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A novel structure of Ag grid/SiN,/n™-c-Si/n-c-Si/i-a-Si:H/p™-a-Si:H/TCO/Ag grid was designed to increase the ef-
ficiency of bifacial amorphous/crystalline silicon-based solar cells and reduce the rear material consumption and produc-
tion cost. The simulation results show that the new structure obtains higher efficiency compared with the typical bifa-
cial amorphous/crystalline silicon-based solar cell because of an increase in the short-circuit current (Jy ), while retaining
the advantages of a high open-circuit voltage, low temperature coefficient, and good weak-light performance. Moreover,
real cells composed of the novel structure with dimensions of 75 mm x 75 mm were fabricated by a special fabrication
recipe based on industrial processes. Without parameter optimization, the cell efficiency reached 21.1% with the Jgc of
41.7 mA/cm?. In addition, the novel structure attained 28.55% potential conversion efficiency under an illumination of AM
1.5 G, 100 mW/cm?. We conclude that the configuration of the Ag grid/SiN,/n™-c-Si/n-c-Si/i-a-Si:H/pT-a-Si:H/TCO/Ag

grid is a promising structure for high efficiency and low cost.

Keywords: silicon solar cell, a-Si:H/c-Si heterojunction, short-circuit current

PACS: 85.30.De, 88.30.g¢, 85.60.Gz

1. Introduction

In past years, hydrogenated amorphous/crystalline silicon
(a-Si:H/c-Si)-based heterojunction solar cells have been in-
tensively investigated because of their high open-circuit volt-
age (Voc), low temperature coefficient, and bifacial power

[1-10] This a-Si:H/c-Si heterojunction solar cell is

generation.
called heterojunction with intrinsic thin film (HIT) photo-
voltaic device and had a conversion efficiency of 18.1% in
1992. Recently, the HIT solar cell with interdigitated back
contact (IBC) technology has achieved a world-record effi-
ciency of over 26%.[!1:121 For HIT solar cells, the optical ab-
sorption loss at the illumined front of the cell is a critical issue
because a-Si:H possesses a very high absorption coefficient.
Holman et al.!'3! proposed that a relative efficiency increase
of over 5% is possible for the HIT solar cell if the optical ab-
sorption loss can be reduced. For this purpose, materials with
low absorption coefficients and wide bandgaps were proposed
to replace a-Si:H as the emitter of the HIT solar cell.[14-10]
IBC technology was introduced to the HIT solar cell to re-
duce the optical absorption loss by placing the emitter of the
a-Si:H layer and the grid electrodes at the back side of the

cell.'121 However, the IBC structure is complicated and dif-

DOI: 10.1088/1674-1056/27/3/038502

ficult to fabricate for mass production. Here, to maintain the
advantage of bifacial power generation and reduce the opti-
cal absorption loss, a novel silicon heterojunction structure of
Ag grid/SiN,/n " -c-Si/n-c-Si/i-a-Si:H/p™-a-Si:H/TCO/Ag grid
(HAC cell) was designed, and its fabrication recipe based on
an industrial process is proposed. The design structure and
proposed fabrication recipe have the following advantages: (i)
the optical absorption loss at the illumined front of the cell
is greatly reduced, (ii) the series resistance is reduced by re-
placing the low-temperature solidified Ag grids with high-
temperature-fired Ag grids and removing the intrinsic high-
resistivity a-Si:H layer; (iii) the expensive ITO materials ac-
counting for about 10% of the cost of the raw materials for
a piece of HIT cell can be reduced by 50%, and (iv) the fab-
rication processes are compatible with normal homojunction
¢-Si production lines, and the investment cost of a new HAC
solar cell production line can be very economical because of
the special fabrication recipe design. In this work, the perfor-
mance of the HAC cells was studied and compared with that
of the HIT cells by numerical simulation. The HAC cells were
fabricated according to the proposed recipe with feasible in-
dustrial technologies. The characterization of the HAC cells is
analyzed and discussed.
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2. Simulation and experiment
2.1. Simulation methodology

