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Abstract

In this study, a method for determining the intrinsic recombination velocity at the junction of a
silicon solar cell is presented. The expression of intrinsic recombination velocity at the junction
was established under irradiation in frequency modulation. Based on this expression, an electrical
model of the intrinsic recombination velocity at the junction is presented.
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1. Introduction

Photovoltaic conversion is provided by a solar photovoltaic cell whose conversion efficiency depends on the
nature and the semiconductor structure, its manufacturing technique and operation. Given the low efficiency of
these solar cells, researchers have been involved in various research works by offering several characterization
techniques of the semiconductor material and in particular on the design of solar cells. Among the most impor-
tant parameters in the different techniques characterization, one can cite: the diffusion coefficient D" [1] [2],
the global rate of generation of carriers G [3], the lifetime of the carriers z, the diffusion length of the carriers L
and the intrinsic recombination velocities (Sf at the junction, on the back face Sb) [4] [5]. From theoretical studies,
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we propose in this paper, a method for determining the intrinsic recombination velocity at the junction of a sili-
con solar cell monofaciale under monochromatic illumination in frequency dynamic regime under irradiation
and finally an electric circuit model equivalent was presented [6] [7].

2. Theoretical Study

The photovoltaic cell considered is of type n* pp* [8] [9] and its structure is presented at the Figure 1.

Under the effect of an excitation (optical or electric) of the charge carriers are generated in the base the pho-
tovoltaic cell. They can either pass through the space charge region where they participate in the external current,
or they undergo recombination. The latter are due to defects (grain boundaries, impurity atoms...) related to the
manufacture of the light silicon solar. Taking into account the generation phenomena, diffusion and recombina-

tion in the solar cell, the equation of continuity the minority carrier charge in the base at x frequency in dynami-
cregime is of the form;

’s(xt) 1 a5(xt) as(xt)  G(xt) O
ox® D" ot Dz D
where D" is the diffusion coefficient G and the global rate of generation of carriers. The determination of the
diffusion coefficient and the global rate of generation proves fundamental for the study of a solar cell in static
regime or frequency dynamic regime. Indeed, several studies have been done on the global rate of generation
and the diffusion coefficient [10] in order to improve the performance of conversion. Indeed, this last describes
the diffusive nature of minority carriers in material, in other words it expresses the capacity of the carriers to be
spread within material. Different expressions of the global rate of generation and diffusion coefficient are proposed:
a) Global rate of generation under monochromatic illumination [11].
The expression of the global rate of generation under monochromatic illumination in frequency dynamic re-
gime and static mode is given by the relation:

G, (xt)=g,(x)exp(iot) )

with g,,(x) the space component and e* time component.
According to the illumination mode the generation rate g,(x) as follows:
For illumination of the front face: (n = 1)

9, (x)=al,(1-R)e™ 3)
For illumination the back face: (n = 2)
6. (x) = atl, (1-R) e ] @)
For simultaneous illumination of two faces: (n = 3)
g: (x) = atly (1-R)[ £xe ™ + x| )

a(A) is the absorption coefficient at the wavelength A; |, is the flux incident monochromatic light; R(2) is the

Junction (SCR)
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Figure 1. An n+-p-p+ type of a silicon solar cell under ap-

plied magnetic field.
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reflection coefficient at the wavelength A; H is the thickness of the solar cell.
b) Global rate of generation under polychromatic illumination [12].
The expression of the global rate of generation under polychromatic illumination is given by:

G, (x.t)=g,(x)exp(iw-t) (6)

According to the illumination mode, the generation rate g,(x) is as follows:
For illumination of the front face:

3
G(x)=n-2 5 ™" 7)
i=l
For illumination the backface:
3
g, (X)=n-> 2 TRl 8)
i=1

For a simultaneous illumination of two face:

3
gs(x)=n-Y & ~(e”’i'X + e’b"(H’X)) ©)
i=1

a; and b; are coefficients deduced from solar radiation under AM 1,5 spectrum; we set n = 1 (Number of sun).

c) Diffusion coefficient according to the rate of doping [13].

