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ABSTRACT: A new approach for the analysis of the IV curves of multijunction SC has been devel-
oped. It allowed obtaining analytical expressions taking into account the photogenerated current mis-
match(disbalance) in the di�erent subcells of such devices. It has been shown using these expressions that
the series resistance can be represented as linear one up to achieving the maximum of e�ciency (η) and
does not depend on the radiation intensity (photogenerated current Jg, sunlight concentration ratio X).

The resistive losses in a concentrator SC results in appearance of a maximum on the dependence of
the e�ciency on X. For the same reason, there is a maximum on the dependence of the operation voltage
on the photogenerated current characteristic (Vm(Jg)). Such a behavior of the characteristics is used for
determining the value of the series resistance Rs. It has been justi�ed analytically that such a resistance
may be determined by the formula Rs = (E/Jg)η=max, where E = AkT/q, A,Jg are the local values of
the ideality coe�cient and photogenerated current at the maximum η (or Vm).

It has been also justi�ed that the value of Rs determined by this formula does not depend on the
spectral content of incident radiation, which is very useful for the express analysis. This has been exper-
imentally shown for the triplejunction InGaP/GaAs/Ge SC.
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1 INTRODUCTION

One of the important factors a�ecting the photo-
voltaic conversion e�ciency (η) of concentrator
multijunction (MJ) solar cells (SCs) of di�erent
type are internal resistive losses speci�ed by a
term �series resistance�. Due to the presence of
this resistance, the photovoltaic conversion e�-
ciency rise in increasing the illumination inten-
sity (sunlight concentration ratio, X) changes
to the decay portion forming a maximum [1�3].
The operating voltage (that in the optimum load
point), Vm, also reaches the maximum value [4].

Both the transverse resistance of SC lay-
ers and the lateral spreading resistance in the
top layer contribute to the resistive losses [5�7].
There exist at least two main methods for an-
alyzing the series resistance. The �rst one is
simulation of a multicell equivalent circuit [5] or
combination of cells [8�10]. The second one �
representation of a SC, as an electrical circuit
of elements connected in series: the generating
part (comprised of photovoltaic (PV) p-n junc-
tions) and the resistive one (lumped equivalent
of resistive losses) [11]. When the contribution of
the spreading resistance dominates, the lumped
equivalent is a nonlinear resistance depending on
the illumination intensity. In the work [5], an ap-
proach to the analysis of a multicell model, which
allows describing such a behaviour and also de-
termining main properties of the lumped series
resistance has been proposed.

In the present work, a representation about

that, in practically important cases (up to the
e�ciency maximum), such a lumped equivalent
can be replaced by a �xed (linear and indepen-
dent of the illumination intensity) series resis-
tance Rs has been suggested. In the work, a
method for determining such a series resistance
in a MJ SC, in both photogenerated current
matched and mismatched ones have been elab-
orated.

A basic formula for determining the series
resistance has been obtained analytically with
the use of the presence of the operating voltage
maximum and extended to the e�ciency maxi-
mum. Also an experimental justi�cation of the
obtained analytical results, as applied to the MJ
SCs based on the GaInP/Ga(In)As/Ge struc-
ture, is presented. As is known [1,2,12], the most
e�ective at present solar cells have been created.

2 CURRENT � VOLTAGE CHARACTERIS-
TIC OF A MJ SC � GENERAL, REDUCED
AND IDEALIZED VIEW

Both current-voltage (I-V) characteristic and
any PV characteristic of a MJ SC can be approx-
imated by a set of segments [13]. On each seg-
ment, the V (J) characteristic of the generating
part is formed by means of summing the volt-
ages on the photovoltaic p-n junctions. These
voltages depend on the dominating current pas-
sage mechanism (di�usion or recombination) in
a de�nite segment. As a result, the V (J) char-
acteristic of the segment (with allowing for re-
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sistive losses simulated by the linear resistance
connected in series) has a form:

V = kT/q ·
n∑
i=1

ln

[
Jgi − J
Jsi

]Ai

− J ·Rs =

kT/q · ln

(
n∏
i=1

[
Jgi − J
Jsi

]Ai
)
− J ·Rs, (1)

where: i - subcell number, Jsi - preexponents
(�saturation� currents), Ai - diode coe�cients
(idealities), which are equal to 1 (the di�usion
mechanism is dominating) or to 2 (recombina-
tion mechanism), Jgi - photogenerated currents,
n - the number of subcells, Rs - series resistance.

