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Abstract

An algorithm for the calculation of solar cell parameters (series and parallel resistance,
diode coefficient, reverse current density) calculation from its current—voltage characteristics
at fixed illumination intensity is proposed. The possibility of determining the p—n junction
depth on the basis of spectral dependencies of diode photocurrent at different values of the
applied bias voltage is shown.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Significant elevation of solar cell (SC) efficiency can be achieved by optimization
of physical and technological SC parameters and their exact correlation with sun
spectrum. This is possible only with the creation of a nondestructive control system
for SC parameters in all stages of SC manufacture. In our work we present different
nondestructive procedures which allow us to determine series Rg and parallel Rp
resistance of SC, diode coefficient A, reverse current I, and p—n junction depth d.
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2. Solar cell parameters determination at fixed illumination intensity

There are a number of methods to determine SC parameters based on the analysis
of several I~V characteristics of SC measured at different illumination intensities
[1-3]. All these methods are developed under an assumption that SC parameters
obtained from such measurements (Rs, Rp, A, Iy) do not depend on the illumination
intensity. However, such an assumption is not always correct [4]. Therefore the
determination of SC parameters from /-V characteristics at a fixed level of excitation
is more preferable.

As is known, I-V characteristic with regard to SC series and parallel resistance can
be written as [4,5]:

e(U+ IR IRs + U
oo ) )

where e is the electron charge, k the Boltzman constant, T the temperature, / and U
are the load current and voltage, respectively.

It can be assumed that photocurrent I, and short-circuit current Isc are equal to
each other, i.e. Isc* I,h. Indeed, the numerical calculation shows that inaccuracy of
such an assumption for the typical SC is about 4% for the illumination conditions of
AMI1 and 6.5% at an illumination 10 times greater than AM1 (see Fig. 1).

Eq. (1) can be written for the points (U =0, I = Isc) and (U = Ugc, I = 0). Let
Eq. (1) be differentiated with respect to voltage for these points. Moreover, let the
parameter A be assigned a particular value.
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Fig. 1. Dependencies of photocurrent and short-circuit current of SC on the illumination intensity.
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As a result, we obtain four equations:

IscR IscR
0=—Io<exp(e( sC s))_1>_ scRs

- AkT Rp
0=1Isc — I (exp(e(;;{(;g)) — 1) — UR—(;C,
(I/U)_1|U=O =a= —I, +A1:;_§S/i Al;{];/e — Rs,
Iy, =b= i IS/C!ZT% —a — Rs.

Solving this system of equations, we can deduce the following expressions for
determination of SC parameters:

1/2
1 2 Uoc\’ U
Rs=—3 (a—b)2+—q(a—b)+<ﬁ> +@a+h+—>=,
2 ISC ISC ISC
Uoc
Rp = AKT[e _ AKT/e | 7 —* )
b+Rs - a+Rg + sC
Isc Uoc
Ip=————, 4
Ty Re ®)
where
2 U
q= Uocy+ —2A4kT /e, y= expilk(;? -1,
a= (I/U)_1|U:0’ b= (I/U)_l ’1:0' )
In so doing, it is presumed that
Rs
1+—~1.
+RP

The last assumption is quite applicable to a high accuracy for commercial SCs. The
values of Upc, Isc and T can be determined experimentally. The correctness of the
assumed value for parameter 4 can be proved by its comparison with the one
obtained from the next equation:

A_L(UM—IMRS)(ISC—FIO_] _%}[\’4)

= o ,
kT Im — 3

where Iy, Uy are the current and voltage associated with a maximal power under
load.
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Note that there is a possibility of arising of experimental difficulties during
investigation of I~V characteristics of high-effective SCs concerning to determination

of value of parameter a = (I/U)_1 ‘U . (see (5)). As is known, I-V characteristic curve

of high-effective SC is close to straight line parallel to the voltage axis in vicinity of
Isc point. Therefore, frequently it is impossible to determine the slope angle of I-V
curve to voltage axis close to Isc point, i.e.

