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Effect of emitter properties on the conversion
efficiency of silicon solar cells
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Abstract. The effect of donor concentration distribution N(x) in the n*-emitter on the conversion
efficiency 4 of silicon n*-p-p* solar cells is studied theoretically. Shockley-Reed-Hall recombination in
the emitter is taken into consideration together with band-to-band Auger recombination. The calculation
is performed in the approximation when in the region with changing concentration a small part of
generated electron-hole pairs recombines.

It is shown that, in general, the correlation between 4 and p-n - junction depth is absent.
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1. Introduction Firstly, we will consider the case when ghajunction depth
Xn equals to the sum gfy region thickness, where the donor

The conversion efficiency is known to depend essential§Pncentration does not depend on the coordinated of

on such characteristics of highly dopgdemitter of solar A%,region thickness, where the donor concentration varies
cell (SC) as its sheet resistance, doping lexel; junction  With x. As shown in [1,5], suchi(x) profiles in diffusion
depth and also the minority carrier lifetime in the highly dopegilicon SCs are rather typical. Besides, exponential dependen-
region [1-3]. In our paper [4], at rather general assumptions

X
the theoretical relations were derived allowing the ef'ficiencglés of the fornNoﬂaxpExo E(curve 1) are often observed

of diffusion silicon SC to be calculated for the spectrgliner in the whole emitter region or in the essential part of it.

cont_ditions AMO and the optimization of solar C(_ells tob hep-njunction depthy,, in the above model is determined
carried out on such parameters as the base dopmg)bevelby the equation

SC thicknessl, degree of shadowing of the front surface by
the contact grid, and also the doping level and thickness of

the n*-emitter. In that paper the model of step-like depen- N cm3

dence of the doping level in the emitter on the coordivate 4 P,
directed normally to the SC surface was used. Besides, the
hole lifetime in the emitter was assumed to be determined Q¥
the time of band-to-band Auger recombination.

In this paper, while calculating the conversion efficiency
in frames of the analytical approach, the presence of the
region in the emitter where the electron concentration de-
creases with increasingwas taken into account. Besides,
Auger recombination and Shockley-Reed-Hall recombina-
tion with the lifetimer,, are taken into account, which al-
lowed to consider theoretically the efficiency of SC with the
so called «dead» layer at the front surface [1].

2. Formulation of the problem 0 Xno Xp x, d X

The impurity distribution profile in tha*- p- p* -structure Fig.1. Schematic view of the impurity distribution in the emitter
analyzed in this paper, is schematically shown in Fig.fegion of silicon solar cell.
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and$ are «true» rates of surface recombination at the semi-
X, = X0 * X0 IHE&E (Lponductor-metal and semiconductor-dielectric interfaces,
Po respectivelyx, is the thickness of the emitten,is the ratio
of the front contact grid area to the total area of SC surface.
whereNy is the maximum donor concentration in the emitter. For the effective recombination rate at the back surface,
The case of classical diffusion impurity profile in the emittefs like thatin (4), we have:
N(X) = Nperfc(x/x;) (curve 2) is also analysed. .
The hole lifetime in the highly dopedf - region we s, =7, &eXpEAEép ) -Z, He
assume to be equal to N, U

[
H1 H_l i W2 e v, sinh (-2 (6)
r, =0l vonw?d | @ g %% " EJLL
Ho H x

O
whereC, = 2.8103 cmPs? is the Auger recombination ES,,,” sinh%@» v, coshi—p%P
constant for electrons in silicon [6]. We will also assume the n n
excess concentration of minority charge carriers in the base . . o o
at the interface between the space charge region and WH€€Vn=D, /L, , D, ,L,are diffusion velocity, diffusion

small as compared to the equilibrium hole concentration #PPed™ - region, respectively is the effective density of
the base. For the electron lifetime in the base, the relatiornsiges in the valence band of silicAlEéf) is the reduction

valid: of the silicon band-gap in the - region (inkT units), the
1 1 magnitudeZ, is determined from the equation
=+ 4Ty +C, 7 (3)agntHe q
Ty Ty P=N, DTy (Zp) , (7
2

wheret;, is the Shockley-Reed-Hall recombination lifetime
4; = 1.481015 cns is the photon-emitting recombination
constant afl = 300 K [4],C, = 103! cmfs? is the Auger
recombination constant for holes [6].

The effective recombination rate at the SC top surfacg,r
S, can be written as follows [7]:

whereP is the hole concentration in the p*- region, S, is

the «true» recombination rate at the semiconductor-metal
interface x, is the thickness of the'- region.

