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Abstract. A simple process of texturing silicon (Si) surfaces using gold (Au)-catalyzed wet chemical etching was used to form black Si (BS) on a
(100) p-type substrate. The surface became uniformly black after 6 min, with a resulting reflectivity of < 2% over the 400 nm to 1100 nm wavelength
range. Large areas (153.18 cm®) of black Si solar cells (BSSCs) with an n*-p-p* structure were also fabricated using conventional processes,
including POCI; diffusion, screen printing, and co-firing. The resulting cells were divided into two groups according to the emitter (46 and 37 (Y/),
and their output parameters were studied. The best convention efficiency (Ex) was < 10%. The open-circuit voltage (Voc) was particularly low
because of poor surface passivation, and the shunt resistance (Rsy) linearly decreased with the series resistance (Rs). Electroluminescence (EL) and
infrared thermography (ITG) measurements were conducted to characterize the BSSCs. Both the emissivity and temperature were low and non-
uniform. Optimizing the fabrication process by reducing the etching depth and lowering the dopant sheet resistance led to significant improvement in
Voe (~48 mV) and Ey (~3.8% absolute). EL and ITG measurements indicate that R is another important factor that accounts for the poor properties
of the BSSCs.

Streszczenie. W artykule opisano proces teksturowania powierzchni krzemowej w procesie wytrawiania chemicznego z katalizatorem w formie
zfota, na potrzeby produkcji czarnego krzemu (BS) na podfozu p. Zastosowane rozwigzanie m. in. optymalizacji procesu teksturowania, poprzez
redukcje gtebokosci wytrawiania dato znaczgcg poprawe napigecia Vo, oraz Eg. Wykonane badania wskazujg, ze rezystancja szeregowa R stanowi
wazny czynnik wplywajacy na dziatanie ogniw stonecznych, zbudowanych z czarnego krzemu. (Elektroluminescencyjna i termograficzna metoda

charakteryzowania wielko-powierzchniowych ogniw sfonecznych z czarnego krzemu — zastosowanie druku sitowego).

Keywords: Black Si solar cells, Au catalysis, EL measurement, ITG test.
Stowa kluczowe: ogniwa stoneczne z czarnego krzemu, katalizowanie ztotem, pomiar elektroluminescencyjny, test ITG.

Introduction

Pyramid-shaped structures can be formed on silicon (Si)
surfaces using a potassium hydroxide (KOH) solution. KOH
is widely used in the Si solar cell manufacturing process to
achieve a weighted reflectivity of approximately 13%.
Reducing the surface reflectance is an effective method of
obtaining high-efficiency cells. Hence, a simple process of
preparing antireflective surfaces and integrating such
surfaces into Si solar cells must be developed. Simulation
results reported by Sai et al.l"" showed that the subwave
structure (SWS), known as black silicon (BS), has a low
mean reflectivity (below 3%) in a wide period range. They
also demonstrated that an efficient reflection reduction can
be achleved with the appropriate aspect ratio. Nishioka et
al.” demonstrated that BS can be formed through simple
wet chemical etching using a gold (Au) nanoparticle
catalyst[3 ¢ This technique can be applied to single and
multicrystalline Si regardless of the orientation or doping
type. When black silicon solar cells (BSSCs) were
fabricated, a significant |mprovement (25% to 42%) in the
short-circuit current (ISC was achieved with the
antireflective BS structure.Other performance parameters,
such as the open-circuit voltage (Voc) and fill factor (FF),
were not affected In 2009, Yuan et al.”! fabricated BSSCs
on a 1 cm? floating zone (FZ) p-Si (100) substrate. The
surface passivation layer was thermally deposited SiO,, and
the front electrode was prepared via photolithography and
evaporation of Ti/Pd/Ag. A maximum efficiency (Ex) of
16.8% was achieved without any antireflective coating.
Photolithography, thermal oxidation, and evaporation are
widely used at the laboratory scale to prepare high Eg Si
solar cells, but they are not suitable for industrial application
because of their high cost and complexity.

A fast and simple process of preparing large-area
(153.18 cm ) BS surfaces was developed using Au
nanoparticle-catalyzed wet chemical etching in aqueous
hydrogen fluoride (HF) and hydrogen peroxide (H202) at
room temperature. The reflectivity over the 400 nm to 1100
nm wavelength range was < 2%. BSSCs with different
dopant profiles were also fabricated via conventional

processes, such as phosphoryl chloride (POCI3) diffusion,
commercial paste  screen-printing, and  co-firing.
Electroluminescence (EL) and infrared thermography (ITG)
measurements showed that a lower sheet resistance is
beneficial for cells. The Vo and FF of these cells were
particularly low, and the best Ex was < 10%. Optimizing the
fabrication process by reducing the etching depth and
changing the dopant profile led to an Ex enhancement of
~3.8% (abs.) and a Vo enhancement of ~48 mV.

