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In this paper experimental results on study of optical properties of Si wafers with
surface textures in form of Si random pyramids, Si nanowire arrays, and pyramidal Si
combined with Si nanowire arrays are presented. It is shown that the use of the metal-as-
sisted chemical etching method allows to fabricate an array of Si nanowires, and a complex
structure composed of Si pyramids with nanotextured side faces which possess a high
degree of anti-reflecting ability. Experimental results of the absorbance and reflectance
spectra measuring demonstrated that in comparison with other textures, the structures
with nanotextured pyramids’ side faces exhibit the highest absorption (~ 98 %) and lowest
reflection values (~1 %) in all range of wavelength (300-1100 nm). The concept of a
complex structure combining the advantages of pyramids and Si nanowires to achieve the
omnidirectional light absorption and overcome the directional dependence of photovoltaic
performance is discussed.

Keywords: silicon nanowire, absorption, reflection, solar cell, metal-assisted chemical
etching.

IIpencTaBiensl 9KCHEepPUMEHTANBHBIE PE3YJAbLTATHI WCCJETOBAHUA ONTHUUYECKUX CBOICTB
mwiacTuH Si ¢ MOBEPXHOCTHBIMH TEKCTYPAMH B BHUJE CIyYaMHBIX OUpaMuji Si, MacCUBOB HAHO-
[IPOBOJIOK Si, a TakKe IUpPaMUJ B COYETAHUU C MACCHBAMM HAHONPOBOJOK Si. IToxasano, 4uTo
HCIOJIb30BAHNE METOJA MeTaI-KATAIUTUYECKOI0 XVMUYECKOr0 TPABIEHUS I03BOJIAET IIOJYIUTH
MACCHUBBI HAHOIIPOBOJIOK Si M CIOKHYIO CTPYKTYPY, COAEPIKAIYI0 TUPAMUILI ¢ HAHOTEKCTYPUPO-
BAHHBEIMU GOKOBBIMU TPAHAMI, KOTOPBIE 00JaAI0T BRICOKMMH aHTHOTPAKAIONIINMY CBOMCTBAMU.
OKCIEPVMEHTANBHELIE PE3YILTATE M3MEPEHNA CITEKTPOB TIOTJIOMIEHUA W OTPAKeHUS TTOKA3aJIU,
YTO TIO CPABHEHUIO ¢ APYTHMHU TEKCTYPaMU IJS CTPYKTYP MUPAMUJ ¢ HAHOTEKCTYPHUPOBAHHBIMU
0OKOBBIMU TPaHAMM BEHISBJIEHO Hambojbllee moryomnienne (~ 98 %) m HaMMeHblllee OTpasKeHUe
(~1 %) Bo Bcem mmamnazome gauH BoaH (800-1100 um). Obcy:KmaeTCss KOHIEMIIUA CIIOMKHOMN
CTPYKTYPBI, KoTOpas Obl coderajia MPeruMyIIecTBa MTUPAMUJ U HAHOIPOBOAOB Si ¢ 1eIhI0 JOCTH-
JKeHUA BCEHATTPABIEHHOTO TOTVIONIEHNA CBETA U IPEOJOJEHNA 3aBUCUMOCTH (POTOITEKTPIIECKOH
a(hheKTUBHOCTH OT yTJIa TAJEHUS COJHEUHBIX Jydeil.

Po3po6aenHa aHTHUBIZOMBHUX NOBEPXOHb HA OCHOBI mikpomipamiz Si ta macusis Ha-
vHomporie Si, orpumanux wmerogom pigxoro ximiunmoro TtpaBaenus. A.OJIpyrcunin,
B.I0.€poxos, C.I.Hiuxano, O.J0.0cmanis.

