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ARTICLE INFO ABSTRACT

Silicon (Si) nanostructures are regarded as a competitive candidate for the front texture of future high-efficiency
Si solar cells owing to their excellent light-trapping properties. In this paper, we present nano-inverted-pyramids
(NIPs) textures on the surface of Cz Si wafer with an area of 156 X 156 mm? fabricated by employing the metal-
assisted chemical etching (MACE) technique. The optical properties of the surface are investigated in detail
before and after the application of a SiO,/SiNy antireflection coating. A passivated emitter and rear contact
(PERC) solar cell with NIPs (NIPs-PERC) is analyzed at the cell as well module level using simulation. The
simulation results indicate that the NIPs-PERC solar cell possesses a higher efficiency (n) of 1.4% relatively than
that of the traditional PERC solar cell, benefiting from a significant better reflection performance in both the
short as well as long wavelength range. Furthermore, simulations show that a 60-cell module with NIPs-PERC
solar cells can yield a peak power of 310 W which is 8 W higher than a traditional PERC module. The novel NIPs-
PERC solar cell shows high potential for mass production and opens a broad way for the application of NIPs
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textures to other high-performance solar cells.

1. Introduction

Due to the near-zero reflection over a broad range of incident angles
(Branz et al., 2009; Kafle et al., 2015; Koynov et al., 2006; Liu et al.,
2014), silicon (Si) nanostructured textures have attracted considerable
interests for application in solar cells, showing an effective way to
achieve high efficiencies (s) of solar cells. However, the implementa-
tion of nanostructured textures in photovoltaic (PV) devices is chal-
lenging (Branz et al., 2009; Chen et al., 2011; Es et al., 2015; Fang et al.,
2008; Huang et al., 2012; Huang et al., 2015a; Huang et al., 2016;
Huang et al., 2015b; Kafle et al., 2015; Kayes et al., 2005; Kumar et al.,
2011; Li et al., 2011; Lin et al., 2013; Liu et al., 2014; Nayak et al.,
2011; Peng et al., 2010; Shu et al., 2009; Syu et al., 2013; Toor et al.,
2011; Wang et al., 2011; Yuan et al., 2009; Zhong et al., 2015a), which
is mainly attributed to the high carrier recombination at the surface and
in the bulk of Si nanostructures. Nano-inverted-pyramids (NIPs) tex-
tures may provide an effective way to improve the efficiency of PV
devices due to their superior light-trapping and structural character-
istics (Mavrokefalos et al., 2012; Smith and Rohatgi, 1993; Wang et al.,
2014). The potential of NIPs is illustrated in the landmark 25.0%

efficient solar cell reported by UNSW in the late 1990 s where the in-
verted pyramids were fabricated using photolithography. Due to its
complexity and high-cost, photolithography is not an appealing tech-
nique for solar cell manufacturing. On the other hand, metal-assisted
chemical etching (MACE) may be a far simpler, lower-cost, and in-
dustry-compatible technique to prepare NIPs (Chen et al., 2018; Huang
et al., 2015a; Huang et al., 2016; Huang et al., 2015b; Yang et al., 2017;
Zhong et al., 2015a). In this paper, we show that highly uniform NIPs
texture on the front surface of industry-sized (156 x 156 mm?) silicon
wafers can be obtained by MACE. The measured reflection of NIPs with
PECVD-SiO,/SiNy antireflection coating shows excellent light-trapping
and matches well with simulation. A passivated emitter and rear con-
tact (PERC) solar cell employing NIPs (NIPs-PERC) was analyzed at the
cell as well module level using simulation. The simulation results show
that the NIPs-PERC solar cell possessed a significant better reflection
performance in both the short as well as long wavelength range, re-
sulting in a relative increase n of 1.4%. Furthermore, simulations
showed that a 60-cell module with NIPs-PERC solar cells can yield a
peak power of 310 W, 8 W higher than than a module with PERC cells
with a traditional texture. Hence, based on the experimental and
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Fig. 1. (a) SEM plan-view image of porous Si obtained by MACE. (b) SEM top
view image of the modified nanoholes by following treatment in an HF/HNO3
solution. (c) SEM plan-view image of NIPs which were obtained by subsequent
processing in NaOH solutions. (d) Magnified SEM plan-view image of NIPs. (e)
SEM plan-view image of traditional micro-pyramids. (f) Magnified SEM plan-
view image of traditional micro-pyramids.

simulation results we believe that MACE-NIPs are an appealing add-on
technology for various high-efficiency silicon solar cell architectures
such as PERC, all-back contact, and heterojunction solar cells.