If the smallest photogenerated current is sym-
bolized as Jg (i.e. Jg = min{Jg1, Jg2...Jgn}),
(1) can be presented in a form of a sum of three
items:

V = E · ln(
Jg − J
Js

)− J ·Rs + Va, (2)

where the voltaic diode coe�cient in the �rst

item E = A·kT/q, A =
n∑
i=1

Ai, Js = A

√
n∏
i=1

Jsi
Ai .

The second item is resistive one. The third item
allows for the mismatch of the photogenerated
currents:

Va = kT/q · ln

(
n∏
i=1

[
κi · Jg − J
Jg − J

]Ai
)
, (3)

where κi =
Jgi

Jg
≥ 1 are current mismatch

coe�cients.
Note that, on practice, the smallest photo-

generated current (Jg = min{Jg1, Jg2...Jgn})
is equal to the short circuit current, since the
Jsc < Voc/Rs condition is ful�lled.

In a complete matching (all κi = 1) the volt-
age Va becomes to be zero, and the V (J) char-
acteristic (2) takes the same form as in single-
junction SC [5]. At the increase of the mismatch
(rise of κ), Va increases. Thus, the �rst item of
the formula (2) is in current match (singlejunc-
tion) form, the second one is a usual voltage on
the series resistance, and the value of the third
item (Va) characterizes the mismatch of the pho-
togenerated currents.

As was pointed out above, the series resis-
tance is the reason for formation of the max-
imum on the η(X) and Vm(X) characteristics.
These maxima appear to be correlated. How-
ever, analytical description of the maximum is
more convenient to perform using the following
dependences of the operating voltage: Vm(Jg),

Vm(Jm), Vm(Jg − Jm). In this case, the follow-
ing idealization is applied: the complete match-
ing of the photogentrated currents (Va = 0) and
absence of resistance (Rs = 0). Than (2) takes
the form:

V = E · ln(
Jg − J
Js

) (4)

3 CURRENT MATCHED MJ SC

3.1 Approximate allowance for the series resis-
tance

Suppose that in the case of balance (Va = 0 in
the expression (2) ), when the series resistance
e�ect on the operating point (Vm, Jm) is taken
into account, the following condition is ful�lled
(Fig. 1):

Jm ≈ Jm0 (5)

(index �0� here and further means the resistance-
less case).

Then the formula (2) for the operating point
takes a form:

Vm = Vm0 − Jm ·Rs, (6)

Figure 1: Light (load) V (J) characteristic and
position of the operating point 1 - with allowing
for Rs;2 -without allowing for Rs

As is shown in [14], di�erentiation (6) with
allowing for (5) gives:

dVm
dJm

=
dVm0

dJm0
−Rs =

E

Jg
−Rs. (7)

From the condition dVm

dJm
= 0, the basic cor-

relation follows, which is central to the photo-
voltaic method for determining the series resis-
tance (linear lumped equivalent of resistance):

Rs =
EL
JgL

, (8)
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where JgL is the value of the photogenerated
current Jg , at which the maximum value of the
operating voltage Vm is achieved, EL is the lo-
cal voltage diode coe�cient corresponding to the
given voltage.

Thus, the main principle of Rs determination
is to �nd a value of the photogenerated current
JgL, at which the maximum Vm is observed and
the value of the local diode coe�cient EL in this
point.