The doping of semiconductors is an important element for the manufacture of electronic components. Indeed,
a pure semiconductor (intrinsic) is almost insulating at the ambient temperature, with a valence band almost en-
tirely full, and a tape of conduction almost entirely empty. Therefore, the interesting electronic properties are
related to the possibility “of doping” material by the introduction of adequate impurities making it possible to
introduce free carriers. The diffusion coefficient depends on the doping level is given by the equation:

1350V,

\/1+81-Nb18
Nb +3.2x10

D" (Nb)= (10)

k-T . . .
where V; =—— is the thermal tension, K the Boltzmann constant, g elementary charge and Nb is the rate of
q

doping in the base.
d) Diffusion coefficient according to the magnetic field [14].
The expression of the diffusion coefficient D™ as a function of magnetic field in the static mode is given by
the relationship:
« D
B)=c—"—= (11)

|1+ (uB)’ |

D, is diffusion constant without magnetic field, x is the electron mobility and B is the intensity of the magnet-
ic field.

e) Diffusion coefficient according to the rate of doping and the magnetic field [15].

The expressions of the coefficient of diffusion and diffusion length according to the magnetic field and rate of
doping on a photovoltaic cell with static rate were proposed. It is given by the relation:

1
Nb

1+ 1% B \/1+81-

(L+u?-B%) Nb+3.2x10"

L(Nb, B) is the diffusion length of the minority carrier in the base under the influence of the magnetic field
and the doping level. It is given by the following expression: L(Nb, B)=/D"(Nb,B)-z(B)

f) Diffusion coefficient according to the frequency [16].

The expression of the diffusion coefficient as a function of frequency is given by the following relationship:

D"(Nb,B)=D, (12)
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1+w®-7°
( )

(1—wz-rz)+(2-a)~1)2

D' (w)=D- [1+]-o-7] (13)

With D is the coefficient of minority carrier diffusion in the base without of pulsation, radiation and magnetic
field.

g) Diffusion coefficient according to the frequency and the rate of doping [17].

Under the effect of doping rate, the expression of the diffusion coefficient in frequency dynamic regime is of
the following form:

D(w,Nb)= 1350-Vy . l+o -7’ +w-T- -1-0" 7’ -j| (14)
7 \/1+81.Nb2 (1—a)2-T2)2+(20)-1)2 (1—a)2~12)2+(2a)-r)2
Nb+3.2x10

h) Diffusion coefficient according to the frequency and the magnetic field [18].
Frequency in the dynamic regime and under the effect of a magnetic field, the expression of the diffusion
coefficient is given by the following relationship:

[l+ r? (a)cz +a)2)+ ja)r[r2 (a)c2 —wz)—lﬂ

D'(w,B)=D,-
(=8)=0 4% 0’ +[1+ 7 (a)c2 —a)z)]z

(15)

9B
i) Diffusion coefficient according to the frequency, the damage coefficient and radiation energy [10].
The terms of the diffusion coefficient and diffusion length depending on the radiation energy and damage
coefficient by frequency dynamic regime are given respectively by the following equations:

with @, = is the cyclotron frequency and m, the mass of the electron.

1+ 2 @? 0’ -1

D (wklg,) = D(K g, ) : . / i (16)
(a) ? ) ( P ) (1—1‘2602) +(2wr)2+wf (1—1-2502) +(2a)r)2 J

L(kl, o)

D(kl,(pp)z ( - P) (17)
1

L(kl,(pp)=1— (18)

E+k|-(op

1- jor

L(kl, e, L(kl, — 19
( P a)) ( %) 1+(a)r)2 4

with
D(kl,gop) is the diffusion coefficient according to the damage coefficient and radiation energy.
L(kl , gop) is the diffusion length according to the damage coefficient and radiation energy.
L, is the diffusion length without of pulsation, radiation and magnetic field.
L(kl,wp, B) is the diffusion length according on the damage coefficient of radiation flux and magnetic field.

j) Diffusion coefficient according to the frequency, the damage coefficient, the radiation energy and the mag-
netic field [20].
The expression of the diffusion coefficient as a function of the modulation frequency and the intensity of the

magnetic field is given by equation
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[14— 7? (a)cz +a)2)+ ja)T|:T2 (a)c2 —a)z)—lﬂ

D*(a), kl,o,, B) - D(kl’(p"). 4%0® +[1+Tz(a)2 _wz)T

(20)

k) Diffusion coefficient according to the recombination velocity at the grain boundaries and grain size [21].

