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Abstract In this article, we have highlighted the influence of doping rate and grain size on the excess minority
carrier’s density in the base. From the expression of the continuity equation describing diffusion phenomena and
the recombination mechanisms in the bulk as on surfaces, we have determined the expression of the minority
carrier’s density in the base according to the doping rate of the base and the grain size. The objective of this
work is to determine the effect of the doping rate on the excess minority carrier’s density for different grain
sizes. The profile of the minority carriers density according to the doping rate, for different values of grain size,
allowed us to deduce the optimal doping rate (Nbopt) corresponding to the maximum of the excess minority
carrier’s density of improved carriers (Snmax) in open-circuit in the moderate base doping (10" cm™ < Nb <10*
cm’®), depending on the grain size.
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1. Introduction

Several studies [1] have been carried out to study the external influence on the electrical parameters of a solar
cell, such as: magnetic field [2], temperature [3, 4, 5], both magnetic field and temperature combined [3, 4, 5],
electric field [6, 7], irradiation energy flow [8,9,10], sun concentration [11], and incidence angle [12]. Studies
have also made it possible to highlight the influence of internal parameters such as: base thickness [13], doping
rate [14, 15], minority carriers diffusion coefficient [16], lifetime [17], diffusion length [18], grain size [19, 20,
21], surface recombination velocity at junction [19, 20, 21], at rear side [19, 20, 21] and at interfaces (Sg) [19,
20, 21], on the quality of the solar cell. Thus the recent advances in research on photovoltaic devices have led to
solar cells with efficiency greater than 20% [22,23].

This efficiency depends on excess minority carrier density recombination parameters such as, diffusion length
and recombination velocities at the junction and the interfaces [19]. The diffusion length is limited by different
impurities whose doping rate. So, it is great interest to know the effect of doping level on the cell efficiency
before the cell fabrication

The effects of the base’s doping rate have been analyzed in many works and some approaches are recently used
to determine the optimum base’s thickness according to the base's doping rate [15].

The objective of this work is to make a contribution in understanding the behavior of polycrystalline solar cell
under the doping level effect, for different grain sizes.
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The optimal doping rate of the base, corresponding to the maximum of excess minority carriers density is
determined according to the grain size.

2. Theoretical Study
2.1. Description of the Solar Cell
In our study, we selected the three-dimensional mathematical model (Figure 1) [19]. The solar cell type is n*- p-
p*[19]. It is illuminated by its front side and the junction of the solar cell will be taken as the origin of the z axis,
the center of the junction will be considered the origin of the (xoy) landmark (Figure 1). We assume in our
modelling that all the grains have a columnar form [6, 20, 21, 24, 25, 26] and have the same size as shown in
Figurel. We will overlook the existing crystalline field in the base [21] and the emitter contribution to the
photocurrent [19]. The illumination is uniform, so we have a generation rate depending solely on the depth z in
the base [26, 27, 28]. The front side that receives the radiation is covered with an anti-reflective coating [29].
Grain boundaries are perpendicular to the junction [19, 26, 30] and their recombination velocities are
independent of the generation rate. So the boundary conditions of the continuity equation are linear [19].
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Figure 1: Pattern of a silicon grain of the solar cell

2.2. Continuity Equation

The density of minority carriers in the base is governed by the continuity equation describing diffusion
phenomena and recombination mechanisms in bulk and interfaces.

This continuity equation of photogenerated minority carriers’ is generally given by the following relationship:

lv‘] —R+G = M (1)
e ot
G(2) is the generation rate, given by [22]:
3
G(z)=>a -ep(-b-2) @

i=1
The a; and b; coefficients are obtained from the tabulated values of solar illumination and the dependence of the
silicon absorption coefficient with the wavelength [31, 32],
z is the depth of the solar cell base, illuminated by the front side.
. n(x,y,2)

i W I A 3

7(Nb) )

R is the recombination rate, and T(Ng) is the lifetime of minority carriers in the base, which depends on the
doping rate of the base, [33,34]:

12
7(Nb)=———— @)
1+ N7b
5.10"
J is the current density, given by:
J=J,+J,=e-u-E-N(x,y,z)+e-Dn(Nb)-Von(x, y, z) 5)
3 \2
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Dn(Nb) is the electron diffusion coefficient in the base, as a function of the doping rate of the base. Its
expression is given by [33, 34]

Dn(Nb) = 1350V, (6)

