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It has been shown that for single crystalline silicon solar cells (Si—SC) with 180-200 pum
thick base crystals, the optimum back surface reflector (BSR) is TiO,/Al with 0.18 um
thick oxide layer. At such BSR, the reflection coefficient for photoelectric active sunlight
reaching the back surface of Si—SC at 0.88-1.11 um wavelengths attains 81 to 92 %
against of 71 to 87 % at direct Al contact with back surface of silicon base crystal.

IToxasaHo, UTO AJIs MOHOKPUCTANJINUYECKUX KPEMHHUEBBIX (DOTO3JEKTPUUECKUX ITPeodpaso-
Barejeir (Si-@OII) cojHeuHON SHEPrUUM € TOJMIMIUHON 06asoBbix Kpucrajaos 180+200 MM
Hauboslee ONTHUMANLHBEIM SBJIAETCA THLILHO-IIOBepXHOCTHEIN pedaextop TiO,/Al ¢ Tonmunoi
okcugaoro ciaoa 0,18 mrxm. Kospdumuenr orpaskeHus (POTOIIEKTPUUYECKNH AKTHBHOI'O CO-
JIHEYHOT'0 W3JIYYeHUS YKASAHHBIM DPe(dIeKTOPOM, MOCTUTAIOIIEr0 THIIBHOM IIOBEPXHOCTHU
rakux Si-PIOII npum gamsax Boar 0,88+1,11 mrm, coctaBaser 81+92 % B oTamume OT
71+87 % mnpu HemocpeacTBEHHOM KOHTaKTe Al C THIIBbHOI IIOBEPXHOCTHIO 0A30BOI0 KPHCTAJI-

Ja KpeMHUSA.

At present, solar batteries based on solar
cells (SC) are the main electric power
sources for the most spacecrafts [1-3]. The
priority development way to new design-
technological solutions (DTS) which are ca-
pable to ensure the highest efficiency and
mass-power performances Py of single crys-
talline Si—SC with enhanced radiation resis-
tance at use of an available technological
infrastructure is decreasing of silicon base
crystal (Si—BC) thickness ¢ and sunlight en-
ergy losses in Si—BC bulk, as well as on base
crystals front and back surfaces [4, 5].

At the stage of design improvement on
Si—SC with horizontal n*-p-p™ diode structure,
we have found the optimal ways to Si—-BC
thinning down to ¢<200 pm as well as to
formation of n'™- and p*- diffusion layers
[4]. Researches and development of the
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technology which will provide the optimum
geometry of Si—BC photoreceiving surface
structure shaped as inverted pyramids are
in progress [5] that are necessary for an
essential reduction of light reflection coeffi-
cient R by the specified surface. At the
same time, Si—SC with #<200 pm show es-
sential losses of solar energy due mainly to
reduced photoactive volume of semiconduc-
tor material at direct radiation passage
through Si—BC before interaction with one
of electrodes [4] where the photoelectic ac-
tive component of sunlight can be absorbed
with heat release. As it was shown before
[6], a radical way to the loss reduction is to
provide a sunlight reflector on the side of
the back surface consisting of two-layer
structure SiO,/Al. However, in corresponding
information sources, there are no data on
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SiO, oxide layer optimum thickness IJ% in
such structure. At the same time, that
oxide seems to be not optimum for every
Si—-SC DTS; moreover, the above-mentioned
bilayer structure has a principal drawback
caused by its thermodynamic instability be-
cause of aluminum ability to active reduc-
tion of SiO, [7] that should result in R
reduction during active life of Si—SC with
this kind of back surface reflector. There-
fore, the purpose of this work was to deter-
mine the optimum design of the back sur-
face sunlight reflector with the transparent
oxide (TO)/Al bilayer structure for effi-
ciency and active lifetime improvement of
single crystal Si—SC with horizontal rectify-
ing junction.