The wxAMPS program!!”-!8! was used for the solar cell
simulation. The simulation principle was based on the Pois-
son equation and the hole and electron continuity equations.
Figure 1 illustrates the schematic structure of the HIT and
HAC solar cells used in this study. Figures 1(a) and 1(b) show

typical HIT solar cell structures, and their difference is the

a2 B

incident side of light, i.e., the light is incident from the p-a-
Si:H side in Fig. 1(a) and from the n-a-Si:H side in Fig. 1(b).
Figures 1(c) and 1(d) have the same structure of the HAC solar
cell, but the incident side of light is reversed. Note that the
sunlight is mainly incident from the top side of the cell, and
some sunlight can be reflected to the bottom side. For conve-
nience, the sunlight reflected to the bottom side of the cell was
not taken into consideration in this work because of its weak
intensity. The material parameters!!>!°! are shown in Table 1.

a2 B

Ag Ag Ag Ag Ag Ag | Ag | | Ag |
TCO TCO TCO SiNx
a-Si:H(p*) a-Si:H(n*) a-Si:H(p*) a-Si:(nt)

a-SlH(i) a-SlH(l) a-SiH(l)
Si(n) i) c-Si(n)
c-Si(n c-Si(n
c-Si(n)
a-Si:H (i) a-Si:H(i) a-Si:H(i)
a-Si:H(n') a-Si:H(p*) a-Si(n*) a-Si:H(p*)
TCO TCO SiNx TCO
[Ag] [2e] [Ag] [Ae] [Ae] [Ae]  [As] [Ag]
(a) HIT-1 (b) HIT-2 (c) HAC-1 (d) HAC-2

Fig. 1. (color online) Schematic of silicon heterojunction solar cells with different structures: (a) HIT-1, (b) HIT-2, (¢c) HAC-1, and (d) HAC-2.

Table 1. Main simulation parameters of HIT and HAC solar cells.

Parameter and unit a-Si:H(p™") a-Si:H(i) a-Si:H(n) c-Si(n) ¢-Si(n™)
Thickness/nm 10 5 10 variable 5x10°
Electron affinity/eV 3.80 3.80 3.80 4.05 4.05
Band gap/eV 1.72 1.72 1.72 1.12 1.12
Relative dielectric constant 11.90 11.90 11.90 11.90 11.90
Effective conduction band 2.50%10%° 2.50x10%° 2.50x10% 2.80x10" 2.80x10"
density/cm 3

Effective valence band 2.50%10% 2.50x10%° 2.50x10% 1.04x10"° 1.04x10"
density/cm 3

Electron mobility/cm?-V~!.s~! 10 20 10 1350 1350
Hole mobility/cm?-V~1.s~! 2 5 2 450 450
Donor concentration/cm 3 0 0 1x101° 3x101° 1x10'8
Acceptor concentration/cm 3 6x10'8 0 0 0 0
Band tail density of 1x10%! 1x10%! 1x10%! 1x104 Ix10
states/cm 3 -eV !

Characteristic energy for donors, 0.04, 0.06 0.04, 0.06 0.04, 0.06 0.01, 0.01 0.01, 0.01

acceptors/eV

Capture cross-section for donor
states, e, h? (cmz)—Band tails
Capture cross-section for acceptor
states, e, h (cmz)-Band tails
Gaussian density of states/cm™>

1x10715, 1x10°17
1x10717, 1x10~13

7x108, 7x 108

1x107155,1x10°17
1x10717, 1x10~13

5%10'°, 5x 100

1x10715, 1x10°17
1x10717, 1x10~13

1x10'8, 1x10'8

1x10715, 1x10°17

1x10717, 1x10~13

1x10715, 1x10°17

1x10717 1x10~15

Gaussian peak energy for donors, 1.22,1.22 1.22,1.22 1.22,1.22 - -
acceptor/eV
Standard deviation/eV 0.08 0.08 0.08 - -

Capture cross-section for donor
states, e, 1 (cm?)-Midgap

Capture cross-section for acceptor
states, e, i (cm?)-Midgap

Midgap density of states in
c-Sifem™3.eV~!

Switch-over energy/eV

Capture cross-section for donor
states, e, h/cm?