a— —oo. ©)

This circumstance creates some impediments in practical using of expression (2) and,
consequently, (3) and (4). Let us simplify expression (2) according to condition (6):

1/2
1 2 Uoc\’ U
Rg = —~ <(a—b)2+[q(a—b)+<oc>> +(a+b)+-5
SC
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According to (5), expression for parameter ¢ determination can be rewritten as

exp %(OTC + 1

exp %{C’Tc -1

For the illumination conditions close to AMI1 value Ugc exceeds parameter AkTT in
several times, and so expression (7) can be easily transformed to

q = UOC — 2AkT/€
So, under the condition ¢ — —oo the expressions (2—4) look in the following way:

AkT I
/e Rp — o0, Ig=—X.

Rs = |b| — ,
Isc Y

3. Determination of the p—n junction depth

The p—n junction depth may be obtained by different methods: low-angle and
spherical bevelling [6]; calculation of depth of linearly graded p—n junction from the
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known dopant distribution [7]; determination of the p—n junction depth from the
maximum spectral photoresponse [8]; determination of the recombination para-
meters from spectral dependencies of SC short-circuit currents under front- and
back-side illumination [9]; calculation of the p—n junction depth based on its spectral
characteristics using variation of the surface recombination velocity [10].
Unfortunately, no methods satisfy the following requirements completely:

e taking into account the construction peculiarities of commercial SCs (small depth
of p—n junction, the presence of continuous back-side metallization, high doping
of the surface layer, etc.);

e nondestructive character.

Below we propose a nondestructive method for the p-n junction depth
determination which is based on analysis of the spectral dependencies for SC
photocurrent at different applied bias voltages and takes into account the above-
mentioned peculiarities of commercial SCs.

Fig. 2 shows the sketch of different SC regions. Here W is the space charge region
(SCR) width, L, the diffusion length of electrons in p-type region, L, the diffusion
length of holes in n-type region, x; the boundary of SCR in n-type region, d the p—n
junction depth, H the thickness of quasi-neutral part of p-base and H’ the total SC
thickness.

As is known, the density of photocurrent arising due to the generation of carriers
in SC consists of three components

J:Jp+Jn+JSCR,

where J,, is the current density of holes that are generated in region 1 and arrive at
SCR; J, the current density of electrons generated in region 3 and arriving to SCR;
Jscr the current density of carriers generated in SCR (region 2).

The last component of current can be calculated according to

Jscr = eF(1 — R) exp(—ax;)[1 — exp(—aW)],

where F = F(4) is the spectral density of photon flux, R = R(1) the reflection
coefficient, & = a(A) the absorbtion coefficient and 4 the wavelength.
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Fig. 2. Sketch of critical SC regions.
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The width of SCR can be expressed as
W =z(Uy+ U)'7, ®)

where U is the built-in potential of p—n junction and U the applied voltage.

Let us assume that z is a constant that is independent of the SCR width. In reality,
this is true for the depletion region with constant dopant concentration, i.e. Eq. (8) is
applicable to the abrupt p—n junction only. As is known, for the abrupt p—n junction
with highly doped n-region one can write

Xp > Xn, )

where x,, and x, are the widths of SCR in p- and n-regions, respectively.

We analyze the dopant distribution in more realistic linearly graded p—n junction
of SC. As seen from Fig. 3, practically the distribution of a noncompensated dopant
in p-region of the linearly graded p—n junction corresponds to that in case of the
abrupt p—n junction. Therefore, Eq. (8) can be used with high precision for
description of the linearly graded p—n junctions in SCs.

Hence, by virtue of x> x, we have

(x/)/W = 07
that in its turn gives
)y =0.
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Fig. 3. Calculated distribution of dopants in typical commercial SC.
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Now we obtain the expression for J,. At low excitation level the 1D steady-state
continuity equation for electrons in p-type region can be written as follows:
Dy, 1dJ,
——(mp —npo) +———=0,
In LZ( 14 pO) e dx

n

where n, is the total electron concentration, np, the equilibrium electron
concentration, D, the diffusion coefficient of electrons and g, the generation rate
of electrons.

