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Conversion efficiency in silicon solar cells with
spatially non-uniform doping
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Abstract. The conversion efficiency of diffusion-type silicon solar cells, 1, is studied theoretically in
assumption of different doping levels existing under collection grid contacts and within the inter-contact
spacing. It is shown that at high under-contact doping levels and at relatively low inter-contact doping
ones the conversion efficiency increases as compared to uniform doping case. The dependence of 1] on
Shockley-Reed-Hall carrier lifetimes both in the base and in the top-surface n'-layer as well as on the
depth of p-n-junction and the shape of electron concentration profile, N(x), in the n*-region is analysed.
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1. Introduction 2. Formulation of the problem

As shown in papers [1-3], extremely high values of convefrhe formulation of the problem is based mainly on ap-
sion efficiency in diffusion-typ@*-p-p* silicon solar cells proaches of papers [3, 4]. As in [3], the conditébrl is
(SC) can be achieved only at high doping levels*efand supposed to be valid, whedds SC thickness, ardis the
p*-regions and at small thickness of top-surfatéayer electron-hole pair diffusion length in the base. According
(<10° cm®). That is caused by the necessity of minimizato [4] it is suggested that in the regionN(k) gradient the
tion of SC internal resistance, effective surface recombinaumber of recombining electron-hole pairs is much less than
tion rates under top and rear surface contacts and recombihat of generated.
tion losses resulting from bulk recombination in the highly Consider the case when the depthpafjunction x,
dopedn™- region. Important part of energy losses in SC iander contacts is equal to the summary thickness of the
caused by short-circuit current reduction due to recombingegion x,o, where donor concentration is independent of
tion of minority carriers and due to absorption of photoeoordinate x and of the regiatix, , where donor concent-
active part of sun-light flux by free charge carriers withimation reduces as x increases. As shown in [6, 7], such type
highly dopedh*- andp*- regions. Besides, as it was showrof N(x) profile are rather typical for diffusion-type silicon
in [4], conversion efficiency in diffusion-type silicon SCSCs and related to the presence of doping impurity solubil-
depends essentially on the maximum value of dopirity limit. Besides, in the varying part dfi(x) profile expo-
impurity concentration in the*-region and on the shape of
N(x) profile. nential dependences of the forly, E@xyﬁ;é are often

Itis possible to decrease essentially energy losses caused 0
by bulk and surface recombination as well as by free carrigbserved either in the whot€-region or in the essential
absorption if under-contact semiconductor regions are dopgairt of it. Thep-njunction depthx,, in the above model is
to more high level than contact-free parts of SC surfacgetermined by the equation
This conclusion was proved experimentally in [5], where
essential enhancing of silicon SC performance due to nop- _ Noc E

; ; ; nc = Xno * Xp In ) (1)
uniform doping of under-contact and contact-free regions Po
was observed. At the same time physical mechanisms of _ . .
such enhancement are not studied theoretically in detail Y ’:‘00 is the maximum value of donor concentration
to now. Our paper fills in this gap in the problem. ithen™layer under contacts.
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Assume that in the inter-contact spaces classical diﬁ‘usioét(x) _ KT dN/ dx kT

profile of impurity concentration exists: q N(X) qu

(6)

N(x) = Noierfc(d/xy). (2whereE(x) is the electric field strength, appearance of which

Here, Ng; is the maximum value of donor concentration irS rélated to the presence of impurity gradieigly is the

the n*-layer between contacts. Tien-junction depthx, diffusion-induced electric field strength in a given region,
in this case is determined by the equation Ly is the local diffusion length for holes. In this case recom-

bination under contacts is determined not by a patglinc-
erfctifx1) = po/Noi- (3}ion depthx,, but only byx. region. Besides, recombina-
tion in the inter-contact spaces does not depemdrganc-
Trl]Ol’l depthx,;j and can be determined in frames of the diode
theory for current flow. The effective recombination rate at
the front surfacey,, with account of the above approxima-
tions can be written as follows [3]:

The inequalityx,. > Xy is usually valid.N(x) profiles
illustrating concentration distribution under contacts and
the inter-contact spaces are shown in Fig.1.

