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Abstract

The lumped series resistance R of large-area silicon solar cells, obtained from current—voltage (/-U) data according to the two-
light-level method, varies along the /~U characteristic. Such a variation can most simply be described by the linear-response
series resistance model (LR-R;), recently developed in connection with luminescence imaging. Here, independently obtained
experimental data are used to test the applicability of the LR-R; model to R, data based on /-U characteristics. After subtracting a
non-distributed part from the measured R, data, the inverse of the remaining distributed part shows a scaling proportional to the
inverse of the bias-dependent diode resistance; a slope value of 1 is used as predicted by the LR-R; model applied to a laterally
one-dimensional geometry. The same experimental data have previously been interpreted based on a mathematically rather
complicated model published already many years ago; just recently it was found that in some cases this model may lead to
unphysical results. The present LR-R; model based proper interpretation of the variation of the lumped series resistance along the
[-U characteristic leads to a roughly half-by-half splitting between the distributed and the non-distributed part of R;. This share
has been observed many years for “economically reasonable” solar cells investigated by the CELLO technique. The successful
usage of the LR-R; model for /-U based R, data is a strong hint that its underlying physical concepts are of general validity.
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1. Introduction

The conventional two-diode model is the standard description for the current—voltage (/~U) characteristic of a
silicon solar cell. This equivalent circuit model contains the following parameters: photocurrent density (Jpn),
saturation current density and ideality factor of first and second diode (Jy1, Jo, and ny, n,, respectively), lumped series
resistance (R,), and global parallel (shunt) resistance (R,). Experimentally, however, it is found that the series
resistance of large-area silicon solar cells changes along the /-U characteristic. This effect is due to R, partly being
distributed; it is known since many years (cf., e.g., [1-6]). Since in the conventional two-diode model Ry is constant,
this model does not hold correctly at high injection levels. There are some theoretical works in the literature
describing this variation of R, along the /-U characteristic (cf., e.g., [7-10]), most of them making use of quite
intricate mathematics. However, only recently it was shown that in cases of practical relevance this variation can be
described quite simply [6] and that one of the previous theoretical approaches [9] in some cases may lead to
unphysical results [6] (see also the discussion below). In previous works [11, 12], measured /-U data were
interpreted according to the latter series resistance theory [9], so it is not clear whether their Ry description is
accurate. Here, we use the previously published /-U based series resistance data [11, 12] to test the applicability of
the newly proposed linear-response series resistance (LR-R;) model that so far is well confirmed only for
luminescence [6] and CELLO measurements [13] (and references therein).

2. Experimental

In the present work, we re-interpret already-measured data, originally published in [11, 12]. Nevertheless, here
we give a brief summary about how those data were obtained and how the lumped series resistance was extracted.
The measurement of the /-U characteristics was done on a water-cooled measurement chuck, always keeping the
cell at 25 °C (even under varying illumination). To that end, the solar cell surface temperature was independently
measured by an IR thermometer. Two different multi-crystalline silicon solar cells with full-area Al back surface
field have been investigated: cell A is a standard industrial cell of size (156 mm)?, whereas cell B is a research lab
cell of size (125 mm)?; further specifications can be found in [11, 12]. The cells were sucked on to the chuck by
vacuum and were biased by a four-quadrant power supply. A four-probe contact scheme was used including
additional sense pins contacting the middle of each front side busbar and one pin sensing the rear side contact. The
I-U measurements were made both in the dark as well as under illumination (with light of 850 nm).

From the measured /-U data, the lumped series resistance data (varying along the /-U characteristic) were
extracted as described in detail in [11, 12]. Here, we only give a brief summary of this procedure: From the low-
voltage part (where R, can be neglected), the two-diode model parameters were determined for fixed n, = 1. From a
comparison with the measured open-circuit voltage (where R; is irrelevant), for cell A the value of n; was slightly
increased to account for an injection-dependent lifetime, and the value of Jy; was adjusted to match this value of ny,
altogether reproducing the measured open-circuit voltage [11, 12]; for cell B, n; remains unity throughout.

