P

PROGRESS IN PHOTOVOLTAICS: RESEARCH AND APPLICATIONS

PHOTOVOLTAICS (
Prog. Photovolt: Res. Appl. 2017; 25:280-290

Published online 16 January 2017 in Wiley Online Library (wileyonlinelibrary.com). DOI: 10.1002/pip.2859

RESEARCH ARTICLE

Thin Al,O; passivated boron emitter of n-type bifacial
c-Si solar cells with industrial process

Guilin Lu', Fei Zheng?, Jiangiang Wang? and Wenzhong Shen’-3*

T Institute of Solar Energy, and Key Laboratory of Artificial Structures and Quantum Control (Ministry of Education), Department of
Physics and Astronomy, Shanghai Jiao Tong University, Shanghai 200240, China

2 Shanghai Shenzhou New Energy Development Co., Ltd., Shanghai 201112, China

3 Collaborative Innovation Center of Advanced Microstructures, Nanjing 210093, China

ABSTRACT

We have presented thin Al,O3 (~4 nm) with SiN,:H capped (~75nm) films to effectively passivate the boron-doped p*
emitter surfaces of the n-type bifacial c-Si solar cells with BBr; diffusion emitter and phosphorus ion-implanted back
surface field. The thin Al,O5; capped with SiN,:H structure not only possesses the excellent field effect and chemical
passivation, but also establishes a simple cell structure fully compatible with the existing production lines and processes
for the low-cost n-type bifacial c-Si solar cell industrialization. We have successfully achieved the large area
(238.95 cm?) high efficiency of 20.89% (front) and 18.45% (rear) n-type bifacial c-Si solar cells by optimizing the peak
sintering temperature and fine finger double printing technology. We have further shown that the conversion efficiency
of the n-type bifacial c-Si solar cells can be improved to be over 21.3% by taking a reasonable high emitter sheet

resistance. Copyright © 2017 John Wiley & Sons, Ltd.
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1. INTRODUCTION

N-type crystalline Si (c-Si) solar cells have been proven to
have a higher tolerance to common impurities (e.g., Fe)
[1] and do not suffer from the boron—oxygen related
light-induced degradation [2], which is known to be the
problem for p-type Si counterparts. Recently, n-type bifa-
cial c-Si solar cells receive a great attention due to the
symmetric configuration in which sunlight is harnessed
from both front and rear sides [3], leading to the signifi-
cant advantage on energy outputs over the conventional
front surface field solar cells. The n-Pasha cell from
ECN is a typical bifacial solar cell with average efficien-
cies between 19.8% and 20.0% [4], where the p* boron
(B) emitter and n* phosphorus (P) back surface field
(BSF) are formed with thermal diffusion using the tube
furnace after double-side texturing. The two different
and appropriate diffusion profiles (p* emitter and n*
BSF) were generated by varying the diffusion temperature
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and time to realize the different sheet resistances and junc-
tion depths. Very recently, they have achieved a high cell
efficiency of 20.7% in combination with the selective
emitter technology [5].

One of the great challenges of this bifacial structure
cells (p*—n-—n") lies in passivating p* emitters effectively.
Agostinelli et al. [6] demonstrated a degradation of minor-
ity carrier lifetime for n-type wafers with B-doped surfaces
passivated with SiO,/SiN,:H under thermal or light aging.
Gatz et al. [7] obtained a high-quality passivation on
p-type surfaces with a-Si:H/SiNy stacks at temperature be-
low 400 °C, but suffered from insufficient thermal stability
after 30-min annealing at 500 °C. Recently, a very effec-
tive passivation of p-type surfaces by Al,O3 (10-30nm)
deposited by plasma-assisted atomic layer deposition
(ALD) has been demonstrated [8—11]. The excellent pas-
sivation stability of the Al,O; and Al,O3/SiN,:H stacks
under thermal and light soaking condition has also been
proved by Dingemans et al. [12] The state-of-the-art
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surface passivation properties of Al,O; are attributed to a
reasonable chemical surface passivation with a rather low
density defects D;, (~10"evlem™) and a strong field
effect passivation due to a high density of fixed negative
charges Q¢ (10"-10" cm ™) located near the Si surfaces
[13—15]. Especially, the built-in negative electric field pro-
vided by Al,O3 causes a reduction of the electron density
(the minority carriers) of the p-type Si surfaces [16]. Some
researchers have further deduced that the negative QO is lo-
cated at the internal dielectric between the SiO, interface
layer and the Al,O3 layer [17-19], and Werner et al. [20]
demonstrated that both the high Oy and D;, decreased from
1 to 5 nm thickness for the AlL,O; samples, while the
variation trend was not obvious from 5 to 31 nm thickness.
However, previous relevant Al,O5 capped with SiN,:H stud-
ies of surface passivation and antireflection coating layer
have been only on n-type single-sided Si solar cells [21].

