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Background. Application of the silicon-based porous textures as an efficient and commercially viable coating has to be maximally adapted to
processes of the silicon solar cell manufacturing. To improve the antireflective property of Si frontal surface it is desirable to use methods allowing
simultaneous changing of the value of refraction coefficient and the fabrication process parameters. Therefore, it is necessary to seek other, more perspective
methods of the antireflective coating fabrication to improve the solar cell efficiency.

Objective. The aim of the paper is the fabricaion of antireflective coatings based on porous silicon by electrochemical and chemical methods for

photovoltaic converters with improved parameters.

Methods. Electrochemical etching and metal-assisted chemical etching were used to form the textures on the Si wafer surface. The surface
morphology of Si samples was examined using scanning electron microscopy, the elemental content was investigated using Time of Flight Secondary Ion
Mass Spectrometer. The investigation of optical properties of obtained textures was performed using a Specord Plus spectrophotometer.

Results. The micro- and nanotextured Si surfaces with an average diameter 1 pm and 200 nm were obtained by electrochemical and metal-assisted
chemical etching methods, respectively. In addition, the nanotextured Si samples had a lowest reflective coefficient in comparison with other textures.

Conclusions. Electrochemical and chemical methods are promising to fabricate the frontal antireflective Si surfaces of solar cells. It is possible to
form electrochemically a microtextured porous Si surface with low reflectivity with a proper selected anodic charge density. The metal-assisted chemical
etching method allowed forming a nanoporous surface on Si wafer with improved antireflective properties of Si surface in optical spectral range.

Keywords: Antireflective coating; porous silicon; solar cell; electrochemical etching; metal-assisted chemical etching.

Introduction

Solar energy is currently one of the most perspective
branches of modern industry, which develops
intensively and demonstrates larger percentage of
electrical power production growth. In this relation,
manufacturers strive to produce low-cost yet efficient
and high-energy photovoltaic panels capable to heat
large areas [1-5]. A solar cell (SC) material and
structure enable efficient operation even in cloudy and
twilight conditions, which might be interesting for
potential manufacturers. The multilayered antireflective
coating (ARC) fabricated by thermal evaporation in
vacuum comprises deposited films of different
materials with strictly defined refraction coefficient. To
improve the ARC efficiency it is desirable to use
methods allowing simultaneous changing of the film
thickness, value of refraction coefficient and number of
layers by varying the fabrication process parameters.
Therefore, it is necessary to seek other, more
perspective methods of the ARC fabrication [6-9]. The
ARC of the SC frontal surface, texturing and formation
of similar ARC is done mainly to improve their
efficiency. Historically, classic texturing was achieved
by the method of anisotropic etching of the single
crystal silicon surface to form chaotically distributed
pyramids. Nowadays, for this purpose the following
methods are used: femto- and pico-second laser
structuring [10-13], mechanical cutting by a diamond

saw, photolithographic etching, optical interference
lithography, creation of multi-layered porous silicon by
the dry and wet etching, as well as reactive ionic etching
(RIE) [14-16].

The PSi on a silicon surface has to provide also
passivation of the SC surface [17-20]. However, the
studies in this field revealed, that passivating properties
of porous silicon are insufficient to minimize the
surface recombination. Partial improvement of the PSi
passivating properties was achieved by the thermal and
anodic oxidation of the porous layer, as well as under
plasma sputtering of silicon nitride on its surface [21,
22]. None of the mentioned methods yielded necessary
level of the surface passivation and its temporal
stabilization, so far.

Another approach of making ARC is a chemical
etching of the silicon wafer, where a metal mesh or
nanoparticles induce the nanowires or nanopores
formation. In particular, it was shown that the method of
metal-assisted chemical etching (MACE) is more
effective for formation of nanostructured silicon
surfaces than creating roughness by traditional way
using the alkali [23-25]. In MACE method the noble
metals are used to favor local oxidation and reduction.
For example, metals such as Au, Pt and Ag, deposited
on Si serve as local cathode catalysts which cause the
reduction of oxides (e.g. H202), resulting in the
generation of holes (h"). Further the holes (h") are
injected into the valence band of Si facilitating further
oxidation and formation of ionic form, which is soluble
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in the acidic solution (e.g. based on HF). This leads to
the removal of the semiconductor material without
dissolving the noble metal. By varying the molar ratio
of oxidant and acid in the etching solution, and the
metal catalyst and template, this method allows getting
tips or porous nanostructures. The MACE method is
increasingly used in texturing of the surfaces in the
absence of complex and expensive equipment [26, 27].
Important MACE process parameters are: (1) type of
oxidant, (2) the concentration and composition of the
etchant (affects on the obtained surface morphology),
(3) temperature of the etchant, and (4) substrate
parameters (crystallographic orientation). Common
noble metals for MACE are Ag, Au, Pt, and Pd. They
can be deposited on a substrate of silicon in many
ways, which include physical deposition (thermal
evaporation, magnetron sputtering, electron sputtering)
and chemical deposition.

