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Efficiency limit for diffusion silicon solar
cells at concentrated illumination
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Abstract. A general approach has been developed to calculation of photoconversion efficiency of thin-
base silicon solar cells with double-sided metallization for concentrated solar illumination. The full
absorption of photoactive radiation has been theoretically simulated, the light absorption by free charge
carriers in heavily doped regions in AMO conditions was taken into account. It was found that the
efficiency of photoconversion 1 at K = 100 can be as high as 27%.
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1. Introduction 2. Formulation of the problem and theoretical
analysis

In papers [1-4] a construction of silicon solar cells (SC)

was suggested with point contacts located at the back s@rf. Mechanisms of photogeneration, bulk and

face to be used in conditions of concentrated sola#irface recombination

illumination. In this case, due to application of high-purit . + + . . o

silicon with long carrier lifetime, tﬁg authors ma?]aged tygonsmern ~p~p —stucture (see Fig.1) with equilib-

enhance the photoconversion efficiency in AMO conditiondUM concentrations of electrons and holes in the bgse

1.5 up to 28% at the concentration factor of sola?nd Po, respectively. We will assume that its thickndss

illumination K =100. On the other hand. in the mentionef less than the diffusion length of minority carriers in the
structure, a& increases, the short-circuit current, normalize aseLl, and the front contact is a system of narrhow p?rqllel
by this value, should slightly decrease. This occurs due zgeta T_t”%sbunr']ted by a conductfmr? tk;us. Tdefre atllve
an increasing role of Auger recombination which results if'°"ma!z€ y the SC aréq areas of the bus and of paral-

a reduction of the diffusion length of non-equilibrium charg!eel strips aremy and M, respectively. The_ contact grid_is .
carriers in the base region. supposed to be sufficiently dense and, in the short-circuit

In this paper presented is the theoretical analysis of tHéOde* collects the current without losses. Th_e last assump-
efficiency of silicon diffusion SC with the standargtion allows us to restrict ourselves by the solution of the one-

configuration using a thin base &MO conditions. It is dimensional problem [5]. The specific calculations are carried
shown that a reduction of the short-circuit current &{Ut f?]r,?: 1'cm.2. T::e func'tlongf photogert;eratlon of egac—
concentrated illumination may be absent, and the maximdJf@"-nole pairs in the semiconductor can be expressed as
efficiency at K =100 can exceed 27%. The requirements

to the layout of a top contact grid are analyzed enabling to a(A)IyRy (e AT 4 Ry Ry P> 20(/\)d)
minimize the ohmic power losses related to the presence of L= RoR R\ Rye 20N
sheet resistance of front-region. The opportunities of 0%d 172

reduction of effective surface recombination rates at_fro_Wherea( )) is the light absorption factak,is the irradiation

and back surfaces of_ SC for the_ case of the high exc'tat'%velength,l is the intensity of light that penetrates into

level have been studied theoretically. the semiconductoR; andR, are reflection coefficients for
light incident to the front and back surfaces from the semi-
conductor bulk (in the case of total absorption of light in

A0 (D)
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semiconductor [6R; = R, = 1), Ry andRy are attenuation

coef_ficients of ir_radiation intensity tha_t tak_e into account S, cosh Xn 4y ginh X S
thf light abforptlon by free charge carriers in heavily doped » P L, 0
n -and p - regions and are equal, respectively, to +(1=mg) X 0 (6)
S o sinh =" +V cosh "=
r0 P I O
Ry =exp(2a,,x,), Ry =exp(=20,x,), 2 P r 0
wherea,, and a, are factors of absorption by free elec- An
trons and holes in silicon [7], which are equal, in absence of; =74 E% + —E (7
compensation, af = 300 K Po
— 35
a, =1.800"° N2(A/um) ", 0 X, X,
O S,gcosh 1 +V, sinh 1
Herex, andx,, are thicknesses of* — and p* - regionsN v O S,4sinh -2 +V cosh 2
andP are electron and hole concentrations in these regions U L, L,
for the case of step-like concentration dependencies on
coordinatex (Fig.1a).

In calculations the following mechanisms of X X 0O
recombination in the base have been taken into account: S, cosh 2 +¥ sinh ~2
Shokley-Reed recombination, radiative band-to-band " L, O

. I +(1-my)
recombination and Auger band-to-band recombination. In x x. O 8)
the used approximation, << L, the excess concentration S,q sinh 2 + v, cosh -2 [
of electrons in the bas&n(x) Oconst . Then, for the flow L, L, 0
of bulk recombination®,, , the following equation is valid:

_ Ehr'l Here,N. andN, are effective densities of states in the

R, =bnld T, +4;(po +4n) + conduction band and in the valence bafgh), Dy, Lo,

+B,(po +An)? + B, (po +An)An] ’ 4) are, respectively, velocity, coeffici%nt apd Iength_of diffu-
sion of holes (electrons) inn"(p ) - regions,

where T, is the Shokley-Reed recombination lifetime, 4;, correspondinglyVp(n) = Dp(ny/Lpm), Sro) Sro) are «true»
B,, B, are constants of band-to-band radiative Auger recombination rates of holes (electrons) at the boundary of

