Semiconductor Physics, Quantum Electronics & Optoelectronics. 2000. V. 3, N 3. P. 322-329.

PACS 84.60.J,72.20.J
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Abstract. We have performed theoretical simulation of the photoconversion efficiency in
silicon solar cells for AMO conditions with regard to excitonic effects. Along with known
effects, we have taken into account both radiative and nonradiative exciton annihilation.
They manifest themselves as square-law recombination of electron-hole pairs. It was shown
that the effect of nonradiative exciton annihilation on the photoconversion efficiency is par-
ticularly profound in p*-n-n*-structures. In solar cells based on them the total action of all the
excitonic effects leads to an about 10% decrease in the limiting value of photoconversion
efficiency. At the same time for n*-p-p*-structures the reduction of this value due to the excitonic
effects is about 5%. As a result, their limiting value of photoconversion efficiency is higher
than that in p*-n-n*-structures.
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1. Introduction

In [1-3] the excitonic effects were accounted for when
considering characteristics of silicon solar cells (SC). In
these papers the factors of two types have been analyzed.
The first of them were those enhancing the short circuit
current. These factors were related to exciton diffusion
and production under irradiation with photons whose
energy was below the semiconductor gap, E,. Other fac-
tors led to a decrease in photovoltage. This resulted from
a drop in concentration of the excess electron-hole pairs
due to the exciton generation.

The authors of [4,5] considered the excitonic effects
in both radiative and Auger recombination processes.
These effects reduced the photoconversion efficiency. In
[6] it was shown that, in addition to the above effects, one
more effect exists that is related to the nonradiative anni-
hilation of excitons and is of particular essence in n-type
materials. This effect (making itself evident in the fact
that for p*-n-n*-structures the square-law recombination
constant, 4, grows) can be easily simulated theoretically
because a correlation exists between the Shockley-Reed-
Hall value of charge carrier lifetime, 7,, and 4. The lat-

ter fact has been found in [6] from an analysis of experi-
mental data.

In this paper we shall take into account all the above
effects (except that related to the exciton generation un-
der irradiation with photons whose energy is less than
E¢) when considering theoretically the photoconversion
efficiency in the p*-n-n*- and n*-p-p*-structures based
on single-crystalline silicon.

2. Statement of the problem

Our calculation of the photoconversion efficiency will be
based on the approach developed by us in [7-10]. For the
sake of simplicity, we shall restrict our further considera-
tion to a model in which the charge carrier concentration
is distributed in a stepwise way over heavily doped n*-
and p*-regions. For definiteness sake, we shall consider
SCs with n-type base. (The case of SCs with p-type base
will be discussed in its own right.)

The expressions for the photoconversion efficiency
were obtained analytically for the following two limiting
cases: (i) the base thickness is smaller than the diffusion
length of electron-hole pairs, and no restrictions exist on
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the ratio between the concentration of excess electron-
hole pairs and equilibrium concentration of majority
charge carriers in the base; (ii) the concentration of ex-
cess electron-hole pairs is small as compared to the equi-
librium concentration of majority charge carriers, and
no restrictions exist on the ratio between the base thick-
ness and charge carrier diffusion length in the base.

According to the results of [6], the effective charge
carrier lifetime in the base bulk will be taken as

izim(no +0n)+C,, (ng +Dn)* +C, (ng +An)dn

T, Ty

(1)
Here 1), is the Shockley-Reed-Hall value of recombi-

nation lifetime; ng (Dn) is the equilibrium (excess) elec-
tron concentration in the base;

1, 25 mo~22
(ng +An)”2
C, 01073 cms. @

C, (ny +An) 0(2.800 cm®/s;

The contributions to the square-law recombination
constant, 4, come from the interband recombination,
Auger recombination (that involve impurities) and exciton
annihilation (both radiative and nonradiative) that also
proceeds in accordance to Auger mechanism involving
impurities.

Let us consider that the minority charge carrier life-
times in heavily doped p*- and n*-regions are determined
by Auger recombination and are

f=, P, =N 3
respectively. Here N (P) is the electron (hole) concentra-
tion in n*- and p*-regions. It should be noted that the
expression for C,, might be applied also to determine C,*
after substitution ny +An — N.

