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Abstract-In this work, an analytical model has been developed for the dark saturation current in the heavily-doped base region
of a drift-field Si-solar cell. Unlike the conventional models available in the literature, this model incorporates both the SRH
(Shockley-Read-Hall) and the Auger recombination mechanisms in the base. The mathematical intractability due to this
consideration has been resolved by using an elegant exponential approximation technique. The simulations carried out by the
developed model shows that the Auger recombination becomes significant even for a 1 um wide base when surface
recombination velocity is lowered to the order of 10* cm/s and/or when the doping level is of the order of 10 cm.
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1. Introduction

The concept of a drift-field (DF) solar cell [1] is to introduce
electric fields in the bulk emitter and base regions in the
same direction as that developed in the depletion region.
These fields decrease the retarding current due to forward-
biased diode action. As a result, the DF solar cells have
higher conversion efficiency than that of the conventional
solar cells. The conversion efficiency of the DF solar cells
can be made even higher by increasing the strength of these
developed fields i.e. by increasing the doping level so that
the logarithmic slope of the doping profile can be made
higher. However, use of increasingly heavy doping levels not
only results in the dominance of the Auger recombination but
also invokes several non-ideal effects which include the
band-gap narrowing effect and the position dependency of
the carrier transport parameters (i.e. mobility and lifetime).
Till to date, a number of research works [2-7] have been
carried out to incorporate these effects in the modeling of
dark saturation current. The model of Bullis [2] assumed

uniform mobility; Kaye et al. [3] and Overstraeten et al. [4]
considered linear position dependency of carrier mobility;
Lindholm & Chen’s [5] model incorporates the doping
dependent carrier lifetime only. Verhoff and Sinke [6]
considered the doping dependence of both carrier mobility
and lifetime. But, for lifetime, they considered the SRH and
Auger recombination separately, not simultaneously; they
considered Auger recombination for doping level
>5x10%¥ cm™® and SRH recombination for lower doping
levels. Therefore, their model suffers from accuracy
problem.

In this work, both the SRH and the Auger recombination as
well as all the non-ideal effects mentioned earlier in this
section are incorporated in the model derivation. The
resulting mathematical intractability due to simultaneous
consideration of SRH and Auger recombination has been
resolved by applying an elegant exponential approximation
technique. Simulations are carried out using the developed
model to investigate the effects of simultaneous
consideration of both SRH and Auger recombination.
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2. Analysis

The basic equations required for the p-type base region of a
drift solar cell are

Jn = an(x) 4, (X)E(X) + D, (x) dré(xx) (1)
% =a(R-6) ?)
X

where 4 and D, are the mobility and the diffusivity of
electrons, R —G, is the net recombination rate and E(x) is

the electric field acting on the electron caused by the non
uniform doping profile. Considering the band gap narrowing
(BGN) effects due to heavy doping level, the electric field
E(x) can be expressed as [8]

E_d d

—=—InN,(x)——Inni(x @
V= oMM 00— g0

where  Vp =% is the thermal voltage and N, is the

effective intrinsic carrier concentration due to BGN effects
given by [9]

2 = 2| N ] @)
ng (X) ni0|: NO,ref:I

where n;, = 1.194 x 10%cm™ | Ng s =1.3x107 cm™® and
7, =0.5355. For practical doping density ranges, electron
mobility 4, becomes doping dependent. This doping
dependency can be approximated as [6]

W~ B, NG9
" kT N

m,ref

()

=1x10" cm=and

With Dy(0) = 20.72 ecm® (V-)" N__ =
y, =0.42. For heavily doped silicon, the band-to-band Auger
recombination involving direct transitions and SRH
recombination through traps are significant. Under steady-

state condition, these recombination rates are given by

Rern = I (6)

RAuger = L (7)
Tna

where ¢, 7 are the doping-dependent electron lifetime for

SRH recombination [10, 11] and Auger recombination [12],
respectively and can be expressed as

Tns = Tnl\(l)a (8)

1+
No,ref

N @

Ap'Va
Where Nger = 7.1 x 10" cm™ and ¢ =3.95x10* sec [11]

and Cup is the Auger coefficient for electrons given by [12]

Cp= 0.72x10™% —0.15x10 T +2.92x10¥T?

The total recombination rate R_in the base region can be
expressed as

R = n (10)

T

n,eff

where ¢ is the effective electron life time given by

1 04 C, N2 (1)
z-n,eff ]_+ a
NO.ref

Under the dark condition, the generation rate G is zero.

