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Antireflection coatings for silicon solar cells formed by wet chemistry methods

Annotation. The results of theoretical and experimental investigations of nanostructured
silicon-based layers of different morphology and consideration of their application as antireflection
coatings for silicon solar cells are presented. Nanostructured silicon layers were obtained by three
wet chemistry methods: (1) electrochemical etching in hydrofluoric acid solutions (porous silicon
formation); (2) electrochemical stain etching in hydrofluoric and nitric acids and (3) metal-assisted
chemical etching. The obtained porous layers exhibit optical properties of semiconductor
nanostructures with sizes in the range from 1 up to 100 nm. The minimal total reflection coefficient
below 1% in the spectral range from 400 to 1100 nm was obtained for the coatings based on Si
layers formed by metal-assisted chemical etching.
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Introduction

At the present time PV industry develops very fast and optimization of current silicon solar
cells is important problem. One of such optimizing ways is to decrease reflection from the surface
of solar cells. The surface of crystalline silicon of which the most part of solar cells in the world is
produced, reflects up to 35 % of light in a photoactive range. Application of traditional single-
layered antireflection coatings allows us to decrease average reflection to 11-13 %. It was shown
that effective antireflection coatings can be made by using nanostructured porous silicon (Por-Si)
[1-3]. We have obtained layers of por-Si by electrochemical etching method and nanostructured
wire-like silicon layers by metal-assisted chemical etching (MACE) [4]. It is known that there is
possibility to obtain by MACE layers with very good light trapping properties and use them in
photovoltaic application5.

Experimental

Layers of porous silicon and silicon nanowires were obtained under different etching
conditions on the n+ layer of Si wafer with p-n structure with polished surfaces without a contact
grid on a face sheet. Por-Si layers were obtained by standard method of electrochemical etching [6-
7]. The solution of HF:HNOs = 100:1 were used as electrolyte in electrochemical stain etching
process. Electrochemical stain etching process was provided within 60 minutes under current
density 15 mA/cm?. Silicon nanowires-like structure was obtained by metal-assisted chemical
etching8. First particles of Ag were deposited within 30 seconds on the surface of silicon wafer and
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then silicon was subjected to metal assisted chemical etching in solution contained a small amount
of HF, H202 and HNOz during 25 minutes.

In order to test our suggestion on application of investigated layers we used fabricated silicon
solar cells with efficiency about 13%.

Experimental results and discussion

Silicon nanostructures were formed on the surface of p-n structured silicon wafer with spatial
orientation of (111). Figure 1 represents SEM images of plane and cross sectional views of por-Si
samples with various morphological characteristics. There are three different species a) por-Si
obtained by electrochemical etching, b) textured por-Si formed by electrochemical stain etching and
c) wires-like structure obtained by MACE (MSi) in HF and H202 contained solution, and etched 15
minutes in HNO3 in order to remove silver particles. Thickness of the MSi layer was quite small
and ranged about 240-450 nm, that is very important for possible their application as an
antireflection coating for silicon solar cells.
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Figure 1. Reflectance spectra of the porous Si layers, obtained under the various etching conditions:
(@) using HF:CH3CN = 3:2 solution as an electrolyte in a standard cell and (b) using HF:C402H10
= 3:2 capillary-cell method

Theoretically calculated reflectance spectra of the por-Si samples are presented in figure 2. We
calculated the spectral dependence of reflection coefficients for inhomogeneous layers with a
straight line dependence of refractive index on the depth of the inhomogeneous layer. Refractive
index varied from 2.5 to 1.5 and from 1.5 to 2.5 in the direction from the substrate to the
environment (refractive index of the substrate was adopted as 4). Thickness of the layer was taken
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from the calculation when the minimum of the reflection corresponded to 600 nm. Short-wave part
of the spectrum depends on the no-homogeneity of the layer.

Theoretical analysis shows that it is possible to select a profile that allows one to achieve a
very low reflection over a wide range of wavelengths. A function of the refractive index distribution
was calculated by solving the inverse problem to achieve maximum light transmission in the range
from 400 to 1100 nm. Then, in the framework of effective medium a model (Bruggeman approach)
the optimized profiles of the volume fraction of Si in porous layer were calculated. These profiles
allow us to reach values of the reflection coefficient of less than 1% and transmittance of 96% .