The hole lifetime in highly dopeat- region, according
to [4], is assumed to be equal

-1 _ An 7
-0 el @ r‘)%‘+ Po% )

Frp ] N

where 1y, is Shockley-Reed- HaII lifetime of holes in the "o —N_{Vp exXplEnc ~ Zpc) %
n*-region, C,, =2.8(10" Slemb 7t is Auger recombina- ¢ E
tion constant for electrons in silicon [8]. % Xno . Hxno

In calculations the following recombination channels in ~ Mpm€0S B+V smh %
the base are taken into account: Shockley-Reed-Hall x 0 (8)

recombination, hoton-emittin band-to-band .
o P g o Spmsmh noB+V cost‘%—B

recombination and Auger band-to-band recombination. In
the used approximatiom <L, the excess electron
concentration in the basén(x) Cconst, and for the bulk ~ +(1-m)S, exp(AEn, ~Zpn) }

recombination rateR, , the following equation is valid: whereV,= D /Ly, Dy, L, are, respectlvely, diffusion veloc-
_ -1 ity, diffusion coefficient and diffusion length in highly

Ry, =Onld Ehrrn +4;(po +n)+ 5) dopedn*- region,N, is the effective density of states in the
+C,(po +An)? +C,(py +An)An silicon conduction bandAE,. and AE,; reflect the

reduction of silicon band-gap in thé&- region (inkT units)

wheret;, is the Shockley-Reed-Hall recombination lifetimeunder and between the contacts, and magnitdglesand

A; =1.48.10'° cm’st is the photon-emitting recombination Z,,; are determined from equations

constant afl = 300 K [9], Cp = 103 cm®s is the Auger N N

recombination constant for holes [8]. Since recombinatiog, ,(Z,,.) =_0c (Zn) = 0' , (9)

in the region oN(X) gradient is supposed to be small, the /2 Nc y

influence of the mentioned region on the effective rate gfpqre

surface recombinatiorg, at the front surface can be ne-

glected. The corresponding criterion for this is the inequality/2, S,m andS are «true» rates of surface recombination at

the semiconductor-metal and semiconductor-dielectric in-

terfaces, correspondingly is the ratio of the top-contact

grid area to the SC surface one.

A For the effective recombination rat,, at the rear

08k surface in assumption of its total covering by metal we have

similarly to (7), (8):

F%(Z) is the Fermi-Dirac mtegral of the order of

N/Ng [
1.0

0.6} A
_ S =1g %J_”E (10)
04l Po

0.2- g =V %eXdAEP _Zp)x

0.0 . L L .
0 4108 810’ 1.200% [Snm cos Xp Vp, smh (12)
X, um

Fig.1. Dependence of electron concentration inrtheegion under con- |nh V
tacts (curve 1) and between contacts (curve 2) on coordinate Eé nm S cos
Noc = 103, Ngi = 101%mr3 .
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whereV, =D/ /L,,, D}, L, are, respectively, diffusion wherel is the intensity of monochromatic illuminatioR,
velocity, diffusion coefficient and diffusion length of elec-andR; are reflection coefficients for photons moving to the
trons inp*- region,N, is the effective density of states intop and rear SC surfaces from the semiconductor bulk. The
the silicon valence band\E , is the reduction value of sili- situation Ry = Ry =1 models the case of total light absorp-
con band-gap in thg*- region (inkT units), and the mag- tion in the semiconductor that may occur for textured or
nitudeZ, is determined from equation profiled surfaces of SC.

Py =N, D:}/Z(Zp), (lz)d The successive approximation method was used for

etermination off,(a). Since recombination is low in the
wherePg is the maximum value of hole concentration i

. region ofN(X) gradient, i.e. the inequality (6) is fulfilled, in
p*- region,S,, is the «true» surface recombination rate o e first approximation the recombination term can be

neglected in the continuity equation for holes in tfe

electron-hole pairs in the semiconductor-metal interface, = : . AR
; : . o région. This allows one to determine the distribution of non-
X0 I the thickness of the region wiftix) = const.

. _equilibrium holes,Ap(x), in this region. Taking into
.ParametgrsijSquZ,SEllo"‘ cm/s were useq In calc;u account, in the second approximation, the bulk recombina-
lations, and it was assumed that the electron lifetinpé-in

L : ._tion in the inter-contact spaces, and with accourfm(fx
region is determined by band-to-band Auger recombm%?stribution we get the foﬁowing expression fg(ra)'m )
tion: '

5\ fp(a) =1-expax,) -
T + =(Cp P ) . (13) ) .
n n
The diffusion coefficient for holes in té-region,D, 1 Mfexp(y(t))(l—exp(—at))dtdx, (17)
was supposed to be 3.3%8110], and the electron diffusion  Dp Tp(X)
coefficient D/ in highly dopedp*- region - to 7 crffs 0 X
[11]. For the dependencesE, (N)and AE,(P) the where
empirical relation from [12] was used:

x  expE(-h?)du

25 2 X1
- y(x) = (18)
AE, (N)=0.0124 %g , XD/EJO‘]_ ) u/x ( t2)dt
» % (14) Jr .(I).
AE,(P)=0.0124 . . ) . . :
; is the dimensionless potential (normalizedkyg) appear-

ing in then*-region due to the gradient of concentration
The magnitude of SC short-circuit current density in(x).

