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It has been shown that to increase the efficiency and manufacturability of single-crys-
tal silicon photovoltaic solar energy converters (Si-PVC) with 180-200 um thick base
crystals having a polished photoreceiving surface and double-layer back surface reflector
(BSR) consisting of a transparent oxide and aluminum layers, a conductive transparent
indium-tin oxide (ITO) layer of 0.25 um interference thickness is to be used as the
nonmetallic BSR layer. It provides the ITO/Al BSR reflection coefficient in the range of
85 < R < 96 % for solar radiation photoactive component incident the Si-PVC back surface
at substantially zero contribution of ITO layer resistance to the device series resistance. In
the case of Si-PVC with inverted pyramid type texture of crystal photoreceiving surface at
which the specificity of light distribution in the crystal causes total reflection of radiation
from Si/ITO interface, the ITO layer thickness should be experimentally optimized in the
1-2 um range independently of base crystal thickness to minimize the photoactive radia-
tion losses and ITO layer resistance.

IToxasaHo, uTo AJa mOBHIMIEeHUA 9(PEKTUBHOCTH PAbOTHI U TEXHOJOTUUHOCTHU HBTOTOBJIE-
HUSI MOHOKPUCTAJIJINYECKUX KPEMHUEeBBIX (QOoTodjIeKTpuuecKux mnpeobpasosareseit (Si-DIII)
COJIHEUHOII SHEPTUU C TOJIIUHOM 0a30BBIX KpucTayioB 180+200 MKM, UMeIOIIUX MOJUPOBAaH-
HYI0 (OTONpPHEMHYIO HOBEPXHOCTb U JBYXCJIOUHBIN TBIJIBHO-IIOBEPXHOCTHRIA pPedIEKTOD
(TIIP), cocroAImuii M3 cj0eB IPO3PAUHOTO OKCHUAA U AJIOMUHUSA, HEOOXOAUMO B KauecTBe
HeMeTajandeckoro cjosa TIIP mcmosb3oBaTh TPOBOAAIIUI NPO3PAUHBIN CJION M3 WHAMIT-0JIO-
BaHoro okcuga (ITO) ¢ unrepdepennmonnoii Tonmuuoit 0.25 MKM. 9To obeclieynBaeT Koad-
unuent orpaxkenus ITO/Al TIIP B upegenax 85 < R < 96 % mana mocTymarolieil Ha ThLIb-
HyI0 0BepxHOCTL Si-PIIT GoTOAKTUBHON KOMIIOHEHTHI COJHEYHOI'O M3JIYyYeHUA IPU NPAKTH-
YeCcKM HYyJI€BOM BKJazme comporuBieHusi ciaos ITO B mocienoBaresnbHOE COMPOTHBIIEHUE
npubopa. B cayuae Si-@III ¢ rTekcTypoil (POTONPUEMHOUN MTOBEPXHOCTH KPUCTAJJIA THUIA
MHBEPTUPOBAHHBIX MUPAMUJ, IPU KOTOPOI cuenu(UKa PACIPOCTPAHEHUSA CBETa B KPUCTAJLIe
o0ycoBiIuBaeT peanusdanuio sddeKTa MOJHOTO BHYTPEHHETO OTPaKEHUS WBJIYyUEeHUA OT Ipa-
Hunsl pasgena Si/ITO, masg MUHUMM3ALUUN [OTEPh 9HEPIUU (POTOAKTUBHOTO WUBJIYUYEHUS U
conporusyienusa cjod ITO ero ToamuHy ciegyer sKCIepUMeEHTAJIbLHO ONTUMU3UPOBATEL B IIpe-
Jenax sHaueHWi 1+2 MKM HE3aBUCUMO OT TOJIIUHLI 6a30BOT0 KPUCTAJJIA.
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The back surface reflectors (BSR) con-
sisting of SiO, and Al films deposited layer-
by-layer onto one planar surface of silicon
base crystal (Si-BC) are the major part of
the solar spectrum photoactive component
trapping and confinement system in the sin-
gle-junction silicon photovoltaic converters
(Si-PVC). Such Si-PVC fragments are pre-
sented schematically in Fig. 1 (a, b): (a)
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PERL-structure (Passivated Emitter, Rear
Locally-diffused [1] — passivated emitter,
local diffusion of acceptor impurity on the
side of erystal back surface) and (b) PERT-
structure (Passivated Emitter, Rear Totally-
diffused [2] — passivated emitter, total dif-
fusion of acceptor impurity on the side of
crystal back surface). The PERL structure
devices show initial efficiency up to 24.7 %
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b

Fig. 1. Schematic image of Si-PVC with
PERL- (a) [1] and PERT- (b) [2] structure
fragments: 1 — front current-collecting elec-
trode; 2 — inverted pyramids type texture;
3 — antireflection coating; 4 — SiO, passi-
vation layer; 5 — n*-Si diffusion layer; 6 —
p-Si (a) or n-Si (b) base crystal; 7 — p*-Si (a)
or p/pt-Si (b) diffusion area; 8 — Si0, layer
of back surface reflector; 9 — Al layer of back
surface reflector, also functions as back cur-
rent-collecting electrode.