Capture cross-section for acceptor
states, e, h/cm?

1x10714 1x10°13

110715, 1x10 14

1x1071, 1x10715

1x10715, 1x10 14

1x10714 1x10°13

110715, 1x10° 14

1x10'2

0.56
1x10714 1x10°13

110715, 1x10~ 14

1x1012

0.56
1x1071, 1x10715

1x10715 1x10~ 14

2 e, h represents the electron and hole, respectively.
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The surface recombination velocities of electrons and holes at
the front and back contact interface were both set to 107 cm/s.
The simulated condition was under AM 1.5 G, 100 mW/cm?,
and 300 K.

2.2. Experiment details

The schematic of the fabricated HAC cells is shown in
Fig. 2(a). Figure 2(b) shows the processing recipe for the HAC
cells. A sample of the 75-nm x 75-mm HAC cell is shown
in Fig. 2(c). The cells were prepared with a normal n-type
solar-grade single crystalline-silicon wafer, (100) orientation,
180 pm, 2-5 Q-cm. The wafer was textured by KOH solutions
and rounded by HNO3/HF mixed solutions, then cleaned with
RCA solutions, dipped in HF, and dried by N,. Approximately
20 um of Si was etched on each side. During the process, the
top illumined side of the cell was made first and needed higher
temperatures than the other side. All steps were performed on
a normal production line (Hareon Solar Co. Ltd.) for c-Si so-

@ ¥ ¥y b dlieht
Ag grids-high
«—— temperature
fired

< SiNz:H
<+ n+-c-Si

< n-c-Si wafer

-
<« pTa-Si:H
« ITO

Ag grids-low
“— temperature
solidified

tr ot Tt T 1k

lar cells. In the “cleaning III” step, only the naked side of the
wafer was cleaned, while the finished side of the wafer was
protected. The naked side of the wafer was cleaned by HF,
an HNO3/HF mixed solution, SC1, SC2, and HF in sequence.
The intrinsic and p-type a-Si:H layers were made by PECVD
(13.56 MHz), and the ITO layer was deposited by the reac-
tive plasma deposition method. The Ag grids on the ITO layer
were made by screen printing with a low-temperature Ag paste
and were solidified at 220 °C. After the cell was fabricated, it
was cut into 75-nm x 75-mm pieces by laser for uniformity.

Current—voltage curves of the cells were tested (AM
1.5 G, 25 °C) with light injected from the top side and bottom
side separately. The external and internal quantum efficiencies
(EQE and IQE) were measured by QE-R3018 (Guang Yan,
Taiwan, China). The resistances of the same-length fired Ag
grids and the solidified Ag grid on both sides of the cell were
tested with a current—voltage tester.

(c)

(b) X X
| texturing & cleaning I |
i i : i iti Ag grids printing and
| phosphorous diffusion | | cleaning IT | i SiNz deposition firinggg(highptempe%ature)

) ine 11T BSF part: high temperature, normal c-Si cell processing machines
Emitter part: low temperature, normal HIT cell processing machines

~L
X X . . A id inti d
| i-a-Si:H deposition | | pt-a-Si:H deposition | | ITO deposition 8 gsréliiill%fégt%gg an
(low temperature)

Fig. 2. (color online) Processing recipe and profile of fabricated bifacial HAC cells: (a) schematic of HAC cell, (b) processing recipe for HAC cell, and (c)

sample of 75-nm x 75-mm HAC cell.

3. Results and discussion

Figure 3 shows the simulation results of the HIT and HAC
cells with different wafer thicknesses. It was found that the
HAC cell with the light injected from the SiN, side had the
best efficiency for different wafer thicknesses, while the HIT-
2 cell had the worst performance. The efficiencies of the HIT-1
and HAC-1 cells were nearly identical when the wafer thick-

nesses were the same. From the simulation result of the short-
circuit current, open-circuit voltage, and fill factor (FF), it is
clear that the efficiency gain of the HAC-2 cell was a result
of an increase in J,.. The current increase occurred as a re-
sult of the reduction of the parasitic absorption loss because
the structure of the HAC-2 cell employs n™-c-Si layer as the
emitter, whereas other cells use n*-a-Si:H or p™-a-Si:H layers
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as emitters. It is well known that a-Si:H materials have a very
high absorption coefficient and very low mobility. Therefore,
the collection efficiency of photocarriers in the a-Si:H emitter
of the HAC-1 cell is very low. In other words, the photons
absorbed by an a-Si:H layer are hardly used and are wasted.
The QE curves of the cell in Fig. 3(e) indicate that little ab-
sorption loss was found in the short-wavelength region of the
HAC-2 cell. It can be seen from Fig. 3(c) that the Vs of the

