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Optimization of the crystalline silicon surface by
chemical treatment and hydrogenated amorphous
silicon: a photoluminescence study
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Interfacial defects significantly impact the performance of optoelectronic devices by influencing charge

carrier recombination. This work focuses on optimizing the chemical cleaning of crystalline silicon (c-Si)

substrates and the passivation of surface defects with an ultrathin layer of hydrogenated amorphous

silicon (a-Si:H). The study measured low-temperature photoluminescence originating mainly from c-Si

as a means of evaluating the influence of surface defect density on charge carrier recombination

channels. Two different concentrations of KOH (5% and 45%) were used in the process of removing

defects caused by c-Si cutting and two different conditions were used in the deposition of a-Si:H (pure

SiH4 or SiH4 diluted in 50% H2). The thickness of the a-Si:H layer was varied, starting from B7 nm,

depending on the deposition parameters. The two types of treatments were combined with different

thicknesses. The results obtained showed that, for the passivation of optical defects on the c-Si surface,

the best combination is a 5% KOH concentration with the deposition of the a-Si:H layer under SiH4

diluted in 50% H2. It was also verified that the thickness of this amorphous layer must be sufficiently thin

so that the localization of excitons/charge carriers does not negatively influence the dynamics of charge

carriers, with the best results being obtained for a value of B8.9 � 0.2 nm. The experimental

parameters identified here allow reducing the density of defects on the c-Si surface, potentially

improving the performance of c-Si solar cells.

1 Introduction

Monocrystalline silicon (c-Si) is the most widely used semicon-
ductor material in the manufacturing of solar cells, accounting
for more than 90% of the global photovoltaic market.1 The
abundance of Si in nature, combined with the maturity of c-Si
cell manufacturing processes and reduction of production
costs, makes it an ideal choice for large-scale applications in
the renewable energy sector.2 Despite this success, this tech-
nology has limitations that influence the power conversion
efficiency. Among the limitations, one can point out the
absorption coefficient that is not very high, the indirect nature
of the bandgap which is reflected in the involvement of
phonons in electronic transitions, and the existence of crystal-
line defects or contaminating materials adsorbed on the

surface. Whereas the first two factors represent the intrinsic
properties of Si, the latter is susceptible to innovative techno-
logical approaches that allow the reduction of its impact on the
charge carrier dynamics and (non-)radiative recombination
losses. In this context, two approaches have proven effective
in addressing these issues: chemical surface cleaning and
passivation with hydrogenated amorphous silicon (a-Si:H).3–6

In the semiconductor and photovoltaic industry, before
device fabrication, the cleaning of c-Si wafers to remove residues
at the surface, namely organic and metallic contaminants, is a
crucial step to achieve devices with improved performance.6,7

One of the most used cleaning processes involves the use of
potassium hydroxide (KOH), the Radio Corporation of America
(RCA) 1,2 processes, and a treatment with highly diluted hydro-
fluoric acid (HF). KOH smoothens the c-Si surface through the
removal of damage caused by the saw during wafer cutting, the
RCA1 process removes most of the organic contaminants from
the c-Si surface, and the RCA2 process eliminates most ionic and
metallic contamination.8 To remove surface oxides from c-Si,
which were formed during the RCA treatments, highly diluted
HF is used.9 The role of KOH fractions remains significantly
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underexplored in the literature. Only a limited number of studies
provide details on the specific fractions employed, and compara-
tive analyses of substantially different KOH fractions are virtually
absent.10–13

Reducing surface defects in c-Si wafers can also be accom-
plished through alternative methods beyond cleaning pro-
cesses. One of the inevitable surface defects on c-Si wafers is
dangling bonds. These defects create electronic states within
the energy bandgap, acting as highly efficient recombination
centres.3 The passivation of the c-Si surface with an a-Si:H layer
is one of the most effective strategies for neutralizing the
dangling bonds. The silane radicals present in the plasma
produced in plasma-enhanced chemical vapor deposition
(PECVD) fill these bonds, promoting the growth of the a-Si:H
layer.14 Additionally, the hydrogen (H) present in both the
plasma and the a-Si:H layer plays a relevant role by terminating
dangling bonds that persist on the c-Si surface and, thus,
contributes to a further decrease in carrier surface recombina-
tion and increase of effective lifetime.3,15,16 In addition, the
growth of the a-Si:H film also relieves the strain in silicon–
silicon (Si–Si) bonds at the surface, reducing additional struc-
tural defects.3 The main benefits of such a layer are the
reduction of surface recombination and the creation of a
potential barrier due to the beneficial alignment between the
c-Si and a-Si:H bonds, promoting charge carrier separation and
facilitating electrical current extraction.3,16–21 The studies avail-
able in the literature report thickness values of the a-Si:H layer
in the range of 5–50 nm, with a greater incidence in the higher
end of this range.18,21–24 However, the identification of the
optimum thickness of this passivation layer is still an open
question.