[1], however, the photon degradation is in-
herent therein. The PERT structure devices
have initial efficiency up to 22.7 %, but are
not degraded under illumination [2, 8]. It
was shown [4] that in large-scale production
of single-junction single-crystal Si-PVC, the
double-layer TiO,/Al BSR is good alternative
to double-layer SiO,/Al BSR.

At the same time, as it is seen in Fig. 1,
in case of BSR with dielectric oxide layer,
the electrical contact of Al layer (that simul-
taneously functions as the back solid elec-
trode) with Si-BC is realized via numerous
through holes in the BSR dielectric layer,
the total area thereof making less than 1 %
of the total Si-BC back surface area [5]. In
contrast to the continuous Si/Al contact in
the absence of intermediate dielectric oxide,
such multipoint contact character results in
somewhat increased Si-PVC series resistance
that compensates in part the efficiency gain
attained due to reduction of solar radiation
power losses resulting from using the dou-
ble-layer BSR with dielectric oxide. There-
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Fig. 2. Dependences calculated for ITO/Al back
surface reflector: I2PL on A (a); R on X for I%L:

1-0.18 um (& = 0.8 um), 2 — 0.21 mm (A, =
0.9 um), 3 - 0.25 um (kg = 1.0 pm), 4 — 0.28 um
(A4 = 1.1 um) at ny = 1.0 (b) and at ny = 1.5 (c).

fore, when manufacturing Si-PVC with
PERT-structure, it seems to be reasonable
to replace the BSR perforated dielectric
oxide layer by a continuous layer of trans-
parent conductive material which, similar
to SiO,, hinders the diffusion interaction of
Si with Al. In this connection, the goal of
this work was to determine the optimum
design for double-layer BSR consisting of
such transparent conductive material and
aluminum, providing a high integral reflec-
tion coefficient of solar radiation photoelec-
trically active component and to decrease
the series resistance of the device mentioned.
The problem can be solved by using the trans-
parent indium-tin oxide (ITO) [6-9] in dou-
ble-layer BSR structure instead of SiO, or
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Fig. 3. Dependences of R on A and on n for
ITO/Al and TiO,/Al [4] back surface reflectors
with oy = 1pLmex,

TiO,;. The modern methods of ITO film
deposition make it possible to carry out that
process at temperatures below 450°C [6-8,
10] that are in agreement with the single-
crystal Si-PVC manufacturing technology
[11-13].

In this case, it is necessary to determine
the ITO layer thickness IZ¢™4% at which the
ITO/Al BSR will provide the maximum inte-
gral reflectance within the required wave-
length A range. As shown in [4], this range
depends on the material PVC base crystal
and thickness # and in case of Si-PVC at
t = 180-200 pm (typical values of modern
serial Si-PVC), is 0.88<A<1.11 um. The
1pLmax determination method for ITO layer
was similar to that used in [4] to find
pl-max for double-layer SiO,/Al BSR and
TiO,/Al BSR oxide layers.

Accordingly to [14], the optimum thick-
ness I} of oxide providing the maximum
reflection coefficient R for specific A values
from the 0.88 to 1.11 um range were deter-
mined first of all. The I&%(}) dependence ob-
tained for 0.80<A<1.13 um range at m =1
and npx(A) values for ITO taken from [7] as

well as np(h) and kp(R) for Al taken from
[15, 16] is shown in Fig. 2a. Further, from the
received [2PL(L) dependence, the 2P values

were selected corresponding to A; = 0.8 pm,
hog=0.9 pm, Ag3=10pm and A,=1.1 um,
being 125t ~0.18 um, 1%ty #0.21 pm,
1%Pts ~0.25 um  and [, ~0.28 um, respec-
tively. For these I¥% values, the spectral

dependences of R(\) in the 0.80<A<1.13 pum
range according to [14].
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Fig. 4. Schematic image of light rays trajec-
tory inside the Si-BC of the single-junction
photovoltaic converter with textured frontal
surface and smooth back surface [18].

