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Abstract—The electrical losses due to the series resistances—
the bonding resistance and sheet resistance—in a two-terminal
(2T) GaAs/Si tandem solar cell that implements the areal current-
matching (ACM) technique was investigated. A 2T GaAs/Si ACM
tandem solar cell has a smaller top cell area and a larger bottom
cell area, to achieve current matching between the top and bottom
cells. The effect of the series resistances on the performance of such
an ACM tandem cell was evaluated through device simulations, in
which the subcell area ratio (bottom cell area / top cell area) and
series resistances were varied under 1-sun and 3-sun conditions.
The simulation results revealed that the optimal subcell area ratio
at which the tandem cell exhibits the highest efficiency is affected
mainly by the bonding resistance, due to a unique characteristic
of the fill factor. A larger bonding resistance results in a smaller
optimal subcell area ratio, i.e., a larger top cell area, which requires
the use of a larger amount of expensive III–V materials. This trend
is more prominent under 3-sun conditions. The indoor experiments
conducted on an in-house 2T GaAs/Si ACM tandem cell verified
the simulated results and showed that a lower external quantum
efficiency (EQE) also resulted in a smaller optimal subcell area.
Therefore, low bonding resistance and high EQE are of primary
importance for realizing high-efficiency low-cost 2T ACM tandem
solar cells.

Index Terms—III–V semiconductor materials, areal current
matching, multijunction solar cell, silicon solar cells.

I. INTRODUCTION

S i-BASED III–V multijunction (MJ) solar cells have been
attracting significant amounts of attention owing to their
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cost effectiveness. The recorded maximum efficiency of a Si-
based III–V MJ solar cell has exceeded 30% and thus has at-
tracted attention as a next-generation high-efficiency low-cost
solar cell [1]–[4]. The most common technology for fabricating
Si-based III–V MJ solar cells is metamorphic epitaxial growth
[5]–[11]. However, the following issues increase the difficulty
of fabricating high-quality III–V MJ solar cells using epitaxial
growth on a Si substrate: 1) Lattice mismatch and thermal ex-
pansion coefficient mismatch between Si substrates and III–V
materials. 2) Defects such as antiphase domains generated by
the difference in polarity between polar III–V materials and non-
polar Si crystals. Other approaches to fabricate Si-based III–V
MJ solar cells include using mechanical stacking [12]–[16] and
wafer bonding [2], [17]–[20]. The mechanical-stacking tech-
nique uses a transparent adhesive at the stacking interface. The
GaInP/GaAs/Si triple-junction cell fabricated by wafer bonding
currently demonstrates the highest cell conversion efficiency of
30.2% [2], although it requires chemical mechanical polishing
to smooth the bonding surface with root-mean-square roughness
values below 1 nm [21]. On the other hand, mechanical-stacking
has been used frequently, owing to its simplicity. However, op-
tical losses tend to be large owing to the opacity of the adhesive
material and reflection at the junction interfaces. A smart stack
[22], [23] is a mechanical stacking technique that uses metal
nanoparticles instead of adhesives, and has less complicated
processes, low optical losses, and high electrical conductivity.

Irrespective of the fabrication method, two-terminal (2T) MJ
solar cells convert the sunlight energy at the highest efficiency
when the current is matched in each of the subcells. However,
in the structure of GaAs/Si tandem solar cells, if the GaAs
absorbs all irradiation in the wavelength of the corresponding
band gap, the Si bottom cell intrinsically limits the current under
the AM1.5G solar spectrum because of the proximity bandgap
of GaAs and Si, regardless of the fabrication method. The typical
current-matching technique used to solve the current mismatch
involves reducing the layer thickness of the top cell to allow
a part of the light in the top cell bandgap pass through to the
bottom cell. Recently, an alternative technique, the area current-
matching technique (ACM) [13], has been proposed. In ACM,
an MJ solar cell is composed of series-connected subcells that
have different active cell areas; the areas of the subcells can be
varied independently, to reduce the current mismatch. In case of
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the GaAs/Si, the GaAs top cell area is smaller than the Si bottom
cell. In principle, both techniques can achieve approximately the
same efficiency under current matching conditions, based on the
following assumptions.

1) There is no optical loss in the stacked area.
2) There is no electrical loss in the “extra” bottom cell area

in the ACM technique.
3) The reflection loss at the top cell surface and “extra” bot-

tom cell area surface is equal.
The main advantage of ACM is that it can reduce the top

cell area in the current matching condition, consequently re-
ducing the cost of the top cell per unit generated power. This
advantage is more visible in solar cells that employ an expen-
sive top cell and an inexpensive bottom cell, such as III–V/Si
solar cells. Therefore, ACM has the potential to realize a cost-
effective 2T III–V/Si MJ solar cell. A similar concept called the
“step-cell” has also been introduced and a 2T GaAsP/Si tan-
dem solar cell with a potential conversion efficiency of ∼26%
has been demonstrated [24], [25]. In addition, a concept called
“SMAC module” that combines the smart stack, ACM, and
static low-concentration optics (nontracking) has been studied
by the authors of this paper, who have reported that an SMAC
module with 2T GaAs/Si tandem solar cells has the potential
to achieve a conversion efficiency of ∼30% with lesser top cell
area [22]. In the SMAC module, the concentration factor of the
static concentrator optics is limited to ∼3 due to the acceptance
angle limit of solar concentration.

When the ACM technique is applied to III–V/Si tandem solar
cells, the bottom cell area must be larger than the top cell area;
thus, the sheet resistance in the lateral direction of the bottom cell
and the bonding resistance at the stacked interface are key factors
that affect the electrical loss, i.e., the conversion efficiency. Until
now, the effect of sheet resistance and bonding resistance, i.e.,
series resistances, on the conversion efficiency had not been
discussed in detail under 1-sun and low-concentration (∼3-sun)
conditions.