The diffusion coefficient in function of the recombination velocity at the grain boundaries and the grain size is
obtained from the solution of the equation of continuity of the three-dimensional base. By using the boundary
conditions, we obtain two transcendental equations. The expressions transcendental equations and the diffusion
coefficient are given respectively by the following Equations (21), (22) and (23).

g S,b
tan| C, = |=—— (21)
’2) 2cD
S,b
tan Ck& =3 (22)
2 ) 2c,D
2
p-bo (23)
T

0x is the width of the grain, g, the length of the grain Syb effective recombination velocity at grain boundaries, Cy
and C; are the eigen values of transcendental equations. From these equations, we will draw the expressions of
eigen value Cx and C; based on the recombination rate at the joints and of the grain size. Thus the expression of
the diffusion coefficient as a function of the grain size g and the recombination velocity at grain boundaries is
given by equation (24):

. .[Ckgx +Sin(Cng)]|:ngx +sin(ngX)J

ki — g
16sin (Ck gxjsin (Cj y]
2 2

1) Diffusion coefficient according to the temperature [22].
The diffusion coefficient based on the static state temperature is given by the relationship Albert Einstein
which is written in the form:

D (24)

« N K
OM)=w (1) T (25)
w1 (T)=1.43x10°-T** cm? .v*.s™* [23] is the mobility of minority carrier’s according to the tempera-

ture.

m) Diffusion coefficient according to the electric field [24].

Under the effect of an electric field and static regime the diffusion coefficient of minority carriers in the base
is given by the following expression:

2
D (E)= HEL (26)
I‘E
where L is a factor that accounts for the phenomena of migration in the base of the solar cell.

After having pointed out some expressions of global generation and diffusion coefficient, we can solve a pri-
ori the continuity equation. For the resolution of the continuity equation, the overall rate of generation and mi-
nority carrier’s density can be expressed in the following form, respectively.

S(xt)=5(x)exp( jot) 27)
G(z,t)=g(z)exp(jot) (28)
g(z):¢tat (1_Rt)EXp(_atz) (29)

Thus Equation (1) can be put in the form:
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’(x)__1 9(x)
_ o(x)=—2 30
x* (o) () D (30)
The Equation (30) being a differential of the second degree with second member thus the general solution is:
X _(x) al,(1-R)L?
5(x)=Acosh| = |+Bsinh| = |- —2" " _exp(-ax 31
®) (Lj (J p(at 1) ") ey

For the determination of the coefficients A and B we are used the boundary conditions [25] following.
At the junction (x = 0)

85(0) Sf
==_5(0 32
OX D ( ) e
At the back surface (x = H)
66(H) Sh
=—="5(H 33
OX D ( ) 9

where Sf and Sb are respectively the recombination velocity of minority charge carriers at the junction and at the
back face; Sf is the sum of two contributions: [26]

Sf = Sf, + Sf, (34)
Sfy is the intrinsic recombination velocity at the junction induced by the shunt resistor and the Sfj is the re-
combination velocity related to the load imposing the point of operation on the photovoltaic cell.
3. Photocurrent Density

The photocurrent is obtained by the gradient of minority carriers at junction and is given by the following ex-
pression;

05 (x,Sf,Sb,2,0,K,0,,B)|

J(Sf,Sb, A, m,kl,p,B)=q-D-
( o,kl,¢,B)=q ™

(35)

x=0

where q is the elementary charge. On Figure 2, we represented the profile of photocurrent density versus the
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Figure 2. Photocurrent density module versus recombination velocity Sb. A =

0.6 pm; @ = 0.6 um rad/s.
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recombination velocity at the back side Sh:

The shape of this curve shows that for the photovoltaic cells of the type BSF (low Sb), the density of photo-
current is maximum for finally decrease until reaching a constant value for the great Sh values modelling solar
cells of an ohmic type.