+, + - - ;
recombination for electrons and holes, the numerical values the strongly doped:i” (p ) -region with metal and dielec-

of which are adduced below [8, 9]: tric, respectively,AE,, ,, is the narrowing of bandgap in
T n"(p*)-layer due to the effect of heavy doping (in kT
- -15 3 -1 ~10731 61 units), my = my + my andmy are degrees of metallization
4;=14800 Pem’s > Bp =10 Tem®s 7, of front and back surfaces, afig}y is determined from the
B, =28[B,. equationfy)s(Z,,,)) = N/N, , whereFy 5 (Z,,,)) is the

Wh btaini h . for effecti Ffermi-Dirac integral of the order of 1/2.
en obtaining the expressions for effective rates of g first terms in brackets of (6), (8) are related to the

surface recombination at front and back surf&gemnds,, total recombination under contacts, and the second ones

it was taken into account that recombinat?on takes IOIaCed@scribe the recombination in the intercontact spaces.
a different way under the contacts and in the spaces be-

tween contacts. The Auger recombination in the bulk of . )

n* - and p” - regions, the charge carrier degeneration ifr2 Efficiency of photoconversion

them and narrowing of the bandgap due to heavy doping The density of the short-circuit current of $§in AM0
were also taken into account. As a result, in the framewoglnditions at 300 K for the case when the solar emission
of the diode theory the following expressions were obtaineghectrum is approximated by that of absolutely black body
for § andSy: atTc = 5800 K is determined by the expression:

An

So = t—5, 5 1

0 FO% pO% © Jsc = 0450461 = mg) (K | 4[fp(z)+fn(z)]
0 2 (exp(2.207/z) 1)

Lz, (9)

O b .X
O Swocosh -4V, sinh = where z=A/A,, A, is the red edge of the intrinsic
ro = &Vpe‘ZHAEn o P P+  photoeffect in silicon,
N, 0 S,osinh Tn 4 V, cosh Xn
0 p p aLpVRO

Ip(2)= I+aL, x
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V=JW)Ry +R,) <V, WhereRy is the load resistor,
andR; is the series resistance, instead of (13) we get the

U —ax, +2 —ax, +2
%S,oé—e a, +7* H+V,,HL,, - ax +3* H
E ﬁx E_e—r—‘(x

ad
ad
ad
«d . following equation for |-V characteristic of SC:
] 0 0
L, X, , (10) * o o x
Olar, )13, Smh%% Vy coshiy . J(V) = Tgc = eRy(n") = eSo(bn") D" = e (™) D", (15)
p p
B H where the magnitudAn* is determined from Eq. (14) with
Voc substituted by. Using the condition of maximum
f(z)=- aLl E{/R_O % collected poweP = J(V)IV¥, we get the transcendent equa-
" (asz —1)Eﬁl—R RRR e—zad] tion for determination ofV,, and then find the
07Tt photoconversion efficienay. With account of ohmic power
d-x, —d+x, ] dissipation, in approximation that the idea of series resistance
x [Hry +V)E L +(F —V)@ LoD of SC is applicable [11] and the resistance of the contact
H grid can be neglected, the valuenofan be found from the
0O 5 0O expression
—ax, —2ad+ax, D_'_
X[+ RyR e . ne JWu) W, 2L Gy H, (1=my) 06
O O 0.136K 1,(1-m,)  H2L, Un,
+2 aD(l ~R,R, )‘Fd (1 + Rsz) ]e*ﬂd %x where 0.136 W/cHiis the specific power of solar irradiation
B in AMO conditions,l,, is the width of a strip of the frontal
. T . .
0 d-ax, _d-ax, D‘l grid, L, = (%)” 2 is the effective photocurrent
xry +V)@ & ~(,-1)2 L O + e U o
H collection length, 4, is the electron mobility in the™ -
region.
. \/R_O [ﬂaL)z [e_ax” _Rsze—zad+aan
3. Results of calculation and discussion
(ar2L2 —1)Eh| —RORleRde_zadJ , (11)

In calculations we assumed that recombination in the bulk
of n* - region takes place according to Auger mechanism

tor, a=a(z), V= % D andL are diffusion coefficient andr, = (BnNz)_1 , and the empirical equations [12, 13]
were used:

where 1, (2) + f,(z) - is the photocurrent collection fac-

and length of electrons in the base.

For deriving equations (10) and (11) the standard pro; (N) =4.02 D]014(N)'°'951 ,
cedure was applied consisting in a solution of diffusion ”
equations for excess of holes and electrons:in-region AE
and the base using boundary conditions for the flow of holes nl
and electrons in planes= 0 andx = d, respectively. wheren; is carrier concentration in intrinsic semiconductor.