In this work, we have proposed thin Al,O3 (up to 5 nm)
with SiN,:H capped (75 nm) films to passivate the B-doped
p* emitter surfaces. Al,O3 with a wealth of negative charge
mainly serves for the role of the field effect passivation,
and the chemical passivation is mostly provided by
the SiNy:H capping layer. We have achieved the high
efficiency of 20.89% n-type bifacial c-Si solar cells
(238.95cm®) using boron tribromide (BBrs) diffusion
emitter and P ion-implanted BSF (to realize the front and
back side doping easily and steadily, rather than the con-
ventional complicated bifacial diffusion or co-diffusion)
in conjunction with screen printed contacts. We have used
a co-firing step to sinter the different metallization pastes
and to form electrical contacts for the front p* emitter
and rear n* BSF, i.e., there is no need to open the front side
dielectric passivation layer with laser or etching pastes due

Ag/Al metallization

SiO»-thermal oxidation
& Al,O3-ALD
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to the thin Al,O5;. The present thin Al,O3 layer and its
composite SiN:H structure, together with the simplified
process from the traditional n-Pasha cell structure, have
great advantages in the process of n-type bifacial c-Si solar
cell industrialization, not only passivating the p* emitter
surfaces effectively, but also compatible with the current
industrial process at a low cost.

2. EXPERIMENTAL AND
SIMULATION DETAILS

2.1. Fabrication of n-type bifacial solar cells

Figure 1 shows the schematic structure used in this study to
demonstrate the applicability of thin Al,Os front surface p*
emitter passivation to high-efficiency n-type bifacial c-Si
solar cells. As starting material, we used (100)-oriented n-
type Cz wafers (238.95cm?) with a thickness of 180 um
and a resistivity of 3-4Qcm. After damage etching of
~10 pum/side, alkaline texturing and RCA clean, all the sam-
ples were diffused back to back via a conventional BBr;3
(E2000 HT 300-5, Centrotherm, Germany), where the inner
side would not be effectively diffused as the outside of the
wafers. Afterwards, the edge isolation and rear side were
polished using a mixture of hydrofluoric acid and nitric acid
solution, and the boronsilicate glass layer was removed in
diluted hydrofluoric acid solution (5% by volume) allowing
the detailed emitter characterization, resulting in a p* emit-
ter with a sheet resistance of 57 Q/o. After the chemical
etching, P ions were implanted with an acceleration voltage
of 15keV and a dose of 3.2 x 10" cm ™2 on the quasi-planar
rear side (IonSolarTM, Kingstonesemi, China). The

SiNx:H-PECVD

p* emitter-BBr3 diffusion

Cz, n-Si

n* BSF-ion implantation

SiO;-thermal oxidation
Ag metallization

SiNx:H-PECVD

Figure 1. Schematic structure of n-type random pyramid textured front B diffusion p* emitter and quasi-planar rear P ion-implantation
n" BSF bifacial ¢-Si solar cells. [Colour figure can be viewed at wileyonlinelibrary.com]
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annealing temperature of P implanted n* BSF is not just like
the B implanted p* emitter with a high temperature
(>1000°C) and long time to create deep junctions [22].
We had employed a low temperature (800 °C, 30 min) acti-
vation annealing and oxidation, resulting in ~1.5-2.0nm
SiO, on the p* emitter and n* BSF, together with a sheet re-
sistance of p* emitter increasing from 57 to 63 Q/o and an
n* BSF of 37 Q/o. Different thicknesses (0, 2, 3, 4, and
5nm) of Al,O3 were then deposited by ALD (TFS 200,
Beneq, Finland) at 185°C on the p* emitter surfaces,
capped by SiNy:H (fixed thickness of 75nm) films by
plasma enhanced chemical vapor deposition (PECVD)
(SINA XS, Roth & Rau, Germany) on both sides of the
wafers. The fixed charge density in the Al,Os/p* emitter
combined structure has been calculated to be
—3.65%10'?cm ™2 with the help of the measured flat band
voltage of 2.587V from Corona charge-voltage property
(PV-2000, Semilab, Hungary). Finally, contacts were en-
sured by the screen-printed (LTCC, Baccini, Italy) of grids
using Ag/Al and Ag pastes on the front and rear sides, re-
spectively, with a co-firing in an infra-red belt-furnace
(CFD-9024, Dispatch, USA).