3. Theoretical calculations

According to [7], the effective recombination rate at the
front (i.e., illuminated) surface, S, may be written down
as

So =ry(l+An(x =0)/ng), 4

where

n AE(P )-z,
I"()—V N—O

v

He B

Here V,,= D,/L,, D, and L, are the electron diffusion
parameters (velocity, coefficient and length, respectively)
in the heavily doped p*-region; N, is the effective density
of state in the semiconductor valence band; AE ép )is the
silicon gap decrease (in units of & T) in the p*-region; Z,
is determined from the equation

P :NVF%(ZP) . 6)

Here F , (Z,) 1s the Fermi-Dirac integral of the or-
2

der of 1/2; S,,,, (S,) is the “true” recombination rate for
electrons at the semiconductor-metal (semiconductor-in-
sulator) interface; x,, is the p*-region thickness; m is the
ratio between the area of the front contact grid and that
of SC surface; An (x = 0) is the excess concentration of
electron-hole pairs under the front contact.

By analogy with expressions (4) and (5), the recombi-
nation rate at the back surface, Sy, is

Sy =ry(l+Mn(x=d)/ngy, 7

where

_ 1o EAE(”+) B<
rg =V, —ex -7
d D N, pD g "0
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x% Bg
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Here V), = D; /L P D; and L, are the hole diffusion
parameters (velocity, coefficient and length, respectively)
in the n*-region; N, is the effectlve density of state in the

silicon conduction band; AEy (") 5 is the silicon gap de-

crease (in units of k T) in the n*-region; Z,, is determined
from the equation

N = NL.F% z,). ©)

Here S, is the “true” recombination rate for holes at
the semlconductor metal interface; x, is the n*-region
thickness; An (x = d) is the excess concentration of elec-
tron-hole pairs under the back contact.

nm COS*EX_HFV sthX— o sthx—ELV coshBX_EEL
£ =il

+%r cosh%aﬂ/nsinh%%l—m/%rsinh%ﬁﬂfn comgé%. (5)
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It should be noted that the first term in brackets (ex-
pression (5)) relates to the recombination under contacts,
while the second one relates to the recombination in the
intercontact gaps. Along with the surface recombination,
that in the bulk of the heavily doped p*-region is taken
into consideration in expressions (4) and (5).

According to the model proposed in [7], the electron-
hole generation function is

E(exp(—orx) + RyR, exp(-2ad +ax))
1- RyR Ry R; exp(-2ad) '

f(a.x) Dal Ry

(10)

Here [ is the intensity of monochromatic illumina-
tion; Ry =expl-2 D]0_39P2A7/2xp) is the coefficient of
damping due to light absorption by free charge carriers
in the p*-region; R; = exp(— 3.6007 N2A7/2xn) is the
same as R, but in the n*-region; A is the illuminating
light wavelength (in units of mm); R; (R>) is the reflection
coefficient for light that is incident on the front (back)
surface from the sample bulk.

When writing down the above expressions for Ry and
R, 1t was assumed that Born approximation is valid for
light absorption in our case when the charge carriers are
predominantly scattered on the charged impurities and
there is no compensation in the heavily doped regions.
The situation when Ry = R, = 1 corresponds to the case of
complete light absorption in semiconductor. Such a case
may be realized in textured or profiled SC surfaces.

If, for AMO conditions, the spectrum of solar radia-
tion is approximated by that of the ideal radiator at a
temperature 7, = 5800 K, then the SC short-circuit cur-
rent density (in units of A/cm?), J,,, at an ambient tem-
perature of 300 K is given by the following expression:

L1 @)+ /@)
024%Xp E.207 H—lg
O 0Oz O O

J . =0.4505 Q- m)(1~r,) dz. (11)

Here r, is the coefficient of light reflection from the
SC front surface; z = A/A, (A, is the long-wave limit for
inner photoeffect in silicon; f,(@) and /,(a) are the collec-
tion coefficient spectral dependencies for electrons in the
p*-region and holes in the n-region, respectively; a(z) is
the spectral dependence of light absorption coefficient
(its analytical expression is given in [11]).

Using the conventional procedure for calculation of
the diffusion flows of electrons (at the p*-region bound-
ary) and holes (at the x = x,, plane), one obtains:

Jul@) =

ES E exp%a . %V E}L exp%a +x”%
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(13)

H.CI:C L = ,/Dprp , V'=D,/L, D, is the hole diffusion
coefficient in the base.