This paper pertains to the method for modification
of Si wafer morphology by electrochemical etching and
metal-assisted chemical etching for fabrication of
antireflective nanotextured surface, which would allow
developing an efficient and commercially viable SC
maximally adapted for the Si SC manufacturing.

Experimental details

Texturing of Si wafer surface by anisotropic
chemical etching is an integral part of modern
technology for highly efficient silicon solar cells. To
improve the antireflective properties, a coating of PSi
on the Si substrate surface was made by
electrochemical etching. The texture on the front side
of SC not only reduces the reflection loss, but helps to
capture a long-wavelength light, thus extending its
working spectral range and increasing the short-circuit
current. Porous silicon formation was carried out in
ethanol electrolite based on C,HsOH:HF=1:1 at low
potentials with anodic charge density ranging from 0.2
to 0.25 C/cm®. The n*—p-junction of sample with PSi-
layer was made by thermal diffusion of phosphorus into
silicon.

For obtaining the nanotextured Si structures the p-
type silicon wafers with crystallographic orientation
(100) and resistivity 10 Qxcm were used. They were
divided into samples of 1x2 cm’. The chemical
cleaning of Si wafers was conducted according to the
RCA-1 (Radio Corporation of America) protocol,
which is used in the semiconductor industry for
removing organic and metal contaminants. It included
at the first phase the treatment in a mixture of water,
hydrogen peroxide (35%) and ammonium hydroxide
(27%) H,0:H,0,:NH,OH at a ratio of 5:1:1. The
cleaning process in such solution was held at a

temperature of 75 °C for 10 minutes followed by rinsing
and drying in deionized (DI) water. Afterwards, the
specimens were immersed in HF(40%):H,0=1:10
solution for 5 min to remove the layer of native SiO,.

Deposition of Au film (50 nm)
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Fig.1. llustration of MACE process to form nanopores on Si
substrate

Iustrated in Fig. 1 is the formation process of
nanopores on Si substrate using MACE. For the firs
stage of MACE process the thermal vacuum deposition
of metal catalyst (Au) on Si wafers was chosen. The
thickness of deposited Au film was determined by a
weight and it was 50 nm. At the next stage these
samples were annealed at 600 °C in vacuum chamber,
and as a result, the Au thin film coagulated into
nanodrops with an average diameter of 200 nm. Finally,
the as-prepared samples were immersed in the etchant
consisting of HF(40%)+H,0,(35%)+H,0. The etchant
concentration ratio was 4:1:40. The etching time was 10
min at room temperature. After etching the samples
were rinsed several times in DI water and dried.

The surface morphology of silicon samples was
examined using scanning electron microscopy, the
elemental content was investigated using Time of Flight
Secondary Ion Mass Spectrometer (TOF.SIMS 5). The
investigation of optical properties of obtained textures
was performed using a Specord Plus spectrophotometer.
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Results and discussion

The range of values of anodic charge density is the
most effective in terms of obtaining porous silicon
layers with minimal optical reflection coefficient in the
spectral range of solar cells. It was established that the
treatment of silicon wafer in ethanol electrolyte
(C,HsOH:HF=1:1) with anodic charge density 0.2-0.25
C/em’ results in a microtextured PSi surface. In other
case, the use of less concentrated electrolyte solution
C,HsOH:H,0:HF=1:1:1 allows achieving a minimal
reflection from the surface of PSi. However, the anodic
charge density should be increased to 0.44-0.49 C/cm’.

In Fig. 2 a SEM image of PSi obtained by
electrochemical etching in ethanol electrolyte
containing C,HsOH and HF is shown. As it can be
seen, the pores are quite uniform, and the average
diameter is less than 1 pm.

x6.00k

Fig.2. SEM image of PSi obtained by electrochemical
etching in electrolite consisting of C,HsOH:H,O:HF=1:1:1

After electrochemical etching the surface of Si
samples was examined by secondary ion mass
spectrometer. We can compare the clean surface before
(Fig. 3, a) and after etching (Fig. 3, b). The analysis
showed that the etched surface texture contains large
amount of CH;* ions, which are known to saturate the
dangling bonds of silicon [28].
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Fig.3. Images of mass spectroscopic characteristics of the
surface of Si substrates in static mode before (a) and after (b)
etching. Mass (u) - mass number. Intensity (counts) - intensity
(the amount of the read pulses)