2.2. Simulation by EDNA2 and PC1D

To further understand the p* emitter surface passivation
performance of the n-type c-Si solar cell precursors, we
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use the computer simulation package EDNA2 [23,24] to
perform detailed p* emitter saturation current density Jo.
simulation based on four basic types of recombination: ra-
diative, Auger, Shockley—Read—Hall, and surface recombi-
nation. In our simulation, we have employed the dopant
ionization model of Altermatt et al., [25] the Auger param-
eterization of Richter e al., [26] and the Fermi—Dirac sta-
tistics together with the band gap narrowing model of
Schenk [27]. We emphasize further that the input parame-
ters are from the experimental data, including the 3.5 Q cm
n-type bulk resistivity, an industrially feasible wafer
thickness of 180 um, a sheet resistance Rgy,=63.1Q/0,
and the peak substitutional dopant concentration
Npeak =9.38x 10" cm ™ at 0.1043 pm of the B doped p*
emitter surface. In addition, we also employed the PC1D soft-
ware to predict the conversion efficiency of the n-type bifa-
cial Si solar cells varying with the p* emitter peak doping
level from 9.38x 10'® to 9.38 x 10*° cm ™ at different bulk
resistivities (1.5-5.5 Q cm). Table I lists the main input pa-
rameter values in the EDNA2 and PC1D simulations.

2.3. Characterization

We investigated the effect of Al,O5 thickness, sintering
temperature, and front side finger width on the perfor-
mance of these n-type bifacial c-Si solar cells. The doping
profiles were measured by electrochemical capacitance—

Table I. The main input parameter values for the EDNA2 and PC1D simulations.

EDNA2-parameters Unit Value PC1D-parameters Unit Value
Background dopant Phosphorus Device area cm? 238.95
Concentration N cm™® 1.32x10'° Wafer thickness um 180
Resistivity py, Qcm 3.5 Resistivity Qcm 3.5(1.5, 2.5,
3.5,4.5,5.5)
Temperature K 300 Front side texture depth um 3.535
Specified voltage Vj spec Vv 0.7 Rseries Qcm? 0.6
Emitter dopant Boron Rshunt Qcm? 5790
Profile Generated Metal contact coverage ~6%/~4%
front/back
Sheet resistance psheet Q/sq 63.1 Thulk us 1500
Function Gaussian FSRV cm/s 2000
Nooak em® 9.38x10'° BSRV cm/s 200
Zpeak um 0.1043 Diffusion front/back p-type (boron)/n-type
(phosphorus)
Z um 0.1315 Profile Gaussian
Recombination and First diffusion peak cm 9.38x10'"°
band gap models: doping front/back (9.38 x 10'%-9.38 x 10%%)/
2.19%10%°
Radiative Trupke2003 fit Sheet resistance Q/sq 63(8.4-362.3)/37
front/back
Auger Richter2012 Junction depth um 0.62/0.85
front/back (3.6 Qcm)
SRV S cm/s 1x10* Modeled Eff % 20.90
(3.56Qcm)
Dopant ionization Altermatt2006 Experimental Eff (3.5 Qcm) % 20.89
Carrier statistics Fermi-Dirac
Band gap narrowing Schenk1998
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voltage (ECV) profiling (CVP21, WEP, Germany), and the
sheet resistance Ry, of the wafers were obtained by four-
point probes (2801 Series, Four Dimensions Inc., USA).
The thickness and refractive index of Al,Os; and SiN,:H
thin films were determined by spectroscopic ellipsometry
(SE400, Sentech, Germany). The implied V,,. and effective
minority carrier lifetime 7. were obtained by quasi-
steady-state photoconductance (QSSPC) method (WCT-
120, Sinton Instruments, USA). The external quantum
efficiency (EQF) was measured on the platform of quan-
tum efficiency measurement (QEX10, PV Measurements,
USA). The electrical parameters (open-circuit voltage
Voes short-circuit current density Ji., fill factor FF, and
energy conversion efficiency Eff) of the solar cells were
analyzed by current density—voltage (J-V) measurement
under the illumination of AM1.5 with the h.a.l.m. (h.a.l.
m. elektronik GmbH, Germany).