This study uses radiative recombination in c-Si as a probe
into three central issues in the control of (non-)radiative
recombination channels in silicon-based solar cells. Firstly, it
will examine how the percentage of KOH (5% and 45%) used to
remove surface damage in c-Si affects the electronic energy level
structure related to surface defects and, therefore, the charge
carrier recombination channels. Next, the impact on these
channels of the deposition of an a-Si:H layer in two different
environments, pure silane (SiH4) or SiH4 diluted in 50% H2 at
the surface of c-Si, will be studied. Finally, the influence of the
thickness of the a-Si:H layer on the recombination channels
will be addressed.

2 Experimental details
2.1 Substrate cleaning treatment

Fifteen n-type c-Si samples with an h100i orientation, a thickness
of 120 mm, and a resistivity of 1–10 O cm were cut from the same
wafer. No significant morphological differences were observed
between samples. Three of these samples, designated as S0, S1,
and S2, served as reference substrates without the deposition of
a-Si:H. These three substrates underwent RCA cleaning pro-
cesses followed by immersion in 5% HF for 1 minute to remove
the surface oxide layer. In the first step of the cleaning process

(RCA1), the solution consisted of H2O/NH4OH 27%/H2O2 30%
(5 : 1 : 1), whereas in the second step (RCA2), a fresh solution of
H2O/HCl 27%/H2O2 30% (6 : 1 : 1) was prepared and heated to
70 1C. After the last step (5% HF), the three reference substrates
were subjected to different treatments with/without KOH: the S0
substrate did not undergo any KOH treatment; S1 was etched in
a 45% aqueous solution of KOH; S2 was etched in a 5% aqueous
solution of KOH. Both etching processes were carried out at
45 1C for 5 minutes with ultrasonication.

Regarding the remaining twelve samples, before the deposi-
tion of the a-Si:H layer, they were divided into two sets of
samples (6 samples each), one being subjected to treatment
with 5% KOH and the other to treatment with 45% KOH. The
other steps (involving RCA1, RCA2 and 5% HF treatments) of
the cleaning process were the same as used for the S0, S1, and
S2 substrates. More details are presented in Table 1.

2.2 a-Si:H deposition

a-Si:H layers were deposited on twelve c-Si substrates by radio
frequency PECVD (RF-PECVD) using an Elettrovara deposition
system equipped with a load lock chamber. The deposition of
the a-Si:H layers was performed using two different optimized
conditions: (i) pure SiH4 and (ii) SiH4 diluted in 50% H2. Before
deposition, the substrates were heated for 30 minutes to reach
a substrate temperature of 185 1C, while the base pressure in
the chamber reached B10�7 mbar. All depositions were per-
formed at an inter-electrode distance of 15 mm and an elec-
trode area of 144 cm2. The deposition power density for both
films was 34.7 mW cm�2, while the deposition pressures were
80 Pa and 27 Pa for pure and diluted SiH4, respectively. Hydrogen
dilution (DH) was calculated using DH = (FH2

/Fgas) � 100, where
FH2

represents the hydrogen flow in sccm, and Fgas is the total gas
flow, including SiH4 and H2.