Therefore, the electron current continuity equation given by
Eqn. ( 2) can be rearranged as

d

Gn _ _an_ (12)
dx Tn,eff

3. Model Derivation

Differentiating Eqgn. (1) with respect to x, combining with
Eqgn. (12) and then rearranging, results in a second order

differential equation (DE) of n(x) as
d’n | E d 1 )|dn
— | ———In — || =+
dx V; dx (gD, )|dx
i E _Eih’] i — 1 n=0 (13)
dx\Vy ) Vpdx (abD, ) 7,4D,

Since the electric field, the mobility and the lifetime- all
depend on the type of the doping profile, the solution of the
above-mentioned DE can be obtained, provided that the
doping profile in the base region is specified. In this work,
the base doping profile is considered as exponential which
can be expressed as

3

N, (x) = N, (0)u(x) = N, (0)e" (14)
where u is a convenient variable, W, is the base width,

'7:|09{ Na(o):| is the logarithmic slope of the doping
N (W;)
profile and N,(0) and N,(w,) are the doping densities at

the edge of the junction i.e. at x =0 and at the surface side of
the base i.e. at x =W,
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For the exponential profile, the electric field, the carrier
mobility and the lifetimes for SRH and Auger recombination
can be arranged as

E_n7
— =L (1- (15)
v, Wb( 72)

71
NN T O R e (16)
an an(O) NOref
i ~ iiNa(O) u= Rns (17)
Tns Tho NOref
L=, N, OF v =R 2 (18)
T

na

Therefore, for the exponential doping profile,” the DE [Eqn.
13] can be organized as

d’n_ .~ dn (19)

2
G, = _[(UJ 71(1=7,) + R (Ru+ Rnauz)uyl

The analytical intractability of this DE is due to the second
term of G,. Verhoff and Sinke [6] solved this DE by
separately considering the SRH and Auger recombination i.e.
they used either R,u Or Rpauz- In this work, using the

exponential approximation technique [described in Appendix

A], the term __1
T, D

n.eff “n

can be approximated as a simple

exponential given by
1
——— = Ryukn (20)

where R, and k; can be obtained using the relations given in

Appendix A. The solution of (Eqn. 19) i.e. minority electron
concentration, n(x) can be expressed as a combination of
modified Bessel functions of first and second kind [|ﬁ and

K,]of order 5 as [Appendix B]

n(x) = WOJIC,y, (x) +C, Y, (X)] (21)

where all the variables and constants are defined in the
Appendix B. The electron current density J (x) in the base

region can be obtained from the electron current equation
[Egn. (1)] and taking the value of J at x=0 gives

vy

J,0)=J,ex (22)

where J, is the base dark saturation current given by

3, =L @5 % 11 (23)

20

where PROATY

() = S [Y,(0 - 4,9 ()] -

n
ay = 2W, | and subscript ‘0’ denotes the value at x = 0.
K,

4. Results and Discussion

This section presents the simulation results obtained from the
model developed in this work and also, gives a physics-based
analysis on these results.

Volume recombination in the Si-base region includes both
SRH and Auger recombination mechanisms. Since, at
present, heavy doping levels (>10®cm™) are commonly
used in the base region, Auger recombination should be more
probable than the SRH recombination. Moreover, since the
dark saturation current J needs to make up the carrier loss

caused by the volume recombination in the base region, J,

has to be higher when considering both SRH and Auger
recombination than that considering only the SRH or the
Auger recombination and also, J, considering only the Auger
recombination should be higher than that considering only
the SRH recombination, provided that the base doping level
is excessive. It is evident that Figs. (1), (2) and (3) are in
accordance  with the above-mentioned statements.
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Figure 1: Effect of the variation of surface recombination
velocity on the base saturation current density J, for two
values of base width (Wg =2 um and 3 pm). Here, No(W;g) =
4% 10" cm®,
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Figure 2: Effect of the variation of base width on the base
Saturation current density J, for two values of surface
recombination velocity (S, =3x10* cm/secand

7x10* cm/sec). Here, N, (W,) =5x10" cm™.

Since the surface recombination velocity s represents the

amount of surface defects at the edge of the base side of the
solar cells, increase in S means increase in the defects and

hence, increased carrier losses at the base surface. In order to
make up this carrier lose at the surface, the dark saturation
current J; has to increase. This fact is evidenced from the

Figs. (1) and (2).