3. RESULTS AND DISCUSSION
3.1. Characteristics of solar cell precursors

Figure 2(a) presents the wafer ECV dopant profiles of the
p* emitter and n* BSF. The p* diffused emitter exhibits a
surface concentration of ~7.23 x 10'® cm™ with a junction
depth of 0.56 um. After low temperature (800 °C, 30 min)
activation annealing and oxidation, the P ion-implanted

Thin Al,O3 passivated boron emitter of n-type bifacial c-Si solar cells

yields a deep n* BSF of 0.85 um with the sheet resistance
Ry\w=37Q/0 and a high surface concentration of
~2.19%10*°cm™>. A relatively low surface concentration
(~2.31x 10" cm™) and deep junction depth (0.62 um) of
the p* emitter were formed after the annealing process,
with the sheet resistance increased from 57 to 63 Q/o ac-
cordingly. The annealing oxidation step resulted in deeper
diffusion of B into Si and also its diffusion into the SiO,
due to higher solid solubility and diffusion coefficient of
B in SiO, [26]. This led to a decrease of the B surface dop-
ing concentration and thus higher sheet resistance and
deeper junction depth of the p* emitter.

In order to evaluate the quality of the different passiv-
ation processes, we could measure the implied V,. and ef-
fective minority carrier lifetime z.¢ of n-type bifacial c-Si
solar cells’ precursors (non-metallization) [28]. The pre-
cursor structure has the characteristics of BBr; diffusion
emitter on the textured front side and P ion-implanted
BSF on the polished rear side, together with SiNy:H/
Al,05/S10, stack passivated front surface and SiO,/SiN,:
H stack passivated rear surface, respectively. Figure 2(b)
and 2(c) presents with different thicknesses of Al,O3 and
fixed thickness of 75 nm SiN:H capped films before and
after the conventional peak sintering temperature
(~905 °C, 30s). Obviously, the passivation quality without
Al,O5 (Onm group) was worse than that of other groups (2,
3, 4, and 5 nm Al,O3) no matter whether prior to or after
sintering. This demonstrates that the passivation quality
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Figure 2. (a) ECV dopant profiles of the p* emitter (diffusion, annealing and oxidation) and n* BSF (annealing and oxidation). Passiv-

ation quality with (b) implied V. (V) and (c) effective minority carrier lifetime ¢ (us) of the different thicknesses Al,O5 deposited by

ALD on the p* emitter with fixed thickness (75 nm) bifacial SiN,:H capped films by PECVD before and after sintering at 905 °C

(30's). (d) Modeled emitter saturation current density Jge varies with the density of fixed negative charges Qs of the p* emitter surface.