For each combination of substrate chemical treatment and
a-Si:H deposition conditions, three samples with different

Table 1 Experimental conditions for the chemical treatment of the c-Si
surface and for the deposition of the a-Si:H layer. The etching was
performed with RCA1 and RCA2 cleaning processes; immersion in 5% HF
for 1 minute; 5% or 45% aqueous solution of KOH, heated to 45 1C for
5 minutes with ultrasonication. The deposition of the a-Si:H layers was
done in pure SiH4 or SiH4 diluted in 50% H2. The particular KOH concen-
tration and a-Si deposition conditions are highlighted for each sample. dTL

denotes the measured thickness obtained from spectroscopic ellipsome-
try measurements

Sample KOH a-Si:H deposition dTL (nm)

S3.1 5% SiH4 6.8 � 0.1
S4.1 13.8 � 0.8
S5.1 18.7 � 0.4
S7.1 SiH4 and 50% H2 8.9 � 0.2
S8.1 18.5 � 0.3
S9.1 29.2 � 0.6
S3.2 45% SiH4 7.2 � 0.2
S4.2 12.0 � 0.1
S5.2 15.8 � 0.2
S7.2 SiH4 and 50% H2 6.9 � 0.1
S8.2 15.6 � 0.2
S9.2 18.6 � 0.2
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a-Si:H thicknesses, which starts at B7 nm, were prepared.
Table 1 summarizes the experimental conditions for the pre-
paration of the twelve samples. The percentage of KOH used for
the chemical treatment (5% or 45%) and the environment (pure
SiH4 or SiH4 diluted in 50% H2) for the a-Si:H deposition are
highlighted for each sample. Samples subjected to treatment
with 5% KOH (45%) have identification ending in .1 (.2).

The thickness of the a-Si:H layers was assessed using spectro-
scopic ellipsometry (SE), as this optical technique is more sensi-
tive to small variations in this physical parameter in ultrathin
layers, than other electron microscopy-based techniques.25–27 SE
measurements were performed using a Jobin Yvon UVISEL DH10
ellipsometer. The experimental data were modeled with the Tauc–
Lorentz (TL) model,28 using a two-layer sample model: the sub-
strate (c-Si) plus the a-Si:H layer. More details are presented in the
SI. Table 1 presents the experimental thickness of the a-Si:H layer
for each sample.

2.3 Physical characterization

PL measurements were carried out using a Bruker Vertex 80v
Fourier transform infrared (FTIR) spectrometer equipped with
an InGaAs detector. The samples were inserted in a nitrogen
gas flow cryostat (OptistatCF, Oxford Instruments) which allows
changing the sample temperature in the range of 70–300 K. The
excitation source was the 457.9 nm (DPSS laser, CVI Melles
Griot)) or 532 nm (MGL-F-532, CNI) laser lines, and the laser
power (P) was measured at the front of the cryostat window by
means of an optical power meter (842-PE, Newport), equipped
with a Si detector (818-SL, Newport). The diameter of the laser
spot was approximately 1 mm.

Due to the much lower a-Si:H layer thickness compared to
the thickness of the c-Si substrate, the optical penetration
depth (d) of the laser light is calculated by considering only
the absorption coefficient (a) of the c-Si. d determines how
deeply the laser light can probe the material and corresponds to
the distance at which the light intensity decays to 1/e of its
initial value. d is defined as follows:29

d ¼ 1

a
: (1)

According to Schinke et al.,30 for l = 457.9 nm, c-Si at 295 K has
a C 2.161 � 104 cm�1, whereas for l = 532 nm, a C 8252 cm�1.
The corresponding values of d are 463 nm and 1.21 mm,
respectively.

3 Results and discussion

Fig. 1(a) shows the PL spectra for substrates S0, S1 and S2 after
the cleaning treatment of the c-Si samples. The difference
between the substrates lies in the KOH treatment applied
during the cleaning process: the substrate S0 did not undergo
any KOH treatment, while S1 and S2 were treated with 45% and
5% KOH, respectively. The luminescence for all substrates
exhibits characteristics typical of bulk c-Si. In the energy range
of B1.03–1.14 eV, several narrow excitonic lines are observed.
These lines correspond to the radiative recombination of free or

bound excitons in c-Si, involving one or two phonons: trans-
verse acoustic (TA), transverse optical (TO) and optical phonon
located at the center of the Brillouin zone (OG).31,32 In the lower
energy region, the luminescence from a point defect in c-Si, the
P center, is observed.33 It is characterized by a zero-phonon line
at 0.767 eV and a vibronic band for lower energies. The P center
is commonly associated with the irradiation of c-Si with high-
energy ionized particles and with the presence of C and O
impurities in the lattice.33–37 Although the creation of this
optical center was unintentional and is a consequence of the
a-Si:H layer deposition method,38,39 its presence in the lumi-
nescence of our samples provides an additional means of
analysing the mechanisms of charge carrier recombination,