U2 206V X10,000+ "pm . - 0867.711 36 SEIL % 1
Fig.4. SEM image of coagulated Au nanodrops on Si wafer
after annealing at 600 °C in vacuum chamber

To create the pattern on a silicon surface thin Au
film was used. Shown in Fig. 4 is a SEM image
showing the distribution of coagulated Au nanodrops on
Si wafer after annealing at 600 °C. The average
diameter of Au nanodrops is about 200 nm. So, the
annealing of Si substrates coated with Au film provided
the formation of lithographic figure of ordered
nanospheres. A typical SEM micrograph of the sample
prepared by MACE method (Fig. 5) shows that after
etching process nanopores with diameters of about 200
nm were formed. So it could be concluded, that Au
nanodrops served as a pattern for nanopores formation
with the same diameter.
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Fig.5. SEM image of nanoporous Si wafer after MACE
treatment (10 min) in the etchant consisting of
HF(40%)+H,0,(35%)+H,0. The etchant concentration ratio
was 4:1:40

At the next stage measurements of reflective
properties of Si samples modified by electrochemical
and MACE methods were performed.

Si wafer without ARC, electrochemically textured Si,
and chemically textured Si wafer with nanopore ARC of
obtained by MACE. As it could be seen, for
electrochemically textured Si and MACE-textured Si
wafer with ARC the lowest reflectance values are
inherent. The most interesting is that only the MACE-
prepared Si samples had a lowest reflective coefficient
in comparison with other textures, confirming previous

thoughts [25-26].
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Fig. 6

shows the dependence of reflectivity

coefficient on wavelength and refractive index for Si
wafer samples with formed n"—p-junction and PSi-
layer. Given that the thickness of PSi is less than 90
nm, we see a complex reflection -coefficient
dependence for ARC based on thin layer of PSi. At the
same time, the integral reflection coefficient for
macrotextured Si wafer obtained by chemical methods
is 18.5%, for macrotextured filled with silicone organic
adsorbent decreases to 11.2% and for nanotextured Si
after ultrasonic treatment its value is 8.25% in the
spectral range of 0.4-1.0 pm.
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Fig.6. The dependence of reflectivity coefficient on
wavelength and refractive index for Si wafer samples with
formed n*—p-junction and PSi-layer

Fig. 7 shows the dependence of reflectance on
wavelength for polished Si wafer, chemically textured
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Fig.7. The dependence of reflectance on wavelength for
polished Si wafer, chemically textured Si wafer without
ARG, electrochemically textured Si, and chemically textured
Si wafer with ARC

The results suggest that losses of light due to
reflection with using developed texturing processes are
much less than 20% by using these processes, so that
the increase in conversion efficiency of solar cells is
expected.

Conclusions

Application of electrochemical and chemical
methods to form the textures of various formats for
fabrication the frontal antireflective surface based on
PSi layers of solar cell is promising. It is possible to
form a microtextured porous Si surface with low
reflectivity by varying an electrolyte concentration in
electrochemical technique, with a proper selected
anodic charge density. At the same time, the metal-
assisted chemical etching method allowed forming a
nanoporous surface on Si wafer and, as a result improve
the antireflective properties of Si surface in optical
spectral range. These texturization methods could be
introduced in industrial manufacturing of solar cells as
the antireflecting coatings.
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C.1. Hiukano, B.10. €Epoxos, A.O. /Ipyacunin, O.B. €Epoxosa.
CTBOpeHHSI KPeMHi€BHX AHTUBIIOMBHUX MOBEPXOHb €JIEKTPOXiMiYHHUM Ta XiMiYHUM MeToIaMU

IIpo6aemaTuka. 3acTOCYyBaHHS Ha OCHOBI KPEMHiIO MOPUCTUX CTPYKTYP SIK e(hEeKTHBHOIO i KOMEpUiHO MPUAATHOTO
TOKPUTTS TIOBUHHO OyTH MaKCHMallbHO aJanToBaHe A0 TPOLEciB BUPOOHWITBA KPEeMHIEBUX COHAYHHMX eJNeMeHTiB. Jlis
MiJBMILEHHS aHTHUBIIOMBHUX BNACTHBOCTEN ()POHTANBHOI MOBEPXHI MiacTWHM Si OaxkaHO BMKOPHMCTOBYBATH METOAH, SKi
JI03BOJIAIOTH OTHOYACHO 3MiHIOBaTH 3HaUY€HHs KoedillieHTa 3alOMJIEHHs 1 MapamMeTpu MpoLecy BUrOTOBJIEHHS. TakuM YMHOM,
HeoOXiIHO IIyKaTH iHIIi, MepCTeKTUBHIII METOIY BUTOTOBJIEHHS aHTHBIIOWBHUX MOKPUTTIB AJIS TiABUIIEHHS €(EeKTUBHOCTI
COHSYHMX EJIEMEHTIB.