Knowing all the two-diode parameters enables one to calculate the effective diode voltage (in the standard one-
diode equivalent circuit) for the illuminated /-U characteristic at all lumped dark diode currents, Up c..(/p), and thus
to evaluate the lumped series resistance (in m€2) corresponding to this lumped dark diode current / according to

Uext,dark (]D ) - UD,calc (]D ) (1)
I '

Rs([D):

Since two pairs of /-U data (one directly from the dark characteristic, the other calculated from the two-diode
parameters that reproduce the illuminated characteristic) are used for this R, determination, belonging to the same
dark diode current, this method to obtain R, from the measurements follows the same concept as the two-light-level
method for the determination of the series resistance (cf., e.g., [1, 3, 4]). For the application of the LR-R; model
(explained in the following section), the lumped dark diode current (varying over several ampere) is converted to the
inverse of the lumped effective diode resistance Rp (i.e., the lumped effective diode conductance Gp) by
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with Uperm = kT / e. The R(Gp) data are shown for cell A in Fig. 1(a), together with curves stemming from the LR-
R model. For cell B, the corresponding data are shown in Fig. 2(a). The data shown in Figs 1(b) and 2(b), being
related to the distributed part of the series resistance only, are described and discussed below (Sects. 3 and 4).
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Fig. 1. Series resistance data of cell A (standard industrial Al BSF multi-crystalline silicon solar cell, edge length: 156 mm). (a) Lumped series
resistance (black squares: measured data [11, 12], red points: LR-R; model) versus reciprocal diode resistance. (b) Inverse of the distributed part
of the series resistance (black squares: measured data, red points: LR-R; model) versus inverse of the diode resistance; the LR-R; model data form
a straight line with a slope of g = 1 [cf. Eq. (3) below].
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Fig. 2. Series resistance data of cell B (Al BSF multi-crystalline silicon solar cell, edge length: 152 mm). (a) Lumped series resistance (black
squares: measured data [12], red curve: LR-R; model) versus reciprocal diode resistance. (b) Inverse of the distributed part of the series resistance
(black squares: measured data, red curve: LR-R, model) versus inverse of the diode resistance; the LR-R, model data form a straight line with a
slope of g =1 [cf. Eq. (3) below].
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3. Modeling

The properties of the LR-R; model have been described extensively in Ref. [6] (see also references therein) and
are briefly reviewed here. In the latter publication, a luminescence imaging approach is used to separately determine
the distributed part R,"™" of the total series resistance. (Note that although in [6] luminescence images were used,
here the LR-R; model refers to the /umped series resistance.) Motivated by previous CELLO series resistance
evaluations [13] (and references therein), the inverse of the distributed part of the lumped series resistance is plotted
versus the lumped effective diode conductance Gp = 1 / Rp, which is a measure for the overall injection level of the
whole solar cell. In this plot one obtains a straight line with a certain slope g. The intersection of this straight line
with the ordinate gives the inverse of the average distributed series resistance for infinite diode resistance and is
therefore called R;,, '. One can therefore express the observed linear relationship as

Lt G
RSISF R RD

$,00

This distributed part just adds to the non-distributed part, i.e. Ry = R;“mdim + deis“, so the total series resistance is

Rs — Rsnnndistr + 1 . (4)
I/Rs,oo + g/RD

This expression, directly derived from experiment [6], results in a new equivalent circuit, Fig. 3, deviating only
slightly from the conventional one but fully including the variation of R, along the /-U characteristic due to its partly
distributed nature. The diode in this equivalent circuit is the first diode of the conventional two-diode model since
this diode determines the overall injection level at the voltages where the decrease of the series resistance occurs.

nondist

Fig. 3. Equivalent circuit corresponding to the LR-R, model, Eq. (4), consistent with the variation of the series resistance along the I-U
characteristic due to the varying diode resistance Rp, (i.e., including the dark-diode-current dependence of the series resistance).

To understand this lumped equivalent circuit from a theoretical point of view, as motivated by the experimental
observations noted in [11, 12] also here we consider an effective laterally one-dimensional geometry for the
analytical description of the distributed series resistance (from which the lumped properties are derived). The details
of the calculation are given in appendix A, but the underlying concept is briefly explained here. The basic steps that
are described in the following are the general framework of the theory behind the LR-R; model; they are always
applied, independent of the geometry and dimensionality under investigation (e.g., a 2D model was treated in [14]).