The growing of good quality SiO, layer
for the reflector under consideration with
thickness over several tens nanometers re-
quires a high-temperature oxidation of the
silicon crystal surface. To that process, tem-
peratures from 800 up to 1200°C [8-10] are
necessary as a rule, that is fraught with
undesirable changes in concentration pro-
files of n™- and p*- diffusion layers formed
before at 900-1000°C [11]. At the same
time, during the development and manufac-
ture of the single crystal Si—SC with hori-
zontal nt-p-nt diode structure, a low-tem-
perature manufacturing method of the
transparent oxide TiO, layer coating was de-
veloped [11, 12], which is used as anti-re-
flection coating from the side of the Si—BC
frontal surface. Between TiO, and n*-Si
layer, an about 10 nm thick SiO, layer
might be places which is formed at a tem-
perature not exceeding 200°C and intended
for n™-Si passivation [12]. With reference to
the back surface reflector design, that cir-
cumstance allows to consider the TiO, layer
made according to the low-temperature
process as a prospective alternative to SiO,
layer made wusing the high-temperature
process. The arrangement of a thin (about
10 nm) SiO, passivation layer between TiO,
and p*-Si from the side of Si—BC back sur-
face formed at temperature not higher than
200°C is obviously expedient, too.

According to [13], the optimum oxide

thickness loop)g for bilayer TO/metal reflector
to provide the reflection maximum at the
chosen wavelength A can be calculated as

2nm + arg rzk 1)

1oPt _
00X —

’

47TnOX

where
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2noxkyr (2)
arg ry = arct n(Z)X o njzw — ka\/[ ,

nox = Nox(}) is the refraction coefficient of
oxide dielectric layer; ny; = ny(2) and ky; =
kp(h) are refraction and extinction coeffi-
cients of metal, respectively; m =1, 2, 3, ....

In the case of oxide dielectric layer of
interferential thickness between silicon and
metal, when ¢ exceeds considerably A of the
radiation incident from the side of Si—SC

frontal surface, the expression for R(1)
looks like

A - lfoPa —1r (3)
R=1-
1 — [fof?lry[?
where
ng — Ng; 4)
fo=—— 2.
ng + ngj
Iryl? = (%

_ If 112 + o2 + 21f lIrylcos(ng 0Ptdn /1 — argrsy)
1+ |f,Plrol? + 21, Irgleos(no 12ptan /i — argry)’

£ o= nsi ~ "ox (6)
1 Bl ———
nsi + Nox

i = (npx — ny)? + k3
27 (npx + npp? + k3
ox + M M

}1/2 )

ng = ng(A) is the refraction coefficient of
environment (air or covering glass) with
which the Si—SC front surface is in contact;
ngi = ngi(*) is the Si—-BC refraction coeffi-
cient.

It is obvious that calculation of IZ% and
R()\) values is expedient with reference to
SC in the case when ¢ is smaller than depth
X100(A) for full (100 %) light absorption at
the set A wvalue. On the other hand, effi-
ciency, Py, and longevity of a SC with hori-
zontal diode structure n*-p-p™ or pT-n-n"
type increases at reduction of the ¢/L ratio,
where L is the diffusion length of minority
charge carriers in Si—-BC of p- or n- type,
respectively [14]. Therefore, a range of A
values for which calculation of IZ% and R())
is expedient should be limited from the side
of longer waves by the red edge of an inter-
nal photoelectric effect in Si—BC corre-
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sponding to A,,,~1.11 um [13], and from
the side of shorter waves, by the value A,,;,
at which the following conditions are simul-
taneously satisfied:

t/L<1, (8)
t < X100 min)> )
ROuyi) + ROy ) = 0.8, (10)

According to [14],
j1/2 (11)

where k is the Boltzmann constant; T, tem-
perature; e, charge of electron; u, , and
Tn,p mobility and lifetime of minority charge
carriers in Si—BC, respectively.

In [15], we have shown results of the
first performed researches of 1, and L, val-
ues for electrons in domestic SC based on
p-type Si—BC, with specific resistance
10 Q-ecm and mobility p,~1200 cm?2/(V's).
The 1, values determined from the depend-
ence of SC open circuit voltage drop on time
after illumination cutoff and L, values cal-
culated from those for such SC with
t = 190410 um, textured front surface and
optimized manufacturing conditions of n*-p-p™
diode structure were 53—-74 ps and 408-
483 um, respectively. The subsequent re-
finement of the mentioned parameters of
minority charge carriers carried out by us
for the same Si—SC taking into account the
n"-p homojunction capacity influence on ex-
perimental dependence of SC open circuit
voltage Uge drop on time 1 after illumina-
tion cutoff, and also by use of the advanced
method [16] for analytical processing of the
Uopc = Uge(r) dependences, has shown, that
more realistic values are 20<7,<26 pus and
250<L <286 um. It follows therefrom that
taking into account the expression (8) and
nearest prospects of technological possibili-
ties evolution for domestic single crystalline
Si—SC production [4, 15] it is just ¢ = 180 um
appropriate to calculation of IZ% and R())
values.