3.2 Determination of series resistance

To �nd out the local diode coe�cient, one may
invoke two characteristics Voc(Jg) and Vm(Jg −
Jm), the Voc characteristic being interpreted as
the resistanceless one Vm(Jg − Jm) [14]. The re-
quired value EL, correspondingly, is equal to the
logarithmic slope ( ∆Voc

∆ln(Jg) ) in the Vm maximum

point (point A, 2).

Figure 2: Mutual location of photovoltaic char-
acteristics in a current matched MJ SC. 1 -
Voc(Jg);2 - Vm(Jg − Jm), 3 - Vm(Jg). Voc(Jg)
and Vm(Jg − Jm) characteristics coincide on the
resistanceless portion

Fig.2 illustrates the mentioned above method
for �nding the value of the series resistance
on the base of the expression (8) at invoking
Voc(Jg), Vm(Jg) and Vm(Jg − Jm) dependences.
The value of JgL is equal to the current value in
the point L, and the value of EL is determined
from the slope of the portion in the region of
point A of the Voc(Jg) characteristic.

As is seen from the method for obtaining
the basic formula (8) and from the procedure of
�nding the values JgL and EL (Fig.2), the pro-
posed method for determining the series resis-
tance is quite valid for singlejunction and current
matched MJ SCs. This method can be general-
ized for the case of mismatched MJ SCs. This
generalization is grounded on the allowance of
properties of mismatch correction Va (3), which
was equal to zero in the match case (p.3).

Thus, determination of the series resistance
Rs includes the steps: determination of JgL from
the Vm(Jg) characteristic, determination of EL
from correlation of the Vm(Jg−Jm) and Voc(Jg)
characteristics and application of the basic for-
mula (8).

4 CURRENT MISMATCHED MJ SC

The method can be also applied to a current mis-
matched MJ SC. At a photogenerated currents
mismatch as distinct from the case of matched
photocurrents (p 3), the mismatch voltage Va (3)
should be taken into account. Since the depen-
dencies Vm and Voc (p. 3.2) are used for deter-
mining the value Rs by formula (8), it is neces-
sary to take into account current mismatch cor-
rections (Va,m, Va,oc).

Presence of the mismatch voltage and its de-
pendence on current is explained in Fig.3 on the
example of a Ge subcell. On the left, two cases of
its light I-V characteristics are presented. In the
match case, the Ge subcell photogenerated cur-
rent is attenuated down to the minimum one of
three subcells Jg

3J . In the mismatch (real) case,
the photogerated current exceeds the minimum
one, Jg

Ge > Jg
3J . On the right, the result of sub-

traction of voltages, i.e. mismatch correction, is
shown. It depends on current, which is presented
in the �gure in a normalized form, α = J/Jg

3J .
The mismatch voltage for the Ge subcell, with
allowing for the introduced designations, has the
form:

Va
Ge = kT/q · ln

(
κGe − 1

α− 1

)AGe

, (9)

which is a particular case of the formula (3).

Figure 3: I-V characteristics of a Ge subcell
in the match (bal) and (disb) mismatch cases
(left) and the result of of subtracting of voltages
(right).
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It has been shown in [14] that, in the operat-
ing mode (J = Jm, V = Vm), the mismatch cor-
rection to the operating voltage can be approx-
imated as a constant, since αm = Jm/Jg

3J ≈
const. In the open circuit mode (J = 0,V = Voc)
this correction is strictly constant, since αoc = 0.
For this reason, the basic formula (8) and the
procedure for determining the series resistance
remain to be the same as in the match case.

5 EXPERIMENTAL REALIZATION OF
THE METHOD

As has been shown (p. 4), deduction of the basic
formula (8) at applied approximations Jm≈Jm0

(5) and Va = const is one and the same for
both current matched and current mismatched
MJ SCs, and it does not depend on the mis-
match correction Va. Hence, the result of the
series resistance determination should not be de-
pendent of the irradiation spectral content. It
can be practically useful for solving the problem
of Rs determination at experimental study of MJ
SCs.

The investigation was concerned with a
triple-junction InGaP/GaAs/Ge SC fabricated
by the MOCVD technique [15].