AMO conditions (when the solar radiation spectrum is The magnitudef,,(a) , in accordance with [4], is deter-
simulated by the radiation of absolutely black body &hined from equation

T,=5800 K) at the ambient temperature 300 K is determined

from the equation (ic\/cn?): aLd

fn(a) 01 2,2 ) X
L® -1)iL - - 2ad
1 fo@(2)+ fr(a(2) & b )Eﬁl RoRy exp( )]

b 4 (22070 xé%rd +V)@X%‘;Xn%+ (rq _V)@X%M%x
O 0z 00O L L
(13)  xfexpl-axy)+ Ry exl-2ad +ax, )|
whererg is the reflection coefficient for the front SC sur-
facg z = A/, A is the illumination wavelengthl, is the 2[aD(1— Ry)-rq @+ Ry )] exg- ad)%x (19)
red boundary of intrinsic photon absorption in silidg(a) 0
and f,(a) are the spectral dependences of collection
coefficients for holes in tha*- region and that for elec- 0 —x —x 1
trons in thep-region, a(2) is the spectral dependence of X [ (rd +V)EBX[% E— (rd —V)@x "% +
photon absorption coefficient the analytical expression of U L 0
which is given in [13]. 5
In accordance with the model [14], the function of _ EQGL) [exp(—qxn)—Rdexp(— 2ad +C¥Xn)]
electron-hole pair generation in semiconductor with taking QJZLZ _1)[[]1_ RoRg expl(-2ad)]
into account multiple light reflection in the semiconductor
is described by the expression: whereL andV are diffusion length and diffusion velocity in
the base.
) * Ry Eéxp(—20d+ax))’ (16) Let us calculate now the conversion efficiency
1-Ro [Ry [exp(-2ad) N(N, X, P, Xp, Po,d) . Firstly, we determine the open cir-

Jse =0.45050{1- m) [L-rg)

g(a,x)Oa O E(exp
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cuit voltage Ve , which is equal to the sum of voltage dropshe inter-contact spaces and in the base. In the next analysis
across top-surface and rear-surface regions under illumie will use the following parameters of diffusion- type sili-

nation: con SCs:d =100um, D, =35cm 2s, Dp —33cm %ls,
Ro=1 Ry=1, my= 0.025 rs—O xpo-lo 4em,

v, —IZI]nEAn +4n (20)

oc =g EF‘O : Ry =500%m=, pu, =1ooV—E, I, =0.0015cm ,

To find the excess carrier concentratidm,, one should S, = 103cm/s.
use the generation-recombination balance equation of the The variation of SC conversion efficiency with doping

form: concentration in under-contact regions for spatially non-
Jec/e= R,(AN) +(S; +S. ) AN, 21 gmferm (cur\_/es 1—3)_ and uniform (curve 4) cases is _shown
sc/ R’(_ )+ (St S‘_) ] ) (21) in Fig.2. While plotting the curve 4, photon absorption at
where Jg is the short circuit current density. free carriers in highly doped regions was taken into account
It follows from (21) that in the open circuit mode thesimilarly to [3]. It was assumed here that the quantum-me-
following relation is valid chanical theory of photon absorption developed in the Born
5 approximation for the case of pulse scattering at ionized

__bo p eVoc |mpur|t|es [15] is valid, and the impurity compensation in
An= ?+§+n, exp( KT )E : (22) 1+~ andp*-regions is absent. In last case calculation of the

photon absorption coefficient can be done by modifying
Assuming, as usually, that forward bias and illuminatiothe equation for the generation functigga, x) . In par-

(in the presence of loading resistor) give the equivaleticular, if Ry =Ry =1 (which corresponds to full absorp-

result, SC |-V characteristic can be written as follows: tion of radiation in SC) such relation is valid:

V) =dsc-eR,(an) - (23) g*(a)Da"/ﬁ( + R ) (26)

* * * * _2 d ’
-eS (An')[An —eS (An )[An', 1-RRe
where Ry =exp(-2apX,), Ry =exp(-20,x,) are the light
intensity reduction factors hy" - andp*-regions, and

where the magnitudén™ is determined from (22) with
Vgc substituted by. Using the expression for maximum
output powerPy, = J(ViyVi , We get the transcendent equa-a, =1.8[107 39N 2 (7/mem)S,

tion for V,;, determination. The SC efficiency per unit area 27)
with account of results of [12] can be written as follows: ap =10 EL0_39P2(A/mcm)3'5

