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Eftect of MACE Parameters on Electrical and
Optical Properties of ALD Passivated Black
Silicon

Kexun Chen', Toni P. Pasanen’, Ville Vihinissi, and Hele Savin

Abstract— Metal-assisted chemical etching (MACE) enables
efficient texturing of diamond-wire sawn multicrystalline silicon
(mc-Si) wafers. However, the excellent optics are often sacrificed
by polishing the surface to achieve better surface passivation with
chemical-vapor-deposited (CVD) silicon nitride (SiNy). In this
work, we show that a polishing step is not required when CVD
SiNx is replaced with atomic-layer-deposited (ALD) aluminum
oxide (Al,O3). Indeed, while polishing increases reflectance, it has
in general only very modest effect on surface recombination
velocity of ALD-passivated b-Si. Furthermore, since ALD ALO3 is
compatible with various surface morphologies due to its excellent
conformality, the MACE parameters can be more freely adjusted.
First, the concentration of silver nitrate (AgNO3) in AgNO3;/H,O
solution that is used to deposit Ag nanoparticles is shown to affect
the final b-Si morphology. Instead of needle-shaped b-Si produced
by 5 mmol/L AgNOj concentration, two orders of magnitude lower
AgNOj; concentration produces porous structures, which are more
challenging to passivate. Additionally, we demonstrate that a
separate Ag nanoparticle removal step in nitric acid (HNO3) is not
a prerequisite for high carrier lifetime. Instead, Ag nanoparticles
present during polishing in a HF/HNO3/H,O solution affect the
final b-Si morphology by accelerating the etching of Si. The results
demonstrate that no trade-offs are necessary between optical and
electrical properties of MACE b-Si when using ALD.

Index Terms—black silicon, nanostructure, metal assisted
chemical etching, atomic layer deposition

I. INTRODUCTION

ETAL-ASSISTED chemical etching (MACE) has high

potential to become the mainstream texturing method for
multicrystalline silicon (mc-Si) substrates, since it is able to
efficiently reduce reflectance of diamond-wire sawn wafers [1].
Indeed, MACE-textured surfaces are often called black silicon
(b-Si) due to their dark appearance, and hence, MACE b-Si has
raised interest also as a more efficient texture for
monocrystalline wafers. Furthermore, the technique can easily
be adopted to existing solar cell production lines without the
need for large investment to new equipment due to its wet-
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chemical nature [2], [3]. However, the MACE-texture currently
remains non-optimized from the optics perspective, since the
nanostructures are typically polished to enable better
conformality, and hence, more efficient surface passivation
using chemical vapour deposited (CVD) silicon nitride (SiNy)
[4]-[6], which is widely used by the current PV industry. Due
to polishing, reflectance of MACE-textured wafers remains as
high as 15-30 % without anti-reflection (AR) coatings, and a
thick SiN, film is required to reduce reflectance to ~8-10 % [5],
[6]. Surface passivation of MACE-structures with lower, <5 %
reflectance has been demonstrated with thermally-grown
silicon dioxide (SiO») [7], [8]. Although thermal SiO, grows
conformally on nanostructures, the passivation efficiency is
limited due to negligible density of fixed charges in the thin film
[9]. Moreover, high-temperature oxidation after the MACE
process increases the risk of metal contamination.

The challenges related to either conformality or high
process temperature can be overcome by the application of
atomic layer deposition (ALD). Indeed, excellent surface
passivation has been obtained on dry-etched high-aspect-ratio
b-Si using ALD aluminium oxide (Al,O3) [9], [10], also with
an industry-scalable spatial ALD system [11]. Hence, the
polishing step can likely be omitted, or at least substantially
shortened, by replacing SiN, with ALD Al,Os, which improves
the optical performance of the final device. Although most of
the reports on MACE b-Si have concentrated on SiN,, the
excellence of ALD Al>Os has been demonstrated in a few recent
studies [12]-[16]. Rahman et al reported surface
recombination velocity (SRV) of 26 cm/s in silicon nanowires
with 6 % reflectance [12], whereas Chong et al. achieved even
better surface passivation wusing slightly shallower
nanostructures with a combination of ~19 cm/s SRV and ~7 %
reflectance [13]. Additionally, Parashar et al. recently
demonstrated SRV of only ~5 cm/s on 50 pum thick flexible b-
Si substrates using a nitrogen-doped Al,Os thin film [16].
However, most of the studies have optimized the MACE
parameters and the resulting b-Si morphology only from the
optics perspective [17], [18], and disregarded surface
passivation. Moreover, since the effect of MACE parameters on
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electrical properties has earlier been discussed from the SiN,
passivation perspective, the application of ALD Al,O3 enables
the possibility to optimize the parameters further to achieve
more efficient combination of reflectance and SRV. The first
demonstration by Chong et al. showed that SRV is surprisingly
independent of the surface area enlargement of the MACE
nanostructure, which was determined by the polishing time
[13], but the effect of other process parameters, such as
concentration of the solutions, remains ambiguous.

