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18.45%-Efficient Multi-Crystalline Silicon Solar Cells with
Novel Nanoscale Pseudo-Pyramid Texture

Xiaoya Ye, Shuai Zou, Kexun Chen, Jianjiang Li, Jie Huang, Fang Cao, Xusheng Wang,
Lingjun Zhang, Xue-Feng Wang, Mingrong Shen, and Xiaodong Su™

Silicen-based colls could convert mare solar anergy 1o electrical energy if the
cells could absorb more light. However, the nanostructured cells have dem:
onstrated relatively low power conversion efficiency even when its reflection
is very low; thus, they are still far from becoming real products of the photo-
voltaic industry. Here, nanoscale pseudo-pyramid textured mublti-crystalline
silicon [Prc-5i] solar cells, with the best efficiency of < 18.45%, are fabricated
by using a metal-catalyzed chemical etching plus a post alkaline stching on
an industrial production line. Such Pme-5i solar cells have showed similar
light trapping ability as single erystalline silicon solar cells of micrometer pyr-
amid texture, and the improved efficiency is mainly aseribed to its enhanced
light absorption while the nanostructured surface still keops acceptable
passivation quality, that is, the short-circult current density has an increase
of <300 mA call !, while the open-circult voltage has only a slight decrease of
=7 m¥. Further elevations of the efficiency are expected by optimizing both
micrameter- and nanstextures, and exploring mere effective passivation

field, e1cd™" and the other (s the aptical
properties 1o reduce light losses, ie, the
frant texture and antireflection coating,
the imterdigitated back contact solar cefls,
metal wrap through solar cell, enc ¥
.-'l.l:lilmlgh mi-5i solar cells have ooous
pied more than 70% of the plotovaltaic
(PV) market, the g of me-5i solar cells is
still abent 2% lower than that of w-5i cells,
dise to not anly its large number af grain
boumdaries, wiich act as recombination
centers of electron=hole (k) pairs, but
alsa its poar abality for trapping light at the
frone textured surface. It s well accepted
that a pyramid texture can be formed on
w-51 wafer based on anisotropic alkali
etehing. bt is not applicabile to the me-
SL™ Alternatively, random [t ar & honey-
o texture are formed on the surfaoe of

technique. More excitingly, the technique presented here has been verified
in the production line for several batehes as a real technique of low cost and

high efficiency.

1. Introduction

In the past decade, the POWET CORVETSION efficiency n of single
crystalline silicon (w51} and multi-crystalline silicon [(me-Si)
walar cells has shown about 05% improvement each year, and
now it is over 19% for =50 and over 17% for me-Si in most
industrial production limes" As & planar p-n junction-based
opteelectronic device, the 5 of S solar cefls has been elevated
From twio aspects: one b the electrical properties, Le., the quality
of 5 wafer, surface passivation, selective eminer. back surface
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mesSi based on isotropic acidic etching
Together with  anti-reflection  coating
(ARC) and surface texture, the sc-5i shows
a lower average reflectiviy B [ca. 5% in
a wavelength range from 350 to 1050 nm)
compared to that of me-50 (ca. 12%). Therefore, it gives a poten-
tial space to raise g, even breaking 18%, if more effective Hghi-
trappisig tentire can be fabricated into me5i cells