IIpeacraBieHo eKCHepUMEHTANLHI Pes3yJbTaTH TOCHiMKeHHA ONTUYHHUX BJIACTUBOCTEM
MIacTUH Si 3 MOBepPXHEBUMU TEeKCTypaMU y BUIVIALL BUMAAKOBUX Mmipamix Si, MmacuBisB Hamo-
gporie Si ta mipamiz y noenHanHi 3 MmacmBamu HaHogpotis Si. [ToxkasaHo, 0 BUKOPHUCTAHHS
METOAY MeTaJ-KaTaJiTHUHOro XiMiuHOro TpaBJIeHHS GO3BOJISE OTPUMATH MACHBY HAHOAPOTIB
Si Ta crJIaZHY CTPYKTYPY, IO MICTHTH IMipaMify 3 HAHOTCKCTYPOBAHVMMHU OiYHMMMN IPAaHAMH,
SAK1 BOJIOAIIOTH BHUCOKMMH AHTUBIAOMBHUME BJIACTHUBOCTAMU. EKCIEPUMEHTAJIbLHI pesyabTaTu
BUMIipIOBAHHA CIIEKTPiB IOIIMHAHHSA Ta BigOuBaHHSA IOKAa3aJaM, [0 y IOPiBHAHHI 3 iHmimmMu
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TEKCTyPaMM [IJS CTPYKTYP MipaMi 3 HaHOTEKCTYPOBAHUMHN OIYHUMM TPAHAMU BUABJIEHO
Haiibinnire moraumuamas (~ 98 %) 1 matimenmre sigbusamua (~1 %) y Bebomy giamasomi
moekuH XBUJb (300-1100 mMm). OOroBOpOETHCS KOHIENIiA CKJAALHOI CTPYKTYpH, fAKa O
MOeHYBAJIa TlepeBaru mipamifg i mamomporis Si 3 MeTO0 MOCATHEHHs BCEHANPABJEHOTO IIO-
TJIMHAHHA CBiT/Ia Ta MOXOJAHHSA 3aJieKHOCTI oToeseKTpUYHOl epeKTBHOCTI Bif KyTa maxin-

HA COHAYHUX HpOMeHiB.

1. Introduction

Today silicon-based solar cells (SC) re-
main the basis of current photovoltaic (PV)
industry due to the abundance of Si and
high total efficiency of photocells [1-5].
However, high reflective index of Si causes
the reflection of more than 30 % of inci-
dent light. This leads to a reduction of pho-
toconversion efficiency of the Si-PV devices,
as a result. For traditional Si wafer-based
SC, the pyramidal or inverted pyramidal
structures were generally constructed on Si
surface to reduce the reflection loss of inci-
dent light and to increase the light absorp-
tion [6, 7]. However, such microstructured
surfaces are not able to reduce reflectance
below 10 % [8—11]. The antireflecting coat-
ing layers (Si3N,4, MgF,, SizN,/MgF, etc.) are
also applied to suppress light reflection of
microtextured surface, but they suffer from
destructive interference of reflected light
and lead to a narrowing of the solar spec-
trum of absorbed photons as a result [12].
In this regard, the nanotexturing of Si
wafer surface is widely studied to reach
maximum values of the absorption coeffi-
cient and to reduce reflection in a wide
spectral range, improving the efficiency of
SCs [13].

One dimensional nanostructures, such as
Si nanowires (SINWs) are widely considered
as a promising material for high-perform-
ance devices due to their unique structural,
electrical, thermoelectric properties in addi-
tion to their compatibility with current Si-
based microelectronics [14—-22]. Recent
studies on the optical characteristics of
SiINWs demonstrate their promising applica-
tions in SC [23—-30]. SINWs are long enough
to absorb most of incident light, and their
small diameters provide a short collection
length for excited carriers in a direction
normal to the light absorption. Unlike bulk
Si with its indirect optical band gap of
1.12 eV and low absorption coefficient of
104 ecm™1, the optical band gap of SINWs
can be varied between 1.1 eV and 3.5 eV by
decreasing SINW diameter between 7 nm
and 1.3 nm, respectively [31]. Several re-
search groups showed that in the near UV-
visible-near IR region optical reflectance of
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SiINWs is one to two orders of magnitude
lower than Si [23, 24, 29, 32, 33]. However,
such structures are effective the best under
direct sunlight illumination, and could not
face the sun at the appropriate angle from
morning to evening [34]. At the same time,
the use of sun-tracking systems for the pur-
pose of receiving direct light illumination is
not costeffective for practical applications.
The concept of a complex structure combin-
ing the advantages of pyramids and SiINWs
might help to achieve the omnidirectional
light absorption and overcome the direc-
tional dependence of PV performance [34].
Realization of this concept predicts utiliz-
ing of traditional alkaline texturing of Si
wafer to produce the pyramidal Si, and the
metal-assisted chemical etching (MACE) to
fabricate SINWs on the side faces of pyra-
mids. The use of MACE method for fabri-
cating of SINWs was motivated by its sim-
plicity, good cost-efficiency, versatility, and
ability to control various parameters, e.g.,
cross-section, shape, diameter, length, ori-
entation [33, 35—87]. In contrast, the crys-
tallographic orientation of SiNWs obtained
by other growth technique, e.g. vapour-liq-
uid-solid  (VLS), depends upon the
nanowire’s diameter [38—40]. Moreover, the
crystalline quality of SINWs produced by
MACE method generally is high, their sur-
faces are typically rougher than VLS-grown
NWs, and they demonstrate higher SC per-
formance over VLS-grown SiNWs, as a re-
sult [36, 41].

In this paper we present experimental re-
sults on study of optical properties of Si
wafers with various surface textures, i.e.
random Si pyramids, SINW arrays, and py-
ramidal Si combined with SINW arrays, in
terms to develop a material with lowest re-
flectivity and highest light absorption over
a wide solar spectral range.