The first basic step of our approach is to consider, for a fixed lumped dark diode current determining the solar
cell’s working point, the small-signal response of the external voltage to a change in external current, both being
deviations from the given working-point values; this explains why our approach is termed linear-response series
resistance (LR-R;) model. Basically, in this small-signal regime one is allowed to linearize the diode behavior. Still,
the series resistance resulting from these small-signal quantities equals the series resistance obtained from the two-
light-intensities method (also called “double illumination method™) [1, 3, 4] at that working point, Ry = AUy / Aley
(cf. Fig. 4) for larger (i.e., usual) voltage and current differences, since the small-signal case is the limiting regime
for decreasing differences of external voltage and external current strength.
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Fig. 4. Series resistance determination according to the two-light-level method (also known as double illumination method): From measuring two
pairs of /-U data corresponding to the same lumped dark diode current I, the series resistance corresponding to this lumped dark diode current is
obtained as Ry = AU,y / Aley.

The second basic step of the LR-R; approach is to treat the voltage response in different orders of the (effective)
emitter sheet resistivity py, and consider lateral series resistance effects as deviations from a perfect zero-resistance
grid [15]. This is permitted since the emitter resistivity of standard industrial solar cells is rather low; that this
approach is also physically justified comes out as a fundamental result. This basic idea — to make use of the fact that
lateral voltage variations on real solar cells are typically small compared to the thermal voltage — is by far not new;
it was already discussed and employed by Boone and van Doren [16] for what they called “properly designed” solar
cells. It turns out that for “properly designed” solar cells (also called “economically reasonable” later on [17]) only
the first order in py, is relevant (indicated by the index “1” in the following) [15].

Last but not least, the third and most far-reaching step of our theoretical approach is to obtain self-consistency
with respect to current conservation in each order of the sheet resistivity (for the details see the appendix); only this
brings in the variation of R, along the /-U characteristic. In the first order of py, and for the order-specific current-
conservation-based self-consistency, the distributed part of the series resistance is [cf. Eq. (A-21) in the appendix]

dlistr: 1 +L' (5)
Ry R Ry

3,00

Therefore, in the relevant voltage range this model predicts a slope of g = 1 [compare Eq. (5) with Eq. (3)] for the
linear dependence of 1 / R™" on 1/ Rp.

From Eq. (5) one can understand the reason for the variation of R, along the /-U characteristic in a very simple
way: This equation represents a parallel arrangement of two resistors, R, and Rp. At low voltages, when the
lumped diode current is small and therefore the lumped effective diode resistance Rp is high [cf. Eq. (2)], one has
that R"™" = R, .. However, for higher voltages where the lumped diode current starts to increase significantly, R,"*"
becomes smaller — because the diodes shorten some of the current so that the average lateral distance for current
flow is reduced. This also explains which parts of the series resistance are distributed and which are non-distributed:
All lateral paths that can be bypassed via the p—n junction are distributed, and the rest (as, e.g., the contact resistance
or the resistance of the metallic grid) is not.

4. Results and discussion

In the previous works [11, 12], the present experimentally determined R, data were interpreted in terms of a
model based on theoretical results taken from Ref. [9]. Although meanwhile it was shown that the latter in some
cases may lead to unphysical results [6], here we re-use the total series resistance value specified in [11, 12] for the
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lowest injection, since in this regime the possible error is negligible. These total R, values (which equal R,"™" +
R, since, at low injection, Rp — o) are 3.94 mQ for cell A and 4.42 mQ for cell B. The LR-R; model curves are
obtained by imposing g = 1 and varying the non-distributed part that is subtracted from the total value, thereby also
fixing the R, value, until a good match between the measured and the model data in Figs. 1(b) and 2(b) is obtained.