4. Expressions of the Intrinsic Recombination Velocities at the Junction SF,.

The intrinsic recombination velocity at the junction recombinatoires characterizing certain phenomena of excess
minority carriers in solar cells surfaces, is investigated to check their qualities. Thus, studies have been con-
ducted on the determination of intrinsic expressions of recombination velocities at the junction into static re-
gimes, transient and frequency dynamic in monochromatic or polychromatic illumination. Indeed, the shape of
the curve of variation of the photocurrent density of the modulus versus the recombination rate at the back side
Sb shows that at high values of the recombination rate at the back side Sh, these curves show each horizontal
level. The gradient of the photocurrent compared to Sb tends then towards zero. Thus, the intrinsic recombina-
tion velocity at the junction is obtained by derivation of the density of the photocurrent (Jph) compared to the
recombination velocity at the back face Sh.

oJ
T 0 (36)
Depending on the system studied and the manner of illumination of the solar cell, a number of expressions of
the intrinsic recombination velocity at the junction Sf, have been proposed.
a) Static regime [27] [28]
When the bifacial solar cell is illuminated by its front or its rear face with a monochromatic light, the intrinsic
recombination velocity at the junction is given by the following expressions.
For illumination of the front face:

b La(/l){La(/l)ch(':]+sh(Tﬂexp(—a(1)H)
L

Sfy, (1) = (37)
La(ﬂ)sh(?jexp(—a(i) H )+ch(|:)exp(—a(/1) H)-1
For illumination the back face:
Lar(4)- La(/l)ch(HJexp(a(/l) H)+sh [H)exp(a(ﬂ) H)
sf,, (2) :% L L (38)

La(/l)sh(l:)exp(a(ﬂ) H)-ch [':jexp(a(/l) H)-+1

For simultaneous illumination of two face:

Da {1— (all_sinh (T) +cosh (TD exp(—aH )}
(39)
L(icosh (':j +asinh (':D -1

When the solar cell is under polychromatic illumination via its front or its rear face, expressions intrinsic re-
combination velocity at the junction are given by:
For illumination of the front face:

v oo v ()
Jomcrmfof oo

Sfo, (4)=

(40)

Sfy, =Y

3
i=1
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For illumination of the back face:

D-{sh(i)+bi~L~(exp(—bi -H)—ch(

- T

J

(41)
= L~{bi-L~sh(Tj+exp(—bi-H)—ch(Tﬂ
For simultaneous illumination of two face:
, D ~[bi : L~(1+ ch(TD-(l—exp(—bi H ))—sh(Hj~(1+ exp(-b, - H ))}
Sf,, = > (42)

i‘lL.[bi~L~sh(Tj'(9Xp(—wa) 1)+ (Ch( J j(“e)‘p( b H))}

Parameter b; is coefficient deduced from solar radiation under AM 1,5 [29].

In the three-dimensional model, the intrinsic recombination velocity at the junction which takes account of
recombination velocity at the grain boundaries is given by:

Under polychromatic illumination:

£tz

Sf, =D- : (43)

R 3
M MK - cosh(HJ+bi -Lk'j-sinh{HJ -exp(-b, -H)-1
[ H) = L j L j
cosh
k. j

Under monochromatic illumination:
Dna|l- ! sinh i +cosh exp —aH
aly L ij
Sf

)=
Ly 1cosh[ J+asmh Hj
Ly Ly Ly
. C:-
4~sin(Ck g*j-sin[ ! gyJ
2 2

R — (45)
4 gx'gy'Ck'Cj

(44)

with

k, j: directions related indexes x and y respectively.

Ly: Username scattering length associated with modes j and k in the database.
b) Transient dynamic regime [30].