Taking into account expression (9), it is
possible to determine A,;, value from de-
pendence of depth corresponding to absorp-
tion of 99.995 % of light quanta total
amount (which practically corresponds to
the parameter X;, entered above) on A in
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an interval (A; A+dA) as follows. According
to [17], the expression describing light ab-
sorption in Si—BC looks as

Nx(2) = Ng(Mexp[— I, (12)

X
Xg3()

where Ny is the density of photon flow
passing into Si—-BC from the side of its
front surface up to depth X; N, density of
photon flow crossing the Si—-BC front surface;
Xgs, classical value of light absorption depth
corresponding to absorption of approximately
63 % of the photons which have crossed the
Si—BC frontal surface (Xg3 = o1, o0 = 4nk/A,
k, extinction coefficient [17]).

If Nx(}) value in (12) is assumed to be
0.00005-Ny(A), it is easy to show that after the
natural logarithm of expression (12) is found
it is possible to get the following expression
for X calculation: X 55 = — Xgg-ln 0.00005.
It is obvious that, for example, the expression
for Xy calculation can be obtained in similar
way, which has the form Xg5=—Xgg-In 0.1.
Since the spectral dependence Xgg(A) for
silicon single crystal is well-known [17], it
is easy to calculate X¢o(A) and Xgo(A) using
these expressions.

Since ¢ for domestic Si—SC for space ap-
plications being now in development ap-
proaches 180 um, therefore, the Xgg, Xgg
and X,oo values are to be determined with
reference to t = 180 um. This allows to
limit in zero approximation the wavelength
range of photoactive radiation being of in-
terest as 0.8<A<1.1 um [17].

That wavelengths range was defined
more precisely using the above-mentioned
Xg3(h), Xgp(A) and Xjgo(A) dependences,
that were plotted using numerical values of
Xga(2) from [17], as well as Xgo(2) and
X100(A) calculated based on those. In Fig. 1,
the Xg3(1), Xgo(A) and X g¢(2) dependences
are presented in semi-logarithmic coordi-
nates (lgX; A). The lower limit of photoac-
tive radiation range being of interest was
determined using the X go(X) curve at a
sufficient accuracy as follows. In Fig. 1, a
straight line parallel an abscissas axis corre-
sponding to function Ig[X(A]lyx_; = const
(where for considered SC ¢ =180 um as
noted above) was drawn. In this case, 1g180 =
2.26. That operation allows to determine
the limiting wavelength value at which the
photoelectric active absorption of radiation
practically completely ceases at direct pass-
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ing through 180 um thick silicon crystal. It
is obvious that the required wavelength cor-
responds to abscissa of the intersection
point of the function lg [X(Alx_;= const
with the function X;49(2). As to the wave-
length range of interest, the required wave-
length has the sense of A,;,. As is obvious
from Fig. 1, %,,;,~0.88 um in the considered
case. Thus, the wavelength range of the
photoactive radiation being of interest from

the viewpoint of lggg and R()) calculation as

well as for determination of optimum SiO,
and TiO, thickness lg};{tmax for back surface

reflectors SiO,/Al and TiO,/Al (providing
their maximal integrated reflectivity in the
set wavelength range), is 0.88<A<1.11 um.
It is to note that using the procedures simi-
lar to that described for determination A,;,
for practically complete absorption of pho-
toactive radiation, it is easy to determine
Amin for absorption of 90 % and 63 % of
photoactive radiation. As is obvious from
Fig. 1, these wvalues approximately are
0.99 pym and 0.96 um, respectively.