2. Experimental

Industry-standard p-type (1 00) Czochralski-Si (Cz-Si) solar-grade
wafers with 156 x 156 mm? size, 2-Qcm-resistivity and 190 + 10 um-
thickness were used as substrates. After the standard cleaning process,
NIPs textures were prepared on the surface of Si wafers as follows: (i)
The cleaned Si wafers were immersed in the mixed solutions of AgNO5
(0.0005 M)/HF (4 M)/H,05 (1 M) for 8 min, resulting in porous Si. (ii)
Si wafers with porous Si were etched in an HF:HNO3 = 1:3 (volume)
solution at 6 °C for 3 min to smooth the surface morphology and obtain
the modified nanoholes. (iii) Nano-inverted-pyramid textures were
formed on the surface of Si wafer by the anisotropic etching of 80 °C-
NaOH solutions for 2 min. For comparison, traditional pyramid textures
were prepared by immersing a Si wafer in a 1.5%-NaOH (mass) solution
at 80 °C for 20 min, after the RCA cleaning process of the Si wafer. The
deposition of a SiO,/SiNy antireflection coating on the front surface of
the NIPs and micro-pyramids wafers was performed by PECVD
(M82200-6/UM, CETC 48th Research Institute) at a substrate tem-
perature of 400 °C using NO,/SiH, and NH,/SiH, gas mixtures for the
SiOx (~2 nm) and SiN, (~ 75 nm) deposition, respectively. Meanwhile,
for the measurement of the effective minority carrier lifetimes, the
PECVD-SiO,/SiN, thin films were symmetrically deposited on both
sides of wafers with NIPs and traditional micro-pyramids by the same
PECVD process, respectively. Finally, all samples were annealed in at-
mosphere at 625 °C for 5min (AF1200-40, Shanghai MicroX).

The morphology of the NIPs was investigated by field emission
scanning electron microscopy (SEM) (FE-SEM, FEI Sirion 200). The
reflectance spectra were measured on a commercial quantum efficiency
measurement system (QEX10, PV Measurements). The effective
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Fig. 2. (a) The solar averaged reflectance R,ye and (b) the measured reflectance
of four different surface morphology over the 300-1100 nm wavelength range.
(c) Effective minority carrier lifetime map of PECVD-SiO,/SiN, passivated NIPs
(left) and (d) traditional micro-pyramids (right).

Ag contact NIPs Textures

Fig. 3. The schematic device structure of the simulated NIPs-PERC solar cells.

minority carrier lifetimes maps were obtained by microwave photo-
conductance decay method (WT-2000 SEMILAB). The measured
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Fig. 4. (a) Simulated reflectance and quantum efficiency (QE) of NIPs-PERC comparing with those of traditional pyramids solar cell. (b) Simulated I-V and P-V curves

of a NIPs-PERC solar cell.

Table 1
Parameters settings of solar cell and module by SunSolve software.

Simulations Descriptions Parameters settings

Solar cells Wafer P-type, Cz, 180 um-thickness, 2-Qcm-
resistivity, 244 cm?

NIPs-PERC: 1 pm-height Nano-inverted-
pyramids

Traditional PERC: 3 pm-height Micro-
upright-pyramids

SiOy (2 nm)/SiNy (78 nm)

SiOy (5nm)/SiNy (250 nm)/AlSi (2 pm)

Textures

Antireflection coatings
Rear surface passivation

Solar cell model Duodiode
Saturation current Jy; 237 fA/cm?
Ideality factor m; 1

Saturation current Joz 271nA/cm?
Ideality factor my 2

Shunt resistance Ry, 18.3kQ-cm?
Series resistance R 0.58 Q-cm?

Busbars 5 BB, height: 35 um, width: 500 pm
Fingers 90 fingers, height: 35 um, width: 45 ym
Modules Cell numbers 60
EVA thickness 0.45 mm
Glass thickness 2mm
Table 2

Simulated output performance NIPs
those of traditional one.

solar cell and module comparing with

Simulations Textures Prax(W)  Voe(V) L (A)  FF(%) Eg{(%)

Solar cells Traditional PERC  5.33 669 9.93 80.3 21.8
NIPs-PERC 5.38 669 10.0 80.3 22.1

Modules(60 cells) Traditional PERC 302 667 9.36  80.5 20.6
NIPs-PERC 310 668 9.61 80.4 21.2

reflectance was fitted, and subsequently, the output performance of the
solar cells and modules was simulated using the commercial ray-tracing
software SunSolve (SunSolve™, 2019).