2. Experimental

Boron-doped single crystalline p-type Si
(100) and Si (111) wafers with resistivities
of 0.3—-1 Q-cm were used as the starting ma-
terials. The wafers were cut into 2x2 cm?
pieces, cleaned in acetone, isopropyl alcohol
(IPA), and deionized (DI) water for 20 min
at room temperature. Afterwards, samples
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Fig. 1. Bird’s-eye view SEM image of Si
wafer after 10 min of Ag-assisted chemical
etching in HF:H,0,:H,0 (v:viv=4:1:4) solu-
tion at room temperature.

were dipped in the mixed solution of NH,OH
(30 %), HyO, (85 %) and DI water (1:1:5) at
70°C for 10 min to remove any organic resi-
dues. In order to obtain an efficient anti-re-
flecting surface with a maximum absorption
and the least possible reflection for possible
use in photovoltaics, three different textures
on the Si surface were made and examined.
The first texture in form of SINW arrays
was prepared through metal-assisted etch-
ing of Si-(111) wafer, accompanied by the
following steps. Clean square Si-wafer sam-
ples were dipped in a solution containing
5 M of hydrofluoric acid (HF) and 2 mM of
silver nitrate (AgNOj) for 2 min at room
temperature. This resulted in a deposition
of Ag particles on the Si surface. Then,
samples were rinsed by DI water for 10 s,
and immersed in the etchant solution
HF(40 %) + H,O,(35 %) + H,0
(viviv=4:1:4) at room temperature for

WD=10.7mm

15.00kV
a)

x10.0k

10 min. After etching process, samples were
immersed in a mixed solution of NH,OH and
H,O, (viv =38:1) at room temperature for
10 min to remove Ag residues. Prepared
samples were rinsed with DI water for
10 min and dried.

The second texture, namely pyramidal,
was fabricated by anisotropic etching of Si
(100) wafer in a mixed solution of potas-
sium hydroxide (KOH) (9 wt. %) and acetic
acid (5 vol. %) at 75°C for 10 min. The
pyramidal Si samples were then immersed in
dilute hydrochloric acid (HCI) for 10 min
and hydrofluoric acid for 5 min to remove
any residue KOH and SiO,, respectively. Fi-
nally, pyramid-textured Si samples were
rinsed with DI water for 20 min at room
temperature and dried.

The third texture was obtained by
nanotexturing of the side faces of Si pyra-
mids through MACE method. First, Ag par-
ticles were deposited on precleaned pyramid-
textured Si wafers by immersing samples in a
solution of 0.14 M HF and 0.5 mM AgNO; for
7 min at room temperature, and then rinsed
by DI water for 10 s. Subsequently, pyramid-
textured Si samples covered by Ag nanoseeds
were immersed in the mixed etching solution
of HF(40 %), HyO0,(85 %), and DI water
(viviv=4:1:4) at room temperature for
12 min. Then, all samples were immersed in a
mixed solution NH,OH + H,O, (v:v=3:1) at
room temperature for 10 min to remove the
residual Ag on their surface.

The fabricated textured Si samples were
characterized by using a SELMI 1061 scan-
ning electron microscope (SEM). Absorbance
and reflectance spectra were measured by
Shimadzu UV-3101PC spectrophotometer at
the wavelength ranging from 300 to
1100 nm.

\r “\J
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Fig. 2. Top-view (a) and cross-section view (b) SEM images of random Si pyramids formed as a
result of etching of Si wafer in a solution of KOH (9 %) and acetic acid (5 %) at 75°C for 10 min.
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Fig. 3. Top-view SEM image of pyramidal Si
wafer with deposited Ag nanoseeds after im-
mersing in a solution of 0.14 M HF + 0.5 mM
AgNO, for 7 min at room temperature.

3. Results and discussion

Fig. 1 shows the SEM image of Si wafer
after 10 min of Ag-assisted chemical etch-
ing in HF + H,0, + H,O solution at room
temperature. As a result, vertically aligned
SINW arrays were formed on Si surface. As
it could be seen in Fig. 1, the NWs are
preferentially cone-shaped with diameters
ranging from 100 nm to 500 nm, and an
average height of about 4 um.

Shown in Fig. 2a—b are the top-view and
cross-section view SEM images of random Si
pyramids formed as a result of etching of Si
wafer in KOH-based solution at 75°C for
10 min. As we see, the average size of pyra-
mids doesn’t exceed 5 pm at the bottom.