The dark saturation current in the base region flows from its
junction side to the surface side. Due to the volume
recombination in the base region, the current at the junction

side is decreased from the surface side. Increase in base
width (wj), therefore, results in more lowering of the current

at the junction side. Since J is conventionally calculated at
the junction side, the increase of the base width causes J, to
decrease. From Figs. (1), (2) and (3), this trend of J  against
W, is reflected.

When peak base doping level N_(w,) is increased keeping
N,(0) constant, the electric field in the base region is

increased due to the increase in the logarithmic gradient of
the doping profile. On the other hand, this increase in
N,(W,) results in the increase of carrier population

throughout the base region which, in turn, decreases the
carrier mobility according to a power law [Eqn. (5)].
Therefore, the decrease in the carrier mobility dominates
over the increase in the electric field when N_(W,) is

increased keeping N_(0) constant and hence, under such
condition, J, gets decreasing. Figure (3) also supports this
fact.

Only SRH Recombination
— = Only Auger Recombination
- - - Both Recombination

N, =2x10"cm’

N,,=3x10"cm®

Base Saturation Current, Jo pAIcm2

v v T T v v
0.5 1.0 1.5 2.0 25 3.0
Base Width, W (um)

Figure 3: Effect of the variation of base width on the base
Saturation current density Jo for two values of peak doping
concentration [N, (W,) = 2x10* cm™® and 3x10™ cm}.

Here, S, =2x10* cm/sec

A close observation of the Figs. (1), (2) and (3) reveals that
the effect of considering both SRH and Auger recombination
instead of considering only SRH recombination becomes
significant when s is lowered, when base width is

decreased and when peak base doping level is increased.
Figs. (4), (5) and (6) show the percentage difference or error
introduced between these two considerations under three
different circumstances.

Fig. (4) shows the percentage error under varying w, for
three different values of s . From this figure it has been
observed that lowering of s causes the inclusion of Auger
recombination in determining J, to be more significant. This

is expected from the fact that the lowering of S, reduces the
surface recombination  thereby  causing  volume
recombination, especially, the Auger recombination to be
dominant for high base doping levels. Moreover, increase in
the base width increases the dominance of the Auger
recombination for which % error is increased. This fact is
also observed from Fig. (4). For a base with a width of 1 pm
and a peak doping level of 5x10” cm™ . the % error is

approximately 8% when S =3x10*cm/s; the error is
increased to as much as 22% when S is lowered to
S, =1x10* cm/s . This observation is important. Efficiency

for low-energy photon for a high-efficiency typical solar cell
is ~74% [13], which can be increased significantly by
reducing the s and/or by increasing the base width. Since

increasing the base width involves additional expenses for
increasing amount of material, reduction of S, is better
choice to improve the low-energy photon efficiency and
hence, to improve the conversion efficiency of modern solar
cells.
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Figure 4: % error in base Saturation current density
considering Auger recombination against the variation of
base width for three values of surface recombination velocity
(S, =1x10", 3x10" and 5x10"cm/sec.) Here,

N, (W,) =5x10" cm™.

Fig. (5) shows the percentage error under varying N_(W,)
for three different values of w,. This figure shows that the

effect of Auger recombination becomes dominant with the
increase in N, (W,). For a 3 um wide base and with

S, =1x10°cm/s, N,(W,) of as high as 3x10" cm™ can

produce errors more than 10% . However, the use of such a
high doping level in the p-type base region needs an
explanation. Increase in the peak doping level keeping N_(0)

constant increases the electric field in the base. This
increased field decreases the diffusion current in the forward
biased base region, which results in the increase of
conversion efficiency. Additionally, high level doping in the
base keeps the component of the series resistance in the base
to a lower value. Therefore, the peak doping level as high as
3x10" cm™ or higher is required to introduce in the base
region to increase the conversion efficiency of the modern
DF solar cells.

