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Combined Effects of Shunt and Luminescence
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Measurements of Multijunction Solar Cells
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Abstract—The combined effects of shunt and luminescence coupling on the measurement artifact of external quantum efficiency
(EQE) of multi-junction solar cells are studied. The EQE measurement artifact is modeled using DC and small-signal equivalent
circuits under voltage and light bias conditions. The modeling results are verified with EQE measurements of a Ge bottom cell of
a triple-junction solar cell. It is found that the optimal bias light
intensity to minimize the EQE measurement artifact is the result
of the tradeoff between the shunt and the luminescence coupling
effects.
Index Terms—Luminescence coupling, multi-junction solar
cells, quantum efficiency, shunt.

I. INTRODUCTION
HE spectral external quantum efficiency (EQE) is of significant importance for the design and performance evaluation of multijunction solar cells [1], [2]. Because of their
monolithic integration and series connection, the subcells are
coupled both electrically and optically. Therefore, the EQE of
the individual subcells is determined not only by their own properties, but by the interactions between them as well. It has been
demonstrated that a low shunt resistance of a subcell can reduce the spectral response in its absorbing wavelength range,
i.e., from its bandgap wavelength to that of the upper adjacent
subcell with a larger bandgap, while giving rise to an erroneous
response signal outside its absorbing wavelength range [3], [4].
Recently, it has been shown that the luminescence coupling from
a subcell to the lower subcell with a smaller bandgap [5]–[7],
or from a solar cell to a photodetector [8], can cause similar
measurement artifacts. The presence of both shunt and luminescence coupling makes the characteristics of the artifact even
more complicated.
To measure the EQE of a subcell, proper light bias has to
be used to make that subcell current limiting. Moreover, the
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multijunction solar cell needs to be voltage biased if the subcell under test has a low shunt resistance, as is usually the case
for the Ge subcell. Note that the EQE measurement artifact
depends strongly on both the voltage and light biases, which
change the operating conditions of the subcells. For the EQE
measurement of the Ge bottom cell of a triple-junction solar cell,
the voltage bias predominantly controls the operating point of
the reverse-biased Ge bottom cell; therefore, it is most effective
to correct the measurement artifact due to the Ge shunt resistance. On the other hand, the light bias on the InGaAs middle
cell predominantly controls the operating point of the forwardbiased InGaAs middle cell, whereas the operating point of the
reverse-biased Ge bottom cell is not changed as much as in the
case of voltage bias. The light bias, therefore, allows the control of luminescence coupling from the InGaAs middle cell to
the Ge bottom cell. Using proper voltage and light biases thus
offers the flexibility to access the individual effect of shunt or
luminescence coupling on the measurement artifact.
In this paper, the voltage and light biases are used to study the
combined effects of shunt and luminescence coupling on EQE
measurements of triple-junction solar cells.

II. EXPERIMENTS
EQE measurements are performed on high-performance commercial InGaP/InGaAs/Ge triple-junction solar cells. The measurement setup (Newport QE/IPCE) consists of a broadband
light source chopped at 30 Hz, a monochromator, and a lock-in
amplifier. A 405-nm laser diode is set at an intensity that is
high enough to saturate the InGaP top cell, while the intensity
of a 780-nm laser diode is turned up gradually to increase the
M
M
generated in the InGaAs middle cell. IBS
is
photocurrent IBS
measured prior to the EQE measurements using an additional
980-nm laser diode to saturate the Ge bottom cell. Fig. 1 shows
the measurement artifact of higher than expected EQE in the
InGaAs response range from 670 to 880 nm and lower than expected EQE in the Ge response range above 880 nm. In order to
demonstrate the Ge shunt effect, the triple-junction solar cell is
reverse biased at −0.45 V rather than the optimal bias voltage
that minimizes the shunt effect. It can be seen in Fig. 1 that the
M
of
measurement artifact is minimized at the photocurrent IBS
M
2.5 mA, and it becomes more severe as IBS decreases or inM
can be
creases. The enhanced artifact for smaller and larger IBS
explained by the low shunt resistance of the Ge subcell and the
luminescence coupling between the InGaAs and Ge subcells,
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Fig. 1. EQE spectra of the Ge bottom cell of a triple-junction solar cell at the
reverse-bias voltage of −0.45 V and under different bias light intensities and
photocurrents IBMS generated in the InGaAs middle cell.