EMF of open circui¥oc, being the sum of voltage dropssjmilarly, it was assumed that recombination in the bulk of
near front and back contacts, during illumination equals t9™ region is also determined by Auger mechanism with

[9]: _
T, =(BPP2) ! and the electron diffusion coefficient is
Voo :ﬂm%ﬂ%+@% (12) equal to 7 crfis [14].
e o Pod In the present paper the following values of parameters
A i were used for calculation of the short-circuit current and
The excess electron concentrgtlﬁn in the open circuit _ é:ﬁﬁciency of photoconversion intrinsic to SE=1044 cm3
mode is found from the equation of balance of generati '
and recombination flows, which has the form: d=102cm, 1, =0.025¢, Ry =Ry = 1,50 = Syg= 2.5-16
Jsc/e=R,(Bn)+(Sy+S,) D . (13) cm/s,§=0,50=Sq = 10 cm/s,my = 0.025,1,, = 15um,
) o my, = 0.025 (except Figure 5). In calculations the depen-
It follows from (13) that in the open circuit mode thegencea(A) from the paper [15] was used. The choice of

) =0.0124 N (P)/n)*> | 17)

next relation is valid the base doping level is justified, on the one hand, by the
fact that in this case the highest bulk lifetimg can be
0,2 oV ﬁ/z provided, and, on the other hand, as it was shown in [10], at
An==-PO e 0 42 expEl0C) g (14) T, 2 102s the efficiency facton no longer depends g
2 g4 kT g in the wide range of base doping levels.

During the photocurrent flow, when Fig.1b shows the dependencies of the short-circuit
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n, em In Fig.2 shown are the dependencies of short-circuit

6 N a P current on the doping levél of »n* - region more clearly

- exhibiting the influence of mentioned losses. It can be seen
in the figure that the more is the thickness:f- region,

the greater is the reduction of short-circuit current at high

values of\.

In Fig.3 the dependencies of photoconversion efficiency
on the degree of concentration of solar irradiation are pre-
sented. The magnitude pfgrows with increasing due to
the rise of photovoltage in the mode of maximum power
collection. The more is the effective rate of surface
recombinatiorty,, the less is the value gf

In Fig.4 presented are the dependencies of
photoconversion efficiency on the doping level of

20 40 60 80 100
n, %

281
Fig.1. a - the schematic layout of solar cell; b - dependence of the SC 3

short-circuit current on the concentration factor of solar radiation at fol- %
lowing parameter values: N=10'° cm™, x,,= 5-107° cm (1); N=10?! cm3,

x,=510% cm (2); N=10?! cm™, x, = 3:10 cm (3); o

current on concentration factor of solar radiation. It can b& [
seen from the figure, that the magnitudelgfis linear in
dependence oK. Besides, the less are the doping lével 20
of the n* —region and its thickness, the higher is the
magnitude of the short-circuit current. This is relatethéo 18
reduction of the short-circuit current due to Auger
recombination in the bulk af " - region, and also to losses 14 [
in this region due to light absorption by free carriers. 0 0 2 p ™ 100
It should be noted that due to action of the Bugger-Lambert
law and due to limitation of recombination by the diffusion . . .
supply, the concentration of excess charge carriers in the b5'§é Dependences of SC photoconversion efficiency on concentration
in the short-circuit mode in the structures with back meta”fz_ictor of solar irradiation at following parameter values: N = 1020 cm™3,
zation significantly increases, as compared to the case ofg 10 em (D: N = 6102 em™, x, = 107 em (2); N = 102! enr,
standard SC construction. This results in the sub-linear de=>10" em 3):
pendence of the short-circuit current on the magnitudé of
due to presence of Auger recombination in the base [4]. n, %

K

J, Alem’ 30r
SC°
6
| 1
2 20
4k
3
i 4
5 10
2k
1 1 1
0 TN T BT B 10 10% 10%° 10*
18 19 20 21 .
10 10 5 10 10 N, cm 3
N,cm
Fig.2. Dependences of the SC short-circuit current on doping level of n*-  Fig.4. Dependences of SC photoconversion efficiency on doping level of
region for K= 100 at x, = 5-10°cm (1); 10° cm (2), 3-10° em (3), 6:10°  n*-region for K = 100 at following parameter values:
cm (4), 10 cm (5). x,= 5106 cm (1); 105 em (2), 3:10°° cm (3), 104 cm (4).
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at the degree of irradiation concentration solar close to 100.
To get such an efficiency, it is necessary to minimize the
effective rates of surface recombination at front and back
surfaces, which is provided, in particular, by heavy doping

of n* - and p™ - regions and by the decrease of the front

p n -junction depth.

It was shown that theoretical dependencies of the short-
circuit current of thin-base silicon diffusion SC with double
metallization are linear in dependence on the degree of so-
lar irradiation concentratiol in the considered range kf
variation.
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4. Conclusions

It has been shown theoretically that the photoconversion
efficiency limit of diffusion silicon SC with double-sided
metallization can reach the value of 27% in conditions AMO
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