_ V)V 2L . . -

Samom nh?) (24) are the light absorption coefficients for electrons and holes,

0.136 respectively.
Xn As can be seen from Fig. 2, the conversion efficiency in
where L. = EM% , Mg DIN(X)dX' u,—is the case of SC with a spatially non-uniform doping distri-
sc ~J(Vm) )

the electron mobility in the*- region,| is the distance be- n.% ' '

tween fingers of the contact grid. 2

Let us specify the geometry of the contact grid. We will
consider it consisting of wide contact strip that connect the 24
system and of narrow parallel fingers, so that the relative
area of strip ism, the area of fingers isp and their total

area ism. In this case following simple relation between 3
mp, | and finger widthl, is valid:

- 22 '
| =In@-Mp) (25)

m, A

21

3. Discussion of results

20
By use of above equations it is possible both to calculate AN I B
the conversion efficiency for various sets of basic param- 101 101 1020 102!
eters of SC with spatially non-uniform doping and to study N, cn3
the problem of optimization of SC performance. In particusig.2. Dependencses of the conversion efficiency on maximum doping
lar, we consider the dependencesjain Shockley-Reed- |evel of then*-region under contacts= 0.05Ng = 1088cm3, = 10%cm,
Hall lifetimes in highly doped-layer and in the base, onx_ = 105 (1), 3105 (2), 10 cm (3), curve 4 corresponds to the case of
p-n junction depth, on doping levels under contacts, Withiﬁhiform doping atn = 0.05,S, = ;= 0, x, = 310%m.
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bution is higher than that for SC with uniform distribution
at all values ofNg..

The dependences gfon the doping concentration in 0.051 [
the base are shown in Fig.3 with electron lifetime in the
base,r,, , as a parameter. Here electron and hole concentra- i
tions in highly doped regions are assumed to be constant. 1

As can be seen from the figure, the conversion efficiency
increases essentially with,, in the region of low base
doping concentration, and a}, =107 s its magnitude
becomes independent on the base doping level in a wide - 4
range of pp variation. The constancy @f(pg) is caused,
on the one hand, by nonlinear excitation conditions in the 0.049
base (\n> py) and, on the other hand, by small SC thick-
ness resulting in participation of both top-surface and rear-
surface space charge regions in photo-voltage formation.

The increase im(pg) as observed apg>An is explained

0.050 -

Joe, Alcm?
\‘"\

by the rise of photo-voltage with increase of potential bar- 0.048 ——t——l——L— L1
rier height. This increase is less pronounced if the contri- 200 610 10
bution of Shockley-Reed-Hall recombination to the total Xpj » CM

recombination flux in the base is negligible.
In Fig.4 the dependences of short-circuit currerp-on Fig.4. Dependences of the short-circuit currentpsn junction depth in
junction depthx;, in the inter-contact spaces are plottedthe intercontact spacest = 0.05,Ng = 1019cm, § = 0.7 = 107 (1),
The Shockley-Reed-Hall lifetime for holes,, is used as a 10°(2). 10°(3), 10%°s (4).
parameter. As seen from the figure, maximum values of
Jscat low 1, can be obtained by decreasingplalues. n.,%
At small p-n junction depthsy,, the Ohmic losses of SC
output power increase due to rise of sheet resistance of the
n*-region. To reduce these losses the spacing between par-
allel fingers of contact grid should be decreased. Besides,
the degree of SC shadowing increases resulting in decrease
of short-circuit current, and, hence, thealue. The opti- 22
mum is achieved at a proper relation between Ohmic losses
and losses caused by grid shadowing of the top surface, as
illustrated in Fig.5.

24

20
n. %
24 |- -

0.02 0.04 0.06
my
Fig.5. Dependences of the conversion efficiency on the shadowing of the
front surface by parallel lines of the contact grig:= 0.025,N, = 1?1
cni3, 0= 10%cm, N, = 108 cm3, S = §4= 0, %, = 7005 (1), 510°(2),
300 °(3), 10°cm (4).

23

22

21

Conclusions

or i It is shown that the conversion efficiency of diffusion-type

~ o n*-p-p* silicon SC increases with increase of doping
1012 1014 1016 1018 . . " .
- concentration in tha*-layer under top-surface contact grid
Po, in comparison with inter-contact spaces. As the Shockley-
Fig.3. Dependences of the conversion efficiency on base doping Ievglz.e_eFj'Ha".“fet'me inthe basem ,increases, the con_verS|on
m = 0.01,%0= 105 cm, Noe = 10%%em3, 7., = 3102 (1), 102 (2), €fficiency is enhanced essentially at low base doping levels,
310 (3), 10% s (4). while at 7,, >107 s then value becomes practically inde-
pendent of the base doping level in a wide ranggaifange.
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At maximum value of doping concentration in tiferegion
within inter-contact spaces (equal to about®@r3) the
bulk recombination in the layer with variable donor,
concentratiorN(x) is negligible if thep-njunction depth is
less than 0.2um, and Shockley-Reed-Hall lifetime in theo.
n*-region is more than 19s.
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