Although silver generates less electrically active deep-level
defects in silicon than gold or copper, its involvement in the
MACE process increases the risk of contamination due to its
high diffusivity [19], [20]. Therefore, the nanoparticles are
typically removed in HNO; after the nanotexturing process to
prevent contaminating the bulk during following high
temperature process steps, such as contact firing [5]-{7], [18],
[21]. Nevertheless, a simplified process would result in faster
throughput and cost savings, and hence, the exclusion of a
separate Ag removal step would be favored.

In this paper, we study experimentally if the polishing step
can be omitted by replacing SiN, with ALD AlO;.
Additionally, we investigate the effect of silver nitrate (AgNO3)
concentration in AgNO3/H,O solution, which is used to deposit
Ag nanoparticles, on optical and electrical properties of ALD-
passivated MACE b-Si. We also try to simplify the
nanotexturing process by studying, whether an Ag removal step
in HNOs is necessary to obtain good electrical performance
required for high-efficiency solar cells. To address these
research questions, we first investigate the morphology of the
b-Si samples fabricated using various etching parameters. We
continue by analysing the optics of the MACE-textures, and
finally, evaluate the efficiency of ALD surface passivation and
whether metal contamination is an issue in the same
nanostructured samples.

II. EXPERIMENTAL

Samples used in this study were quarters of 4” shiny-etched
boron-doped p-type high-quality float-zone (FZ) silicon wafers
(1 Qcm, 250 pum, (100) orientation). The experimental process
flow is presented in Fig. 1. A three-step MACE-process was
used to enhance control over surface morphology [2], [13],
[21]. First, Ag nanoparticles were deposited electrolessly by
immersing hydrofluoric acid (HF)-treated samples in a
AgNOs3/H,O solution with either 0.05 mmol/L or 5 mmol/L
concentration of AgNOs (labelled “low [AgNOs3]” or “high
[AgNOs]”, respectively) for 20 s. Two clearly distinct AgNO3
concentration levels were selected to limit the number of
different variable combinations. The b-Si nanotexture was
formed on both sides of the samples by a 2 min dip in a
HF/H,0,/H,O  solution  (HF(50%):H.02(30%):H,0 =
25:10:270; v:v:v) at room temperature under normal cleanroom
lighting. Subsequently, the Ag nanoparticles were removed
from half of the samples by immersing them in 69 % HNOs for
10 min, while the nanoparticles were left on the other half of
the samples for the rest of the process (labelled “with Ag
removal” or “without Ag removal”, respectively). The
nanostructure fabrication was finished by polishing in a
HF/HNO3/H,O  solution  (HF(50%):HNO3(69%):H,O =

2
i High [AgNQ;], i High [AgNO,], i Low [AgNO;], i Low [AgNO,], i
i withoutAg i withAg { withAg | withoutAg i
i removal i removal i removal : removal i
1| p-type FZ-Si (1 Qcm, (100), 250 pm) ):

Deposition of Ag Deposition of Ag

nanoparticles nanoparticles
(high [AgNO;]) (low [AGNO;])

]| Black Si formation (HF/H,0,/H,0) ).
1 Agremoval(HNOs) )
Polishing ' Polishing
(HF/HNO4/H,0) (HF/HNO/H,0)

{| Cleaning (RCA1 82)

[ Surface passwatlon (ALD ALO; + anneahng) ]

[ M|n0r|ty carrier Ilfetlme, Reflectance, SEM ]

Fig. 1. Experimental procedure. The steps that have varied parameters are
highlighted in red. Labels used in the subsequent figures are reported on the
top.

3:50:70; v:v:v) for O s (i.e., no polishing), 30 s, or 60 s and
rinsing in de-ionized water. Finally, the samples were dried
using a nitrogen gun.