As follows from the above, the main
study objects were layered Si/SiO,/Al and
Si/TiOy/Al structures with oxide layers of
interferential thickness. At the same time,
to illustrate the contribution from those
oxide layers into the enhanced back surface
reflector reflectivity, the R(A) were calcu-
lated for the case of oxide layer absence
between Si and Al, i.e. for structure Si/Al,
when [5x = 0. According to [13], the |r‘1|2
value in expression (3) for R(A) was as-
sumed to be

(ngi — map? + k3
(nSi + nM)z + k]zw

Iryf? =

The 4A) and R(}) values were calcu-

lated using expressions (1) and (3) basing on
the Excel 2008 software. The f; value was
defined both for the case of SC front sur-
face contacting with air and under account
for the SC front surface protection by cov-
ering glass of not-interference thickness
glued to the crystal by silicon rubber with
optical properties similar to protecting glass
[17]. For the specified reason, the ny value
in the expression (4) was assumed to be 1.0
in the first case and 1.5 (by analogy with
[13, 17]) in the second one. The m value in
the expression (1) was adopted to be 1. The
spectral dependences ngi(A), nox(}), ny%)

and ky; (1) required to calculate the IZ3(L)
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Fig. 1. 1gX()) dependences for the radiation
absorption in silicon single crystal at absorp-
tion degree of 63 % (Xgs, curve I), 90 %
(Xgg, curve 2) and essentially complete (X0,
curve 3) as well as the lg [X(A]yx_, = const
function at ¢ = 180 um (curve 4).

and R(A) values were taken from the
sources: ngj(A) from [18], nSioz(k) from [19],
nTloz(k) from [20, 21], nA|(7») and kA|(7\,) from
[22, 23].

The dependences IZJ¥(L) and R[(L), (W]
at ny5=1.0 and ng=1.5 for back surface
reflector SiO,/Al are plotted in Fig. 2, a—c,
and for back surface reflector TiO,/Al, in
Fig. 3, a—c. The R(A) plots at ny=1.0 and
ng=1.5 in case [py=0 are presented in
Figs. 2b, ¢ and 8b, ¢, respectively. As seen
from Figs. 2b, ¢ and 3b, ¢, the substitution
of Al back surface reflector by SiO,/Al and
TiO,/Al ones provides an essential increase
of the reflectivity as compared to that of Al

in 2>0.8 um range at specified values I,

Consideration of the all R[Moop)é(k), ngl

curves presented in Figs. 2 and 3 shows
that both at ny=1.0 and at ny = 1.5, the

opt,max

optimal thickness /5y values of SiO, and

TiO, providing the maximal integrated re-
flectivity of SiO,/Al and TiO,/Al back sur-
face reflectors in the preset wavelength
range, according to criterion (10), are:

1Pe™ = 0.82 um for SiOy/Al;
12PLM3% — 0,18 um for TiO,/Al.

The advantages of such reflectors in R())
as compared to R(A) for Al reflector are seen
most clearly in Fig. 4 and in Table. Besides,
the oxide interlayer between silicon and alu-
minum hinders the degradation of the re-
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Fig. 2. Calculated dependences for SiO,/Al back
surface reflector: I2PL(L) (a); R(}) for I (um):
0.26 (A; = 0.8 um) (1); 0.29 (A, = 0.9 pum) (2);
0.82 (hg = 1.0 um) (3); 0.85 (A, = 1.1 um) (4);
lox =0 (5) at ny = 1.0 (b) and ny = 1.5 (c¢).

flector optical properties and ensures lower-
ing of surface recombination on the Si—-BC
back surface [6]. As is seen in Figure 4 and
Table, it is just the SiO,/Al back surface
reflector that provides the highest inte-
grated reflectivity in the 0.88<A<1.11 pum
wavelength range. However, according to
the analysis carried out before, in condi-
tions of domestic single crystal Si—SC pro-
duction for domestic single crystal Si—SC
now under development with base crystal
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Fig. 8. Calculated dependences for TiO,/Al back
surface reflector: I2PL(L) (a); R(M) for I (um):
0.14 (A, = 0.8 um) (1); 0.16 (A, = 0.9 um) (2);
0.18 (kg = 1.0 um) (3); 0.20 (A, = 1.1 um) (4);
lox =0 (5) at ny = 1.0 (b) and ny = 1.5 (c).

thickness of 180 to 200 pm, optimum is
rather the TiO,/Al back surface reflector
with the loo%max value mentioned above.
Thus, basing on the actuality of high-ef-
ficiency and long-lived domestic single crys-
tal Si—-SC development with base crystal
thickness ¢t = 180 to 200 um, the spectral
dependences of oxide layer optimum thick-
ness [0 of SiO,/Al and TiO,/Al back surface

reflectors for such Si—SC as well as the spectral
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Table. R(A) values for the investigated back surface reflectors with the optimum thickness of
transparent oxides in the wavelength range 0.88<A<1.11 um