Types of recombination: Tol—total recombination, Rad—radiative recombination, Aug—Auger recombination, SRH—Shockley—-Read—
Hall recombination, and Surf—Surface recombination. [Colour figure can be viewed at wileyonlinelibrary.com]
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was attributed to a reasonable chemical surface passivation
and a strong field effect passivation on the p* emitter Si
surfaces. After sintering, the implied V,. of the 2 and
4 nm ALO; groups increased from 0.645V to above
0.660V, accompanied with the effective minority carrier
lifetime 7.¢ reached more than 200ps. The increased
implied V,. and z.¢ can be attributed to the hydrogenation
effect of Si0,/Al,05/SiN,:H during the thermal treatment.
The hydrogen from silicon nitride layers diffuses into the
SiO,/bulk Si interface, reducing the density of interface
traps like dangling bonds and implicitly making
recombinative traps inactive [29,30]. In addition, we have
further yielded the emitter saturation current density Jo.
of the symmetrically processed p*—n—p* lifetime samples
(capped with Al,O5 and SiN,:H) according to the high-
injection method proposed by Kane and Swanson. The
experimental Jy.s are 104.5, 50.38, 60.20, 31.25, and
60.80 fA/cm? for the solar cells capped with 0, 2, 3, 4,
and 5 nm of Al,O5 and fixed thickness of 75 nm SiN, stack
passivation, respectively. Obviously, the 2 and 4 nm Al,O5
groups have shown an excellent passivation performance
on the p" emitter surface of the n-type c-Si. The
passivation effect in the Al,O5 thickness range 1-5 nm de-
pends on the trade-off between the field effect (high fixed
negative charge density Of) and chemical passivation
(low interface state density D;,) [20]. We directly examined
the passivation performances of five different Al,Oj3 thick-
nesses (0, 2, 3, 4, 5nm). From the experimental data (im-
plied V., s and Jye), we observed that the 2 and 4 nm
Al,O3 groups are slightly better than the 3 and 4 nm
Al,Oj3 ones, as this could be due to the tiny differences be-
tween the blistering of the Al,O5 passivation layers [31].
This is the reason that we selected the 2 and 4 nm Al,O3
to passivate the p* emitter of the n-type bifacial ¢-Si solar
cells in the subsequent experiments.

3.2. Simulation of the emitter saturation
current density Jo. of the p* emitter surface

Figure 2(d) shows the simulated p* emitter saturation cur-
rent density Jy.. An increase of fixed negative charges Oy
from around 10" to 10"*cm™2 sharply reduces the Jy,
where the surface recombination plays a leading role in
all the recombination. The theoretical results in Figure 2
(d) demonstrate that the fixed negative charges Oy provides
a strong field effect passivation near the p* emitter surface.
This is consistent with the observation in Figure 2(b) and
2(c) that Al,O3 with high density of fixed negative charges
effectively passivates the p* emitter surface.

The n-type bifacial c-Si solar cell’s precursor (non-
metallization) is an asymmetrical structure (p*™—n-n"), and
the measured 7.4 (QSSPC method in Figure 2(c)) is closely
link to the front side emitter saturation current density (Jy
sron) and back side field saturation current density (Jo pacr):

L:L_’_Joﬁ()m‘(Nd"_An)+J0back(Nd+An) (1)
Teff  Thulk qni*w qn2W
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As we know, 7.¢ can be expressed by

I R R D D
—=—t—t—F—=—t— ()

Teff TRad TAug  TSRH  TSurf Toulk  TSurf

we can therefore obtain the emitter saturation current den-
sity Joe of the symmetrically processed p*™—n—p™ lifetime
samples through assuming Jy fion=Jo pack =Joe» Which
yields:

2 Ng+ An \Tefr Touik
qntw 1 1
- 2 Nd + An TSurf

w1 1 1
=YL

3

In the above equations, ¢ is the fundamental charge, W
is the wafer thickness, #; is the intrinsic carrier concentra-
tion in silicon, Ny is the bulk doping concentration, An is
the excess carrier concentration, 7,y is the bulk lifetime
of the wafer, and 7, is the lifetime of the associated with
the surface recombination. Equation [3] presents the rela-
tionship between the Jy. and 7g,s, Where Jy. drops with
Tsurs iNCreases. As we know, any impurities and dangling
bonds at semiconductor surfaces promote the minority car-
rier recombination. The H-riched dielectrics (SiO,, Al,Os,
SiN,:H, etc.) can amend these surface defects and unsatu-
rated bonds (chemical passivation) and the Al,O; with
strong negative electric field can exclude minority carriers
(electrons) of the p* emitter surface (field effect passiv-
ation). Both of these two types of passivation can reduce
the p* emitter surface recombination to improve the life-
time 7g,,r and make the J,. lower.