Let us next calculate the photoconversion efficiency,
n(P,xp N,x,,,ny,d) . To do this, we shall at first deter-
mine the open circuit voltage, V.. It is a sum of the volt-
age drops on two contacts (front and back) at illumina-

tion:
N An(x =d) .
ny

In the limiting case of thin base the excess electron-
hole pair concentration in the base bulk is constant; there-
fore

AT =
e 8 Do

Voe = (14)

2 2
An:—”—o+E;hi+n,.2 exp(ee) (15)
2 g4 kT °g

Taking, as it usually is, that (with a load) the results
from forward bias and illumination are equivalent, one
may write down the following expression for the SC I-V
curve:

J(V)=Jsc —qlddn” 1T, (An") -

S (B Y S,y (16)

An" can be determined from expression (15) after substi-
tution of ¥ for V.. Using the condition that the takeoff

l1+aL, g
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power, P, = J(V,,)V,,, 1s maximum, one obtains a tran-
scendental equation for determination of V,,, and next
the photoconversion efficiency may be found. Using the
results of [12], the efficiency of SC of unit area may be
written down as

IV Wm 2L !

=X mlm 2 tanh— 17
0.136 / 2L an
Here
VDm:V _gk_Tx
q
O O
xln%+ n0+An []Eﬂ-
O ]
D nYexp % D E (1)8)0'5§DD
T
O O
O >
kT .
—InB+ 0
9 0O %
O ex 0.
A " p%é EBY D kTE (0‘8 H
(18)

thus taking into account the thermodynamic effect of
excitonic action (that has been considered in [1-3]) on
photovoltage in the maximum takeoff power mode; n* is
the parameter determined in [1]; E, is the exciton binding

p,P Gk, kT
energy when shielding is absent; L = (—) ,
Jye =J(Vm)
M, is the hole mobility in the p*-region; / is the spacing
between the contact grid lines. In our calculations we
took, according to [1], that £, 015 meV, n*exp(E,/kT) O
1.43x10"8 ecm3.

Now we shall specify a contact grid. Let it be a set of
broad contact buses (that short the system) and narrow
parallel strips. The relative area of buses is m1, that of
strips is m,, and their total area is m. Then one can get
the following simple expression that relates m1,, the strip
thickness, /,,, and interstrip spacing, /:

l:l}’l(l_mZ) .

my

(19)

When An << ny, then the photoconversion efficiency
is calculated in another way. Now V. is determined by

SQO0, 3(3), 2000

An(x =0)

Po
only. According to the approach used in [8], for the AMO
conditions we have:

the first factor in brackets in expression (14),

An(x =0)=0.281200" (1 = m)(1 - r,) x

} fip@C)
0 2 rpp o 1
0 00

O z

dz
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Here
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It should be noted that the photoproduction of elec-
tron-hole pairs in the n*-region is not accounted for in the
expression for An (x = 0). The estimated maximum error
(due to the use of the above approximation) made when
calculating V. does not exceed 0.3% at x, < 104 cm.

In the second limiting case the photoconversion effi-
ciency for SC of unit area may be presented as

E InELOCEE
kT
<G~ i h EngLnanhB’_LH 22)
0 qV o g [PLO
H T H
where
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The above expressions enable one to calculate, in the
two limiting cases, the photoconversion efficiency for sili-
con SCs with n-base in the AMO conditions as a function
of the following quantities: (i) the spacing between the
contact grid lines, (i) doping levels and thicknesses of
the base, p*- and n*-regions. To apply the above expres-
sions to SCs with p-base, one should make the following
substitutions: ng-pg, P-N, N> P, x,-

Dp HDna Hp - My, C (I’lo+AI’l An)p

When performing actual calculat10ns we used the
following numerlcal values: S, US,,, = 2 500° cm/s;
S, =103 cm/s; DY), =33 cmZ/s [13]; D¥w =7 cm%s
[14] For AE,(P) and AE, (N) the following empirical

25
AE§+(N)=0.0124%§ ,
25 i
P (py = P
AE! (P)_o.0124%—g .
1

4. Discussion of results

- ‘x}’b

relations were used [15]:

The approach corresponding to the first limiting case is
valid at rather big values of Shockley-Reed-Hall lifetimes.
It enables to estimate the limiting photoconversion effi-
ciency for silicon SCs in the AMO conditions. When ap-
plying this approach for n-type materials, we shall use
the record values of Shockley-Reed-Hall lifetimes from
[16]. The corresponding 4 values have been determined
by us in [6] from comparison between the experimental
and theoretical 7, (An) dependencies. Let us consider (ac-
cording to results obtained in [6]) that, when in a high-
quality p-type material one can obtain the same Shockley-
Reed-Hall lifetime values as in an n-type material, the
time of exciton annihilation in them is determined by that
of radiative annihilation. This gives 4 = 2.500713 cm?/s.
Besides, in actual calculations we shall take R} = R, =1,
d =100 pum; m = 0.01; Sy = S; = 0. The effect of layer
resistance of the front contact on the photoconversion
efficiency will not be taken into account. This means that

the product 2TL D]anh(ﬁ) in expression (1) is taken to be

equal to 1.

326

Effect of excitons on photoconversion efficiency in the ...

Shown in Fig. 1 is the open circuit voltage as a func-
tion of the base doping level. The curves 1 and 2 are
plotted, without accounting for excitonic effects, for the
case when 4 = 1.5x10"5¢m?’/s, and C,, = 2.8x10-31cm/s.
One can see from Fig. 1 that for n-type base the V. (1)
curves are monotone. The open circuit voltage, V., dopes
not depend on the doping level at np>10'®cm™ and goes
down at n5>10'% cm™ because both the square-law and
Auger recombination become efficient. Contrary to this,
the V,. (pg) curves for p-type base are nonmonotonous
and have a peak at py=10'"cm™3. They differ qualitatively
from the corresponding curves given in [17] that have no
peak. Appearance of a peak in our case is related to the
realization of a linear injection level at p=10'%cm™, so
that a contribution from Auger recombination of elec-
trons decreases with p( over a rather narrow range of p
changes.

For p-type base the V. values are very close when the
Shockley-Reed-Hall lifetime values differ by a factor of
four. At the same time the open circuit voltage in the
pt-n-n*-structures drops substantially when the Shockley-
Reed-Hall lifetime decreases from 3.800% to 901073 s.
This is related to the appearance of the channel of exciton
nonradiative annihilation; as a result, the constant 4 in-
creases by an order of magnitude.

Shown in Fig. 2 are the limiting photoconversion effi-
ciency vs base doping level curves plotted for the same
parameters. In particular, the curves 1 and 2 are plotted
for the same parameters as are for curves 1 and 2 in Fig. 1
(i.e., the excitonic effect is not accounted for). From com-
parison between the Figs 1 and 2 one can see that the
photoconversion efficiency curves are similar to the

V,(ng) curves. From Fig. 2 one can see that, at the same
Shockley-Reed-Hall lifetime values, the limiting photo-
conversion efficiency in n*-p-p*-structures is higher than

14

oc’

0.77 2

\%

0.71

17
104 10° 10° 3
po, cm

Fig. 1. Theoretical dependencies of the open circuite voltage
value on the solar cell (SC) base doping level for the p-(1-4) and
n-(5,6) semiconductor. SC parameters: 7, = 3.8002 (1,3,5) and
9073 s (2,4,6), A=1.50015 (1,2), 2.500" (3,4,5) and 300* cm’E!' (6).
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Fig. 2. Theoretical dependencies of the efficiency on the SC
base doping level for the p-(1-4) and n-(5,6) semiconductor. SC
parameters is the same as Fig. 1.

that in p*-n-n*-structures. This in no way is related to the
lower diffusion coefficient for holes. The maximum val-
ues of the limiting photoconversion efficiency in n*-p-p*-
and p*-n-n*-structures are realized at different doping
levels. In the first case this doping level is =10'7cm™3,
while for the latter structures it is <10!%cm3. And when
the excitonic effects are taken into account, then the lim-
iting photoconversion efficiency values for the AMO con-
ditions are about 5% (in n*-p-p*-structures) and about
10% (in p*-n-n™ -structures) lower than those without
account for these effects [7].