Fig. 1 (a) PL spectra for samples S0, S1 and S2. The spectra were
measured at 70 K, under an excitation wavelength of 457.9 nm. (b)
Excitation power dependence of the PL intensity for the excitonic lumi-
nescence for S0, S1, and S2 samples. (c) Excitation power dependence of
the PL intensity for the P center for S0, S1, and S2 samples. The solid lines
represent the fits of eqn (2) to the experimental data.
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whether radiative or non-radiative. Therefore, the P center also
contributes to discussion of the electronic properties of the c-
Si/a-Si:H interface. Additionally, we must note that the shape of
the PL spectra from the bare substrates suggests the presence
of a broad band with a low relative intensity, underneath the
excitonic luminescence and the P center. This broad band is
particularly prominent in sample S0.

Defects that influence luminescence are those that create
energy levels within the band gap, giving rise to radiative or
non-radiative recombination channels. One possible origin for
them is the damage at the Si surface resulting from saw cutting.
SI presents scanning electron microscopy and atomic force
microscopy images that show that there is surface damage
after cutting. The images also show that after the 5% KOH
treatment, small pyramids appear with base edges in the h100i
orientation and lateral faces in the h111i orientation, whereas
after the 45% KOH treatment, the surface appears flat after
chemical treatment. These results confirm that both KOH
treatments are effective in removing the saw damage. An in-
depth analysis of the influence of chemical treatments on the
morphology of the c-Si surface is beyond the scope of this work
and will be presented elsewhere.40

Comparison of the luminescence between the three sub-
strates suggests that the absence of KOH treatment is reflected
in the appearance of many radiative recombination centers that
contribute to the appearance of the broad band. Since the role
of KOH treatment is to remove surface damage caused by the
saw, the results suggest that the radiative channels contribut-
ing to the previous broad band are related to this damage.
Regarding the signal-to-noise ratio (SNR), substrate S1 presents
the highest value (144) whereas the other two substrates exhibit
similar values: 30 for S2 and 27 for S0.

Fig. 1(b) and (c) present, for the substrates S0, S1 and S2, the
dependence on the excitation power (P) of the PL integrated
intensity (I) of the two types of luminescence discussed pre-
viously: (i) the excitonic luminescence corresponding to the
three phonon (TA, TO, and TO + OG) assisted free or bound
exciton recombinations and (ii) the P center. The intensity was
always determined by assuming as a baseline the broad band
parametrized by a smooth curve and calculating the integrated
intensity of the excitonic luminescence and the P center. In
both cases, the intensity of the luminescence increases with the
excitation power regardless of the experimental substrate pre-
paration conditions. The experimental points were adjusted
with the power law:41–46

I p Pm, (2)

where m is an adjustable parameter representing the slope in the
log(I)–log(P) plot. The estimated m values for each excitonic
luminescence and P center are shown in Table 2. In the excitonic
case, values of 1.27� 0.06, 1.8� 0.1 and 1.72� 0.07 were obtained
for substrates S0, S1 and S2, respectively. In the case of the P center,
the values are 0.80 � 0.05, 1.08 � 0.07 and 1.07 � 0.06 for
substrates S0, S1 and S2, respectively. According to the Schmidt
model,41 values of m 4 1 are characteristic of the recombination of
non-localized charge carriers, values of m o 1 are typical of

radiative channels involving defects, and values of m B 1 are
commonly ascribed to the radiative recombination of charge
carriers with some degree of localization. Also, values close to 1
are in agreement with a monomolecular recombination mecha-
nism as the dominant one.47 The estimated m values for the
excitonic luminescence are in agreement with the involvement of
excitons. In the case of the P center, they are very similar to the S1
and S2 substrates and significantly higher when compared to the
S0 substrate. These results indicate that, without the KOH treat-
ment, the charge carriers are more localized, which is compatible
with a higher density of defects at the c-Si surface. Therefore, the
relevance of this treatment in reducing the defect density on the
c-Si surface is clearly demonstrated.