Materials and Methods

Samples were prepared from 180 pum thick,
commercially available (100) p-type Czochralski (CZ) silicon
wafers (~1.5 Qcm, boron-doped). The samples were initially
polished using HF and nitric acid (HNO3) to remove the
layer damaged by the saw wires. The samples were then
thoroughly rinsed with deionized (DI) water. The samples
were dipped into 0.4 mmol/L chloroauric acid (HAuCIs)
mixed with polyethyleneimine (PEl) for 2 min at room
temperature to allow the deposition of the Au nanoparticle
layer on the Si substrate. The initial PEI:HAuClz molar ratio
was 4:1. The samples were subsequently immersed in an
etching solution of HF, hydrogen peroxide (H202), and DI
water (HF:H202:H,O = 1:5:10) at room temperature for 6
min. The etching mechanism was as follows:
Si + H,O, + 6HF — 2H,0 + H,SiFe + Hot.  The  samples
were then rinsed with DI water, and the residual Au
nanoparticles were removed from the reaction mixture by
adding I2:NH4l:H>O = 1:4:40 at 80 °C for 5 min. Finally, the
samples were rinsed with DI water, blown dry with nitrogen,
and subjected to further investigation. Reflectivity
measurements were performed using a “Solar Cell Spectral
Responser/QE/IPCE Measuement System” (Model: QEX 7)
over the 300 nm to 1200 nm wavelength range.

BSSCs were fabricated in the production line. BS
samples were initially immersed in chloroazotic acid at 80
°C for ~20 min to remove any Au residue prior to BSSC
fabrication. After a standard RCA cleaning, the emitter
diffusion was prepared in POCI; in a tube furnace. Two
different emitters were used, namely, a high-ohmic emitter
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with a mean sheet resistance (R)) of 46 Q/(1 and a low-
ohmic emitter with R- =37 Q/1. The latter was diffused
through a reference cell, which was etched with aqueous
KOH along the line (pyramid-structure surface). The R
value was 46 Q/[1. After edge isolation and phosphosilicate
glass removal, a SiNx layer (n=2.05, 80 nm), acting as an
antireflection coating and passivation layer, was deposited
via plasma-enhanced chemical vapor deposition. Both the
rear and front metal contacts were fabricated using screen-
printing commercial paste and through a co-firing process in
an infrared conveyor belt furnace.

Results and Methods
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Fig. 1. Reflectivity versus wavelength curve of etched black silicon
(BS) surfaces at the different Au nanoparticle deposition times
(ADT)

Table 1. Weighted reflectivity (R) of BS in random cones and
pyramid samples at different ADTs.

ADT T

Surface

structure (min) (min) Solution R (%)

pyramid - 28 KOH 13.60
random cones 2 6 HF,H,0,, H,O 1.56
random cones 4 6 HF,H,O,, H,O 1.45
random cones 6 6 HF,H,0,, H,O 1.24
random cones 8 6 HF,H,0,, H,O 1.26
random cones 10 6 HF,H,0,, H,O 1.23

The reflectivity of the BS structures versus the
wavelength at different Au deposition times (ADT) was
investigated. Fig. 1 shows the reflectivity versus wavelength
curves of all samples at different ADTs and at 6 min etching
time. The weighted reflectivities (R) are summarized in
Table 1, including that of a reference sample etched in a
KOH solution at 80 °C for ~25 min. The reflection spectrum
of the BS surface exhibited a typically low reflectivity (<
2%), particularly in the 400 nm to 1100 nm wavelength
range. The morphology of the etched BS surface resembled
random cones (data to be published elsewhere), and the
width and depth were approximately 10 and 250 nm,
respectively. Fig. 1 shows that the reflectivity varied with
ADT, which may be due to the Au nanoparticle coverage
rate. A longer deposition time allows a higher coverage rate
and decreased surface reflectivity with increasing ADT.