This way, the LR-R; model curves for cell A, shown in red in Fig. 1, are obtained with R, = 1.95 mQ and
RSN = 1 99 mQ, and for cell B the values are R, =2.45 mQ and RJOMIST = 1 97 mQ. That for each cell these
numbers are quite similar, matches perfectly to observations made over many years on the share of the distributed
and the non-distributed part of the total series resistance of “properly designed” solar cells investigated by the
CELLO technique [17]: The distributed and non-distributed parts of R, have practically always been found
approximately equal in magnitude. This points to the series resistance of a solar cell being an efficient engineering
solution: Any noticeable imbalance between these two parts of R; would mean that either unnecessarily high losses
or unnecessarily high effort (“over-engineering”) were involved.

Finally, we want to make two remarks about the problems related to the theoretical work of Aratjo et al. [9] that
go beyond the one already noted in Ref. [6]. In their work [9], current and voltage distribution in a one-dimensional
geometry are determined as general as possible, and both the analytical and numerical results are accurate. However,
then they derive an effective series resistance by assuming Ry in the standard one-diode model to be external-
current-dependent, R(/.), which introduces a fundamental systematic error. This can be seen from their statement
accompanying their Eq. (18) defining the current-dependent series resistance: “This common [...] definition of
Ry(Ix) permits us to represent the solar cell by an equivalent electrical circuit formed by an intrinsic diode and a
lumped resistor in series.” Unfortunately, this is not true in general. In fact, just the opposite is correct: Only if one
knows already that the whole solar cell can be described, on average, by the same values for the local series
resistance and the local diode properties, then such an equivalent circuit may be used as a physically justified
approximation for the whole solar cell, and then also their Eq. (18) equation holds. However, as soon as there are
significant lateral inhomogeneities, this approximation becomes invalid, since then it is not the whole solar cell
anymore for which the very same values are locally appropriate on average. And indeed, there are cases in which
such inhomogeneities do occur (e.g., under certain loading conditions), as has been discussed by Araujo ef al. in
detail for the phenomenon of current crowding.

However, even if there are no inhomogeneities that hinder the usage of an equivalent circuit, it is not advisable to
use its relevant equation to introduce a lumped series resistance. This is so because from this equation one obtains an
expression for Ry which makes it a function of many parameters, namely Ry(/ext, Uexs> Lo, Jo1, 111). Nevertheless, as we
have seen from the LR-R, model, all these dependencies are irrelevant, since the only relevant one is the dependence
on the dark diode current, i.e. Ry(Ip) — independent of the strength or the flow direction of the other currents [6].

5. Summary and conclusions

For the first time, the LR-R; model (originally developed for luminescence and CELLO measurements) has been
successfully applied to injection-dependent series resistance data obtained from /-U characteristics, leading to a
physically meaningful interpretation of the series resistance behavior. This is a strong hint that the physical concepts
underlying the LR-R; model and its consequences (e.g., the straightforward explanation of the variation of R along
the [-U characteristic) are of general validity for “properly designed” (=“economically reasonable”) solar cells.
(Note that the LR-R; model relies on typical properties of such cells and is not thought to be generally applicable.)
Further work is needed to determine the g values of different data sets, resulting from various measurement
methods, solar cell types, and solar cell geometries.

The equivalent circuit belonging to the LR-R; model is nearly as simple as the standard one from which it
deviates only slightly, but it fully includes the variation of R, along the /-U characteristic due to its partly distributed
nature. Most importantly, it describes correctly the physical dependency behind this variation: In all cases, the
lumped series resistance depends only on the lumped dark diode current /p. Thus, it is important to perform all
related series resistance measurements at a fixed /p and repeat the measurements for different 7p,.
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Appendix A. Details of the LR-R, model (one-dimensional approximation)

Here we show how to obtain the lumped LR-R; model expression for the distributed part of the series resistance,
Eq. (5), from an effective one-dimensional description of the full solar cell; it turns out that this simple description
can provide sufficient information about the lateral voltage distribution to reasonably describe the lumped R; effects.

