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In this paper, we present the study of the silicon mono-like (ML-Si) material. Its physical and chemical
properties are analyzed and compared to those of Czochralski-monocrystalline silicon (Cz-Si) and mul-
ticrystalline silicon (me-Si). After chemical treatment of each material, the surface is analyzed by scanning
electron microscopy (SEM) and X-ray diffraction (XRD). We observe that Cz-Si and ML-Si present the
same morphology and crystallographic orientation. FTIR analysis shows an (interstitial) oxygen content of
the same order for three materials but with values of ML-Si closer to that of mc-Si. Substitutional carbon
concentration is intermediate for ML-Si between those of Cz-Si and mec-Si. Reflectivity of ML-Si is 5 %
higher than that of Cz-Si and much lower than mec-Si surface after NaOH texture. Photoluminescence
analysis indicates that ML-Si and Cz-Si materials present better homogeneity than mc-Si material. At the
final, we present the advantages and drawbacks of ML-Si material with regard to Cz-Si and mc-Si. ML-Si
has better material properties, having fewer grain boundaries and dislocations compared to mc-Si. In addi-
tion, containing a single grain allows a lower surface reflectance to be obtained by using alkaline texturing.

We also find that ML-Si is almost identical to Cz-Si.
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1. INTRODUCTION

The cost of silicon wafers is expected to be reduced
for the next few decades, in order to make photovoltaic
(PV) production more attractive and cost-effective solu-
tion to energy and environmental problems. The solar
energy is more environmentally friendly than fossil
fuels [1].

The most dominant substrates for the fabrication of
solar cells in recent industry (PV) are the two types of
silicon: monocrystalline silicon (Cz-Si) and multicrystal-
line silicon (mec-Si) [2-3].

Directional solidification (DS) has become an im-
portant growth process for me-Si used as substrates for
solar cells. It has been largely preferred technique due
to its relatively low production costs compared to Czo-
chralski (Cz) method, which is used to produce higher
quality but expensive Cz-Si [4].

However, the growth of mec-Si ingots by directional
solidification can generate many defects, such as grain
boundaries (GBs), dislocations [5, 6], which have a det-
rimental effect on solar cells performances since they
cause high recombination activities.

A new type of growth method has emerged in recent
years consisting on DS using Cz-Si seeds to produce
high-quality ingots [7-8] called mono-like or quasi-
monocrystalline silicon (ML-Si), which is introduced in
PV technology [9-11].

The use of ML-Si wafers for the elaboration of solar
cells is a novel approach that combines the quality of
Cz-Si and the low manufacturing costs of mc-Si. These
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"mono-like" cells represent an ideal compromise be-
tween efficiency and manufacturing costs [12]. The ML-
Si is a marked improvement in the crystal quality of mc-
Si. Additionally, the ML-Si placed at the bottom of the
crystallization furnace (in DS technique) makes it pos-
sible to orient the growth of the silicon in order to obtain
a good crystallographic quality similar to that of Cz-Si
material [7]. This ML-Si can be considered as a perfect
material for silicon solar cells [13] due to its several
advantages, such as a square shape limiting the loss of
material, single crystalline, low structural defect densi-
ty and low fabrication cost.

In fact, the increase in efficiency of mono-like cells is
explained by the lower concentration of impurities in
the ingot, the almost non-existent GBs and the signifi-
cant reduction in reflectivity.

It is well known that surface texturing of crystalline
silicon wafers improves the conversion efficiency of solar
cells by the rise of light trapping and the reduction of
optical losses [14]. For this raison, wet chemical etching
is regularly used in the solar cell industry for the tex-
turization of silicon [15].

The chemicals such as alkaline solution (NaOH or
KOH) used for surface texturing can be effective in
reducing the surface reflectance with low silicon losses.
Defects with very high dislocation densities and high
surface reflectance after texturing can limit the applica-
tion of mc-Si [14-16]. The objective of this work is to
chemically treat surfaces of ML-Si, Cz-Si and mec-Si
using an anisotropic (alkaline) chemical solution in
order to improve the quality of their surfaces.
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2. EXPERIMENTAL

We used in our experiments three types of wafers:
<100> Cz-Si, ML-Si and heat exchanger method (HEM)
mc-Si.