Reflector Al SiO,/Al TiO,/Al
loozg?max, um 0.00 0.32 0.18
ng = 1.0, R(0.88)+R(1.11), % 71.4+86.8 91.9+97.0 81.8+92.3
ng = 1.5, R(0.88)+R(1.11), % 68.9+86.2 91.6+97.0 80.1+92.1
R, a.u.r
005k 15or™ = 0.32un 4. V.A.Antonova, V.N.Borshchov, V.R.Kopach
’ et al., Radiotekhnika, No.139, 113 (2004).
0901 1M _ 0 18 1um 5. M.V.Kirichenko, I.T.Tymchuk, V.A.Antonova
085l H et al., Functional Materials, 14, 61 (2007).
’ 6. M.A.Green, J.Zhao, A.Wang et al., Solar En-
080 ergy Mater. Solar Cells, 65, 9 (2001).
075k 1.—0 =7 7. A.E.Gershinskii, A.A.Khoromenko, F.L.Edel-
: e +n” _1'5 man, Phys. Stat. Sol. A, 25, 645 (1974).
070 CR 8. N.A.Kolobov, M.M.Samohvalov, Diffusion
0E5 | | | | . | and Oxidization of Semiconductors, Metallur-
085 090 095 100 105 110 A pm gia, Moscow (1975) [in Russian].
9. Y.C.Cheng, Modern Probl. Surface Phys.: 15t Int.
Fig. 4. R(\) dependences for SiO,/Al and TiO,/Al Sch. "Condensed Matter Phys., Varna, Sept.29-
back surface reflectors with (%% = [PPEME oq ol Oct.12, 1980, Lect.”, Sofia (1981), p.620.
ox  "0x w 10. M.Itsumi, F.Kiyosumi, Appl. Phys. Lett., 40,
as for Al reflector (/5 = 0) at ny = 1.0 and ny = 1.5. 496 (1982).
11. A.M.Listratenko, Radiotekhnika, No.121, 121

dependences of reflection coefficient R(A) at
various loop)é and refraction coefficients ng of en-
vironment (air or covering glass at the front
surface of Si—SC contacts) for 0.88<A<1.11 pm
were calculated using the Excel 2003 software
taking into account the key expressions (1) and
(8). The limits of A range are defined by the
smaller ¢ value mentioned above and the band gap
width of crystalline silicon. The optimum thick-
ness IZE™™* of SiO, and TiO, layers providing
the maximal integrated reflectivity of considered
reflectors in the whole specified A range have been
determined from calculated dependences R[A,

loop)?(k),no] taking into account the -criterion

R(\)>0.8. It is shown that in conditions of domes-
tic Si-SC production, the optimum back surface

reflector is TiO,/Al with IZ-™* = (.18 um.
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OnTumiszanisa THIbHO-MOBEPXHEBOTO pedieKTopa TOHKHUX
MOHOKPHCTAJNIYHUX KPEMHI€BUX (POTOETEKTPUIHUX
nepeTBOpOBayviB

B.P.Konaux, M.B.Kipiuvenxo, C.B.lllpamro, P.B.3aiiyes,
I.T.Tumuwyrx, B.A.Anmonoéa, O.M.JIicmpamenko

ITokasaHo, IO A/ MOHOKPUCTAJIIYHUX KPeMHi€eBUX (POTOEJeKTPUUHUX II€PEeTBOPIOBAUIB
(Si-®EII) conaunoi edeprii 3 ToBmuHOW 6azoBux Kpucramis 180—-200 MKM onTUMaJbHUM €
TUIBHO-TI0OBepXHeBuil pedurekTop TiO,/Al 3 ToBmmHOI okcuauoro mapy 0,18 mrm. Ko-
edimienr Bimburra 3asHayeHUM pPePIEKTOPOM (POTOEJTEKTPUUYHO AKTHUBHOIO COHAYHOI'O BUII-
POMiHIOBaHHS, fKe HocArac TUJIbHOI moBepxHi Takxux Si-OEII, nmpu gosxnHax xsuiab 0,88—
1,11 mxm craHoButh 81-92 % wma Bigmimy Big 7187 % mnpu GesmoceperHbomMy KoHTarTi Al
3 TUJIBHOIO TOBEPXHE 0a30BOTO KpHCTala KPEeMHiio.
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