A.1. Basic approximations

Let x = 0 be the center between two busbars of length /, located at x =+b and running in y direction. From local
measurements it is found (cf. [11] and references therein) that the voltage variation on the front surface of the solar
cell is largest in x direction, and the variations in y direction are much smaller. This means that also the current
distribution is mainly determined by the voltage variation in x direction. Accordingly, we introduce an effective one-
dimensional description of the full two-dimensional voltage distribution of the solar cell by averaging all extensive
solar cell properties (local photocurrent /,,, local dark saturation current /y;) and the series resistances (emitter sheet
resistance) along the y direction. For solar cells made from multicrystalline silicon (mc-Si) that do not show a spatial
correlation of local series resistance and local diode properties (i.e., for a sufficiently random variation of local diode
properties [18]), this results in laterally homogeneous effective diode properties; then, for any given working point,
in this effective 1D description Rp and the photocurrent are laterally constant. Due to this averaging in y-direction,
the emitter is described by an effective (i.e., including the influence of the grid fingers) sheet resistivity pg fs.

The lumped currents /. (external current), /,, (photocurrent), and /p (dark diode current), the latter two being
taken as positive quantities, fulfill the conservation relation /.« = Ip — I,». The local vertical current density J. at the
p—n junction is given by J.(x) = Jp(x) — Jyn. In the following, we employ a general notation principle: an overbar
indicates all quantities referring directly to the solar cell’s working point under investigation, while a tilde indicates
all small variational quantities (deviations from this working point). The voltage distribution between the busbars is
given by a function U (x) . For the series resistance determination we consider the small additional voltage U (%),
i.e. we consider the full voltage U(x)=U (x)+ U (x) (analogously for all other quantities). For symmetry reasons,
the calculation is carried out for x = 0...5 only; the transfer to the full situation is easy. As an approximation, we
refer to the solar cell’s working point by a lumped, area-related small-signal diode conductivity K (originally
introduced in [14]), which is related to the current—voltage characteristic of an ideal diode (i.e., without any series
resistance involved) by

1 dJ,
K=Zrav), -y
A

with the active area 4 = bl and I, referring to this area. As discussed above, we describe the change in the local dark
current density by J, p(x)= KU(x) with a laterally homogeneous value of K, which is related to Rp by K= Gp/ 4

=1/(Rp A); cf. Eq. (2). Thus, the small-signal part of the vertical current density is given by jz (x)=K U (x)- jph .
To eliminate the contribution due to the photocurrent variation, we use the substitution

U(x)=U"(x)+ Ty [K (A-2)

(i.e., the homogeneous small-signal photocurrent just leads to a homogeneous offset in the small-signal voltage) and
arrive at the linearized expression for the diode’s and the photocurrent’s deviations from the working point:
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J.(x)=KU*(x). (A-3)

We now specify the basic differential equation governing the lateral voltage distribution, which is the standard
Poisson equation for the 1D geometry in the linear-response approximation. The following current conservation
relation holds for the small-signal lateral emitter sheet current: Since any current leaving the emitter [cf. Eq. (A-3)]
comes from the external contact (which here is the busbar) at x = b and flows in opposite direction to the x-axis
(therefore the minus sign in the following equation), one has:

T (x) = —zJ' KU* (x)dx . (A-4)
0

The busbar length / appears as a factor because of the homogeneity in y-direction present in this model. From Ohm’s
law for the small-signal lateral sheet current density,

U* 1. (x)
dx (x) = ~Psh,eff Iatl > (A-5)
one therefore has (since K is constant)
au* [
()= e K[ U7 () (A-6)
0

From a further x-derivative, one obtains the basic differential equation for the linearized 1D case. For its solutions,
the following boundary conditions are relevant: The external boundary condition, TIat(b):—Text (as an external
current, T oxt 18 taken as positive when flowing into the solar cell, but internally it flows in opposite direction to the
x-axis, therefore the minus sign), expresses that at the busbar at x = b the lateral current equals the external current:

b
Text = ZKJ- U* (X') dx, . (A'7)
0
The internal boundary condition obviously is 1~1at(0) =0, which by Eq. (A-5) gives %(0) =0.