Mera pocaigxkeHb. BUroToBieHHA aHTUBIAOMBHUX MOKPHUTTIB Ha OCHOBI MOPUCTOrO KPEMHII0 3a AOMOMOIO0
eNEKTPOXIMIYHMX 1 XIMIYHUX METOZIB AJA (POTOENEKTPUIHUX MEPETBOPIOBAUIB 3 MOKPALIEHUMH MapaMeTpaMH.

Metoauka peanizauii. [ns ¢popmyBaHHS TEKCTYpH Ha TOBEPXHi MIIACTUHM Si BUKOPHCTOBYBAJM €NEKTPOXIMiuHe i
MeTaJl-KaTaliTHi9He XiMidHe TpaBieHHs. MopQolorio MoBepXHi 3pa3kiB Si MOCHIIKyBalM 3a IOTIOMOTOIH CKaHYHOUOI
eNIEeKTPOHHOI MIKpOCKOTIT, €JeMEHTHUI BMICT JOCTIIKYBajll METOIOM Mac-CIEKTPOMEeTpil BTOpMHHMX i0OHIB. OmnTHuHi
BJIACTUBOCTI OTPUMAHUX TEKCTYp AOCHiIKyBalli 3a 10NOMOroto cekrpodotomerpa Specord Plus.

PesyabTaTn gocmixkens. Mikpo- Ta HAHOTEKCTYpOBaHI TOBEPXHiI KpeMHil0 i3 cepeaHim miametpom 1 mMxm i 200 HM
OTpUMYBAM  €JIEKTPOXIMIYHUM 1 MeTal-KaTaliTHYHUM XIMiYHMM TpaBJeHHAM, BiaNoBigHo. BcTaHOBNEHO, 1IO
HaHOTEKCTYpOBaHi 3pa3ky Si Many HaitHWKYMiA Koe(ilieHT BinOWBaBHHS B MOPIBHAHHI 3 iHIINMH CTPYKTYpPaMH.

BucHoBku. Enekrpoximiuni i XiMiuHI METOAM € TEPCTIEKTUBHUMHU CIOCOOAMU BUTOTOBIEHHA (PPOHTAIBHUX
AQHTUBIIOWBHUX TIOBEPXOHb COHSYHUX €JeMEHTIB Ha ocHOBi Si. [Ipu mpaBuIbHO MigiOpaHOMY 3HAUEHHI I'YCTUHHM aHOIHOTO
3apsay eNeKTPOXIMIYHUM cocoOoM MOXKHA chopMyBaTH MIKPOTEKCTYpOBaHy MOPUCTY MOBEPXHIO Si 3 HU3BKOIO BiIOMBHOIO
3MaTHicTio. MeToa MeTan-KaTaliTUYHOTO XiMIYHOTO TPaBJIeHHS A03BOJIMB CPOpMyBaTU HAa KPEMHI€Biil MIaCTHHI HAHOMOPUCTY
TMOBEPXHIO 3 MOKPALEHUMHU aHTHBINOMBHUMH BIACTUBOCTSMU B ONTHYHI 00nacTi crekTpa.

KunrouoBi cnoBa: AHTHBIZOMBHE MOKPUTTS; MOPUCTHH KPEMHIil; COHSYHUI €JEMEHT; eNeKTpPOXiMiuHe TpaBJICHHS;
MeTajl-KaTalliTHiHe XiMi4He TPaBJIeHHS.

C.U. Huukano, B.IO. Epoxos, A.A. /Ipyscunun, O.B. Epoxoesa.
Co3aaHue KpeMHHEBBIX AHTHOTPAKAIOLIMX MOBEPXHOCTEll JIEKTPOXUMUYECKUM M XUMHYECKUM MeTOJaMHu