In figure 3 there is comparison of reflectance spectra of nanostructured silicon layers formed
with various methods and bulk material. From the curves it is clear that reflectance of MPSi
structures in comparison with crystalline silicon’s reflectance decreases to less than 2% in visible
area of spectrum, i.e. become more than 10 times low. Such low reflection gives a god opportunity
to use in solar cells structure in order to optimize their efficiency. TPSi also has low reflectance
about 6% in minimum.
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Figure 2. SEM images: a) plane view of the surface of SINWs samples; b) cross-sectional view of
SiNWSs samples; c) plane view of the surface of por- Si, obtained in HF:HNO3 electrolyte; d) cross-
sectional view of por- Si, obtained in HF:HNO3 electrolyte

For estimation sizes of nanoparticles in obtained structures we measured their
photoluminescence spectra (figure 4). The obtained layers exhibit optical properties of
semiconductor nanostructures with sizes in the range from 1 up to 100 nm.
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Figure 3. Reflectance spectra of crystalline silicon, SINWs and por-Si obtained by metal assisted
chemical etching and electrochemical etching of n+ (111) layer of p-n structure correspondingly

In order to check our assumption on possibility of using MPSi as an antireflection coating for
silicon solar cells we produced prototypes of solar cells with MPSi. Current-voltage characteristic
of prototype solar cell with MPSi on the surface is given on the figure 5. There are shown tree
modes of measurements: for dark conductivity and for conductivity under exciting with light beams
on the wavelengths of 364 nm and 514 nm. Measurements were carried out at room temperature,
intensity of light beams souses was | (364 nm) = 0.33 mW/cm2 and | (514 nm) = 0.016 mW/cm2 in
the voltage range from -0,5 to 1 V. Under described conditions current maxima’s for dark
conductivity, conductivity when exited with UV and green light beams were 0,298mA, 1,48 mA
and 0,3891mA correspondingly.
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Figure 4 Photoluminescence spectra of Si nanostructures on the surface of p-n structure



18

2_
1 -1 _/'/ ......
4 ./'/
./ --------
— O_ -
<é: |
~ -14
e
: 1 .
£ 2. !
= ] L - = excit. 364 nm
o ! - = excit. 514 nm
-3 - in darkness
] I
-4 W
Il

06 -04 02 00 02 04 06
Voltage (V)
Figure 5. Current-voltage characteristics of silicon solar cells with antireflection coating from MPSi

Conclusions

In the present work we discussed possibilities of optimizing the efficiency of silicon solar cells
by means of creating nanostructured layers on the surface of solar cell by electrochemical etching
and metal assisted chemical etching. Structural properties of SiINWs and layers of porous silicon
were investigated by means of SEM. It was shown that both of suggested coatings — silicon
nanowires and porous silicon could be successfully used as antireflection coatings in the surface of
solar cells because of their light trapping and low reflecting properties. It was found that reflectance
of SiNWs contributes less than 1% in the visible spectral area, that gave an opportunity to produce
prototype silicon solar cell with a new antireflection coating.
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Mycabek I'. K., Tumomenko B.1O., uxan6aes K.K., Tayp6aes T.U., Hukynun B.D., TaypOaes E.T.

XUMHSUIBIK, OHAeY d1icTepiH KOJIJIaHbIN AJILIHFAH KPeMHMIl KYH JIeMeHTTepi YyIIiH
AHTHIIAFBUIIBIPFBII Ka0aTTap