When the transient dynamic regime is obtained by varying the operating point of a solar cell under constant
multispectral illumination, the intrinsic recombination velocity at the junction depends on the eigenvalues of the

transcendental equation is given by:
tan| . H —V/ VD (sf +sb) (46)
\/B w?-D—sf-sb
or
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v T 1) | 1
——=-H¢e| 0, n—=|-m/n+=| 47
el zM( (3 { “
The expression of the intrinsic recombination velocity at the junction is:
t//w/B-tan(\/W,.H]—Sb
Sfo(v)= D (48)

1+

v
tan H
s (")
In the presence of magnetic field, it has the same expression but with D which depends on the magnetic field.
We have:

. D,

D=D (B)=m (49)

c) Frequency Dynamic regime [31].

When illuminates the bifacial solar cell with a multispectral light frequency modulation, new expressions of
the intrinsic recombination speeds are obtained:

* For illumination from the front side, the intrinsic recombination velocity at the junction is given by:

sh| F |+, -bch| P |lev L
L L,
(50)
(2] H —bj-H
—|ch| —|+L,-b-shj —||-e
L(U L(U

« For illumination the back face, the intrinsic recombination velocity at the junction is given by:

D,-b -|ch Hl_gnn |- D g/ H
L(A) L(A) L[l)

3
Sfo, (0) ="
= ch [Hj —e™ —L b -sh [Hj
L(D Lll)

« If a simultaneous illumination of both sides, the intrinsic recombination velocity at the junction is given by:

o el el
el

l-j ot

2

S, (0) =3 7

(51)

(52)

Mw

Sfo, (@) =

fIN

In these expressions L, =+/Dr represents the diffusion length according of frequency. D, is

1+(7- )
the complex scattering coefficient according of frequency.

The profile of each intrinsic recombination velocity considered, shows an increase in speed as a function of
the modulation frequency of the illumination; with the result that it y' has a very significant recombination of
excess minority carriers in the junction of the photovoltaic cell. When one varies the incident wavelength, in ad-
dition to the modulation frequency, the same expressions of intrinsic recombination velocities above are ob-
tained. These recombination rates decrease as a function of wavelength.

5. Bode Diagram of the Intrinsic Recombination Velocity

The expression of the intrinsic recombination velocity at the junction of a photovoltaic cell in monofociale fre-
guency dynamic mode under monochromatic illumination in the presence of magnetic field and under irradia-
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tion energy is given by the following expression:

H . H —wH
. Le, —| Le, cosh| — |+sinh| — | |e™™
D’ (@Kl B)| ~* {O’t (Lj [Lﬂ 53
I— —oH H H H —o¢H
e cosh(Lj+Latsmh(L)e -1

Sf,, =

The phase of the intrinsic recombination velocity at the junction Sf, versus the logarithm of frequency for dif-
ferent values of the flow is shown in Figure 3.

It is noted that the quasi-static regime Sf phase is negative, so the capacitive effects predominate, by dynamic
system comprises a frequency, the phase Sf is both negative and positive. In this case, simultaneously inductive
effects and capacitive effects.

6. Nyquist Diagram of the Intrinsic Recombination Velocity at the Junction and
Model Electrical Equivalent

In Figure 4 we represent the Nyquist diagram of the recombination rate at the junction for different values of the
irradiation energy.

To better interpret Figure 4, there is shown in Figure 5 the imaginary part as a function of the real part of the
intrinsic recombination velocity at the junction to a value of the irradiation energy. Then the imaginary part of
the intrinsic recombination velocity at the junction Sfy; is plotted against the logarithm of the modulation fre-
quency in Figure 6.

Graphically, we find that «, =10°2 rad-S™

It is observed that these curves have an elliptic form with values negative and positive of the imaginary part of
Sfy which justify the capacitive and inductive effects previously cities. One deduces from it that the energy lost
by capacitive effect is entirely restored by inductive effect, which justifies the stability of our model.

Nyquist diagram of intrinsic recombination velocity allows us to determine two specific values of this veloci-
ty for a value of the irradiation energy. One corresponding to the diameter of the ellipses denoted Sfy , (for w—)
and the other denoted Sfys (for @—0) (see Figure 5). Thus assimilating the values Sf, s and Sfy, of this velocity
to the operating points respectively in open circuit of the solar cell and short circuit of the solar cell. We can de-
termine the series resistance R, (related to Sfy ) where open circuit of the solar cell and parallel resistance R,

4 T T r T r T T T

d\ _

Phase of Sf (degre)

log ()

Figure 3. Phase of Sf versus logarithm of « for various irradiation energy. B
=10°T; Kl = 10 cm?s; A = 0.6 um; ¢ = 50 MeV.