respectively, as will be discussed later. Consequently, the optimal bias light intensity on the InGaAs middle cell, at which
the measurement artifact of the Ge bottom cell is minimized, is
determined by the combined effects of shunt and luminescence
coupling.
III. THEORY
A. DC Model
Fig. 2(a)–(c) show the circuit representations of the triplejunction solar cell under the dc voltage and light bias conditions
for the EQE measurement of the top, middle, and bottom subT
M
B
, IBS
, and IBS
are
cell, respectively. The current sources IBS
the photocurrents generated by the intentional light biases on
the three subcells. Because the bias light on an upper subcell
may not be absorbed completely, additional photocurrent can
be generated in the lower subcell by the unabsorbed bias light.
This leakage current is modeled by the current-controlled curT ,M
T ,M T
= αLK
IBS from the top to the middle subcell
rent source ILK
M ,B
M ,B M
and ILK = αLK IBS from the middle to the bottom subcell,
T ,M
M ,B
and αLK
. Morerespectively, with the leakage strengths αLK
over, the radiative recombination in an upper subcell with a
larger bandgap generates photons that can be reabsorbed in the
lower subcell. This luminescence coupling is modeled by the
T ,M
T ,M
= fLC
(I(DT )) from
current-controlled current source ILC
M ,B
M ,B
the top to the middle subcell and ILC = fLC (I(DM )) from
the middle to the bottom subcell, respectively. Note that the

Fig. 2. DC equivalent circuits of a triple-junction solar cell at the voltage and
light bias conditions of EQE measurements for (a) the top subcell, (b) middle
subcell, and (c) bottom subcell.

light leakage and luminescence coupling are only considered
for adjacent subcells. The voltage source VA is used to control
T
M
B
, RSH
, and RSH
.
the effects of shunt resistances RSH
B. Small-Signal Model
Under proper voltage and light biases, the EQE spectrum of
the subcell under test is measured by scanning the wavelength
of the AC monochromatic light. Fig. 3(a)–(c) show the smallsignal equivalent circuits of the triple-junction solar cell
when the photocurrent iph is generated by the monochromatic light in the absorbing wavelength range of the top,
middle, and bottom subcells, respectively. The leakage curt,m
m ,b
m ,b
rents are modeled as it,m
lk = αlk iph and ilk = αlk iph .
The luminescence coupling currents are modeled as it,m
lc =
t,m
,b
m ,b
t,m
m ,b
m
αlc
i(rdt ) and im
=
α
i(r
),
where
α
and
α
are
the
d
lc
lc
lc
lc
small-signal luminescence coupling strengths. The load resistor
RL is used to adjust the bias voltage on the solar cell. The EQE
measurement artifact comes from the fact that the measured
output current iout is not always the same as the photocurrent
iph generated by the subcell under test. The relation between iout
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lower subcell with a smaller bandgap and are reabsorbed there.
The relationship between the number of photons emitted into
the free space and the number being reabsorbed, as shown in (6)
below, is characteristic of the solar cell at a given set of voltage
and light biases


χ
L (λ) λ
dλ = ILC
hc
q

(6)

where the parameter χ depends on the geometries and refractive
indices of the two subcells and the internal quantum efficiency
of the lower subcell. In luminescence measurements, χ is further
scaled according to the solid angle and responsivity of the detector. From (4) and (6), the small-signal luminescence coupling
strength is obtained as

αlc =

Fig. 3. Small-signal equivalent circuits of a triple-junction solar cell when
the wavelength of the ac monochromatic light in EQE measurements is in the
wavelength range of the (a) top subcell, (b) middle subcell, and (c) bottom
subcell.

and iph is used as a measure of the EQE measurement artifact.
Equations (1)–(3), shown at the bottom of the previous page,
show iout /iph in the absorbing wavelength range of the top, middle, and bottom subcell, respectively, derived from the circuits in
t,m t
t
rsh /(rt + rsh
), γ m ,b =
Fig. 3(a)–(c), where γ t,m = αlc
m ,b m
m
t
m
b
αlc rsh /(rm + rsh
), and rt //rsh
, rm //rsh
, and rb //rsh
are
the parallel resistances of the small-signal diode resistance and
shunt resistance of the top, middle, and bottom subcell, respectively. The small-signal luminescence coupling strengths and
small-signal resistances depend on the operating points of the
subcells. According to the small-signal approximation, they can
be expressed as

dILC 
(4)
αlc =
dI (D) V s u b c e l l

dV 
r=
.
(5)
dI V s u b c e l l
The light leakage depends more on the subcell thickness and
material quality; therefore, the leakage strength αlk is a constant
at a certain wavelength.
IV. CHARACTERIZATION
A. Small-Signal Luminescence Coupling Strength and Leakage
Strength
The small-signal luminescence coupling strengths and the
leakage strengths in (1)–(3) are characterized by probing the
luminescence of the subcells [7], [9]. The radiative recombination in a subcell generates photons with the energy at the
bandgap of the subcell. These photons either escape from the
solar cell surface generating luminescence L, or emit into the

dILC
=
dI (D)

d q

L (λ)λ
hc dλ

dI(D)

χ
.