3.3. Performance analysis of bifacial solar
cells with 2 and 4-nm Al,O3

In order to simplify the solar cell production process, we
have not employed the Al,O; postdeposition annealing
procedure (350—450 °C, 10-30 min), because the industrial
fast firing step (~800 °C peak firing temperature) could ac-
tivate the surface passivation induced by Al,O5 [32]. We
have successfully applied the thin (2 and 4 nm) Al,O; pas-
sivated p* emitter technology to the bifacial ¢-Si solar cells
based on standard screen printed production lines under the
conventional peak sintering temperature of 905 °C (30 s). It
is noted that the following discussion is based on the thin
(2 and 4 nm) Al,Oj3 passivated front side boron emitter of
n-type bifacial c-Si solar cells. Figure 3 illustrates the dis-
tribution of the parameters V., J., FF, and Eff for the
two groups’ bifacial c-Si solar cells against the reference
ones without Al,O5 passivation (Onm). Apparently, the
Voes Jse» and Eff of the two groups exceed the reference
group significantly. The average Eff reaches 20.25% for
the bifacial c-Si solar cells, an absolute increase of 0.60%
over the reference counterparts with an average Eff of
19.65%. The maximum Eff of 20.41% has been obtained
on the bifacial c-Si solar cells with the 4 nm Al,O3
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Figure 3. Electrical parameters (Vo Jse, FF, and Eff) for the solar cells with two thin (2 and 4 nm) Al,O3 layers against the reference
group without Al,O3 passivation (0 nm). [Colour figure can be viewed at wileyonlinelibrary.com]

dielectric passivation. Also, their average V. is more than
0.648 V, higher than that of the reference group with an
average of 0.637 V. What is more, the convergence of all
the electrical parameters on the 4 nm Al,O3 group is better
than the other groups.

Richter et al. [33] have investigated the thermal stability
and exact level of the Al,O3 passivation on the peak tem-
perature and the duration of the sintering step. When
AlLO5; surface passivation films are implemented in
screen-printed solar cells, the thermal stability of the films
during high-temperature firing processes (>800 °C) is cru-
cial [12,34]. Figure 4 depicts the electrical parameters (V.,
Jse» FF, and Eff) of the screen-printed solar cells with the 2
and 4 nm Al,Oj3 associated with the different peak sintering
temperatures from 895 to 920 °C. We have fabricated and
measured 180 solar cells with each group of 30 pieces for
six different peak sintering temperatures. The pillars and
top error bars in the bar graphs of Figure 4 to represent
the mean and maximum values of those electrical parame-
ters, respectively. Here, we only adjust the peak sintering
temperature at the conventional time of 30s, in order not
to change the sintering time of the other functional zones.
Overall, the electrical parameters V., FF, and Eff of the
solar cells with the 4 nm Al,O; group exceed those of
the 2 nm Al,O3 counterpart. The best results of the ele-
ctrical parameters (Vo.~0.649V, J,.~40.55 mA/cm?,
FF~78.39% and Eff~20.45%) are obtained simulta-
neously at the peak sintering temperature of 910 °C (305s).

We further show in Figure 5 the EQF of the finished
solar cells with the 2 and 4 nm Al,Oj3. It exhibits an appre-
ciable difference in the short wavelength range from 300 to
420 nm but almost no change in the middle and long wave-
length. This suggests that the observed improvement in the

Prog. Photovolt: Res. Appl. 2017; 25:280-290 © 2017 John Wiley & Sons, Ltd.
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cells with the 2 and 4 nm Al,Oj5 is associated with the emit-
ter, rather than the bulk and BSF regions. In addition, the
EQE trend in the short wavelength is consistent with the
measured implied V. and 7. illustrated in Figure 2(b)
and 2(c). These results clearly demonstrate that the signif-
icant improvement in the solar cells with thin Al,O3 layers
comes from the enhancement in V. and J,., due to the im-
proved passivation quality of the p* emitters.

3.4. Influence of the screen printing
technology on the solar cells performance

It should be noted from Figures 3 and 4 that the FF distri-
bution of the two groups (2 and 4 nm Al,Oj3 passivation) is
in the range from 76.64 to 78.96%, and most of the FF's are
under 78%. This shows the detrimental impact of the
screen-printed metallization contacts on the cell perfor-
mance [35], and it is necessary to optimize the screen print-
ing technology (e.g., fine lines and double printing (DP)) to
match with the thin Al,O5 dielectric passivation process.
As we all know, a narrow metal front side coverage results
in decrease of shadowing and surface recombination but an
increase of resistive losses [36]. The second printing with
narrow fine fingers would compensate the resistive losses
and lead to the excellent V., Jy., FF and Eff [37]. In the
present work, we have also employed the DP Ag/Al front
side metallization technology featured a mesh-type screen
with a four bus bars/85 fingers layer and 60 um designed
fingers aperture as a baseline or benchmark (We do not
change the rear side standard single-printed Ag metalliza-
tion design).