After the MACE process, the samples were cleaned with the
RCA cleaning sequence. To enhance the stability and
effectiveness of the bath, a commonly-used complexing agent,
1,2-cyclohexanediaminetetraacetic acid (CDTA), was added to
the RCAI solution [22], [23]. The oxide grown during the
cleaning was left on the sample surfaces. Subsequently, the
surfaces were passivated with double-sided ALD AlO3
deposited at 200 °C using a TMA/H,O-based process and
Beneq TFS 500 tool, similar to reported in [24]. Surface
passivation was activated by a 30-minute annealing at 400 °C
in nitrogen.

The samples were characterized by minority charge carrier
lifetime measured with quasi-steady state photoconductance
(QSSPC) technique (Sinton WCT-120) to evaluate the
performance of surface passivation and to observe, whether
possible metal contamination deteriorates the electrical quality
of the bulk. In addition, the optical properties were evaluated
by integrating sphere-based surface reflectance measurements
(Agilent Cary 5000). Average reflectance (Rav.) weighted by the
AM1.5G solar spectrum was calculated in the wavelength range
of 300—1000 nm using equation

1000 nm

1(1)

tot

Rave =

;=300 nm

RG] (1)

where 4; is a single wavelength, R(4;) and I(1;) are the
reflectance and spectral irradiance at the wavelength 4,
respectively, and I, is the total irradiance in the inspected
wavelength range, given by
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Finally, the morphology of the MACE nanostructures was
imaged by scanning electron microscopy (SEM, Zeiss Supra
40). Uncertainty of 5 % was assumed in both QSSPC and
reflectance measurements.

III. RESULTS AND DISCUSSION

A. Surface morphology

The study investigates first the effect of MACE-parameters
on b-Si morphology. Fig. 2 presents cross-sectional SEM
images of the b-Si samples prior to (0 s) and after 30 s or 60 s
of polishing. Within the samples without polishing, the AgNO;
concentration in the AgNO3;/H,O solution has a prominent
effect on the b-Si morphology. High [AgNO;] produces needle-
shaped b-Si, whereas low [AgNOs] results in smaller and more
porous nanostructures, which are likely more challenging to
passivate. Similar observations have been reported also in
earlier studies, which attributed the increasing porosity to
reduced size and increased surface coverage of Ag
nanoparticles with decreasing AgNO;3; concentration [17], [18].

Polishing in HF/HNOs/H,O solution smoothens the

nanostructures in all samples, which is natural, since the step is
typically applied to modify the MACE texture to better suit for
CVD SiN.. Opposite to H,O, that was used in the b-Si
formation step, HNO; efficiently oxidizes silicon also without
metal catalyst, and the grown oxide is simultaneously removed
by HF [25], [26]. Consequently, silicon is etched from all

0s

30 s

High [AgNOs]

Low [AgNO;]

surfaces that are in contact with the chemicals and the average
height of the b-Si nanostructures in the high [AgNO;] samples
reduces from ~320 nm to ~250 nm and ~125 nm during 30 s
and 60 s polishing, respectively. Correspondingly, polishing
removes the porous layer from the low [AgNOs] samples and
the surface structures gradually turn more similar to those on
the high [AgNOs] samples. Indeed, after 60 s polishing, all
samples start to resemble each other rather closely independent
of the used AgNOj; concentration. Moreover, another similar set
of samples was polished for 180 s, and all surfaces became
virtually flat independent of the AgNO; concentration or the
presence of the Ag removal step. Hence, the 180 s samples were
excluded from further inspection.

In the presence of Ag nanoparticles (i.e., “without Ag
removal”), polishing produces slightly shallower and wider
nanostructures than in the case, where the nanoparticles have
been removed prior to the polishing step. This observation
indicates that silver catalyzes the etching also in this solution,
but the chemical mechanism is different from the b-Si
formation step. When the HF concentration is sufficiently high
compared to that of the oxidizing agent, such as H,O, or HNO3,
all electron holes generated at the nanoparticles are consumed
at the Ag-Si interface and etching occurs only at the vicinity of
Ag [3], [7], [27]. This is the case in the used HF/H,O»/H,O
solution, and nanostructures or nanopores form. Instead, when
the relative HF concentration is low, as in the HF/HNOs;/H,O
solution, consumption of the generated holes is reduced at the

With Ag
removal

Without
Ag
removal

With Ag
removal

Without

. . ~ : Ag

Fig. 2. SEM images of the ALD Al,Os-coated b-Si samples prior to and after 30 s or 60 s polishing. Higher AgNOs concentration in the first step results in needle-
shaped nanostructures, whereas lower AgNO; concentration produces nanoporous surface. Polishing reduces the size of the nanostructures in all samples. The

same scale bar applies to all images.
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nanoparticle-Si interface. Consequently, the excess holes
diffuse to all silicon surfaces, which results in homogeneous
oxidation and subsequent etching of the wafer [3], [7], [27].
Hence, the presence of Ag nanoparticles slightly increases the
etch rate of silicon in the HF/HNO3/H,O solution, which results
in accelerated polishing of the nanostructures. The effect is
more distinct within the SEM images of the low [AgNO;]
samples, which may be due to the larger dimensions of the
needle-shaped b-Si on the high [AgNOs] samples that hinder
small changes from being as noticeable.