(7)

The luminescence intensity L in (7) is measured using a fibercoupled radiometer (EPP2000), while the bias light intensity on
the InGaAs middle cell is varied. The recombination current
I(D) in (7) is determined as the photocurrent of the InGaAs
subcell subtracted by the output current of the triple junction.
In order to minimize the shunt effect and isolate the luminescence coupling effect, the triple-junction solar cell is forward
biased at the optimal voltage of 0.2 V, at which the small-signal
resistance of the Ge subcell is the largest. The optimal bias
voltage usually does not change much with the bias light intensity when the luminescence coupling is dominant. The triplejunction solar cells used in this study only have luminescence
coupling between the InGaAs and Ge subcells. Furthermore, at
the optimal bias voltage, the shunt resistances can be neglected.
Therefore, (2) and (3) are simplified as
m ,b
αm ,b + αlk
iout
= lc
m ,b
iph
1 + αlc

(8)

iout
1
=
.
m ,b
iph
1 + αlc

(9)

iout /iph in (8) and (9) can then be determined by plugging in
m ,b
from EL measurements as shown in Fig. 4, with the paαlc
m ,b
rameters χ and αlk
determined by fitting (8) and (9) with the
EQE measurements. iph are taken as the best signals in the EQE
measurements at the corresponding wavelengths. The slight deM
are because of the
viations of the fitting at the smallest IBS
remaining shunt effect at the optimal voltage bias. The leakm ,b
is determined as 5.5% at 780 nm from the
age strength αlk
fitting, and the small-signal luminescence coupling strength is
M ,B
shown
calculated from the luminescence coupling current ILC
in the inset of Fig. 4. The small-signal luminescence coupling
strength increases with the recombination current in the InGaAs
subcell, because of the increased radiative recombination efficiency [7].
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B. Small-Signal Resistance

Fig. 4. Fitting of io u t /ip h of the Ge bottom cell obtained from EQE measurement (dots) with those from calculations (lines) using (8) and (9) at the
optimal bias voltage of 0.2 V (forward bias) when the InGaAs photocurrent IBMS
is increased. The inset shows the luminescence coupling current ILMC, B from
the InGaAs middle cell to the Ge bottom cell versus the recombination current
I(DM ) of the InGaAs middle cell.

The small-signal resistances are obtained from the subcell I–V
curves using (5). Under the bias condition of EQE measurement
of the Ge subcell, the InGaP and InGaAs subcells are forward
biased, while the Ge subcell is reverse biased. The forward dark
I–V curves of the InGaP and InGaAs subcells shown in Fig. 5
are obtained using the Isc –Vo c method [4]. The reverse dark I–V
of the Ge subcell in Fig. 5 is obtained from a reverse voltage
sweep when the InGaP and InGaAs subcells are light biased.
During the measurement, the Ge subcell is light biased by the
leakage light and luminescence coupled from the InGaAs subcell. Since the Ge reverse I–V obeys the superposition principle
as observed in the measurements, the reverse dark I–V of the
Ge subcell is obtained by subtracting the photocurrents from
the measured current. The photocurrent from the leakage light
is a constant under a certain light bias, while the photocurrent
from the luminescence coupling varies with the bias voltage.
The luminescence coupling current as a function of bias voltage
or recombination current of the InGaAs subcell is calculated
from the inset of Fig. 4, and is subtracted from the current measured at the corresponding voltage. The rest of the photocurrent
is attributed to the leakage light. The voltage of Ge subcell is
obtained by subtracting the voltages of the top two subcells from
the measured voltage. It can be seen in Fig. 5 that the Ge reverse
I–V curve shows a soft breakdown. The small-signal resistances
are then determined from the slopes of the subcell I–V curves
at the current measured under the voltage and light biases. Note
that the subcell voltages are not accurately determined from the
aforementioned procedure; therefore, they are left in arbitrary
units in Fig. 5.
V. RESULTS

Fig. 5. Measured forward dark I–V curves of the InGaP and InGaAs subcells
and reverse dark I–V curve of the Ge subcell.