When analyzing the second limiting case, the follow-
ing parameter values were used: d = 300 um; D,, = 25 cm?/s;
D,=1 cm?/s; Ry = 0; R, = 0.9; m; = 0.03; my = 0.02;
rg=0;1=10.003 cm; Wy(,) = 102 cm?/Vs. In this analysis it
was also taken that the thicknesses of both front and back
heavily doped regions are 1 mm and the charge carrier
concentrations in these regions are 10! and 500%° cm™3,
respectively.

Shown in Fig. 3 are the open circuit voltage vs the
base doping level curves plotted for the above parameter
values. The bulk recombination parameters that corre-
sponded to the experimentally measured lifetimes in the
p-type material served as the basis for calculation. For
the n-type base the Shockley-Reed-Hall lifetime values
were taken the same as for the p-type base. The param-
eter A has been determined using a correlation between
T,, and 4 values (obtained in [6]) for the case 7,, 4 = 2.7
%1016 cm™. As in the first case, the V,. vs doping level
curves for SC with p-type base have a peak at py=10'"cm;
the V,. magnitudes are bigger than those in the case of SC
with n-type base.

The V. vs doping level curves for SC with n-type base
are more diversified than those for thin base. At big
Shockley-Reed-Hall lifetime values V. decreases with
ny. As T,, goes down, a peak on the V. vs ng curves ap-

SQO0, 3(3), 2000
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0.66
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16 17 18
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Fig.3. Theoretical dependencies of the open circuite voltage
value on the solar cell (SC) base doping level for the p-(1-4) and
n-(5,8) semiconductor. SC parameters: T, = 7003 (1,5), 20073
(2,6), 6000 (3,7), and 2000* s (4,8), 4 = 30071 (1,3), 10714 (2),
1.300714 (4), 3.9004 (5), 1.40013 (6,8), and 4.500°13 cm3E! (7).

pears that shifts toward bigger ny values. One can ex-
plain all the above facts by taking into account that (i) as
T,, decreases, the case of thin base is transforming to that
of thick base and (ii) a correlation between 7., and 4
exists in the n-type base. Indeed, in the limiting case when
there is no surface recombination the V,,. value is deter-
mined by the following expression:

T 0O J o U
Voc Dk—ln S:no o
g 0O ,D d U
2 Yp
n: —tanh—D
g 7 T H
0 O
0 0. (23)
O O
kT > :
__|nB+ IE]O E
7 0 112 BZ[U
o 0 x ODEG M -
O noexp PO — 9 g W
T 0 k 10 E
] ] +
Here
L— DpDrp ’Dp _Dp+Dxn_0|:|,
_ 1 -
r, 7 = 12700 7 000) +C, (o)) . (o

T
the exciton diffusion coefficient D, = 17 cm?/s.
Taking into account (24), one can write down the fol-
lowing expressions for V,,. in the limiting cases of thin
and thick base:
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Fig. 4. Theoretical dependencies of the efficiency on the SC
base doping level for the p-(1-4) and n-(5,6) semiconductor. SC
parameters is the same as Fig.3.
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One can see from expression (25) that in the case of
thin base V. decreases at ng = 10'® cm™3. And in the case
of thick base V. continues to grow as long as the depend-
ence C,(ng) is of essence. The smaller 7,, , the longer the
V., growth continues.

The photoconversion efficiency vs base doping level
curves for n-Si are similar to the concentration depend-
encies of Vo, (see Fig. 4). At the same time the photo-
conversion efﬁc1ency monotonically decreases with ng in
the case of n-type base (see Fig. 4, curves 5-8).

rn>

Conclusions

We have shown that the exciton nonradiative annihila-
tion (that occurs according to Auger mechanism involv-
ing deep-lying impurity and manifests itself as square-
law recombination of electron-hole pairs) leads to a de-
crease in both the open circuit voltage and photo-conver-
sion efficiency in the p*-n-n*-structures, as compared to
the n*-p-p*-structures (where this exciton nonradiative
annihilation can be minimized). The total action of all
the excitonic effects on the photoconversion efficiency in
the p*-n-n"-structures is about twice as big as that in the
n*-p-p*-structures.

It was also shown that the highest value of the photo-
conversion efficiency in the p*-n-n*-structures could be
achieved at the base doping level g < 1016 cm3, contrary
to the case of n*-p-p*-structures where the optimum base
doping level is pg = 10'7 cm.
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