Nb +3.2-10'®

Nb is the doping rate of the base,

én (x, Y, z) is the excess minority carriers density in the base of the solar cell.
J. is the conduction current density and Jqis the diffusion current density.
Thus, the equation (5) becomes:

J=e-Dn(Nb)-Véh(x,y,z) (7)
The equation (1) becomes:
1 om(x,y,z) om(x,y,z)
ZV(e-Dn(Nb)-o(x,y,z))-———-+G(z)= ——2~ 8
_V(e-Dn(Nb)-an(x, ,2) +(Nb) (2)=-— ®
In static regime, we have:
oan(x.y.2) ©)
ot
The continuity equation (8) then becomes
a?on(x,y,z) s o?on(x,y,z) .\ o’an(x,y,z) on(xy.z)  G(2) w0
ox’ oy? oz’ Ln(Nb)? Dn(Nb)

Ln(Ng) is the electrons diffusion length in the base that depends on the doping rate of the base:
Ln(Nb) = /Dn(Nb)- z(Nb) (11)
G (2) is the generation rate at depth z.
To solve the continuity equation (9), we will use solutions such as [19, 20, 21, 26, 35]

MN(x,y,2) ZZZKJ -cos(C, - x)- cos(C y) (12)
with Zkj(z)= A, - cosh " B, -sinh z =Y K -exp-b -z (13)

ij ij i=1
a - L
i kj (14)

- ij '(biz ) Lij _1)

Akj and Bkj will be determined from the boundary conditions at the emitter-base junction and the rear face [19,
20, 21, 35, 36] that will be given below:
= At the emitter-Base junction

Dn(Nb) -(Mj =S, -an(x, y,0) (15)
oz 7=0
Sf is the recombination velocity at the junction. It is the flow of minority carriers that crosses the junction. It is
the sum of two terms (S¢ = Sy + Sg)) [37]: St is the speed of intrinsic recombination at the junction induced by
shunt resistance. It is related to carriers lost at the junction due to traps and recombination sites in this area. And
Sy translates the current flow imposed by the external load and it defines the operating point of the solar cell by
providing information on the density of minority carriers that have successfully crossed the junction [19, 36,
38].
= In back face.

=
% N
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Dn(Nb)-(Mj =S, -on(x,y, H) (16)
82 z=H
Sy is the back surface recombination velocity. It quantifies the rate of excess minority carriers effectively lost by
recombination, at the back surface of the cell [19, 36, 39].

= At grain boundaries:
The boundary conditions properly are given by the equations (17) and (18) [19, 20, 21].

i ] S
oon(x,y.2) e R (T PR 17
&  |_.s  Dn(Nb) 2
2
oon(x, y, z) S s x+Jr (18)
i oy 1y Dn(Nb) 2
2

S is the recombination velocity at grain boundary; g and g, are respectively the length and the width of the
grain.

2.3. Study of the space eigenvalues Cy and C;

The use of the boundary conditions (17) and (18) gives transcendent equations (19) and (20) whose resolution
allows us to obtain the eigenvalues (Ck and Cj) by the graphic method. Keeping gx = gy, the Ck and Cj have the
same values [6].

We have opted for the graphical method, where by plotting the function f(Cy) and h(Cy) below, the points of
intersection of the two curves yield, the C, and C; are obtained in the same way.

f(C,)= tanh(Ck : %j (19)
S
h(C,)=—"—— (20)
C. - Dn(Nb)
2 - : T : 1. 2 : T . 1. . "
;e D= - : : P(ClE==r Dl .
| B : : S I B ' o D
G Do : L COR Do :
-1F . . E . %I—]._ : : E : E - %I
B IR S N U N SN S R N
0 2107 4<10° 6<10° 2107 4x10° 6x10°

a)g=30pm S,;=102cms-1 Nb=10"6cm-3  b)g=30pm Sg=102cms-1 Nb=10""em-3
) g um Sgq g

Figure 2: Eigenvalues for Sy < 70° cm.s™, Nb = 10" cm™, Nb = 10" cm®
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We note that for Sy < 10° cm.s™ the values of Cy (or C)) are practically insensitive to the variations of the base’s
doping rate and the grain boundary recombination velocity (Sg). In the table 1 we noted the values obtained from

Figure 2 (aand b):