It should be noted that the first term in the brackets of (4)
esponsible for the recombination under contacts and the
second term — for the recombination in the inter-contact
Po AEg(”+)—Z,, spaces. As well as the surface recombination in (4), the reco-

So=V)p N € % mbination in the bulk of the highly doped emitter was taken
¢ into account. In calculations the paramet8yg 0 S,m U
HXLO H+ . HXLO 2.5010° cm/s and, also, the following expression for the elec-
pm COShH L, 0 Vp Sth . tron lifetime in thep* -region were used:
X P +

4) _ ( 2T1
Hffno H T+= C,LP . (8)
HL, H Besides, it was suggested that the following empirical de-

pendence for the diffusion length of holes in the emitter on
its doping level is valid [8]:

O ) BLH'_
0 S, sinhtE?0 ey cosh
g " HLH T

@Y, cosh%’?—;% Vy sinhE’;’—;% - m)

+ 0
S, sinth"—O& Vy coshBX”—OH
HL, B HL, B
whereVy= D /L, Dy, Ly are the diffusion velocity, diffusion ) r") -
coefficient and diffusion length for holes in highly dopec]:Or (.jependence.'SEg (N) andA £,” '(P) the empirical
n*-region, respectively\. is the effective density of stateselations from [10] were used:
in the conduction band of silicoa,is the magnitude of the

silicon band-gap reduction in tm&-emitter (inkT units), + N 25
. . . . n —_
and the magnitudg, is determined from the equation AE, (N)=0.0124 ,

L, =4.0200" v, 9)

In the equation (9) dimensionigfis cm, and that dflis
cm3. The diffusion coefficient for electrons in the highly
dopedp*- region,Dn+ , was taken to be equal to 7%819].

[ Y

! 10
No =N, U’%(Zn), G b1 (10)
. i o _Mg (P)=0.0124
whereNg is the maximum electron concentration in the emit- i

ter, F%(Zn) is Fermi-Dirac integral of the order 18, The value of SC short-circuit current density (in Afemits)
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in AMO conditions (when the solar radiation spectrum ig [exp(_ ax, ) - exp(-ax )] (13)
substituted by the radiation of absolutely black body at " A
T,.= 5800 K) at the ambient temperature 300 K is determine _ _ _ e )
from the equation: q*n reL=./D,T, ,\{- D,/L , andD, is the diffusion coeffi-
cient for electrons in the base.

L f,@@)+ fy(@(2)
4 @ [p2070 0% @) 0- a x
02" Qe — 010 (asz—l)E[Jl— RoRy exp- 2ad )]

(11) E xn t d+x,
whereris the reflection coefficient for the top SC surface, %Sd +V H+ Sd V L %’(

z = M), A is the wavelength of the incident light, is the

red boundary for intrinsic photon absorption in silictq)  x [exp(— axn)+ Ry exp(— 2ad +ax;, )]
andf,(a) are the spectral dependences of collection coeffi-

cients for holes in the emitter and that for electrons ipthe O
region, a(2) is the spectral dependence of light absorptlon Z[GD( Rd)_ Sy (1+ Rd)] exp(— ad)g%
coefficient, the analytical expression for which is presented

in[11]. -X d+x
The function of electron-hole pair generation in semix %Sd +V)@XP?% % (S ‘V)@ng_?n%ﬁ

conductor, according to the model suggested in [12], is

described by the expression: )
(exp(ea) + B, xp(—20id +x0) 4 (L) [expl-ax, )~ Ry expl=20d +ax, )]

gy D ey D a2 -1)f1- RyRy expl-2ad )]
wherel is the monochromatic illumination intensifg;  The second approximation consists in the account of re-
andRy are reflection coefficients for photons moving tacombination of electron-hole pairs being generated in the
the top and rear surfaces from the sample bulk. TH@gionx,o< X< X,. Here, the magnitude of collection coeffi-
relationRy= Rq= 1models the case of total light absorptiortient for holes in th@*-region was calculated for the case
in the semiconductor bulk that may occur in the case wfhen the following inequality is valid
textured or profiled surfaces of SC. X

Two approximations were used for determinip@). o, o =L J- Ap(x)dx < f.(@), (15)
The first one consists in the assumption that in the region” 1 P
of the N(x) gradient x,0< X< X,) high electrical field
exists, the strength of whickT/g», exceeds essentially whereAp(x) is the excess hole concentration in the region
the strength of the diffusion fiel#T/ql,, where Xy < X< X, Inthis case