Figure 6 illustrates the electrical parameters (Voe, Jsc,
FF and Eff) for the DP solar cells (333 pieces) with 4-
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Figure 4. Electrical parameters (V,c, Jse, FF, and Effy vary with the different peak temperatures of sintering. The pillars and top error
bars in the bar graphs represent the mean and maximum values of those electrical parameters, respectively. [Colour figure can be
viewed at wileyonlinelibrary.com]
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Figure 5. EQE as a function of the wavelength 1 for the solar cells with two thin (2 and 4 nm) Al,O3 layers against the reference group
without Al,O3 passivation (0 nm). [Colour figure can be viewed at wileyonlinelibrary.com]

nm Al,O5 passivated p* emitter surfaces, including those of average FF from 77.80% (single-printing) to 78.09%
with four different designed finer finger widths (48, 50, (60 um finger width DP baseline) and to 78.36% (50 um
52, and 55 um). Compared with the single-printed results fine finger width DP). The average values of all the elec-
shown in Figures 3 and 4, we can observe a clear increase trical parameters increase significantly with the V. of up
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Figure 6. Electrical parameters (Vjc, Jso, FF, and Eff) for the solar cells with 4 nm Al,O passivated p* emitter surfaces under different
designed fine finger widths and double printing technology at the peak sintering temperature of 910 °C (30's). [Colour figure can be
viewed at wileyonlinelibrary.com]

t0 0.651 V, Ji. of 40.57 mA/em?, FF of 78.36% and Eff of
20.66% in the 50 um fine finger width DP case. Too wide
and too fine lines are not conductive to improve the per-
formance of the solar cells. The wider the finger width
is, the more serious the composite between metal and
semiconductor is. The finer the finger width is, the easier
the broken finger appears in the printing process. The
maximum Eff of 20.89% has been achieved for the opti-
mal front junction bifacial solar cell with 4 nm Al,O; pas-
sivated p* emitter surfaces and 50 pym fine finger width DP
technology (Figure 7), and its back side cell Eff'is 18.45%.

3.5. Optimization of n-type bifacial solar
cells by PC1D simulation

We have employed PC1D software to calculate the con-
version efficiency of the n-type bifacial Si solar cells
varying with the different p* emitter peak doping levels
(from 9.38x10"® to 9.38x 10*° cm ) and bulk resistivi-
ties (1.5-5.5Qcm). Note that our experimental p* emitter
peak doping concentration is 9.38 x 10" cm™ (the sheet
resistance Ry, is 63 Q/0) and bulk resistivity is 3.5 Qcm,
where the calculated conversion efficiency Eff of
20.90% in Figure 8 is in good agreement with the exper-
imental Eff of 20.89% in Figure 7. Figure 8 mainly con-
cludes that the light doping concentration is beneficial to
improve the conversion efficiency, with the maximum
Eff up to 21.53% (at 1.5Qcm and 9.38 x 10" cm™ with
the sheet resistance Ry, of 362.3 Q/0). The advantage of
the light doping concentration and high sheet resistance
of the emitter come from the low Auger recombination
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and excellent surface passivation [38]. As discussed in
Figure 2(a), the indispensable annealing oxidation step
not only activated the back side n* BSF, but also de-
creased the front surface doping concentration with a
higher sheet resistance and deeper junction depth of the
p" emitter. However, it is difficult to obtain low contact
resistances when dealing with screen printed technology
on high sheet-resistance emitters (>110€/0) on a tex-
tured surface [39], where it is also not easy to reach good
diffusion homogeneity all over the wafer surfaces along
the boat in industrial high temperature diffusion process.
As illustrated in Figure 8, an Eff of 21.32% can be
achieved when we take a median doping concentration
of 5.159x 10" cm™ at 1.5 Qcm with the sheet resistance
Ry, of 103.9 Q/o. Furthermore, Figure 8 also reveals that
the Eff is not influenced obviously by the low bulk resis-
tivity from 1.5 to 5.5Qcm under the fixed doping
concentration.