3. Morphology and optical properties

Fig. 1(a)-(d) shows the progression of the silicon surface from
porous silicon to NIPs by plan-view SEM images. Fig. 1(a) shows the
porous Si morphology of Si wafer after etching in AgNO3;/HF/H,0,.
Nanoscale porous Si was uniformly distributed on the surface of Si
wafer, and the porous silicon feature size could be estimated at
50-100 nm. To obtain larger nanoholes, we modify the Si porous sur-
face by isotropic etching in HF/HNOj3. As shown in Fig. 1(b), nanoholes
with an average diameter being ~800 nm formed on the surface of Si
wafer and the irregular clusters which are visible in Fig. 1(a) were
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removed which is beneficial to the formation of the sub-micrometre
NIPs. Subsequently, NIPs shown in Fig. 1 (c) were obtained by aniso-
tropic etching in an 80 °C-NaOH solution. The SEM plan-view images
show that the surface is quite uniformly covered with NIPs, which is
beneficial to the output performance of the solar cell. Fig. 1(d) shows
the magnified SEM plan-view image of NIPs and the opening side length
and depth of NIPs were estimated as ~840 nm and ~ 600 nm, respec-
tively. For comparison, we prepared the micro-pyramids on the surface
of the same Cz-Si wafer by a standard industrial process on a production
line. As expected, the prepared mono texture was a micro-pyramid
structure with a height of ~3 um and a width of ~4 pum as shown in
Fig. 1(e) and (f), possessing a larger feature size than NIPs. The most
important difference between a traditional pyramid texture and NIPS is
that light undergoes one or two additional bounces than that in tradi-
tional micro-pyramids before being lost by reflection (Wang et al.,
2014), attributing to a better light-trapping effect in the short- wave-
length range.

To investigate the optical properties of the NIPs textures, we cal-
culate the solar averaged reflectance R,y over the wavelength range
300-1100 nm (see Fig. 2(a)), and compare the reflectance of the NIPs
texture with the other morphologies corresponding to different inter-
mediate processes as shown in Fig. 2(b). We calculate the solar aver-
aged reflectance R,,. by averaging the reflectance over the AM1.5
spectrum in the wavelength range 300-1100 nm as follows:

~ L™ R(2)-S (A)-dA
- 1100 nm
-/;OOnm S(4)-da (€9

where R(\) and S(\) denote the measured reflectance and AM1.5 solar
photon spectral distribution, respectively. As shown in Fig. 1(a), the
Raves of porous Si, nano-holes, NIPs, NIPs with SiO,/SiNy coating are
15.73%, 14.57, 11.91% and 3.94%, respectively, meaning a decreasing
trend of R,yes With the etching processes. Importantly, compared to the
corresponding R,.. of traditional micro-pyramids without (12.77%) and
with SiO4/SiNy coating (7.65%), both NIPs and NIPs with SiO4/SiNy
coating have an obvious reflection superiority which is beneficial to the
short-circuit current of the device.

For the reflectance over the whole wavelength range of
300-1100 nm, the porous Si has a low reflection in the short wave-
length range of 300-450 nm and a noticeable increase in reflection from
550 to 850 nm as shown in Fig. 2 (b). As expected, porous Si with a
feature size of 60-100 nm can trap short wavelength light, while it is
increasingly seen an “effective medium” consisting of silicon and air for
larger wavelengths (Branz et al., 2009). After the HF/HNOj; etch, the
nanohole-covered surface shows a higher reflection in the 300-450 nm
wavelength range due to the smoothing of the surface, while the re-
flectance in the 550-1000 nm range is significantly reduced due to a
combination of a smooth surface and light trapping by the nano-holes.
The sample with the NIPs shows a higher reflectance in the short

ave
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wavelength range of 300-450 nm which can be attributed to the fact
that the feature size of the NIPs is significantly larger than the wave-
length and, consequently, the reflection is determined by normal geo-
metrical optics. However, compared to the traditional micro-pyramids,
the uncoated NIPs possess better light trapping properties over the
whole wavelength range which can be attributed to triple or more
bounces in the NIP structures before the light escapes from the surface
(Mavrokefalos et al., 2012). Importantly, for the PECVD-SiO,/SiNy
capped case, both the NIPs and micro-pyramids show a sharp reduction
of the reflectance over the whole 300-1100 nm wavelength range, and
the reflectance difference between the PECVD-SiO,/SiNy coated NIP
and traditional pyramids is even further magnified in the wavelength
range of 300-600 nm. The major reasons for such a magnified re-
flectance difference after PECVD-SiO,/SiN, deposition may lie in the
wafer-scale non-uniformity, the better geometric optics antireflection
and the enhanced destructive interference of the PECVD-SiO,/SiNy
coated NIPs arrays (Zhong et al., 2015b).