/2 . _
.fp (a) - fp (a) 'Afp(a) ’ (16)
ED,?&+C N(x)B is the hole diffusion

BT B B where

length in then*-region. In this approximation the electron- /(@)= %_(fp(a) exp(=ax,))
hole recombination in the¢{ < x < %) region can be ne- 7 I T,(x )@ D, Ny / pox
glected, and the collection coefficient for non-equilibrium *n0

charge carriers generated in this region is equal to 1. The

standard procedure for calculating the diffusion flux for holes

Jse =0.4505 01— m) Q1 -7

(14)

at the boundary af*-region and for electrons in the= x, expeaxn) Epo XnO fp(a) —exptax,)
plane in this case gives D, /X%
DpNO P
Ly
a) = X
/p(@) 1+aL

0
exp—ax
gSr+Vp|]7Lp)—eXpE>axno+zno%SF+VP) E __expta) 17)
xQd P —exp\—ax,o ) U EJ+
0 1:( nO)E|
0
H

In the same approximation the expression for the hole
collection coefficient in the highly doped emitter for the case
whenN(X) = Ng erfc(x/x;) has the following form:

T
RS

S

am
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fp (@) =1-exp(-ax,) -

S
n:"chmE-qV % DkT Dﬂmm&ﬁ(zs)

J’ (), j exp(y ()1 - exp(-andids,  (18) 0136
0] w0 )
where P .
M yVoc ; .
) * exp(—(l)z)du where L = NnJ ? % , My = IN(x)dx, Un - is the
@)= (19) . - .
xlﬁ 0 ) ! 2 electron mobility in the emittet, is the spacing between
1- I IeXP(‘t )dt contact grid fingers.
0 If the top-surface contact grid consists of wide contact

is the dimensionless potential @i/qunits) existing in the str Ip with r elative areen contacting to narrow parallel fingers
emitter due tdN(x) gradienty(x,) is its value ax = x,,, and with r.elatlve arear, 'ghen nextsimple relation betweierm,
p-n{unction depthx, is determined from the equation@nd finger widtt, exist:

erfc(Xy/x1) = po/No. L,(1=my) (1 mz) o
In the above assumptions the following relation is vah& (24)
for the open circuit voltage:
_ kl[]]nEé”(xn +2WO)Q70 H (20)3. Discussion of the results
q H n; E

In the next analysis the following set of parameters for diffu-
sion-type SCs was usely = 102 cm3, p, = 10cms,
d = 300pm, D, = 25 cnt/s, Dy = 3.3 cnf/s, 1,,=10* s,
Ro=0,Ry=0.9,m;=0.03,m,= 002rS 0,%,=10%cm,

whereAn(x, + wg) is determined as follows

An(x, +wy)=0.281200" [l - m)(1-r,)x

! P =510 cn3, 14, = 100 cn?/V[S,L,= 0.003cm,S = 16 cm/s.
Jin(@(2) (21)
X dz, By use of the equation (1) one can determine the thick-
0 74 @Xpwﬁ_l ness of the emitter regiakx, with varying concentration

for given abové\y andpg valuesAx, [14.6Xy. The minimum

value of 1, according to [1] is 18° s, and that gives the

f1(@) = aL < possibility to determine the minimum diffusion length of
T

2,2 _ ) _ ~ holes in the emittelr, = 2010° cm. Inits turn, by varyingy,
Lt [ﬁl RoRg exp( Zad)] Xno @ndxg values it is possible to determine maximum value

0 o of the SC conversion efficiency in frames of the used model.
xS +V)(Sd +V)@x;% E— (SO —V)(Sd —V)@x%% X The change of the collection coefficient with wavelength
L E of incident light, as calculated fag= 10° andAx, [10.46
0 pm, is shown in Fig. 2. Curves 1, 3, 5, 7 correspond to the
x [ aLlexp(-ax, )+R, exp(- 2ad +ax;, )] x

O
sy Vet sy ~Vex O'LDEHZexp(-ad)x
] H

0.8

[Su(1+Ry)-VaL 1+ Ry)|-[exf-ax,)+ Ry expt2ad +ax)]x o6

u O
x Sd+v)expE%%+(sd -V)ex %% (22) o4

andd =d - X, 0.2
It should be noted that photo-generation of electron-
hole pairs in the emitter is not taken into account in the o ; ; ' ; ! )
equation forAn(x, + Wp). Estimations show that maximum  ° 02 04 06 °8 A um °
error in calculation oV in the above approximation doeskig.2. conversion efficiency change with wavelength of incident
not exceed 1% af,< 10 cm. light. x,0= 10% cm, xo = 0, 7,p= 1079, 10, 108, 107 s for curves (1,
The conversion efficiency of the SC with unit area cag|s 7) correspondingly. In plotted curves (2,4,6,8) it was assumed that
be written as follows [13]:

Xo = 10° cm, and values of, are the same, as for curves (1,3,5, 7).
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case when recombination in the regionNgk) change is formed by use of equations (16) and (17) with (curves 2, 4, 6,
neglected, and curves 2, 4, 6, 8 are plotted for the opposeand without (curves 1, 3, 5, 7) taking into account elec-
case. As can be seen, the recombination iM\#jelayer tron-hole recombination in the regidx,. Again, as seen
affects essentially the charge carrier collection coefficient fnrom the figure, an essential effect of recombination omthe
the range of;, change from 18to 10'%s On the other hand, value occurs at, < 108 s.In the mentioned region the
atty= 108 s the effect of recombination can be neglected. Ashape of(x,) curves becomes dependent on the value of
the thickness of théx, region decreases, the electron-hole;,. In particular, at sufficiently smatt, values £108s)n
recombination in it also decreases even at the minimum vainereases with decreasirg, due to a lower recombination
of 1, as illustrated in Fig. 3. Itis seen from the figure, that a&ff electron-hole pairs generated in the emitter bulk. At the
Xo= 2106 cm (corresponding thx,, [110° cm) the recombi- same time, aty, 2 108 s the decrease gfat lowx.q values
nation in the region dl(x) change has only a slight effectis observed being related to the increase of the effective
on the SC conversion efficiency. This effect becomes lesscombination rate under the contact resulting from the
pronounced at, > 109 enhancement of diffusion supply of non-equilibrium holes.
In Fig. 4 conversion efficiency change with the thick- It should be noted that in the case of low recombination
nessxpo of the emitter region having a constant donoin the layer with variable donor concentration the electrical
concentration 1¥ cni is shown. Calculations were per-field in this layekT/gx s, at least, by an order of magnitude
greater than the diffusion fiekil/qL,. For this reason the
5 Ax, layer can be considered as the space charge region,
7.,% 6 . . . ey
responsible for practically total collection of non-equilibrium
charge carriers generated in this layer (see curve 8 in Fig. 2

16 [
2 and curve 5 in Fig. 3).
3 If the change in donor concentratidifx), in theAx, layer
is determined by a classical relation of the form rifg), the
5 electrical field strength change in it as:
14
-1
0 M x/x 0
kTZ X 2 2 0
1 E(x)= exp- %g -= fexp(-t*)diD . (29)
Irgx H O I A([. S
12

We will consider, firstly, the situation when the criterion
E(x) >KT/qL, is valid, i.e., the bulk recombination is suffi-
ciently low in the emitter. The dependences of the conversion

) Ly L L L efficiencyn on thep-njunction depthx,, calculated for the
10 . .
0.2 0.4 06 08 1.0 1.2 above case are shown in Fig. 5. Curves (1)-(3) are plotted by
Xnv l“lm .
use of the equation (18), and curve 4 corresponds to the
Fig.3. Conversion efficiency change witho: %o = 10%(1), 810%(2), case when the bulk recombination in the emitter is absent.
6105(3), 410%(4), 210%m(5), 1, = 10%s. Curve 6 is plotted without As can be seem, value decreases with decreasingue to
taking into account recombination losses in theg layer.

now [ 8
° -
wR 2
5

i 10000
3
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i 2 1000 /
12k
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Fig.5. Conversion efficiency change with, in the case of classical
diffusion profile: 7, = 108 (1), 3108 (2), 107 s (3). Curve 4 is plotted
Fig.4. Dependences af on x,,. Parameters are the same as in Fig. 2in neglecting the recombination in the'" — emitter.

Xn, KM
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7, % recombination ones occur, the conversion efficiency of sili-
17.0 con SC becomes dependent, mainly, on the thickness of
uniformly doped emitter region. For the used set of SC pa-
rameters appropriate qualityrf-emitter is achieved at more
high 7, values than 18s In the case of more imperfect
region, whent, = 101 s, the conversion efficiency de-
creases with the increase of tqtahjunction depth, and as
low as x, < 10° cm emitter depth is needed for obtaining
acceptabley values. In the general case, fh@4junction
depth does not control uniquely the bulk recombination

15.5

150 losses in the emitter region of high-efficiency silicon solar
cells.
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Conclusions

As it follows from the above analysis, in the case of high-
qualityn*-emitter when more high values of Shockley-Reed-
Hall recombination lifetime in comparison with Auger
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