25.2
/\\
o 248F N\ v
N A~ o
oy
§ 244 TN
Q
2
L ———HIT-1
24.0 —~HAC-1
——HIT-2
(a) ——HAC-2
2346 1 1 1 1 1 1
40 80 120 160 200 240 280 320
c-Si base thickness/pm
0.80
079} —o—HIT-1
N\ T
ls - -2
0.78 \ ——HAC-2
> A
S 077} A
BN \
0.76 S
0.75 - \\ﬁ%
(c)
0.74 1 1 1 1 1 1
40 80 120 160 200 240 280 320
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100

HIT-1 & HAC-1
60 \

§ HIT-2
3 R
C 40 F

20 r

(e)
0 1 1 1 1 1 1 1 1
300 500 700 900 1100
Wavelength/nm

HAC and HIT cells had no obvious differences, meaning that
the HAC cell maintained the high V. feature of the a-Si:H/c-
Si structure. For the reverse saturation currents (Jys) of the
HAC and HIT cells, it is observed from Fig. 3(f) that the gaps
of Jos between the HAC and HIT cells was small and that the
HAC cells retained the low temperature coefficient and good

weak-light performance of the a-Si:H/c-Si structure.?"!

40

38

J./mA.cm™

37

36 1 1 L 1 1 1
40 80 120 160 200 240 280 320

c-Si base thickness/pm

85.5

85.0 | X
84.5 |

84.0 |

FF/%

(d)

82.5 1 1 L 1 1 1
40 80 120 160 200 240 280 320

c-Si base thickness/pm

10710
10—15 E
10—14 E

10—13 E

Jo/mA.cm™?

10—12 E

10—11 E

10-10 . . . . . .
40 80 120 160 200 240 280 320

c-Si base thickness/um

Fig. 3. (color online) Simulation results of HAC and HIT cells with different wafer thicknesses: (a) variation of conversion efficiency with wafer thickness,
(b) variation of short-circuit current density with wafer thickness, (c) variation of open-circuit voltage V,. with wafer thickness, (d) variation of fill factor FF
with wafer thickness, (f) quantum efficiency QF as a function of wavelength, and (e) reverse saturation currents Jos with different wafer thicknesses.

Figure 4 shows the resistance testing result of the high-
temperature-fired Ag grids and the low-temperature solidi-
fied Ag grids for the HAC cell. The resistance of the high-
temperature-fired Ag grids was 0.16 Q and that of the low-
temperature solidified grid was 0.23 Q. The new design re-
duced the resistance of the grids.

Figure 5 shows the EQE and IQE of the fabricated HAC

cells. The blue light response was significantly improved for

the HAC-2 cell, while a large absorption loss in the short-
wavelength region was clearly observed for the HAC-1 cell.
The results agree well with the simulated curves in Fig. 3(e)
because the a-Si:H layer used as an emitter absorbed many
photons in the ultraviolet region which could not then con-
tribute to the current for the HAC-1 cell.
bandgap of SiN, is higher than that of the ITO layer, there-

fore, many photons in the ultraviolet region passed through

Moreover, the
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the SiN, layer and were usefully absorbed. Therefore, the
SiN, film/n™-c-Si structure is better than the ITO/n*-a-Si:H/i-
a-Si:H structure. It should be noted that although the glass
used to encapsulate the cells had strong absorption in the UV
region, its absorption waveband was about 280-320 nm.[?!]
In this waveband, the photon flux of sunlight is very small,
therefore, the encapsulated glass had little impact on the per-
formance of the cells.