B. Reflectance

Since the MACE-parameters were observed to greatly affect
the surface morphology, the analysis proceeds next to the
optical properties of such b-Si nanostructures. Fig. 3a shows
reflectance spectra of the b-Si samples that have not been
polished. All samples show less than 10 % reflectance in the
whole inspected wavelength range between 300 nm and 1000
nm. Especially, reflectance of the high [AgNO;3] samples is only
~4 % at the maximum. The needle-shaped b-Si on those
samples acts as an effective refractive index gradient and
efficiently reduces light reflection in a wide range of
wavelengths, as reported also earlier for similar nanostructures
[28], [29]. In the low [AgNO;] samples, the graded index effect
is equally effective at short wavelengths. However, since the
nanoporous layer is thinner than the nanostructures on the high
[AgNOs] samples, the effect is weaker in the long wavelength
range, which is seen as an increase in reflectance [30].

Fig. 3b presents solar spectrum-weighted (AM1.5G) average
reflectance of all the samples as a function of polishing time.
Polishing increases reflectance of all samples, as expected
based on the reducing nanostructure size (Fig. 2). The increase
in reflectance is initially pronounced in the low [AgNO;]
samples, which is likely due to faster etching of the nanoporous
structure compared to the larger needle-shaped structures on the
high [AgNO;] samples that have less surface area in contact
with the chemicals. As the polishing proceeds, the difference
between the high and low [AgNOs] samples diminishes as the
nanopores are eventually entirely removed and the surfaces
become more similar, as was observed from the SEM images
(Fig. 2).

On the other hand, the samples that were polished directly
after b-Si formation (labelled as “without Ag removal”) show
overall slightly higher reflectance than the equivalents, from
which the Ag nanoparticles were removed. The increased
reflectance is attributed to the accelerated polishing of the
samples with Ag nanoparticles, which was observed also by
SEM imaging. Although the catalytic effect of nanoparticles on
the polishing process was not as evident in the SEM images of
the high [AgNO;] samples, the difference in reflectance
between those samples with and without Ag removal indicates
that the phenomenon occurs also with higher AgNO;
concentration.

C. Minority charge carrier lifetime

From the optics perspective, as seen above, polishing of
MACE-fabricated b-Si should be avoided as it increases

4
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Fig. 3. (a) Reflectance spectra of the b-Si samples prior to polishing. The
samples have an ALD Al,Os-coating on the nanostructure. The spikes at 800
nm wavelength are due to change of a grating. (b) Solar spectrum-weighted
average reflectance of the b-Si samples as a function of polishing time in
HF/HNO3/H,O solution. The average has been weighted by the AM1.5G
spectrum in the wavelength range of 300-1000 nm. Note the different scales
on the y-axes.

reflectance. However, excellent optics do not necessarily
guarantee high-performance solar cells if the electrical
properties are  simultaneously  impaired. = Therefore,
recombination at the nanotextured surfaces after ALD ALOs3
passivation is further investigated. Fig. 4a shows the effective
minority charge carrier recombination lifetime of the same
samples that have b-Si on both sides at an injection level of 101°
cm?, which is a typical condition under one sun illumination.
The figure reveals that all samples have an effective carrier
lifetime on the order of hundreds of pus even without polishing,
which is sufficiently high for >20 %-efficient PERC solar cells
[31]-[33].

The AgNOs concentration affects the behaviour of carrier
lifetime as a function of polishing. In the high [AgNOs]
samples, polishing has only negligible effect on lifetime, which
agrees with the observations of Chong et al. [13]. This indicates
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Fig. 4. (a) Effective minority charge carrier lifetime of the ALD Al,Os-
passivated b-Si samples as a function of polishing time. The lifetime values are
reported at an injection level of 10'* c¢cm?. (b) Injection-dependent carrier
lifetime of the non-polished high [AgNO;] sample without Ag removal. Note
the logarithmic axes in (b).

that the ALD thin film is capable of passivating needle-shaped
b-Si efficiently independent of its dimensions and the reduction
in nanostructure size by polishing provides no benefit for
surface passivation. Hence, a polishing step is not a prerequisite
for good electrical properties in MACE b-Si when using ALD,
and surface recombination velocity of 30 cm/s is achieved in
combination with 3.9 % reflectance without polishing (high
[AgNOs], without Ag removal), which is at the same level with
earlier reports [12], [13].