2.1 The Chemical Texturing

Surface texturing of crystalline silicon wafer im-
proves the surface property and light trapping. Surface
texture has been successfully produced by anisotropic
chemical solutions of KOH or NaOH [7]. It is known
that texturing involves exposition of (111) crystallo-
graphic planes, which yield pyramids on (100) oriented
wafers.

2.2 The First Step is to Texture the Silicon
Samples

All the ML-Si, Cz-Si and mc-Si samples were first
etched in NaOH to remove saw damage material of
10 pm thick from each side of wafers and after that
rinsed in HF (10 %). All the chemical processes were
completed by rinsing in deionized water and drying in Ne.

By plunging them into a bath of KOH (or NaOH),
anisotropic etching occurs on the surfaces of crystallo-
graphic orientation (100); pyramids then appear. The
interest of texturing is thus also to improve silicon
absorption of incident photons. Indeed, the created
relief increases the number of reflections for the same
photons, which multiplies its chances of being ab-
sorbed. Moreover, it deviates the trajectory of the pho-
tons and leads to an absorption closer to the surface.

The next step is the characterization of these samples.

2.3 Characterization of Crystalline Silicon

Three types of characterization were used to evaluate
the quality of crystalline silicon:

. A compositional characterization

The Fourier transform infrared spectroscopy (FTIR)
technique was used to determine the oxygen concentra-
tion of interstitial oxygen (Oi) and substitutional carbon
(Cs).

. A structural characterization

Surface morphology was studied by scanning electron
microscopy (SEM), photoluminescence (PL) and X-ray
diffraction (XRD).

. Electrical characterization of materials was also
achieved through resistivity measurement.

3. RESULTS AND DISCUSSION

3.1 Reflection Reduction by Alkaline Texture
Etching

In order to improve the performance and, in particu-
lar, the output current of crystalline silicon-based PV
devices, it is known to modify the texturing of the crystal-
line silicon surface by forming numerous irregular pyra-
mid-shaped sections by a process of anisotropic engraving.

The process of anisotropic wet chemical etching in an
alkaline medium used to form pyramids has the conse-
quence of producing valleys, whose bottom has sharp
edges. The valley is the area connecting the base of the
pyramids.
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This experiment is carried out on Cz-Si, ML-Si and
mc-Si substrate pieces of size (2.5 cmx2.5 cm).

In our work, we used basic texturization (NaOH).

Fig. 1 shows the characteristic reflection of ML-Si,
Cz-Si and mec-Si surfaces textured by chemical treat-
ment in aqueous alkaline solution (NaOH).

The result of the chemical treatment allowed reduc-
ing the reflection by ~ 6 % after the texturization. Spec-
tra measured in the wavelength range of 300-1200 nm
show that reflectivity of ML-Si is 5 % higher than that
of Cz-Si. This indicates that surfaces of ML-Si and Cz-
Si are quite similar. Reflection of mc-Si surface is much
higher due to the random crystallographic orientation
of silicon grains.

This difference between the three types of materials
(mono/mono-like/multi) can be explained by the crystal-
lographic orientation, which will be confirmed by the
characterization of XRD (Fig. 3) and (SEM) Fig. 2.
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Fig. 1 — Reflectivity curve of Cz-Si, me-Si and ML-Si crystal-
line substrates after texturing in the NaOH solution as a
function of wavelengths

3.2 Surface Morphology by Scanning Electron
Microscopy (SEM)

The density of pyramids tends to vary widely over
the wafer surface. Dark patches are visible where pyr-
amid density is high, covering approximately 80-90 %
of the silicon (ML-Si, Cz-Si) surface and light patches
with polished surface where pyramid density is low.

In general, it can be said that the surface roughness
is observed for all the samples, and also a certain simi-
larity of the morphology of the surface is observed be-
tween Cz-Si and ML-Si. Morphology of Fig. 2 suggests
uniform etching, dense distribution of pyramids and
reasonable pyramid size for sample (a) Cz-Si and (b)
ML-Si. We note also that pyramids are straight indicat-
ing that Cz-Si and ML-Si materials have <100> orien-
tation. Fig. 2c shows non-uniform textures because of
different orientation in case of mc-Si sample.

The dominant structure for Cz-Si and ML-Si i1s a
form of pyramids. These pyramids are with variable
sizes; small pyramids of 1 to 2 pm height and other pyr-
amids at the beginning of formation between some large
pyramids that are already formed.

