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Fast and effective extraction of equivalent shunt resistance for each subcell of GaInP/GaInAs/Ge
triple-junction concentrator solar cells is presented. The two-diode model of single junction was
introduced to establish the equivalent circuit of triple-junction solar cells. The current-voltage
characteristic of the triple-junction solar cells was measured under AM1.5D spectrum, C = 576
and T = 303 K. Equivalent shunt resistance of each subcell was extracted from its estimated
current-voltage curve. The estimated current-voltage curve of the triple-junction solar cells shows
a good agreement with the experimental data in 0.31% deviation. The degradation in the equivalent
shunt resistance for Ge subcell was intentionally introduced to indicate the mechanism of current-matching operation for different subcells, with the maximum output power of the triple-junction
solar cells deteriorating from 3.5 to 3.17 W. The results can offer performance analysis and
optimum design of photovoltaic applications.
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1. Introduction
Multi-junction concentrator solar cells have been developed as a promising solution
for photovoltaic applications [1]. At present, triple-junction solar cells (TJSC) have
reached an efficiency of 44.4% at 302 suns [2]. Equivalent shunt resistance is a lumped
component to describe the alternative paths for the current flow through the inherent
diode or along the cell edges, characterizing the leak current in a solar cell [3]. This
parameter is caused by defects such as lattice imperfections or doping concentration
ratio in/near the depletion region, and p-n junction penetration [4, 5].
Since the subcells are electrically connected in series, the TJSC current is limited
by the subcell that produces the lowest current. At the zero-biased (short-circuit) con-
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dition, the current-limiting behavior drives the subcell of lower shunt resistance into
negative bias while the other two under positive bias, thus the voltage of the TJSC exhibits the zero voltage or zero bias [6]. The subcell under negative bias acts as a load,
consuming the power generated by other subcells [7]. Large leak current is undesirably
derived and entails performance degradation of the TJSC due to the power loss. Besides, for each subcell, the higher equivalent shunt resistance, the higher fill factor and
efficiency, and the better output characteristic [8]. Thus, accurate evaluation of equivalent shunt resistance is required to improve the TJSC performance.
Several approaches are proposed in literatures for current-voltage (I-V ) characteristics measurement of solar cells, based on the single-diode model and the two-diode
model [9–11]. The Lambert W function has been applied to investigate properties of
the TJSC [9]. This numerical extraction achieves explicit analytic expression of I-V
by the conventional single-diode model. A straightforward method was developed to
quantify the equivalent shunt resistance of a selected solar cell of a photovoltaic module, which depends on the I-V characteristic measurement of the installed cell string
when intentionally shading the selected cell [10]. As reported recently, the self-consistent iteration has been introduced to obtain electrical parameters by fitting the experimental bias voltage-dependent spectral response of GaInP/GaInAs/Ge TJSC [11].
However, practical difficulties may be faced when the I-V characteristic of the selected
cell are evaluated under different monochromatic light wavelengths, illumination levels (even in dark).
In this paper, equivalent shunt resistance for each subcell of Ga0.35In0.65P/
Ga0.83In0.17As/Ge concentrator solar cells is extracted by mathematical iterations.
A precise expression of I-V is obtained from the coupled two-diode I-V characteristic
transcend formula, in which shunt resistance for each subcell is regarded as infinity.
Electrical parameters are also derived from the measured I-V characteristic of the TJSC.
Additionally, performance degradation of the TJSC is discussed when the equivalent
shunt resistance decrease for Ge subcell is intentionally deteriorated.

2. Theory
The lumped equivalent circuit model for a GaInP/GaInAs/Ge TJSC is shown in Fig. 1.
Each subcell is viewed as a p-n junction with two diodes, which represents recombination in the quasi-neutral and the depletion regions, respectively.
The I-V relation for the TJSC is given by
V i + IR si
q ( V i + IR si )
q ( V i + IR si )
- – 1 – I o2i exp ---------------------------------- – 1 – -------------------------I = I sci – I o1i exp ---------------------------------R shi
kB T
2k B T
(1)
where i represents the subcell number (1 – top, 2 – middle and 3 – bottom); I is the
load current and Isci is the short-circuit current (approximately equal to the photo-generated current [12]); Io1i or Io2i is the reverse dark saturation current for each diode;
Rsi and Rshi are the series and the shunt resistances, respectively; q, Vi, kB and T is
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Fig. 1. Equivalent circuit with two-diode model for the TJSC.