Table 1: The eigen values Cy for Sy < 10° cm.s™, g = 30 um
Base doping rate (cm™) eigenvalues C (cm™), k =0, 1, 2, 3, and 4
10™ 1699 3397 5095 6793 8491
107 1699 3397 5095 6793 8491
We checked for several recombination velocity at grain boundary Sy < 10% cm.s™ and whatever the values of the

doping rate of the base, Cy (or C;) values are roughly equal to the values given in Table 1.
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Figure 3: Eigenvalues for Sy= 10° cm.s™, Nb = 10'° cm™®

Also, grain size has a very large influence on eigenvalues regardless of the grain boundaries recombination
velocity and the doping rate of the base. The previous curve was drawn for g= 30 um. For the curve above
(Figure 3) we took g= 55um; we notice that for the same interval, the number of Cy eigenvalues has almost
doubled. This same method allowed us to graphically determine the specific values corresponding to the grain

sizes used in this work.

Table 2: eigenvalues (Sg = 10° cm.s™, Nb = 10" cm™®; Dn = 30.37 cm?s™)

Sizes (um) Ck=Cj(cm™);k=10,1,2, 3,4
28 2249 4491 6734 8977 11220
46 1371 2734 4099 5465 6831
55 1148 2287 3429 4571 5713
64 986 1966 2947 3928 4910
73 865 1724 2584 3444 4305
82 771 1535 2300 3066 3832
91 695 1384 2073 2763 3453
100 633 1259 1887 2515 3143

3. Results and Discussions

3.1. Study of the Effective Diffusion Coefficient

The expression of the effective diffusion coefficient [19, 40, 41] as a function of the grain size and grain

boundary’ recombination velocity and now with the base doping rate, becomes:

A
TR
A

2l
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Dn(Nb)-[sin(c, - 9, )+¢, - g,]-[sin(c; - g, )+¢c, - g, ] @1)

16- sm(ck gzj sm(c gzyj

In Figure 4, we see a decrease of the effective diffusion coefficient as a function of the doping rate and the grain
size. For the low values of the base's doping rate (Nb < 10"°cm™), effective diffusion coefficient is almost
constant, so we can say that, the low doping rates of the base have almost noeffect on the effective diffusion of
minority excess carriers; however, the influence of the doping rate is significant beyond values above 10%° cm?,

DKi(S, . g, Dn(Nb)) =

4'} T T T
g=20pm
F s g =40 pm
30 g=60pm |
=+« g = 80 pm
g=100 pm

Eftfective diffusion coefficient (um?.ﬂ)

0 | 1 | |
1.0- 1III'14 32 1III'15 1.0- llillljI 32 ll]'13 52 1019
Doping rate of the base (u::n:r'?'}
Figure 4: Profile of the effective diffusion coefficient as a function on the doping rate of the base for different
grain size; S; =10% cm.s™.
When the doping rate of the base becomes very high (around 10' cm™), the effective diffusion coefficient
becomes completely independent of the doping rate of the base.

3.2. Study of the minority carrier’s density in the base of the solar cell

Doping being one of the stages in the manufacture of solar cells so, it is great interest to know the effect of
doping level on the cell efficiency before the cell fabrication.

Thus in this part, as our study carries on a solar cell illuminated by the front face, we have set z = 0 for figures 5,
6, 7; in order to be located at the junction, Sf is set to 3.10° cm.s™ because: Equation (16) defines the concept of
minority carrier junction recombination velocity (Sf). Sf appears as an effective characteristic of the junction and
is related to the solar cell technological parameters: base doping, basewidth... and to the operating conditions
(junction polarization). Sf quantifies how excess carrier flow through the junction in actual operating conditions
and then Sf characterizes the junction as an active interface [35, 42]. When Sf tends to zero, there is no current
flows through the junction so carriers are stored on both sides of the junction: that is the open circuit state of an
ideal cell. In a non-ideal cell (real case with losses at the junction), there is a very small current flowing through
the  junction, which means that an internal load exists in the solar cell: that
is the shunt resistance Rsh of the cell. This shunt resistance induces an intrinsic junction recombination velocity
(Sf0) [43, 44], which depends only on the intrinsic parameters of the photovoltaic cell. And Sb is the effective
back surface recombination velocity. Its value is related to the grain size g, the grain boundary recombination
velocity Sg, the actual value of the intra-grain surface recombination velocity and now with the base doping rate
[19, 20, 21]. Its expression is:

kz:jzi;(mq[ ijb)jng {b exp(—bH) —b, cosh( S(JJrlejsinh(llH] (22)
S5 {20 oo {1

k=0 j=0 J

Sb(H, g, Nb)=D(Nb) -

=
?K_;\
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Minarity carriers density in the base (cmi-3)
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Figure 5: Profile of the excess minority carrier’s density in the base as a function of the doping rate of the base:
Sy =10°cm.s?, §y=3.10° cm.s™, S, = F (Ng) cm.s™, g, =gy =g = 64 um, H = 120 um, z = 0 pm