Now, we turn to the measured lifetimes of the effective minority
charge carriers for PECVD-SiO,/SiNy passivated NIPs and traditional
micro-pyramids, which is an important parameter to reflect the elec-
trical properties of the samples. As shown in Fig. 2, the average lifetime
of PECVD-SiO,/SiN, coated NIPs was 15.82 s, indicating an identical
passivation level as the passivated micro-pyramids with a lifetime value
of 18.92 ps. This is not surprising as the effective surface area of the two
textures is expected to be equal at roughly 1.74 times that of a planar
sample. Furthermore, the pit structure of NIPs might be beneficial for
subsequent contacting (Wang et al., 2014). In a word, the excellent
light-trapping and electrical properties make NIPs an attractive tex-
turing for the Si high-performance photovoltaic devices such as PERC,
all-back contact, and heterojunction solar cells.

4. Simulated performance of NIPs-PERC solar cells and modules

Fig. 3 shows the schematic device structure of the NIPs-PERC. It
consists of a MACE-NIPs texture with a SiO./SiNy stack on an n*
emitter. The rear reflector consisted of a SiO,/SiN, stack with a screen-
printed Al with locally alloyed rear contacts.

Using the SunSolve software, we simulated the reflectance and
quantum efficiency (QE) of NIPs-PERC solar cell as shown in Fig. 4(a).
The detailed simulation parameters settings are listed in Table 1. Note
that we set the feature size of the optimized NIPs as 1-um which is fully
in the geometric optics regime and is suitable for the simulation based
on ray-tracing SunSolve software (Payne et al., 2018). As shown in
Fig. 4(a), the measured reflectance of NIPs with PECVD-SiO,/SiNy is
much lower than that of the simulated one in the wavelength range of
300-700 nm. Hence, the simulated values will underestimate the true
potential of the NIPs. Notably, in both the 300-500 nm wavelength
range and the 900-1050 nm wavelength range, the simulated re-
flectance of NIPs capped by SiO,/SiNy is lower than that of traditional
micro-pyramids resulting in a significantly improved simulated QE of a
NIPs-PERC solar cell.

Benefiting from a superior optical performance of the NIPs com-
pared to the random pyramids, the NIPs-PERC solar cell demonstrates a
very high performance with a high short-circuit current of 10.0 A, an
open-circuit voltage (V,.) of 0.669 V, a fill factor (FF) of 80.3%, as well
as power conversion efficiency (i) of 22.1% as shown in Fig. 4 (b) (see
parameters settings in Table 1). Compared to the PERC solar with
random pyramids, the NIPs-PERC solar cell has a simulated increase of
70 mA while the V,. and FF are not affected, consequently increasing
the 5 from 21.8% to 22.1% (a relative increase of 1.4%). Furthermore,
we simulate the performance of a standard NIPs-PERC module with 60
cells (see Table 2). The module power of NIPs-PERC was simulated to
be 311 W, which is 1.3% relatively higher than the 307 W simulated for
the module with random pyramid solar cells.
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5. Conclusions

By optimising the morphology of MACE porous Si and acid modified
nanoholes, we prepared highly uniform NIPs texture on the front sur-
face of industry-sized (156 X 156 mm?) silicon wafers under the ani-
sotropic etching of NaOH. The measured reflection curve shows that the
NIPs capped by PECVD-SiO,/SiN, demonstrates a lower reflection than
traditional micro-pyramids. Subsequently, we analyzed passivated
emitter and rear contact (PERC) with NIPs (NIPs-PERC) at cell as well
module level using simulation. The simulation results show the NIPs-
PERC solar cell can reach a # of 22.1% which is 1.4% relative higher
than that of the traditional PERC as a result of the better reflection
performance in both the short as well as long wavelength range.
Furthermore, the simulation of a 60-cell PV module with NIPs-PERC
solar cells yields a peak power of 310 W module which is 8 W higher
compared to a traditional PERC module. These experimental and si-
mulation results demonstrate that MACE-NIPs possess a great potential
to be used in various high-efficiency Si solar cell architectures.
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