the electric charge, the single-junction voltage, Boltzmann’s constant, the absolute
temperature, respectively. Number 1 or 2 fixed in the exponent function is the diode
ideality factor. The terminal voltage is given by the sum of voltages of three serried-connected subcells
V = V1 + V 2 + V 3

(2)

The model implies a strong dependence on temperature as follows [13]:
E gi
3
I o1i = S κ 1i T exp – ----------------
 kB T 
I o2i = S κ 2i T

5/2

E gi
exp – -------------------
 2k B T 

(3)
(4)

2

Eg = Eg

αT
– ------------------T=0
T+β

(5)

where κ 1i and κ 2i are constants of each subcell obtained by fitting the measured
I-V curve of the TJSC; S is the active area of the TJSC and Egi is the energy band
gap of each subcell. For semiconductors’ alloy composition (A1 – x Bx), Eg is determined by [14]
Eg (A1 – x Bx) = (1 – x)Eg (A) + xEg (B) – x(1 – x)P
where P is an alloy ingredients dependent parameter for the semiconductor alloy.

(6)
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If Rshi → ∞, the last term in Eq. (1) can be neglected. Equation (1) is rearranged
as follows:
2

q ( V i + IR si )
q ( V i + IR si )
- + I o2i exp ---------------------------------- + I – ( I sci + I o1i + I o2i ) = 0
I o1i exp ---------------------------------2k B T
2k B T
(7)
2

I o1i X + I o2i X + I – ( I sci + I o1i + I o2i ) = 0

(8)

where
q ( V i + IR si )
X = exp ---------------------------------2k B T

(9)

The positive root can be solved from Eq. (8) as
2

I o2i – 4I o1i [ I – ( I sci + I o1i + I o2i ) ] – I o2i
X = ---------------------------------------------------------------------------------------------------------------2I o1i

(10)

The single-junction voltage and the overall voltage of the TJSC are written as:
2
2k B T
I o2i – 4I o1i [ I – ( I sci + I o1i + I o2i ) ] – I o2i
V i = -------------------- ln ---------------------------------------------------------------------------------------------------------------- – IR si
q
2I o1i

2k B T
V = ------------------q

3



i=1

(11)

2

I o2i – 4I o1i [ I – ( I sci + I o1i + I o2i ) ] – I o2i
ln --------------------------------------------------------------------------------------------------------------- – IR s
2I o1i

(12)

where the total series resistance Rs = Rs1 + Rs2 + Rs3. The average error eave and
the root mean square (RMS) error are defined as:
1
e ave = --------N

RMS =

N

 ( Vm – Vm' )

(13)

m=1

1
--------N

N



m=1

V m – V m' 
------------------------

Vm

2

(14)

3. Extraction algorithm
3.1. Input parameters
In this work, both uniform illumination and a concentration ratio of 576 (C = 576, according to the real design of concentrator optics and solar cell) are assumed. Under
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Fig. 2. AM1.5D ASTM G173-03 spectrum and EQE at C = 1 and T = 298 K.
T a b l e 1. Input parameters of the TJSC (S = 5.5×5.5 cm2).

Eg (T = 0 K) [eV]
α ×104 [eV–1K–1]
β [K]
Alloy composition
P [eV]
Egi (T = 298 K) [eV]
Isci (C = 576, T = 298 K) [mA]

GaP
InP
2.86
1.41
5.77
3.63
371
162
Ga0.35In0.65P
0.64
1.70
2.32

GaAs
InAs
1.52
0.42
5.41
4.19
204
271
Ga0.83In0.17As
0.30
1.20
2.31

Ge
0.74
4.77
235
Ge
–
0.66
2.90

AM1.5D ASTM G173-03 standard spectrum at C = 1 and T = 298 K, the subcell short-circuit current was calculated from external quantum efficiency (EQE) in the TJSC
manufacturers’ datasheet [15] (as shown in Fig. 2). Input parameters of the TJSC are
given in Table 1 [16]. Concentration ratio and temperature dependence of the subcell
short-circuit current are defined as:
I sci

C = 576, T

= I sci

d I sci
+ ---------------C = 576, T = 298
dT

× ( T – 298 )

(15)

