It has been shown that the
oxide layer acts as a barrier layer, migrating the inhomogeneity
of the Al-p+ layer, and improving the morphology around rear
contacts. As a result, recombination at the Si–Al interface, in the
emitter and around contacts is signicantly reduced. We
further applied the improved emitters to large-area n-type
industrial solar cells (156 � 156 mm2) with a full-area Al
screen-printed rear emitter, gains of average efficiency by
2.18%, the Voc by 12.82 mV, the FF by 5.97% and the Jsc by 0.99
mA cm�2 were obtained. An optimal cell with an efficiency of
19.16%, Voc 637.47 mV was achieved. Further improvements in
cell performance can still be expected if the annealing process is
This journal is © The Royal Society of Chemistry 2019
conducted in ambient N2, and by thickness optimization of
SiO2.
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