The current density of electrons is defined by expression

dn
Jo =eunpE + eDnd—):,

where , is the electron mobility and E the electric field intensity.

We introduce the last expression into the continuity equation and suppose that
E = 0. Indeed, the gradient of a noncompensated dopant in the p-type region is
negligibly small (see Fig. 3). As a result, we can write

2
dn, D

D,—~

n —oX
h —— (np — npo) + aF (1 — R)e™ = 0.
dx? 12

Hence

Jo = eF(1 — R)D, <d"1°) .
d'x X,‘+W

As was shown in Ref. [11], with the use of the boundary conditions
np = np0|x=x_,-+W’

dn
Sn(”p - npO) = _Dnd_):

>

x=H'

(S, 1s the velocity of surface recombination of electrons on the back-side surface of
SC), one can obtain the next expression for the electron current density:

F(l — RyL,
Jo = eﬁexl?(_“(xj + W)
(32n) (ch2Z = exp(—2H")) + sh2L + oLy exp(—H))
X |oLy — :

(%:Ln>sh% + ch%
Let us impose the following restriction:

aH'>1 = exp(—oH') ~ 0, (10)

H H
exp (L_> > exp (— L_> (11)
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The requirements of Egs. (10) and (11) imply that the proposed method is
applicable for “‘thick” cells, i.e. for the cells where we can neglect a part of the
carriers which arrive at the back-side contact of the illumination corresponding to
the fundamental absorption edge.

Taking into account Egs. (10) and (11), we obtain

(1) o) - (1)
CAEGENE

exp(—a(x; + W))

F(1 — RyaL,

J, =
" w2L% — 1

exp(—a(x; + W)) |aLy, —

_ P = RaLa(aLy ~ 1)
B WL —1

_ F(l — Ryal,
= ¢ oLy + 1

Thus, current density can be written as follows

J =Jp+eF(1 — R)exp(—ax;)(1 — exp(—al))
F(1 — RalL,

+ EWGXP(—O((XJ + W))

Measuring experimentally the current values at different applied bias voltages, we
can obtain the relation
J1 —J2 = eF(1 — R) exp(—ax;)[exp(—aW2) — exp(—aW1)]
F(1 — RyoL,

_ EW exp(—ax;)[exp(—aW2) — exp(—aW1)],

exp(—a(x; + W)).

and determine the parameter x; from the equation as follows:

eF(1 — R)exp(—aW?2) —exp(—aW1)
1+ ol J1—J2 '
Here J1 and J2 are current densities for two different values of the applied bias

voltage, W1 and W?2 the corresponding values of the SCR width.
The parameter z can be found from the following equation:

J2=J3 exp(—az(Up + Up)'"?) = exp(—az(Up + U3)'/»)

J1—=J2  exp(—az(Ug + U1)'?) — exp(—az(Ug + U,)'/?)
where J1, J2 and J3 are the current densities corresponding to the applied bias
voltages U, U, and Us, respectively.

Let us assume that d = x;, then we obtain the next expression for the p—n junction
depth:

1
Xj:&h'l

g L eF (= R)(exp(=oz(Uy + U2)'"?) — exp(—oz(Uy + Un)'"?)
T (aLn+ 1)(J1 — J2) '

It is seen from Eq. (12) that the determination of the p—n junction depth requires

knowledge of the value of the diffusion length of electrons. To determine L, one can

use the procedure described in Ref. [12].

(12)




M. Tivanov et al. | Solar Energy Materials & Solar Cells 87 (2005) 457465 465
4. Conclusion

In this work, methods for the determination of different solar cell parameters are
developed. The calculation of series and parallel resistance, diode coefficient and
reverse current density of SC is based on the analysis of its current—voltage
characteristic at fixed illumination intensity. As is shown, the p—n junction depth can
be determined from the measurements of spectral dependencies for the diode
photocurrent at different values of the applied bias voltage.
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