Fig. 6 compares iout /iph extracted from Fig. 1 (dots) and
calculated using (2) and (3) (lines). It can be seen in Fig. 6
M
when the
that iout /iph increases and then decreases with IBS
ac monochromatic light is at 980 nm, and the trend is opposite
M
dewhen the ac monochromatic light is at 780 nm. When IBS
creases, the InGaAs middle cell becomes less forward biased,
and its small-signal resistance becomes comparable with the
shunt resistance of the Ge bottom cell, which makes the artiM
increases, the voltage as well as
fact become worse. When IBS
the radiative recombination efficiency of InGaAs middle cell
increases, which also makes the artifact become worse. The
EQE measurement artifact is minimized at the optimal bias
light intensity when iout /iph reaches the maximum at 980 nm
and the minimum at 780 nm. It is dominated by the shunt
effect at smaller bias light intensity and by the luminescence coupling effect at larger bias light intensity. The EQE measurement
artifact of the Ge bottom cell is reproduced using (2) and (3)
and the characterization methods developed in the previous
section. A good agreement is found between the measurement
and calculation results, as shown in Fig. 6.
VI. DISCUSSIONS

Fig. 6. io u t /ip h extracted from Fig. 1 (dots) and calculated using (2) and (3)
(lines).

In general, not every multijunction solar cell has all the characteristics of shunt and luminescence coupling in its subcells.
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Fig. 7. Calculated io u t /ip h of Ge bottom cell at 980 and 780 nm with shunt
and luminescence coupling (squares), with only shunt (open triangles) and
only luminescence coupling (open dots) when the InGaAs photocurrent IBMS is
increased.
TABLE I
PARAMETERS USED IN CALCULATIONS FOR FIG. 7

Subcells with good material qualities have large shunt resistances and perhaps strong luminescence coupling as well. Subcells with poor material qualities have low shunt resistances and
may be weak luminescence coupling. For special structures,
such as the bifacial triple-junction solar cells, the upper two
subcells are grown on the opposite side of the wafer from the
bottom subcell; therefore, there is no luminescence coupling
from the middle to the bottom subcell [10]. Equations (1)–(3)
can be simplified for these special cases.
Fig. 7 compares the EQE measurement artifact caused by
both shunt and luminescence coupling and the cases when there
is only shunt or luminescence coupling. The calculations are
done using SPICE with assumed subcell parameters shown in
M
, it can be seen that iout /iph accounting for
Table I. At small IBS
both shunt and luminescence coupling (squares) follows those
with only shunt (open triangles), indicating that the shunt effect
M
increases, the shunt effect is reduced (open
dominates. As IBS
triangles), because the small-signal resistance of the InGaAs
middle cell decreases rapidly and the small-signal resistance of
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M
, iout /iph
the Ge bottom cell becomes dominant. At large IBS
because of both effects follow those with only luminescence
coupling (open dots), indicating that the luminescence coupling
dominates. Note that the luminescence coupling effect is slightly
enhanced when the shunt effect is absent (open dots) at large
M
. This is because the small-signal resistance of the Ge botIBS
tom cell becomes larger with increased shunt resistance, and
the InGaAs middle cell becomes more forward biased and generates stronger luminescence coupling to the Ge bottom cell.
The tradeoff between shunt and luminescence coupling effects
determines the optimal bias light intensity on the InGaAs middle cell that minimizes the EQE measurement artifact of the Ge
bottom cell.
In addition, the sum of iout /iph in (1)–(3) is equal to 1 if RL
and αlk are negligible. For subcells with measurement artifact
that cannot be eliminated using voltage and light biases, this
unity rule provides a means to recover its true EQE, given that
the true EQE of the other subcells can be obtained. A similar
result has been obtained for shunt-induced EQE measurement
artifact [6].

VII. CONCLUSION
In conclusion, the EQE measurement artifact originates from
the electrical and optical interaction between subcells. It can be
varied using voltage and light biases. To interpret EQE measurement results under the bias conditions and the monochromatic
light scan, dc and small-signal equivalent models are developed for triple-junction solar cells. Characterization methods
for the small-signal luminescence coupling strength, the leakage strength, and small-signal resistances in the models are
demonstrated. A good agreement between the modeling and
EQE measurement results is obtained for a Ge bottom cell. To
minimize the EQE measurement artifact of the Ge bottom cell,
the optimal bias light intensity on the InGaAs middle cell is
determined from the tradeoff between the shunt and luminescence coupling effects, as confirmed by both measurement and
modeling results. The modeling result also provides a guideline
to recover the true EQE, if the measurement artifact cannot be
eliminated by varying the voltage and light biases.
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