Regarding the remaining twelve samples, the combination
of the percentage of KOH in the substrate cleaning treatment,
a-Si:H deposition conditions, and the a-Si:H layer thickness,
which allows the optimization of the passivation of the c-Si
surface with a-Si:H, was investigated. The starting point for all
samples was a similar level of damage due to initial wafer
cutting and the same three steps in the substrate cleaning
treatment: RCA1, RCA2, and 5% HF. Fig. 2(a) shows the overlap
of PL spectra measured for substrate S2 and for samples with a
5% KOH step in the substrate cleaning treatment and the
deposition of the a-Si:H layer in the pure SiH4 environment
(S3.1, S4.1, and S5.1). With the addition of 6.8 � 0.1 nm of
a-Si:H (S3.1), the luminescence is dominated by the recombina-
tion of free/bound excitons in c-Si and by the P center. The
shape of the spectrum is compatible with the presence of a
broad band in the energy range of B0.7–1.2 eV with a quite low
relative intensity. Compared to the luminescence measured for
the substrate (S2), a large increase in the SNR is observed. For
thicker a-Si:H layers (S4.1, S5.1), the existence of a broad and
structured band in the energy range of B0.7–1.4 eV is evident,
characterized by an abrupt decrease in the luminescence
intensity for energies above B1.22 eV. For a thickness of
13.8 � 0.8 nm, the peak maximum occurs at B0.91 eV, but
for the highest thickness, the peak appears at 1.17 eV. This
behavior suggests that this broad band is a convolution of
several radiative transitions. On the other hand, the shape of
this broad band is clearly different from the possible broad
band discussed previously for the substrates. It should be noted
that the SNR of the luminescence for samples with an a-Si:H
layer is much higher than the same ratio for the substrate
luminescence, which shows a positive impact of the a-Si:H layer
on the luminescence originating from c-Si.

Table 2 Estimated m values for S0, S1 and S2 substrates from the
dependence on the excitation power of the excitonic luminescence and
the P center, using an excitation wavelength of 457.9 nm

Substrate m

S0 Excitonic 1.27 � 0.06
P center 0.80 � 0.05

S1 Excitonic 1.80 � 0.10
P center 1.08 � 0.07

S2 Excitonic 1.72 � 0.07
P center 1.07 � 0.06
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Fig. 2(b) shows a superposition of PL spectra for samples
with the same substrate cleaning treatment (5% KOH) and
involving the deposition of the a-Si:H layer in SiH4 diluted in
50% H2 environment (S7.1, S8.1, and S9.1). The observed
behaviour shows that with increasing thickness of the a-Si:H
layer, the relative intensity of the broad band also increases.
Nonetheless, a difference is noted: with the exception of the
thickness of 8.9 � 0.2 nm, for the remainder, it can be seen that
the shape of the broad band is identical to that observed in
sample S4.1 with the maximum at B0.91 eV. This broad band
is attributed to the radiative recombination in the a-Si:H layer,
in line with the literature.14,15,48

In Fig. 2(c) and (d), the PL spectra measured for samples in
which the c-Si substrate underwent a cleaning treatment with
45% KOH and the deposition of the a-Si layers was done using
pure SiH4 and SiH4 diluted in 50% H2 environments, respec-
tively, are presented. The overall results show a similar behav-
iour to the one previously described for the 5% KOH cleaning
treatment of the substrate.

In the context of solar cells, it has been shown that the
intensity, and consequently the SNR, of the luminescence
follows the performance of the solar cell.46,49,50 Since defects
critically influence the optical and electrical properties of solar
cells,51–55 luminescence can be used as a probe for variations in
defect concentration, particularly at the c-Si/a-Si:H interface.
Optimizing the performance of the final device depends on the
balance between the passivation of the c-Si substrate with

a-Si:H and the influence of the amorphous layer on charge
transport. In Fig. 2, it is observed that for samples with the two
smallest thicknesses of the a-Si:H layer, the SNR ratio is clearly
higher than that observed in the absence of an amorphous
layer (substrates S1 and S2). In fact, the results indicate that
both the SNR and the relative contributions of various radiative
transitions to the luminescence are influenced by the treat-
ment of the c-Si substrate, the deposition conditions of
the a-Si:H layer, and the thickness of this layer. Furthermore,
the defect density at the c-Si/a-Si:H interface is anticipated to
significantly affect the dominant recombination mechanisms
(radiative and non-radiative) of charge carriers in each sample.