The size of the engraving (texturing) depends on the
duration of the etching.
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Fig. 2 — The morphology of the three types of silicon textured
by the NaOH solution: Cz-Si (a), ML-Si (b) and mc-Si (c)

3.3 The X-ray Diffraction (XRD)

We present in Fig. 3 the XRD spectra obtained for
the three types of silicon. The ML-Si and Cz-Si present
the same crystallographic orientation at 69.17° which
corresponds to (100) orientation, but mec-Si has differ-
ent peaks with predominant orientations (111) and
(220) related to 28.42° and 47.30° angles.
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Fig. 3 — XRD spectra for mono, multi and mono-like silicon

3.4 The Photoluminescence (PL)

PL is a tool for rapid mapping of defective areas in
silicon. However, the size of the pixels of the CCD cam-
era limits the resolution of the obtained image and does
not make it possible to observe point defects of a few
microns.

From the PL mapping, we note the homogeneity of
the Cz-Si (Fig. 4a) and Si-ML (Fig. 4b) surfaces. No
crack pattern is observed. In the contrary, we observe a
high contrast between the grains in the mc-Si (Fig. 4c).
The lines reveal the GBs, which cause the lower carrier
lifetimes.

3.5 The Fourier Transform Infrared
Spectroscopy (FTIR)

We measured the substitutional carbon and inter-
stitial oxygen concentrations with the FTIR method
using the relationship (1). For quantification of [Oi] and
[Cs], we used the carbon and oxygen absorption peaks
at 609 cm!and 1107 em™!, respectively [17]:

N=K-y, K :(l)ln[h],
d Tmin
where d is the thickness of the sample in cm, Thmax is the
absorption mode peak, Tmin is the value of the base line
of the peak in absorption mode, yis the conversion factor,
for Oi yo = 2.45-1017 cm -2, for Cs yc=1.1-10'7 cm - 2.

As shown in Table 1, the ML-Si shows a low oxygen
content comparatively to Cz-Si, whereas we obtained a
value in the same range for mc-Si. It can also be seen
that the carbon concentration in ML-Si approximately
approaches that of Cz-Si, but inferior to that of me-Si.
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These results show the good characteristics of ML-
Si compared to me-Si. Thus, the ML-Si offers a great
potential as a promising material for PV application.
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Fig. 4 — PL mapping of silicon samples: Cz-Si (a), ML-Si (b)
and mc-Si (c)

Table 1 — Measurement of oxygen and carbon concentrations

Wafers Multi Mono Mono-like
(mc-Si) (Cz-Si) (ML-Si)
[01}3 3.76-1017 6.31-1017 3.36-1017
(cm-3)
[Cs] High Low Medium
(cm-3) 9.53-1017 3.78-1017 1.2.1017
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Table 2 — Measurement of average electrical resistivity

thickness Average A\.zer.age
(um) RO/ resistivity,
p (Q-cm)
Cz-Si 357 20.5 0.73
ML-Si 170 50.3 0.85
me-Si 350 25.6 0.89

3.6 Electrical Characterization

We measured the electrical resistivity of three types
of silicon with a four-point technique.

Resistivity of silicon wafers is an important parame-
ter that can affect the device characteristics such as
depletion width and breakdown voltage of a p-n junction.

The following Table 2 shows the resistivity and val-
ues of the three types of silicon. These values show that
the three types of samples have a low resistivity, which
explains why they have good electrical conductivity.

From these results, we can confirm that the values of
material resistivity are of the same order and adequate
for solar cell processing. The ML-Si with this interesting
property is a good material for PV applications.

4. CONCLUSIONS

Wet chemical texturing techniques meet the demand
for high throughput, superior stable and certified pro-
cessing qualities. These inexpensive and low-risk products
have contributed greatly to the simplification of the steps
and to the reduction of the cost of the device while simul-
taneously allowing the thinning of the wafers and the
growth of pyramids on the surface or texture.

This work studied the effect of the chemical treat-
ment on the morphological, optical and electrical prop-
erties of the three types of silicon: Cz-Si, mc-Si and ML-
Si dedicated for PV applications.

The SEM characterizations reveal the dense and com-
pact appearance of ML-Si films after chemical etching.