3
Ag finger , 4
——high temperature fired,
— i —ori /
single-print ,
’
2tk
< 0.16 Q 7
~ 7
S
= Ve
o ’
3 4 0.23 Q
O 7 ’
1r ’
. 7 Ag finger
Y ——low temperature solidified
P Z ——double-print
0 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Voltage/V
Fig. 4. (color online) Resistances of high-temperature-fired Ag grid

and low-temperature-solidified Ag grid for the HAC cell tested by dark
current-voltage measurement.
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Fig. 5. (color online) EQE and IQE curves of HAC cells fabricated based
on industrial processes.

The performance of the sample prepared with the recipe
shown in Fig. 2(b) is shown in Fig. 6. It can be seen that
the Jys of the HAC-1 and HAC-2 reached 38.7 mA/cm? and
41.7 mA/cm?, respectively, and the values of V. and FF were
not good. The conversion efficiencies of the HAC-1 and
HAC-2 were 19.1% and 21.1%, respectively. Although the
efficiency of the HAC cell in the laboratory was lower than
the world’s highest conversion efficiency, the performance of
the HAC cells was obtained with existing production lines
(Hareon Solar Co. Ltd.), and no processing parameters were
optimized. The V, and FF could have been improved if the
processing parameters had been further optimized. Moreover,
the uncomplicated structure of the HAC cells, compared to

that of an IBC-type cell, facilitates mass production. In ad-
dition, the new structure reduces fabrication costs because of
the 50% savings on the amount ITO material required, the use
of less costly machines, and its compatibility with the conven-
tional c-Si solar cell production line.

45
. 40F
| 5 /
£ 35F HACa HAC-2
E TF
~ F
» 25F
= [ HAC-1 HAC-2
g 20 , 2
< ' Jsc=38.70 mA/cm® Jsc=41.70 mA/cm’
= 15F Voc=0.644V Voc=0.633 V
g E FF =76.60% FF =79.90%
E 10F n=19.10% n=21.10%
O i

O E L 1 L 1 L 1 L 1 1 1 " 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Voltage/V

Fig. 6. (color online) Performance of HAC cells fabricated based on in-
dustrial processes.

The HAC cell is a promising structure in light of the pri-
mary experiment results. To evaluate the potential conversion
efficiency for these HAC and HIT cells the wxAMPS program
was employed to calculate the potential performance by opti-
mizing device parameters. As shown in Fig. 7, the potential
conversion efficiency of the HAC cell attained 28.55% under
illumination of AM 1.5 G, 100 mW/cm?, while that of the HIT
cell was 27.06% under the same conditions This indicates that
the HAC cell obtained a higher efficiency than the HIT cell.

50¢
q 72

4 L
£ /
<c€ r HAC HIT
; 30 r
2
‘w [
g [
S 20f HAC HIT
= b Jsc=43.60 mA/cm?® Jsc=41.44 mA/cm?
o [ Voc=0.769 V Voo =0.767 V
5 10F FF=85.15% FF =85.10%
O [ n=28.55% n=27.06%

0 >| PR B

FEN IS I SN S S RIS SRS i i R
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Voltage/V

Fig. 7. (color online) Potential performance of HAC and HIT cells.

4. Conclusions

A novel structure of Ag grid/SiN,/n"-c-Si/n-c-Sifi-a-
Si:H/p™-a-Si:H/TCO/Ag grid was designed to increase the ef-
ficiency of a-Si:H/c-Si-based solar cells and reduce fabrication
costs. According to our simulation results, the new structure
increased the efficiency of a-Si:H/c-Si-based solar cells by in-
creasing Jy. and retaining most of the advantages of an HIT
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cell. Moreover, according to our proposed fabrication recipe
based on industrial processes without parameter optimization,
an HAC cell with dimensions 75 mm x 75 mm was suc-
cessfully fabricated with an efficiency of 21.1% and a Jy. of
41.7 mA/cm?. In addition, a conversion efficiency of 28.55%
could be obtained for an optimized HAC cell. The results show
that the novel HAC cell structure has great potential for high
efficiency and low-cost fabrication.
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