Figure 5 shows us that the excess minority carrier’s density in the base increases slightly with the doping rate to
reach a maximum for a base doping rate equal to 5.12.10'® cm™. Above this value, the excess minority carrier’s
density in the base decreases significantly. Indeed, below 5.12.10%® cm™, the increase in the doping rate of the
base leads to a slight increase in the minority carriers’ density in the base, but above 5.12.10% cm™, the
recombination processes are becoming more and more predominant because the diffusion of minority carriers in
the base decreases when the doping rate of the base increases, leading to a decrease in the minority carriers
density. This variation in the excess minority carriers’ density in the base results from the existence of an
optimal concentration of doping rate, as can be seen in Figure 5. This optimal doping rate tends to increase due
to the increase in grain size (Figure 6). When grain size increases, we notice an increase in the excess carrier
density with a shift of maximas of the density of improved carriers in open-circuit in the moderate base doping
(10" cm™ < Nb <10 cm®), when we tend to large grain sizes. This phenomenon is explained by the fact that
when the grain size is large, recombination rate in the bulk remained less, whatever the grain surface
recombination therefore, solar cells with large grains are better than those with small grains [45].
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Figure 6: Profile of the excess minority carrier’s density in the base as a function of the doping rate of the base
for different grain sizes: Sy = 10° cm.s™?, Sy = 3.10° cm.s™, S, = F (Ng, g) cm.s™, H =120 um, z = 0 pm.
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For the value of a given size, the optimal doping rate is obtained when the minority carrier’s density in the base
reaches its maximum of the excess minority carriers density of improved (dnma) in Open-circuit in the moderate
doping; thus we give Table 3 the optimal doping rate values for different grain sizes and the maximum of the
excess minority carriers density of improved (8nmay).
Table 3: Maximum of the excess minority carrier’s density of improved carriers (8npax) in Open-circuit in the
moderate base doping (10*° cm™ < Nb <10 cm™) and optimal doping rate for different grain sizes obtained by
the graph method

Grain size in cm 0,0055 0,0064 0,0073 0,0082 0,0091
Base optimal doping 2,86. 107 5,12.10™ 7,38.10%° 10" 1,124.10"
rate Nbgy in cm™
SNay iNS CM™> 2,467.10% 2,7889.10"% | 3,0853.10"° | 3,3898.10° | 3,667.10"
Ln (Size) -5,2030072 -5,0514573 | -4,9198809 | -4,8036211 | -4,7105307
Ln (Nbgy) 37,8921831 38,4745159 | 38,8401351 | 39,1439466 | 39,8608403
Ln (3Nmax) 30,836609 30,9592535 | 31,0602551 | 31,1543771 | 31,2329801

Based on the results obtained in the table (3), we represented in Figure 7 the curve of the logarithm of the
maximum of excess minority carrier’s density according to the logarithm of the grain size (a) and the logarithm
of optimal doping rate of the base (b).

X

Infonm

ih,gl |.‘NBo'pt’

Figure 7: logarithm of the maximum excess minority carrier density (Z = 0 um, Sf = 3.10° cm.s™) as a function
of the
a) logarithm of grain size
b) logarithm of optimal doping rate
These curves allow us to write the following relationships:

Lnéhmax =a, -Ing +Inb, (21)
Lnohmax =a, -In Nb

The equations (21 and 22) allows us to obtain the optimal doping rate of the base according to the grain size.

Nb,,(g) = 09330782 09955379 - 10" - g2 (23)

opt T In bz (22)

opt

4. Conclusion

In this work, we have given the expression of the excess minority carrier’s density according to the doping rate
and grain size. Then, from on its profile versus on the doping rate for different grain size values, the optimal
doping rate corresponding to the maximum of the excess minority carrier’s density of improved carriers (nmay)
in open-circuit in the moderate base doping (10" cm™ < Nb <10"" cm™®) for each grain size value is deducted.
We then established a relationship that dregs the optimal doping rate with grain size.
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