A deeper understanding of the role of defects at the c-Si/a-
Si:H interface can be inferred from the dependence on the
excitation power of the integrated PL intensity, performed for
the different radiative channels (excitonic luminescence and P
center). The intensity integration was performed following the
same procedure as that used for the substrates, i.e. assuming as
a baseline the a-Si:H related luminescence and calculating the
integrated intensity of the excitonic luminescence and the P
center. Fig. 3 shows the resulting dependencies for the two
smallest thicknesses of the a-Si:H layer, since it was for these
two thicknesses that the highest SNR was obtained. The esti-
mated m values are presented in Table 3. The results obtained
for an excitation wavelength of 457.9 nm suggest a tendency for
the value of m for the excitonic luminescence to decrease with
increasing layer thickness of the a-Si:H layer. The reduction of

Fig. 2 PL spectra of samples without the a-Si:H layer and with different thicknesses of the a-Si:H layer, prepared under different experimental
conditions: substrate cleaning treatment with 5% KOH and (a) the a-Si:H layer deposited in the pure SiH4 environment and (b) the a-Si:H layer deposited
under SiH4 diluted in the 50% H2 environment; substrate cleaning treatment with 45% KOH and (c) the a-Si:H layer deposited in the pure SiH4

environment and (d) the a-Si:H layer deposited under SiH4 diluted in 50% H2 environment. The estimated a-Si:H layer thicknesses are shown in
parentheses. The spectra were measured at B70 K and with an excitation wavelength of 457.9 nm.
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m is ascribed to greater exciton localization, which is expected
to be caused by local changes in the atomic periodicity. Two
effects can contribute in opposite ways to this localization. On
the one hand, the passivation with the a-Si:H layer leads to the
reduction of the defect density at the interface and, on the other
hand, the presence of an amorphous layer modifies the atomic
periodicity due to its degree of intrinsic disorder. With increas-
ing layer thickness, it is expected that the second effect will
overlap the first, resulting in increased exciton localization and
a negative influence on charge carrier recombination in c-Si.
Therefore, the thickness of the a-Si layer must be small enough.
Interestingly, the fact that for both samples S7.1 and S8.1 the m
values for the excitonic luminescence fall within the same

range suggests that, for the used particular combination of
the substrate cleaning treatment and a-Si:H deposition environ-
ment, the amorphous layer thickness does not significantly
impact the localization of the excitons. In the case of the P
center, the values of m for all investigated samples remain
approximately constant, suggesting that the nature of recombi-
nation is not significantly affected by the a-Si:H layer thickness.

Considering now the samples with the smallest thickness of
the a-Si:H layer, we investigated the effect of increasing the
penetration depth of the excitation (l = 532 nm), thus photo-
generating charge carriers further away from the c-Si/a-Si:H
interface. Fig. 3(e) and (f) show the corresponding dependen-
cies on the excitation power of the integrated PL intensity for

Fig. 3 Excitation power dependence of the PL intensity for the excitonic luminescence (a)–(c) and the P center (b)–(d) in c-Si. The excitation
wavelengths (457.9 and 532 nm) are shown. The PL spectra measurements were carried out at 70 K. The estimated a-Si:H layer thicknesses are shown in
parentheses. The solid lines represent the fits of eqn (2) to the experimental data.

Table 3 Estimated m values for samples with the two lower a-Si:H thicknesses (S3.1, S3.2, S7.1, S7.2, S4.1, S4.2, S8.1, and S8.2), measured with an
excitation wavelength of 457.9 nm and estimated m values for samples with the lowest a-Si:H thicknesses (S3.1, S3.2, S7.1 and S7.2) for an excitation
wavelength of 532 nm. The m values are shown for the excitonic luminescence and P center

l (nm) KOH a-Si:H deposition dTL (nm) Sample

m

Excitonic P center

457.9 5% SiH4 6.8 � 0.1 S3.1 1.24 � 0.06 0.73 � 0.05
13.8 � 0.8 S4.1 1.00 � 0.05 0.59 � 0.02

SiH4 and 50% H2 8.9 � 0.2 S7.1 1.32 � 0.04 0.72 � 0.07
18.5 � 0.3 S8.1 1.24 � 0.04 0.69 � 0.03

45% SiH4 7.2 � 0.2 S3.2 1.40 � 0.09 0.61 � 0.03
12.0 � 0.1 S4.2 0.90 � 0.08 0.77 � 0.05

SiH4 and 50% H2 6.9 � 0.1 S7.2 1.23 � 0.02 0.51 � 0.02
15.6 � 0.2 S8.2 0.74 � 0.06