Instead, the low [AgNO;] samples show a trend of increasing
lifetime as the polishing proceeds. This behaviour can be
explained by the more porous surface of those samples (Fig. 2).
Although the b-Si spikes on the high [AgNOs] samples can be
coated conformally with ALD Al,O; independent of their size,
resulting in efficient surface passivation, the nanopores are
more challenging to passivate due to their extremely large
surface area and complex structure. Hence, removal of the
porous layer and reduction of the surface area by polishing
enables more conformal deposition of the thin film and results
in more efficient surface passivation. However, the reduced
surface recombination does not guarantee enhanced
performance of the final device, since it is obtained at the
expense of optical properties (Fig. 3b).

Surprisingly, the b-Si samples, from which the Ag
nanoparticles were not removed in HNOs, show constantly
higher lifetime than the samples with Ag removal, despite the
potential risk of silver contamination. As discussed earlier, the

surface is smoothened more efficiently when the nanoparticles
are present during polishing. Hence, it is possible that also the
high [AgNOs] samples have a very thin nanoporous layer at the
surface, which is removed by polishing, resulting in reduced
SRV. Nevertheless, the lifetime improvement by the exclusion
of the Ag removal step is more significant within the low
[AgNOs] samples, where the removal of the nanoporous layer
is more critical to efficient surface passivation.

High carrier lifetime in the samples that did not experience
the Ag removal step indicates that the bulk remained
uncontaminated. This conclusion is supported by the shape of
the injection-dependent lifetime, namely the constant carrier
lifetime at low injection, measured from the samples, from
which the nanoparticles were not removed in HNO; (data for
the non-polished high [AgNOs] sample is shown as an example
in Fig. 4b). Hence, the RCA cleaning that was performed prior
to ALD may have removed the remaining nanoparticles. In
addition to cleaning, the RCA solutions may have slightly
altered the final morphology of b-Si, and hence, affected the
optical and electrical properties of the nanostructures [29].
Nevertheless, the presented SEM images and all data
correspond the properties at the same stage, i.e., after cleaning
and thin film deposition. Alternatively, the temperature of
annealing that was performed after Al,O3 deposition (400 °C)
was insufficiently high to activate silver-related defects and
impair carrier lifetime in the bulk [20]. Typical solar cell
processes may include steps that have higher thermal load, such
as contact firing, which needs to be considered. Moreover,
although RCA cleaning could also assist the prevention of other
detrimental contaminants in solar cell production, it is not the
current standard for PV industry. Hence, the effectiveness of
the applied cleaning solutions needs to be carefully analysed
and balanced with their cost.

IV. CONCLUSION

This work demonstrated that a polishing step, which is
typically applied after b-Si fabrication by MACE, is not a
prerequisite for efficient surface passivation when the PECVD
SiN; is replaced with ALD Al,Os. While polishing increased
reflectance by reducing the nanostructure size, it had in general
only a very modest effect on SRV. However, the AgNOs
concentration in the AgNO3/H,O solution, which was used to
deposit Ag nanoparticles, had an effect on the porosity of the b-
Si. Low AgNOs concentration produced a porous surface that
required smoothening to improve the electrical performance,
which simultaneously impaired the optical properties. Hence,
the AgNOs concentration should be kept sufficiently high (in
the mmol/L range) to achieve low reflectance and to prevent
formation of nanoporous Si, which is challenging to passivate.
Surprisingly, the highest lifetimes were achieved in samples,
from which the Ag nanoparticles were not removed with HNOs3,
although the risk of metal contamination was higher. The
reduced SRV was likely due to accelerated polishing of the
nanostructure induced by the Ag nanoparticles, which was
observed also as increased reflectance. The nanoparticles were
likely removed in RCA cleaning after the nanotexturing
process, which prevented the contaminants from impairing bulk
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lifetime. The results demonstrate that no trade-offs are required
between optical and electrical properties of MACE b-Si by the
application of ALD, when the MACE parameters are
appropriately selected.
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