()
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> —— 200 MeV
& 500t —— 250 MeV
{@)]
g -1,0x10* F
-1,5x10*
-2,0X104 | 1 L 1 L 1 L 1 L 1 L 1 L 1

-35x10* -3,0x10* -2,5x10° -2,0x10* -1,5x10* -1,0x10* -5,0x10° 0.0
Reel of Sf (cm/s)

Figure 4. Imaginary part of Sf versus its real part for various irradiation energy. B = 10°° T; Kl
=10 cm?s; 2= 0.6 um 1: ¢, = 50 Mev; 2: 4, = 100 Mev; 3: ¢, = 150 Mev; 4: ¢, = 200 Mev; 5:

$p = 250 Mev.
210 <1 f ' ‘ ]
b1ty 2x10° 1
or Tx10° - Sfois
X100 | ol |
2% 104 l : X 10 . ‘ . .
3x10° 2x100 -x100 0

-100  -80  -60 -40 20 0

Figure 5. Imaginary part of Sf versus its real part.

(related to Sfy,) where short circuit of the solar cell by using calibration curves R (Sf,) and R (Sfy) [19].
For that, it is necessary to project the value of Sf, from the calibration curve for the corresponding resistor in
each case for various irradiation energy.

The Figure 7 shows the equivalent electrical circuit of the intrinsic recombination velocity at the junction
when using the Nyquist diagram (Figure 4), characterized the capacitive and inductive phenomena observed in
the representation of the frequency depending on the phase (Figure 3) where C is the capacitance; L is the in-
ductance and the parallel resistance R, characterized carriers flight resistance at the base-rear contact interface

Knowing the values of the parallel resistor R, and cutoff frequency value [34] we can deduce the capacity
from the relation ship:

21
R, C=— (54)

W
From this Table 1, we find that when the value of the irradiation energy increases, the resistance decreases Rp
which is due to the slowdown in minority carrier diffusion caused by irradiation. Consequently, the intrinsic

properties of the solar cell are damaged; this implies a lower quality of the cells [32] [33].

()
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Figure 6. Imaginary part of Sf versus the logarithm of w. B = 107° T; KI = 10 cm%s; 4 = 0.6
pm; ¢ = 50 Mev; B = 107° T; KI = 10 cm?%/s; ¢ = 50 Mev; 1 = 0.6 um.

SOO000 -
L

Figure 7. Equivalent electric model.

Table 1. Electric and intrinsic parameters of the intrinsic recombination velocity at the junction Sf,.

#p (MeV) R, (Q-cm?) Rs (Q-cm?) C(F)
0 3.86 x 10* 8.49 1.02 x 107"
50 3.26 x 10* 7.21 121 x107%
100 2.86 x 10* 6.61 1.38 x 107
150 2.53 x 10 5.56 1.56 x 107°
200 2.27 x 10* 4,99 1.74x 107"
250 0.24 x 10* 452 16.5 x 1070

7. Conclusion

A theoretical study has been performed on the intrinsic recombination velocity at the junction of a Sf, monofa-
ciale silicon solar cell and under monochromatic illumination modulation frequency and irradiation. This study
allowed us to remember the expressions of the global generation rate depending on the type of illumination and
expressions of the diffusion coefficient according to some electrical parameters. In addition, the study of the in-
trinsic recombination velocity at the junction has allowed us to highlight the different relationships of the intrin-
sic recombination velocity at the junction following the plans and the type of illumination. Indeed, this study

)
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also allowed us to show that frequency dynamic regime, the model of the recombination rate at the junction Sf,
is ideal. Moreover with an applied irradiation energy, recombination of the minority carriers is slowed. Taking
into account these results, an equivalent electrical model of the intrinsic recombination velocity at the junction
has been proposed.
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