Fig. 8 shows the top-view SEM image of
pyramid-textured Si wafers with predepo-
sited Ag nanoseeds after immersing samples
in a solution of 0.14 M HF/0.5 mM AgNO;
for 7 min at room temperature. Conse-
quently, chemical treatment of pyramidal
samples covered by Ag nanoseeds in etching
solution of HF(40 %) + Hy04(85 %) + Hy,O
= 4:1:4 at room temperature for 12 min re-
vealed to the formation of <11l1>-oriented
SiNWs (Fig. 4). As it could be seen, SINWs
were etched normally to the surface planes
of Si pyramids.

As it follows from [34, 42], the rough
SiNWs on side faces of micropyramids pre-
dicted to have a strong absorption and ex-
tremely low reflection ability. This sugges-
tion confirmed by our experimental results
of measurement of absorbance (Fig. 5a) and
reflectance spectra (Fig. 5b) for Si wafer
samples with various surface morphologies.
It was found that in comparison to other
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Fig. 4. Cross-section view SEM image of Si
micropyramids textured by SiNWs after etch-
ing in HF(40 %):H,0,(35 %):H,0 (4:1:4) at
room temperature for 12 min.

textures, the pyramidal Si samples textured
by SINW arrays demonstrate a highest
value of light absorption, more than 98 %,
whereas for a non-textured Si wafer and a
pyramid-textured Si this value found to be
typical, 60 % and 85 %, respectively (see
Fig. 5a). In turn, a high absorption value of
about 95 % was found for Si-wafer samples
with SINW-texture. Such a high absorption
could be explained in terms of the specific
geometry of SINWs, which are cone-shaped
(see Fig. 1). According to [9], compared
with planar thin film and NWs with uni-
form diameters, the cone-shaped Si nano-
structures show improved absorption be-
cause of a gradual increase of the effective
refractive index from the Si surface to air.
On the other hand, in aperiodic SINWs
array the absorption at long wave-length re-
gime is not decreased, unlike periodic one,
in which calculated absorbance for early
bandedge photons dwarfs due to the signifi-
cant transmission loss [43]. Moreover, it
was show that optimization of aperiodic NWs
by using a random walk algorithm with
transfer matrix method reveal to an over
100 % enhancement factor in PV efficiency
compared to the periodic counterparts [43].
Fig. bb compares the optical reflection
between various textures made on the sur-
face of Si wafer samples. In contrast to py-
ramidal Si and SINW arrays, the texture of
SiINWs on the side faces of Si mi-
cropyramids possess a lowest reflection abil-
ity (<1 %) in all optical spectral range of
wavelength. For the record, the low reflec-
tion value (about 4 %) was observed for
SINW arrays, as well. These findings con-
firm the assertion that vertically aligned

Functional materials, 25, 4, 2018
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Fig. 5. Optical characteristics measured for Si wafer samples with various surface texture: a)
Absorbance spectra for pyramid-textured Si, SINW arrays, Si pyramids/SiNWs, and planar Si wafer
(plotted as a reference); b) reflectance spectra for pyramid-textured Si, SINW arrays, Si pyra-

mids/SiNWs.

NWs with random position or diameter can
also achieve similar low reflectance and
high absorption as the ordered NWs with
uniform diameter [44]. Notably, the random
diameters of NW arrays lead to different
broadened resonant frequencies which give
rise to absorption enhancement [43, 44].
While the absorption at the original off-
resonance frequency is enhanced, the origi-
nal resonance frequency maintains high,
caused by multiple scattering induced by
the random arrangement or diameter of
NWs. In other words, aperiodic SINWs dem-
onstrate suppress of light reflection similar
to the random pyramid texture. Therefore,
using MACE method we fabricated nonsym-
metric nanostructures that can reach the
Lambertian limit in absorbance through in-
creasing the optical path length, as it was
theoretically predicted in [9]. From the
practical point of view it makes possible to
reduce the cost of Si solar cells significantly
by decreasing the total mass of Si.

4. Conclusions

The metal-assisted chemical etching is a
simple, versatile and flexible method, which
allows to fabricate Si nanostructures on the
surface of Si wafer with good anti-reflect-
ing properties. By using this method, an
array of SiNWs, and a complex structure
composed of Si pyramids with nanotextured
side faces have been produced on Si wafers.
The structures with nanotextured pyramids’
side faces show a strong absorption (>98 %)
and extremely low reflection (<1 %) in all
range of wavelength (300-1100 nm). At the
same time, for a non-textured and pyramid-

Functional materials, 25, 4, 2018

textured Si wafers these values found to be
typical. Low reflection value of about 4 %
was also observed for SINW arrays. Thus,
such nanotextured Si-based materials in
form of Si micropyramids and SINWs might
exhibit better omnidirectional light-trap-
ping ability due to multiple reflections re-
sulting in enhanced optical characteristics,
and will find a wide variety of significant
applications in solar cells, photodetectors,
and other optoelectronic devices.
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