Hecently, nanostructure textured Mack silicon with extremely
low reflectivity (pear to pero) has attracted intensive attention
due to its great potential for applications in silicon-based solar
cells " There are several sdvantages of black silicon solar
cells: the excellent light-trapping over 2 wide spectmom range
from M0-2000 nn!" the possibility of removing the expen-
sive vaciann processing of plasma-enhanced-chemical-vapor
deposition (PECVDN: and the wider acceptance angle of light /'
Mainly, there are theee kinds of techniques to fabricate black
gilicon: laser textuiring™ " reactive jon etching (RIE) L
and metalcatalyzed chemical etching (MOCER™'™™  For
industrial production, the RIE and MCCE techmigques have
abiained high expectations. but obviously MCCE is much mwre
saritable for the current production line, where the conventional
texturing process ks also lused on wet chemical etching. Oh
et al reported an 18.2% efficiency in black single-crystalline
ailicon [Ric-5i) solar cells!™ Alhough the effickency i+ =l
lower than that of industry level, it demonsirates a great pro-
gress in MCCE wechaigue. However, the peporied efficiencies
or black mmlti-crystalline silicon (Bmc-Si) solar cells based on
either RIE or MOCE are still very low, e, 12-16.6%. Table 1
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The alvsence af an effective Eexiuring technigue for diamond-wimne sesn multi-crysalline silicon (WS
me-5i) solag cells has hindered commendal upgrading from iraditional mwilvi-wine slurry sawn silicon
(MAWES mo-%i) solar celiv. In this paper, a nano-texture technigee e been developed o achieve 12318
elfcient WS mc-5 solar eells on a pilks prodection line, Their unique pyramigdal nanostructure, which
b chr maost chose-packed [111]) surfece of S diamond cryvstal not only benefits boh lghe-rappang and

clecine propenses but also can -rI'Fn'l:lwry remoree the saw-marks and amorphous Lyer ol ihe ool

Ry

Mhulli-ryntalline sition solar ol
Drarnisnsd wiie sving

M- festuee

Wietal-cotalyred chemical o deeg

P comverion cficieny

Therefore, the short-cintuil current I, of a napo-textuned DWS me-Si solar oell is = 324 mA higher than
that of & mukron-bexin ped ene, while 05 opsn-corcul vtage Vo does pol sheow am evsden deonease with
the increase of (65 Sursor area. The techmigue has paved the way for the mass production of DWSE mic-5i
solar cells by satfifying the exact requirements of the PV indwiny for high efficiency and low cost,

© 2005 Elsevier BV, All rights reserved.

1. Introduction

In the past few decades, multi-wire slurmy sawing (MWSS) has
been 4 mainstoeam technigjue o slicing large ingots of sngle/
rdti-crystalline silicon (se-Sifme-5i) into thin wafess in the
industry [1,2]. However, as its production increased 1o several
Bundred thousand tons each year, MWSS shortages eventually
emerged, including low productivity, high breakage of steel-wine,
and high material consumption and industrial waste (Le. nen
water-salibie cutting Auil. shurry and disposable wires). There-
fore, several research groups have demonstrated that diamondd
wire sawing ( DWS) has seweral superiorities over MWSS, Lo, 2.5-
fold slicing speed. hall the thickness of the saw-damage layer, and
water-soluble coolant without any slurry [ 341 More impostantly,
WS showed great potential for cutting thin wafers down to
B pm | 5], Therefone, DWS is expected (o become a next-genera-
tion slicing technigque for fibricating waler-based Si solar cells, In
fact, DWS wo-5i solar cells that are fabricaled in production lines
hunve shown comparabie photoveltaic properties (o MWSS ones
|5}

Unformenately, WS me-5i solar cells are still unpopualar amd
unacceptable in the MV industry mainly due o the lack of an
effective texture technigquie. In general. the nomal texture process
for BMWSS me-50 walers, which s based on the sotropsc acidic

* Coireapeindarg dnhor,
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(RIT-HAN 215 Elsever BY. All nighes nesenvml.