From optical characterization, we deduced that the
chemical treatment lowered the surface reflectance of
ML-Si comparatively with that of Cz-Si or mc-Si. As
known, the reduction of reflectivity improves the pho-
togenerated current density of solar cells.

Chemical contents with lower Oi concentration indi-
cated that ML-Si has better performance than mec-Si.

The electrical characterization reveals the low resis-
tivity about 1 Qcm of the three types of silicon wafers
which confirm their good electrical properties.

These results confirm the great potential of ML-Si
material as a promising and interesting candidate for
PV application.
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OyHaaMeHTaJIbHE JOCJIIIKEeHHs BJIACTUBOCTEH KBAa3iMOHOKPHUCTAJIIYHOIO KPEeMHi0
micasa XiMmidHOI 00pPOOKU: MOPIBHAHHA 3 MOHOKPHCTAJIIYHUM
Ta 0araTOKPUCTAIIYHAM KPEeMHiEM

G. Bensebal, A. Moussi2, S. Meziani2, D. Hocine!, M.S. Belkaid!

L Advanced Technologies Laboratory of Electrical Engineering (LATAGE), University Mouloud Mammeri of
Tizi-Ouzou (UMMTO), BPN 17 R.P, Tizi Ouzou, Algeria
2 DDCS Division, Research Center for Semiconductor Technology for Energy (CRTSE),
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VY po0oTi mpeacTaBIeHo JOCTIIKeHHS KBAa3iIMOHOKPHUCTAIIYHOTO KpeMHieBoro Marepianxy (ML-Si). Horo
dismunl Ta XIMIYHI BJIACTHBOCTI aHAJN3YIOTHLCA TA IMOPIBHIOITHCA 13 BJIACTHBOCTAMU MOHOKPHCTAJIIYHOIO
kpemuino Yoxpamsesroro (Cz-Si) Ta 6araTokpreraaivaoro Kpemuio (me-Si). ITicims xiMidHOT 00pOOKH KOMKHO-
0 MaTepially MOBEPXHIO aHAJI3YIOTh 34 JOMOMOIOI0 CKAHYIOUOol eJIeKTpoHHOI Mikpockomii (SEM) Ta pentre-
H"iBebkol audpariii (XRD). Mu coocrepiraemo, 1o Cz-Si ra ML-Si MaoTh 0mHAKOBY MOPQOJIOTiio Ta KpHC-
Tasorpadiuny opierrario. Arama FTIR mokadye BMiCT KHCHIO TOTO 3K TIOPSIKY JJIS TPHOX MATEPIaJIiB, ajie 31
suavenuavu ML-Si, 6omgarvu 10 3HaYeHb mc-Si. 3aMilnryoda KOHIIEHTPAITS BYIJIEI0 € TPOMISKHOO JIJIsT
ML-Si misg koumentpariamu Cz-Si ta me-Si. KoedirmienT Binourta ML-Si wa 5 % Burmuit, misk mis Cz-Si, 1
HabaraTo HEKYWH, Hi% A1 mc-Si, mcas Tekerypu NaOH. Anrasia dorosomiHecieHInii mokasye, mo mare-
piamu ML-Si ta Cz-Si maioTs Kpainy ogHOpiTHICT, Hixk MaTepiana mc-Si. Ha saBepmrenssi, mu mpencraiisie-
Mo mmepeBaru Ta Hemosriku ML-Si y mopisasaH] 3 Cz-Si Ta me-Si. ML-Si mae kparmi BiractuBocTti MaTepiasty,
Mae HebaraTo Mesk 3epeH Ta JUCIIOKAIli mopiBHAHO 3 mc-Si. Kpim Toro, ockinbkn ML-Si mictuth ofiHe 3ep-
HO, IIe J03BOJIsIe OTPUMATH MEHIINM KoeillieHT BiIOUTT IIOBEPXHI 3a JOIIOMOIO0K0 JIYsKHOTO TEKCTYPYBAHHS.
Tarox Mu BusgBuin, mo ML-Si maiisxe inenruunuii Cz-Si.

Kmrouosi ciosa: Ksasimonokpucramunuit kpemHii, Oisnko-xiMiusi BiaacTuBocTi, XiMidHa 00podKka, AHaJTI3,
TexcrypyBauHs.
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