Fig. (6) shows that percentage error for varying N_(W,)
under three different values of S for a 3 um wide base. This

figure shows the dominance of Auger recombination when
S, is lowered or when N_(W,) is increased. From this figure

it is seen that the error introduced for the consideration of
Auger recombination becomes more than 10% for a higher
N, (W,) =5x10" cm with higher S =5x10*cm/s and for
a lower N_(W,)=2x10" cm™® with lower S =1x10*cm/s.
However, it has been observed from Fig. (6) that the error is
increased to as high as 60% for a N(Wg) = 5 x 10* cm?

with a S, = 1 x 10* cm/sec. This observaiton is important.
Since the surface recombination velocity is considereably

% Error

= =W_,=5um ~

- - W=7um
40 =T \\

-50 T T
3 4

Pick Doping Concentration,NM(cm")

Figure 5: % error in base Saturation current density
considering Auger recombination against the variation of
peak base doping level for three values of base width
(W, =3, 5and 7 um) . Here, S =1x10° cm/sec

reduced in the present day solar cells and the peak doping
level is required to increase to increase the conversion
efficiency and since, the error introduced under such
conditions goes up to 60% or higher, it can be concluded that
the effects of Auger recombination must be included in the
base saturation current modeling for the modern DF solar
cells.

5. Conclusion

In this work, the effects of Auger recombination on the base
dark saturation current density have been investigated and
analyzed by developing an analytical model considering both
SRH and Auger recombination mechanisms. The analytical
intractability of the developed model has been resolved by
employing an elegant exponential approximation technique.
Simulation results obtained from the model under various
considerations leads to the following important observations:

» Effect of Auger recombination becomes dominant when
surface recombination velocity is lowered to the order of

10* cmfs.

» When the peak base doping level is increased to the
order of 10" cm™, Auger recombination should be
included in the modeling.

» Even for a very thin base (close to 1 um), the effect of
Auger recombination cannot be neglected, provided that
the surface recombination velocity is lowered to
2x10* cm/s or less with a peak doping level increased to

2x10% cm™® or higher.

These observations are very much important for modern drift
solar cells, since these cells are required to fabricate with
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thinner base with heavy doping level and also, with lowered
surface recombination velocity for the considerable

-20

-30 4

% Error

401  ——s=1x10'cmis

- =8 =3x10"cmis

WY s S =5x10‘cmis

60

2 3 4 5x10"

Pick Base Doping, N, (cm™)

Figure 6: % error in base Saturation current density
considering Auger recombination against the variation of
peak base doping level for three values of surface
recombination velocity (S, =1x10*,3x10*

and 5x10° cm/sec). Here, W, =3.m

improvement in the cell performance and the cell efficiency.
Moreover, using the developed model in this work, the
physics of various effects on the dark saturation current is
readily understandable.

6. Appendix A: Exponential Approximation Technique

Extending the idea suggested in the work [14], any
exponential-like function f(x) defined in the region
0<x<W can be approximated by a simple exponential
function such that

o

f(x)=Fe" (24)

where the logarithmic slope 77 can be obtained from the
boundary values of f(x) as

= 1ogl W) 25
770 Iog{f(o)} (25)

and F, can be obtained from the fact that the areas under the
original curve and the approximated curve must be equal

T (x)x

e’ -1

, (26)

The above-mentioned technique is termed in this work as
"Exponential Approximation Technique". Applying this
technique can significantly reduce the mathematical
complexity without the loss of physical understanding.

6.1 Appendix B: Solution of the DE

Letting n(x) = v(x)w(x) converts the second order differential
equation (19) to

dv [ 2 dw dv
o Hwa & "
(27)

1|d*w dw
W{ e + Gl&Jr sz}v(x) =0

2 dw

Letting Z=—"4+G, =0, W(x) can be obtained as
w dx

1 I G ok T2
=u

w(x)=e ? 2 (28)

k
Finally, letting U™ = z? transforms the Egn (27) to a
modified Bessel equation of order g as

dv 1 dv 1
- = — = (X?24+p8%N=0 (29)
dX? X dXx XZ( ﬂ)‘l

where X =byz, b, =.R,F.e, and /;:1_7kz+71 . The

n

solution n(x) can be expressed as

n(x) = W(x)[c,y,(X) +C,Y, ()] (30)
where 'y, (x)=1,(X) and y,(x)=K,(X) are the modified
Bessel function of the first kind and the second kind,

respectively. Applying the required boundary conditions at
x=0 ie. at the depletion edge and at x=w, i.e at the

surface given by [6]

2 L8
nie (0) e

3, (W,) = -aS,n(W,) and n(0) = N, (0) KT

C,,C, can be obtained as

C,=— ™ ___andc, =-B.C,

Yiw =PsYow

where B. = Ao + Wi and subscripts ‘0> and ‘w’ denotes
AsYa + Yo
the values at x=0 and x =W, .
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