etching of 3 HNO/HF system, can reduce the reflection of a waler
e o ~23% In owr preliminary works, the nellection boss of a
DWW =51 weafer after the same texture process ts still as high as
~2B%, resulting in a O4% lower power conversion efficiency (i)
than that of anm MAWSS waler. Unlike the randomly and home-
geneowsly fractured surface in MWSS wafers, the existence of
directional saw marks and an incompletely covered amarphous 5
layer in WS wabers will result inan undesirable rextune, as will be
discuised laer. Becawse mic-5i solar cells have oocupied more than
ROE of the photovoltae [PV} market, it is an urgent requirement
foe M researchers and the industry te develop an efective texture
technique for efficient WS anc-58 solar cells
Recent progress in nanostrociure textured black silicon has
attracted intensive attention due (o it gres potential for appli-
cations in silicon-based solar cells [7-11L There are several
advantages of black silicon solar celbs: excellent light trapping in a
wide speectrum ranging from 200 to 2000 nm | 7]; the possibility of
removing the need for expensive plasma-enhancoed-chemical-
vapar-depasition {PECVTY) processing: and wider acoeptance angle
of light [12]. There are three main types of technigues for Gabe-
cating black silicon: laser textuning |%,10), reactive jon etching
(RIE} |13-16) and metal-catalyzed chemical etching {MOCE)
| 1715 For mass produotion, the RIE and MCCE techniques have
high capectations, but obvicusly MCCE is much more suitable for
the curment industry product line where the texburing process is
also based on chemical solutions due to their low-oost apd stals-
lity. It i worth mentioning that the efficiency of the
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Efficient nanostructured quasi-single crvstalline silicon solar cells by metal-

catalyzed chemical etching
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Bovah- i intendl cand apuicasi-siaghe crvslall b silioon ((ae-5a) tochnsgue allows the et of ol ool
solar oells, However, most of ibe QueSi walers. sifll consist of singles anill prulti-crystalline silicon grains, which
loadl 1o difficuliies when attempting 1o achicve high ofcioney by wsing conventional acid or alkali toxture
processrs, This papeor Bighlights (e fact thal nans-testured Qee-8i solar ovlls ran ceach e Bciemcios ranging Trmmn
LEA% 1 L% by usisg the same metlal-walabond chembeal elchisg tochague, slong wilh & deperssod color
diffenence. & parallel sub-cell moded is proposed ooexplain how io enbanoe the perfomsanoe of Qse-5i oclls.

1. Intraslucticn

In revent vears, envstalline sificon, imcluding enst mubti-crystalline
(me-3i) and Ceochralsk (CZ) single crystal (se-53), have dominated
approcimately W% of the photosabiake (M) magket [1-4], Fram the
viewpaint of the total cost of production, both sc-8i amd me-8i have
alvantages and disad et onstly s solar eells age efficientl dise
1o mearly perfect material quality, but suffer from serious light-indueed
degradation (LID) of elliciency dise to B-0 bonding: cost-elfective imc-
Si podar cells hove 1-2% lower efficlendes than those of se-5) orlls
because of more crystallographic defects and higher light loss [5-7].

The secd-assisted east quasi-single envstalline silicon  (Que-8i)
technique was rocently developed by carefully comtrolling the growth
condithon to grow < 100 > orented se5i gralns in most vertical amld
horizomtal aneas of an ingol [8-11]. (ee-Si solar cells are expected o
have efficheney close 1o that of se-5i cells, due 1o high minority carrier
lifetimes, lower grain boundarics and dislocations, while keeping the
b ot and LID of me-31 eclls 1 was reported that the efficiency of
(se-58 solar cells has wide distribution, from I7.0% o0 18.2%, as the
mtio of =c-8i grains in the walers vanies from 50% o 100% | 12-14L
However, Ose-51 s still unpopular in the PV indasiey, doe o two main
factors: first, although it is higher in efficiency, the cost of Qee-Si is
higher than thot of me-54, Second, st Q-5 walers consist of both
a¢= and me-5i grains, thus making it diffieult 1o obnin proper testure
for light trapging. and thus it resches high elfichencies by using ether

camventicnal alkali or ackd textare processes | 15 ], Therefore, the need
1o find an effective texiuring tochndgue for the efficlent Que-5i oell
urgent.

The mancstrociuned Black silsoon with extremely low nellectivity has
altrscted attention due to s potentiol application in lkon-hased solar
eells [16,17]. Theoretically, the nano-texture con be treated as a
demsity-graded or pefraction-graded laver, wihich can smoothly congied
the nir and Si substrate, thus allowing it 10 suppress light rellection
exponentially 4 the grade depth increases | 18] Several teclinsgoes,
such as biser tevturing. reactive jon eichiog (RIE), and metal-eatalyveed
chemical ebching (MOCEN, are atfractive because various namostmic:
tures can be formed on the surface regardless of grin orientations of Si
wafers | 19-24L MOCE has been verified as a apiversal nano-testune
techndque for se-5i and me-5§ walers, and it ks much more saitable for
the ourrend inhustry lime alue to its bow oosl and stability.
Heswever, it ks stll & challenge b obtaln & proper teatare for both s
and me-Ri graims in 8 Qsc-51 wafer, in an aim o achieve good ocll
performance, e, evoellont light trapping ability, less cobor differesoe.
aned high efficiency.