IMpobaemaTuka. [IpuMeHeHHe Ha OCHOBE KpPEMHHS TIOPHCTBIX CTPYKTYp Kak 3((eKTHBHOrO M KOMMEpYeCKH
MPUrOIHOTO TOKPbITUS NOHKHO ObITh MAaKCHMAalbHO AJANTHPOBAHO K MpoLEccaM MPOM3BOACTBA KPEMHHMEBBIX COJHEUYHBIX
snMeMeHToB. JIns TIOBBIIEHWS AHTHOTPAKAIOIIMX CBOMCTB (PPOHTATBHOM TOBEPXHOCTM TUIACTHHBI Si  JKelaTeJbHO
UCTIOJIE30BaTh METO/IbI, KOTOPBIE MO3BOJISIIOT OTHOBPEMEHHO M3MEHATH 3HauUeHHe KO3 (PULHMEeHTa TIPEOMICHHUS U TTapaMeTpbl
nporecca M3rotosieHus. Takum o0pa3zoM, HeoOXOOMMO HCKaTh Ipyrue, Oojiee MepCHEKTHBHbIE METOAbl W3TOTOBJICHUS
AHTHOTPAKAIOIINX MOKPBITHN IS OBBIMIEHNS 3 PEKTUBHOCTH COTHEUHBIX JIEMEHTOB.

Henabr uccnenopanuii. M3rotosieHre aHTHOTPAXKAOIUX MOKPBITUHA HAa OCHOBE IOPUCTOrO KPEMHUS C MOMOLIBIO
JNEKTPOXUMUUYECKUX ¥ XUMHYECKUX METOJIOB 11 (POTOINEKTpHUIECKUX MpeodpazoBatesieil ¢ yIyqlIeHHBIMU TapaMeTpamH.

Mertonuka peaausauuu. J{nd QopMupOBaHMS TEKCTYypbl Ha [OBEPXHOCTH IUIACTWHBI Si  MCIONB30BAH
JMEKTPOXUMHUYECKOE W MeTal-KaTaIUTHYeCKOoe XHUMUYecKoe TpaBieHue. Mopdooruo MnoBepxHOCTH o00pa3uoB  Si
HCCIIEJOBAM C MOMOIUBIO CKAaHUPYIOIIEN 3JIEKTPOHHON MUKDPOCKOIUM, 3JIEMEHTHBIN COCTaB KCCIENOBAIA METOAOM Macc-
CTMEKTPOMETPUM  BTOPMYHBIX HMOHOB. ONTHYECKHE CBOMCTBA MOJYUYCHHBIX TEKCTYP HCCIEAOBAIM C  MOMOLIBIO
criektpoporomerpa Specord Plus.

PesyabTaThl nceaeqoBanmuii. MUKpO- M HAHOTEKCTYPHUPOBAHHBIE TMOBEPXHOCTU KPEMHHUS CO CPEIHUM IUaMeTpoM 1
MKM U 200 HM MoNy4ann 3NeKTPOXMMHYECKMM M METalI-KaTaTUTHYECKMM XUMHYECKHM TpPaBJIEHUEM, COOTBETCTBEHHO.
VYcTaHOBIIEHO, YTO HAHOTEKCTYPUPOBaHHBIE 00pa3ubl Si MMeNH caMblil HU3KMH KO3()(HULIMEHT OTpaKeHHs MO CPaBHEHWIO C
JPYTUMH CTPYKTYPaMH.

BbiBoabI. DNEKTPOXMMUYECKHE W XMUMHUYECKHE METOIbI SBJSIOTCA TMEPCNEKTUBHBIMU CHOCOOaMM W3TOTOBIECHUS
(pOHTANTBHBIX AHTHOTPAXKAIOUIMX TMOBEPXHOCTEH CONHEUHBIX 3JEMEHTOB Ha ocHoBe Si. [Ipu mpaBumbHO MOZOOpaHHOM
3HAYEHUM TUIOTHOCTH AHOJHOTO 3apsAAa JJEKTPOXMMHYECKUM CHOCOOOM MOXHO C(OPMHUPOBATH MUKPOTEKCTYPUPOBAHHYHO
MOPHUCTYI0 MOBEPXHOCTh Si C HU3KOHM OTpaskaTenbHOH CMOCOOHOCTBIO. MeTon MeTal-KaTaluTH4eCKOro XHUMHUYECKOro
TpaBleHUs TO3BOJNUI Cc(HOPMHUPOBAaTh HAa KPEMHHEBOW TIUIACTUHE HAHOMOPUCTYIO TIOBEPXHOCTh C  YIyUYIIEHHBIMHU
AHTHOTPAKAIOIMUMH CBOWCTBAMH B ONTHYECKOI 001aCTH CHIEKTpa.

KiroueBble cjioBa: AHTHOTpaXKarollee MOKPBITHE; MOPUCTBIM KPEMHUI; CONHEYHBIN 3NIEMEHT; 3NEKTPOXUMHYECKOE
TPaBJIEHUE; METAILI-KaTAIUTUYECKOE XUMUYECKOE TPABIICHHUE.