3.6. Mass production feasibility of n-type
bifacial Si solar cells

We have demonstrated a simple and feasible technology of
thin Al,O3 (~4 nm) with SiN,:H capped (~75 nm) films to
effectively passivate the B-doped p* emitter surfaces of the
n-type bifacial c-Si solar cells with BBr; diffusion emitter
and P ion-implanted BSF. The thin Al,O3 capped with
SiN4:H structure not only possesses the excellent field
effect passivation and chemical passivation, but also estab-
lishes a simple cell structure and a low-cost manufacture
process for cell efficiency over 20.8%. The investigated
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Figure 7. Output parameters, J-V, and power (P)-V characteristics for the optimal front junction bifacial solar cell with 4 nm Al,O5 pas-
sivated p* emitter surface and 50 pm fine finger widths double printing technology. The back side cell Effis 18.45%. Shown in the
inset is the photograph of the front and back side of the bifacial solar cell. [Colour figure can be viewed at wileyonlinelibrary.com]

N Bli5Qcm

28 25 0cm

B35 Qcm

21.0F Bl 45 Qcm

55 Qcem
g 19.5

g

E‘? 18.0
16.5
15.0

0.938 5.159 9.380 51.59 93.80
p’ emitter doping level (x10" ¢cm™)

Figure 8. PC1D calculated n-type bifacial c-Si solar cell's conver-

sion efficiency Eff versus p* emitter doping level at different

bulk resistivities (1.5-5.5Qcm). [Colour figure can be viewed
at wileyonlinelibrary.com]

cell structure is fully compatible with the existing produc-
tion lines and processes, i.e., there is no need to be
annealed after the Al,O5 deposition procedure and to open
the front side dielectric passivation layer with laser or etch-
ing pastes before the screen printing, as well as a simple
co-firing step can be used for the two different metalliza-
tion pastes (Ag/Al and Ag) to form electrical contacts for
the front p* emitter and n* BSF, suitable for mass scale
production. The present achievement can be further com-
bined with the selective emitter technology for the high
emitter sheet resistance of 100-110 Q/o, which decreases
the recombination of the metal contact area of the p* emit-
ter surfaces and therefore improves the conversion effi-
ciency Eff over 21.3%.

Finally, it should be noted that the present work
focuses on the bifacial c-Si solar cells with industrial
process, and currently, all the bifacial silicon solar cells
are fabricated in conventional silicon production lines
with the J-V measurements performed on the h.a.l.m.
system. This test system does not exclude the reflected
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lights from the rear side of the bifacial silicon solar cells;
however, it is convenient and fast to assess the different
classes of the bifacial solar cells in-line under different
fabrication conditions, because the bifacial modules in
real application operate under simultaneous front and rear
side illumination (i.e., bifacial illumination). Moreover,
there is no unified test standard on the bifacial solar cells
in the world up to now. The present simplified cell struc-
ture and performance assessment have great advantages
in the current low-cost n-type bifacial c-Si solar cell
industrialization.

4. CONCLUSIONS

In summary, we have successfully achieved the large
area (238.95 cm?) high efficiency of 20.89% (front) and
18.45% (rear) n-type bifacial c-Si solar cells using
BBr; diffusion emitter and P ion-implanted BSF in con-
junction with thin Al,O; (4nm) passivated p* emitter
technology. The passivation quality of the thin Al,O;
with SiN,:H capped has been evaluated from the implied
Voe and 7 of the solar cell precursors, together with the
theoretical simulation to understand the Al,Os/SiN,:H
stack passivation mechanism (chemical passivation and
field effect passivation) of the p* emitter surfaces. We
have demonstrated that the performance of our n-type
bifacial c-Si solar cells has been greatly enhanced by op-
timizing the peak sintering temperature and fine finger
DP technology. We have further shown through the
PC1D modeling that the conversion efficiency of our n-
type bifacial Si solar cells can be improved to be over
21.3% by taking a lighter doping concentration with a
higher emitter sheet resistance of 100-110 /0. The pres-
ent simplified cell structure has great advantages in the
low-cost n-type bifacial c-Si solar cell industrialization,
not only effectively passivating the p* emitter surfaces,
but also fully compatible with the existing production
lines and processes.
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