A.2. Small-signal lumped series resistance determination

For small differences in external voltage and external current, the lumped series resistance according to the two-
light-intensities method, Ry = AU,y / Al (cf. Fig. 4), obviously corresponds for our small-signal formalism to

Ry =Upy [T (A-8)

for constant Ip, i.e., for TD = 0. This requirement enforces a certain dependence between U oxt and T, ext » Which will
now be derived. According to the substitution defining U”(x), Eq. (A-2), we have that

U =UB)=U*B)+ T /K . (A-9)
We define the auxiliary function [that follows from the solution of Eq. (A-6)]
R(x)=U"(x)/T s , (A-10)

so with .7ph = Tph / A and (KA)™" = Rp, Eq. (A-9) becomes

Ue = RO) Iy + Ry Iy, - (A-11)
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This shows how, in general, a change in the external small-signal voltage is related to independent values of the
small-signal currents /., and Tph . For the lumped series resistance determination according to Eq. (A-8), however,

T, p =0 is mandatory, so there is no such independence. Instead, one obviously has 0 = T, D= Text + Tph , so that

Tow =~y - (A-12)

For the series resistance determination according to the two-light-intensities method any variation of the photocur-
rent must exactly be compensated by a related change in the external current to keep the diode current constant.
Inserting this into Eq. (A-11), we have from the fundamental small-signal series resistance definition, Eq. (A-8), that

R, =R(b)-Rp. (A-13)
A.3. Self-consistent analytical solution in different orders of the effective sheet resistivity

In zeroth order in pg, . (i.e., for vanishing pg, . ), it follows from Ohm’s law, Eq. (A-5), that the potential is

constant; let this constant be c,. It follows from current conservation, Eq. (A-7), that ¢, = Rpl,, = U, , and
according to Eq. (A-10), R, =Uj / Text =Ry, 50 Ryp=0. From Eqs. (A-4) and (A-1) it follows that
To = ~IKRp Ty ¥ =~y 3/b (A-14)

The solutions in higher orders in the sheet resistivity are determined iteratively. This is done via Eq. (A-6) by
inserting an nth order solution for U"(x) (containing a normalization factor that is to be determined) on its right-
hand side, and due to the explicit factor pg, . , the left-hand side of Eq. (A-6) provides the (n+1)™ order solution.

For the first order in py, .« , it follows by using the constant ¢; for U *(x) on the right-hand side of Eq. (A-6) that

du;
Kl = PsherrKepx, (A-15)

which for the potential U,* itself (zeroth and first order in py, ¢ ) yields

Uy ()=, (141 py oK. (A-16)

The boundary condition at x = b (ensuring current conservation) can be expressed as dTi‘*(b)=p’“h‘T”]“‘ [cf. Eq.
(A-5)], and using this on the left-hand side of Eq. (A-6) with Eq. (A-16) inserted on the right-hand side one has that

Iy = IKe,(b+L py, KBY) (A-17)
yielding
¢ Role . (A-18)

TiaLl, kp2’
1+ Ponere KD
therefore

RD + %psh,eff xz/(bl)

Ul* ()C) = Text —
1+ %RDI Pshefr b/l

(A-19)

Despite the appearance of pg, . in the denominator of Eq. (A-19), this still represents the linear order in py, ¢
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since in the denominator, its influence depends on Rp, and for low diode voltages, RBI — 0, and then only the
numerator remains. In this order of py, ., the small-signal expression for the lumped series resistance according to

the two-light-intensities method, Eq. (A-13), leads to

% Rp Ph et Kb? _ % Psh,eff b/l

Ry, =R (b)-Rp = = .
1+%psh,efbe2 1+%psh,eff b/(ZRD)

(A-20)
However, because it results from a distributed network, one has that R, is not constant but varies along the I-U
curve: Taking the inverse of Eq. (A-20) one has

L+ Pmenkd® 1111
- - - ,
Ry Rptpgskb®  SPmerb/l 2Rp  RY 2Ry

(A-21)

where Rslfo = % Psnefr b/1 is the well-known expression for the effective series resistance contribution of the sheet

resistivity for the 1D geometry; this expression was derived already in other works (cf., e.g., [15, 19]). Since at a
busbar the situation is symmetric with respect to both of its sides, the relevant area is twice as large as considered so
far, implying that diode resistance has half the value considered so far; thus, the factor of 2 cancels in Eq. (A-21),

and also the value of R;EO is halved (cf. Eq. (21) of [19]). Altogether, we end up with Eq. (5).
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