Several sets of V (J) characteristics have been
obtained at di�erent spectral content of incident
radiation, and the Vm(Jg), Vm(Jg−Jm), Voc(Jg)
photovoltaic characteristics have been plotted
(Fig.4).

The measurements were carried out at room
temperature with using a simulator based on a
pulsed xenon lamp with correcting light �lters
[16]. The measured short circuit current values
were considered to be equal to the photogerated
currents (Jg) (even at a maximum lamp inten-
sity). Four types of spectrum A,B,C,D have been
used. Spectrum A � standard AM1.5D, spec-
trum B � that of a non�ltered xenon pulsed lamp,
spectrum C � with a red light �lter KG-2, en-
riched with blue light (300 �650 nm), spectrum
D � with a blue light �lter RG-8 � enriched with
red light (650 � 1000 nm).

The maxima of Vm(Jg) dependencies are lo-
cated approximately at the same value of the
photogenerated current (JgL - Table 1; lines 1 �
Fig.4). Location of the maxima of the Vm(Jg −
Jm) characteristics is somewhat di�erent (JgA
- Table 1; lines 2 � Fig.4). However, the corre-
sponding values of the slope ∆V oc/2.3∆lg(Jg) =
EL on the Voc(Jg) characteristic are practically
similar (EL - Table 1; lines 3 � Fig.4).

The observed position of the Vm(Jg) charac-
teristics' maxima correlates with done approxi-
mations. Some distinction between positions of
the Vm(Jg − Jm) characteristics' maxima does

not a�ect the result of the Rs determination (Ta-
ble 1). It is seen from Table 1 that the series
resistance is equal to (14.0±0.3) ·10−3 Ohm·cm2

, i.e. the relative error o� the method is 2%.

Figure 4: Experimental PV characteristics: 1 -
Vm(Jg), 2 - Vm(Jg −Jm), 3 - Voc(Jg) at di�erent
illumination spectra (A, B, C, D).

Table 1: Results of determination of the series
resistance of the studied specimen at di�erent
spectra of incident irradiation.

Spectrum JgL JgA EL Rs
- À/cm2 À/cm2 V Ohm · cm2

A 6.76 0.26 0.092 13.6E-3
B 6.78 0.092 0.097 14.3E-3
C 6.70 0.095 0.092 13.8E-3
D 6.75 0.096 0.096 14.2E-3

It follows from the results obtained that the
elaborated PV method is applicable to MJ SCs,
a result of the series resistance determination
being not dependent of the incident irradiation
spectrum content. Both the standard spectra
(AMO, AM1.5 and others) and those distinct
from standard ones can be used.

6 CONCLUSION

A new procedure for determining the lumped se-
ries resistance characterizing resistive losses in
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practically valuable illumination intensity range
up to the maximum of the e�ciency or operating
voltage have been elaborated.

An expression for experimental determina-
tion of the series resistance have been obtained
analytically: Rs = EL

JgL
, where E = A·kT/q and

A, Jg are, respectively, the local ideality coef-
�cient and the photogenerated current at such
an illumination intensity, when the e�ciency (η)
or the operating voltage (Vm) are maximal ones.
The value EL is determined from the local slope
of the Voc(Jg) characteristic.

In applying the elaborated method, one can
use both a standard (AMO, AM1.5 and others)
spectral composition of the incident radiation
and a nonstandard one. The series resistance
of a triplejunction SC grown by the MOCVD
technique has been obtained at di�erent spectra.
The obtained series resistance values were, prac-
tically, alike (with relative error of about 2%).
It has been shown that the proposed method
is applicable for analyzing experimental results
obtained in investigating the I-V characteristics
of MJ SCs illuminated by radiation of di�erent
spectral composition.

The PV method, in which presence of the
maxima of η or Vm is used, is also appropriate for
singlejunction SCs and, probably, for such ones,
the load I-V characteristic of which can be ap-
proximated by an exponent.
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