JKympIcTa TEOPHSUTBIK JKOHE TOKIpHOe XKY3iHAE aTKAphULIFAaH MOPQOIOTHACH alyaH TYPJi KeNeTiH,
KPEMHUH HETi3IHJeTI HAHOKYPBUIBIMABI KabaTTapabl 3€pTTEY IKYMBICTAPBIHBIH OapbIChIHAA aJbIHFaH
HOTHIKEJIEpl KENTIpIJreH »KoHEe COHBIMEH KaTap ajblHFaH KalaTTapipl KPeMHHH KYH BJIEMEHTTepi YIIiH
AHTHUINAFBUIABIPFRINT KabaTTaphl peTiHAe NaimamaHyAblH THIMAUITT KepceTinreH. HaHOKYpBUIBIMIBI
KpeMHUIl KabaTTap VIO Typial omic KoijaHa OTHIpeIT anbiHFaH: (1) (Top KBIMIKBUIEI Heri3iHaeri
epiTiHaiiiepae dNeKTPOXUMUSIIBIK OHeY (KeyeKTi KpEeMHHUIAI CTaHAaPTTHI aly Tacimi), (2) ¢Top KoHe a3oT
KBIIIKBIIIAPBIHBIH KOCTIACBIHA DJIEKTPOXUMISIIBIK OHJAEY *XoHE (3) MeTall eHTI3UITeH XUMUSUIBIK OHICY
omictepi. AnbrHFaH KabaTtapaplH KpuctamumtT emmemuaepi | — 100 HM OonaThiH KapThUIaid OTKI3TIMITIK
HaHOKYPBUIBIMAAPFa TOH ONTUKAIBIK Kacuertepi OakpuianraH. 400 — 1100 HM ONTUKAJIBIK apajbIFbIHIA
METaJl EHTI3UINeH XUMMSUIBIK OHJICY OJICIMEH ajblHFaH YJOIPIICKTEPACH KacajaFaH aHTHIIAFbUIABIPFBIII
KabaTTap YUIiH marbuTy KodpGUITUEHTIHIH MUHIMAIIB MoHI 1% -maH kem 0oyl OalKasFaH.

Tyitin co30ep: KeyeKTi KpEMHHH, KYH 3JICMEHTTEPi, HAHOTAIIIBIKTAP, AHTHIIAFBUIIBIPFIIT Ka0arT.
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AHTHOTpaXkAIOLIMeE MOKPBITUS 1/l KPpeMHHEBBIX COJTHEYHBIX 3JIEMEHTOB, I0Jy4YaeMble MeTOIaMHU
MOKPO# XMMUH

B macrosimied paboTe mpeNCTaBICHBI  PE3yAbTATBI  TEOPETHUYECKUX M DKCICPUMEHTATHHBIX
WCCIIEIOBAHNN HAHOCTPYKTYPUPOBAaHHBIX CJIIOEB HA OCHOBE KPEMHHUS C Pa3lMYHON MoOpQooruei, a Takxke
MTOATBEPIKJICHIE BO3MOXKHOCTH HMX NMPUMEHEHHUS B KaueCTBE aHTHOTPAKAIONINX MOKPHITUH K KPEMHHEBBIM
COJIHEUHBIM 3JIeMeHTaM. HaHOCTpYKTYpHpOBaHHBIC KPEMHHEBBIC CIIOW OBLIM IMOJyYEHBI C MOMOIIBIO TPEX
pasHbIX MeToqoB: (1) 3NMEKTPOXMMHYECKOTO TPABJICHHS KPEMHHUS B PAcTBOPAaxX IUIABHKOBOH KHCIOTHI
(cranmapTHOE (OPMHUpPOBAHHWE MOPUCTOTO KpeMHHs); (2) SIEeKTPOXMMUYECKOTO TPAaBICHHS B CMECH
IJIABUKOBOW U a30THOM KUCHOT U (3) MeTan HHAYIUPOBAHHOTO XUMHUYECKOTO TpaBieHus. [lomydeHHbIe CITon
00J1aJIal0T ONTHYECKUMH CBOMCTBAMH IOJIYIPOBOJHUKOBBIX HAHOCTPYKTYP C XapaKTEPHBIMH pa3MepaMu
kpuctajuiutoB oT 1 nmo 100 am. B Buaumom ontuueckoMm nuamnasone or 400 mo 1100 M nmns
AHTUOTPAXKAIONINX TIOKPBITHH HW3TOTOBJIEHHBIX W3 CJIOEB, TOJIYYEHHBIX MeETal WHIAYIHPOBAHHBIM
XMUMUYECKAM TPaBIICHHEM, HAOIr01aeTCs MUHUMYM KOA(G(UITHEHTA MOJTHOTO OTpaskeHus Hinke 1 % .

Kniouegvle cnosa: TOPUCTBIA KPEeMHUH, COJIHEYHBIE JJIEMEHTHI, HAHOHUTH, AaHTUOTpaKarollee
MTOKPBITHE.