C = 576, T

3.2. Extraction algorithm
Shunt resistance for each subcell is related to the slope at the short-circuit point of its
I-V curve. The adopted iterative algorithm is described in the following steps:
0) Consider an initial set (Rshi → ∞) in Eq. (1). Parameters of κ 1i , κ 2i , dIsci /dT and
Rsi are extracted by fitting the measured I-V curve of the TJSC using Eq. (12). These
parameters are suitable for considerable temperature and concentration ratio.
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1) Determine the operational point (I = 0, Vi = Vopi) and the short-circuit current
(I = Isci , Vi = 0) of each subcell. Assuming all the subcells are working at the measured
short-circuit current point of the TJSC (I = Isc, V = 0), Vopi is evaluated using Eq. (1).
Isci is obtained from Eq. (15).
2) Calculate new values of Rshi in Eq. (1). These values are derived from the slope
of the two points in step 2 by Rshi = |ΔVi /ΔIi | = |(0 – Vopi)/(Isci – 0)|.
3) Repeat steps 1 and 2 with mathematical iterations. Rshi are obtained when the
difference between consecutive iteration is below 10–3.

4. Results and discussion
The unknown parameters in the model are extracted by fitting the measured I-V curve
of the TJSC at C = 576 and T = 303 K, as listed in Table 2. RMS = 0.31% and
eave = 0.001 V show a good agreement. The measured and estimated results of
the TJSC and each subcell are plotted in Fig. 3. The estimated maximum power of
the TJSC (P'max = 3.492 W) is very close to the measured (Pmax = 3.495 W). Shunt resistances of the three subcells are extracted as 27242, 2531 and 345 Ω, respectively.
As shown in Fig. 3, the terminal current of the TJSC is limited by the GaInAs subcell.
The short-circuit current of the Ge subcell is the highest. However, the excess generated current of Ge subcell is wasted by thermalization at the short-circuit condition.
T a b l e 2. Extracted parameters of the TJSC.
Subcell
κ 1i ×103 [Am–2]
κ 2i ×103 [Am–2]
dIsci /dT (C = 576) [mV·K–1]
Rsi [Ω]

Ga0.35In0.65P
0.43
28.21
2.42
0.045

Ga0.83In0.17As
0.85
36.19
2.42
0.035

Ge
15.72
1.44
1.81
0.025
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Fig. 3. Measured and estimated results of TJSC and each subcell (I-V and power curves).
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Fig. 4. I-V curves with deliberate decrease in shunt resistance for Ge subcell – a. The close up of the difference in (a) – b.

In order to better understand performance degradation of the TJSC, the shunt resistance of Ge subcell was intentionally decreased from 345 to 45 Ω (approximately
one order of magnitude lower), as illustrated in Fig. 4a. The short-circuit current of
the Ge subcell shifts from 1.80 A (in the previous estimation) to 1.35 A. For the deteriorated situation, P'max drops to 3.17 W, much lower than Pmax. In practice, defects
introduced in the epitaxial process for semiconductor devices may produce reduction
of the shunt resistances for the TJSC. Reverse leak current of the Ge subcell increases
as its shunt resistance decreases. Part of its photo-generated current is used to overcome
the leak current. These can be clearly illustrated as in Fig. 4b, as the close up of
the circled area in Fig. 4a. The TJSC and each subcell at their respective operating
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point correspond to M0, M1, M2 and M3 in Fig. 4b. The mechanism of current-matching
operation drives the Ge subcell to a reverse-biased state, in order to meet the short-circuit condition of the TJSC (TJSC voltage of 0 V = 1.33 V + 0.73 V – 2.06 V). In
this case, the shunt resistance of the Ge subcell should be taken into account due to
the fact that the reverse leak current occurring in the Ge subcell is not negligible.

5. Conclusions
Fast and effective extraction for equivalent shunt resistance of each subcell of
Ga0.35In0.65P/Ga0.83In0.17As/Ge concentrator solar cells was proposed. Based on the
two-diode model, this extraction was calibrated by the experimental I-V characteristic
of the TJSC under determined flux concentration and temperature. Shunt resistance of
each subcell was extracted from the slope of its estimated I-V curve by mathematical
iterations. Extracted results of the shunt resistances were obtained as 27242 Ω for
the top subcell, 2531 Ω for the middle subcell and 345 Ω for the bottom subcell. Furthermore, a deliberate decrease in shunt resistance for the Ge subcell was performed.
In this situation, serious power loss and performance degradation of the TJSC are estimated. The iterative method proposed in this paper can be applied to extract equivalent shunt resistance for all series-connected multi-junction solar cells. The results
can also offer performance analysis and optimum design of solar cells.
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