When calculating R()\), the spectral de-
pendence of ngji(A) was taken from [17]. In
case of Si-PVC frontal surface contact with
air, ng= 1.0, and in case of this surface
contact with protective glass, it is supposed
that ng = 1.5, by analogy to [14]. The R[(}),
I2£())] dependences at ny = 1.0 and ny = 1.5

for ITO/Al BSR are presented in Fig. 2b, 2c.
The analysis of all the R[A, IZE(L), ngl de-
pendences set shows what follows. The opti-
mal oxide thickness IZ{m4* providing the

maximum integral reflectivity of ITO/Al
BSR in the specified wavelength range is
0.25 um at both ny values. The R(A) gain of
such reflector in comparison with the
TiO,/Al BSR [4] is seen most distinetly in
Fig. 83 and in the Table. Within the
0.88<A<1.11 um range, the ITO/Al BSR pro-
vides the reflection coefficient exceeding
that for TiO,/Al BSR by 3-5 %.

In case of a textured frontal surface with
the inverted pyramids faceted by (111) type
surfaces (e.g., Fig. 1), the optimal oxide
thickness for ITO/Al BSR is not so critical.
This is due to the specificity of light ray

Table. Values of R(A) for ITO/Al and
TiO,/Al [4] back surface reflectors with the
optimal transparent oxide thickness in
0.88<A<1.11 um wavelength range

Reflector ITO/Al TiO,/Al
1opEmaz ym 0.25 0.18
ng=1.0 86.4+95.9 | 81.3+92.3
R(0.88)+R(1.11), %
ng=1.5 85.8+95.3 | 80.1+92.1
R(0.88)+R(1.11), %
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NBomaposuit ITO/Al TunsHO-MOBepXHEeBU pedieKTOp
IJA OJHOIEePeXiTHMX KpeMHieBuUX (poTOoIEepeTBOPIOBAYIB

B.P.Konax, M.B.Ripiuwenxo, C.B.llIpamkxo, P.B.3aiiyeé

IToxkasano, mio mis migBuIeHHs e(eKTUBHOCTI PoOOTH i TEXHOJOriuyHOCTI BHUI'OTOBJIEHHS
MOHOKPHUCTAJIIUHNX KpeMHieBux (Qoroenekrpuunux mepersoposauis (Si-PEII) corsuHol
ereprii 3 roBmuHOIO 0aszoBux KpucranxiB 180+200 mxm, AKi MaroTh moaipoBaHy (oTompuii-
MAJIbHY IIOBEPXHIO Ta ABOIIAPOBUIl TUIbHO-mIoBepxHeBuil pedaerrop (TIIP), mo ckiaamaerbes
3 IIapiB IIPO30pPOro OKCHUAY Ta aJdioOMiHiI0, HeoOximHo B sikocti Hemeraaiunoro mapy TIIP
BUKOPHCTOBYBATHA HPOBigHUII mposopuil map is impgiii-omos’suoro oxcuxy (ITO) 3 imrepde-
peuritinoio Tosmuuoi 0.25 mrm. Ile sabesneuye roedimienr Bigburrsas ITO/Al TIIP y mexax
85 <R <96 % masa (OoTOAKTUBHOI KOMIIOHEHTU COHSYHOIO BUIIPOMIHIOBAHHS, IO IIafac Ha
TuabHY noBepxHI0 Si-DEII, npy mpakTUYHO HYJHOBOMY BHecKy omopy mrapy ITO y mociaizos-
Huil onip npuaaxy. ¥ Bumagry Si-@EII 3 TekcTyporo (oTonpuiiMaabHOI IIOBEPXHI KpucTaia
TUIy iHBEPTOBAHMX IIipamifn, mpu skKiili cuemmdika IOIIMPEHHS CBiT/Ia y KpucTaiai o0yMoOB-
JII0€ peasizaliio edexKTy MOBHOI'O BHYTPIIIIHBOrO BigOMBaHHS BUIPOMIHIOBAHHS Bix rpanwmiri
poaainy Si/ITO, gna minmimisamii Brpar exeprii ()OTOAKTHBHOI'O BUIIPOMIHIOBAHHSA Ta OIIOPY
mapy ITO #ioro TOBIIMHY CJIif €KCIePMMEHTAJbHO ONTHMIi3yBaTH y MeXXax 3HAUEHb 1+2 MKM
He3aJIe’KHO Bij TOBI[MHU 6a30BOT0 KpHCTaJa.
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