In this wark, the Qse-Si solar cells with a mistare of sc- and mc-5i
grains demonstrated [HA4% o 189% eflichencies using our well-
established MOCE nano-texture process |25,246], and the nesults show
that the cast Qsc-55 can be competitive with both CF se-58 and cast nac-
Si
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1 | INTRODUCTION

Abstract

Both alkali and metal-catabyzed chemical etching (MCCE) of multicrystalline silicon
[mc-5i) wafer show anisetropic etching behavier, resulting in different morphologies
among the different grains. However, by combining alkall etching, MCCE. and a
post-ciching process, homogeneous microstructures can be obtained on the surface
of mc-5i wafer, After the first alkali etching. there are three typical morphalogies of
upward pyramids. terraces, and tilt planes. and relative to the initial Si{100), Si(110)
and 5i(111) dominated grains, these show low, moderte, and high reflection, respec-
tively. After MCCE and the post-etching process, the microstructures on the different
grains have converged to a similar morphology and reflection. Me-51 solar cells fabri-
cated by complementary alkall etching. MOCE, and post-stching have a good sppear-
ance and high efficiency of -19.4%. Moreower, the cells with submicrometer edure
have the advantages of reverse curent-voltage characteristics and weak [light
mesponse over traditional cells with micrometer texture.

KEYWORDS

alkali ctching, complementany ciching behawior, metal-catalyzed chemicl eftching. multicrystalline
silicon solar cofl, power comversion cificiency

-0.4% efficeency gain have been produied by Canadian Solar Inc
(Suzhiod, Ching) based on the Ag-MCCE process

The put 2 years huree ween raped populsizason of the metal-catabyzed
chemicad etching (MCCE] technigque in Chinese photovaltaic [PYV] com-
paries. The main feason B that MOCE can impiove Ehe elficiency ol
mrulticrystaliine silicon §me-54 solar cells by more than 05%, Mone-
e, Im skeing me-51 ingats info walers, MCCE has accelerated tech:
maksgy vpgrade Trom irsdiionsd malwbre sharry Svsang 10 diamond
wire savwing (DWSL greatly reduceng fhe Cost of o3 sole ool 1
It i vl socepted that highly fshodtiuctured black Sheon cannol e
imed bo divectly fabricate solar cells owing to strong surface recombs-
naticn.* ¥ Therefore, post-modification processes based on acid and
alkali etching have been developed fo achieve high efficiency by
ncreasang the mcrodbructure size lrom the nanometer 0 the
submicroimeter scale anel reflection from lew 1o moderate vakies
[=15%-20%). %! For example. more than 1 GYW mo-Si solar cells with

I & previous stdy, we Fabeicated nanterodtunes that overlapped
with the microscale texfure on the surface of me-5) wafer, which was
applied 1o damaped-removal etching (DRE]) based on Rotropic acidic
etching” Howeves, there are problems: (1) the large surface area of
the nangstrutiures mesuls i loss open-carcuil voltage |'ll";|.=;"'I and (2)
(100)-orienbed etching of Ag-MCCE leads bo vishle color differences
armsang the grains. as well a5 the finad ool To overcome these prob-
lizrid, v pierlarmed alkall-based DRE rather than adhdic-baded etching.
and the final cell performance improved with both higher short-cincwit
current and open-circuit volage. '

Baoth alkali etching and Ag-MCCE of me-Si walior show anisotropc
ebching behunvior, resulting in diffevent morphologies among tha differ
el praws. In Lhis wiark, we show that the codar delferendes among the
grains can be minimired by porforming modified alkall etching
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