Fig. 2 shows the illuminated output parameter (Voc, lsc,
FF, and Eg) distributions of the cells prepared on BS
substrates with different dopant profiles. All parameters of
the heavier dopant samples increased, especially Voc. The
best Ey for the 46 Q/[1 samples was 8.39%, whereas that of
the 37 Q/1 samples was 9.43%. The average Ex value of 50
reference cells was 17.2%. Detailed comparisons of the
other electrical properties (including dark I-V and QE) of the
BSSCs and the reference samples were also performed,
and the results were published elsewhere. The Rqh versus
Rs curves of all BSSCs (Fig. 3) clearly shows that Rsn

linearly decreased with Rs. This decrease may have been
due to the high peak temperature during the firing process,
or the BS structure itself. The BS layer is a nanoporous
structure with a significantly increased superficial area,
which allowed the easy etching of the Ag paste.

BET)

Fig. 2. BSSC output parameters showing the (a) open-circuit
voltage, V,; (b) short-circuit current, Is; (c) fill factor, FF; and (d)
efficiency, E¢ distributions
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Fig. 3. Ren versus R curve for the BSSCs

A forward current in the dark are shown in Fig. 4 The
corresponding temperature distributions are shown in
Fig. 5.

[l

(a) (b) (c)
Fig. 4. Electroluminescence (EL) images of the emissivity
distribution measured at a 5 A forward current: (a) 46, (b) 37, and
(c) 46 QI reference cell

L

(a) (b) (c)
Fig. 5. Temperature distribution of the ITG images measured at a 5
A forward current: (a) 46 Q/'1 BSSC, (b) 37 Q/(1 BSSC, and (c)
46 Q/1 reference cell

The reference cell exhibited a homogeneous emissivity
(Fig. 4c), except for a few disconnected fingers and
conveyors and a uniform temperature (Fig. 5¢). The EL of
the BSSCs was largely dark (Figs. 4a and 4b) and the
temperature distribution was non-uniform compared with
those of the reference. A careful comparison between Figs.
4a and 4b reveals an emissivity enhancement in the 37 Q/[1
cell. A heavier dopant (lower emitter sheet) enhances
BSSC performance. In addition, a comparison between
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Figs. 4 and 5 shows that the temperature was higher for the
brighter areas in the EL image of the BSSCs. Hence, Rs
was the dominant factor that caused the lower emission
intensity of the BSSCs, indicating that the BSSCs benefited
from the heavier dopant. The EL measurements for the
BSSCs under a 12 V reverse bias in the dark were also
performed, and the resulting images are all dark (data not
shown). The BSSC output parameters are shown in Fig. 6.
In general, the BSSC properties were significantly
improved, especially Vo.. The 46 Q/) based cell samples
etched for 4 min showed improved properties. The best Ex
for the samples etched for 4 min was 11.33%, and the Voc
was 610 mV, compared with the 8.39% and 570 mV of the
samples etched for 6 min, respectively. In the samples
etched for 4 min, the 31 Q/] solar cells exhibited the best
performance, with a maximum Ex of 12.17% and a V. of
618 mV, indicating improved Ex (~3.8% abs.) and Vg
(~47.9 mV). On the other hand, the Isc and FF of the
31 Q/7 4 min etched sample was 4.73 A and 64.5%,
respectively, compared with the 4.37 A and 52.2% of the
6 min etched 46 Q/] samples. BS has a nanoporous
structure that increases the superficial area and acts as a
dead layer. The shortened etching time reduced the etching
depth and surface recombination; hence, V.. was
significantly improved. V,c remained lower than that of the
reference cell (~620 mV) because of the poor surface
passivation. Although Isc and FF were also affected by
surface recombination, they slightly improved with the
reduction in etching time, mainly because of Rs and Rsp.
Gaps in the processing, which include the modification of
the etching solution, the firing process, and related aspects,
will form the bases of future studies.

() (d)

Fig. 6. Optimized BSSC output parameters showing the (a) Vo, (b)
Isc, (c) FF, and (d) Eg distributions

Conclusion

Nanoporous subwave BS structures in random cones
were formed via a wet chemical etching method catalyzed
by Au nanoparticles. The reflectivity in the 400 nm to 1100
nm wavelength range was < 2%, and the BS exhibited
favorable light-trapping properties. After etching the BSSC
for 6 min, the resulting properties were much lower than

those of the reference cell. EL and ITG measurements
indicate that Rs was the main reason for this observation.
Rsh linearly decreased with Rs. However, BSSCs can
benefit from heavier doping emitters. Reducing the etching
time to 4 min significantly improved the output properties.
An improvement in Vo (~48 mV) and Ex (~3.8% abs.) was
observed for the 31 Q/1 solar cells compared to their
46 Q/1 analogue. Other parameters also improved with
shallower etching depths and lower dopant emitter
contents. The output parameters and the EL and ITG
measurements indicate that the properties of the optimized
BSSCx were significantly improved.
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