532 5% SiH4 6.8 � 0.1 S3.1 1.59 � 0.02 0.48 � 0.03
SiH4 and 50% H2 8.9 � 0.2 S7.1 1.37 � 0.02 0.57 � 0.03

45% SiH4 7.2 � 0.2 S3.2 1.56 � 0.04 0.78 � 0.04
SiH4 and 50% H2 6.9 � 0.1 S7.2 1.64 � 0.03 0.45 � 0.03
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the two types of radiative channels (excitonic luminescence and
P center), and the estimated m values are presented in Table 3.
In comparison with the previous estimated m values (for l =
457.9 nm), an increase of m for the excitonic luminescence was
observed, whereas for the P center, there was a decrease for all
samples with the exception of S3.2 for which m remained
approximately constant. The deviation of the power law evi-
denced by the experimental points for the higher excitation
power values (see Fig. 3(f)), is attributed to a saturation effect
due to the complete excitation of the optical centers.

The comparison of the estimated m values for the small
thickness of the a-Si:H layer for the two excitation wavelengths
can be interpreted in terms of the density of defects at the
c-Si/a-Si:H interface. If we assume a sufficiently high density,
the photoexcitation of charge carriers near the interface
(l = 457.9 nm) results in a stronger influence of defects on
their (radiative or non-radiative) recombination. It is expected
the occurrence of many deep-level defects within the bandgap
related to these interface defects should be mostly non-
radiative. The more defects present at the surface, the higher
the probability of capture of charge carriers by those deep
defects. On the other hand, when switching to a deeper excita-
tion (l = 532 nm), the influence of surface defects becomes
smaller, effectively reducing the influence of defects in the
region where the photogeneration occurs. Interestingly, for
sample S7.1, no significant variation in the estimated m value
for the excitonic luminescence was observed with increasing
penetration depth of the laser excitation. This result suggests
that the defect concentration at the surface must be signifi-
cantly lower compared to the other three samples, which may
imply that the optimal surface conditions for the c-Si/a-Si:H
interface occur when c-Si is treated with 5% KOH and the a-Si:H
layer is deposited in SiH4 diluted in 50% H2 environment.

Finally, the comparison of the estimated m values for the
substrates (S1 and S2) and samples with the thinnest a-Si:H
layer presented in Tables 2 and 3, respectively, reveals a
decrease in the m values following the addition of the amor-
phous layer. As discussed above, this behaviour can be due to
the presence of a non-crystalline lattice at the surface of the c-Si
substrate. However, Fig. 2 clearly shows an increase of the SNR
with the addition of the a-Si:H layer, evidencing effective
passivation of surface defects, namely dangling bonds. Thus,
the benefit of the passivation of the c-Si surface with a-Si:H is
clearly demonstrated.

4 Conclusions

Interfacial defects are generally among the main causes for the
underperformance of optoelectronic devices. This work pro-
vides an in-depth look at surface defect mitigation in c-Si
samples, and their optical assessment via photoluminescence
probing. The control of defects on the c-Si surface was studied
by combining two approaches for removing defects on the c-Si
surface. Firstly, it has shown the relevance of the KOH treat-
ment to removal of defects created by the saw and the influence

of varying the KOH concentration. Two different concentrations
were used: 5% and 45%. Secondly, the deposition of an a-Si:H
layer for the passivation of surface defects on c-Si was investi-
gated using two different environments, pure SiH4 and SiH4

diluted in 50% H2. The two treatments were combined to
obtain four different ways of preparing a-Si:H-passivated c-Si
samples. Photoluminescence of free/bound excitons and a
point defect (center P) in c-Si was used to probe the influence
of surface defects on the dominant recombination mecha-
nisms. The combination of the two approaches revealed that
a higher reduction in defect density is obtained for a KOH
concentration of 5% in the substrate cleaning and for the
deposition of the a-Si:H layer in SiH4 diluted in the 50% H2

environment, with a thickness of 8.9 � 0.2 nm. The increase in
the thickness of the a-Si:H layer leads to an increase in the
luminescence related to this layer and to a greater localization
of excitons, which proves to be detrimental to the charge
transport in a solar cell. Therefore, the optimization of the
passivation effect of the c-Si surface is achieved with a suffi-
ciently small thickness of the a-Si:H layer.
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J. P. Leitão, Phys. Rev. Appl., 2019, 11, 054013.
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