In this study, we characterized the effects of the series resis-
tances in ACM 2T tandem solar cells (hereafter, termed as ACM
solar cell) through device simulations and indoor experiments.
The device simulations unveiled the theoretical effects of the se-
ries resistances on the ACM solar cell performance and optimal
subcell area ratio. Furthermore, in order to verify the simulation
results, a GaAs/Si ACM tandem solar cell was fabricated and
tested for various active bottom cell areas, i.e., different subcell
area ratios, under 1-sun and 3-sun conditions.

II. SIMULATION

To study the effect of series resistances on the ACM solar
cell, the cell performances for various bottom cell areas were
calculated through device simulations based on semiconductor
physics [22], [26]. Fig. 1 shows the simulation model of an
ACM solar cell. Equivalent circuit models of the top and bot-
tom cells are connected in series. The bottom cell circuit has
two components—a nonstacked area that receives sunlight di-
rectly and a stacked area—which are connected in parallel. The
series resistances in the ACM solar cell, Rb and Rs, are defined

Fig. 1. Device simulation model for 2T ACM tandem solar cell. Note that
Abottom represents the entire bottom cell area including both nonstacked and
stacked areas.

Fig. 2. External quantum efficiency model used for the simulation.

as the bonding resistance and sheet resistance, respectively. For
simplicity, Rb and Rs are included in the top cell circuit and
bottom cell circuit, respectively. The model consists of a con-
stant top cell area Atop (0.16 cm2) and variable bottom cell area
Abottom (0.16 − 0.27 cm2). The lateral resistance of the bottom
cell is calculated by sheet resistance and bottom cell area. The
properties of the semiconductor materials of the Si solar cell
used for the simulation, such as carrier lifetime, are the same
as those reported in the literature [22]. The dark current density
of GaAs used for simulation is 6 × 10−21 A/cm2, which is the
same as that reported by Alta Device [27]. Fig. 2 shows the
external quantum efficiency (EQE) model of the top and bottom
cells taken into account in the simulation. This EQE model re-
produces the same short-circuit current density ratio of bottom
cell to top cell for the subcell area ratio Abottom/Atop = 1 as
the measured value of the fabricated GaAs/Si tandem solar cell
described in the next section, which is 0.45, i.e., the short-circuit
current density of Si is approximately half of that of GaAs. The
semiconductor device model used for the simulation is based on
the following assumptions.

1) Bandgaps of GaAs and Si are 1.42 and 1.12 eV, respec-
tively; the bottom cell limits the generated current under
1-sun standard test conditions (STC) when the subcell
area ratio Abottom/Atop = 1 (without ACM).
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2) There is no loss of sunlight at the interface between the
top cell and the bottom cell.

3) The cell temperature is 298.15 K.
4) The individual cell conversion efficiencies (under STC)

of the GaAs top cell and Si bottom cell are 27.2% (short-
circuit current density Jsc = 27.5 mA/cm2, open-circuit
voltage Voc = 1.1 V, and fill factor FF = 0.89) and
20.7% (Jsc = 39.9 mA/cm2, Voc = 0.62 V, and FF =
0.83), respectively. The efficiency of the GaAs solar cell
is close to the current record device efficiency [3], [27]. It
should be noted that the efficiency of Si is ∼6 percentage-
points lower than the current record cell [28].

Fig. 3 shows the simulated solar cell performance (Jsc,
Voc, FF, and cell conversion efficiency η) for various Rb, Rs,
and Abottom/Atop ratios under 1-sun and 3-sun conditions. In
Fig. 3(a), the Jsc curves show similar trends, regardless of the
series resistances. Each Jsc curve has a peak value at a current-
match area-ratio (CMAR), where the photogenerated currents of
the top and bottom cells match. For Abottom/Atop ≤ CMAR, Jsc

increases as Abottom/Atop increases, according to the following
equation:

Jsc =
(
Jsc bottom− Jsc top

) × Atop + Jsc bottom × (
Abottom− Atop

)

Abottom

= Jsc bottom × Abottom − Jsc top × Atop

Abottom
(1)

where Jsc top and Jsc bottom represent the short-circuit current den-
sities of the top cell and bottom cell, respectively. On the other
hand, for Abottom/Atop ≥ CMAR, Jsc decreases as Abottom/Atop

increases, according to the following equation:

Jsc = Jsc top × Atop

Abottom
. (2)

In Fig. 3(b), the open-circuit voltage Voc is nearly constant;
it increases slightly by ∼0.02 V, when the Abottom/Atop ratio
increases from 1.0 to 1.7, almost regardless of the series resis-
tances. This increase in Voc is due to the increase in sunlight
absorption in the bottom cell. When the Abottom/Atop ratio in-
creases, the nonstacked area that receives full spectrum sunlight
increases, thus the sunlight absorption in the bottom cell in-
creases.

In Fig. 3(c), contrary to the Jsc curve trend, the FF curve
shows a valley (minimum value) at CMAR and a higher value
outside CMAR. The reason behind this trend is explained in
Fig. 4, which shows the current–voltage curves of each subcell
for Rb = 5 � · cm2 and Rs = 0 �/sq. For Abottom/Atop = 1.0,
the bottom cell operates at its maximum power point. However,
the top cell does not operate at its maximum power point, it
operates at a point closer to the open-circuit point, where the
gradient of the current–voltage curve is high, resulting in a high
FF. In contrast, at Abottom/Atop = 1.38 (CMAR), both subcells
operate at the maximum power point, where the gradient of
the current–voltage curve is low, resulting in the lowest FF.
A similar trend has been observed in the conventional tandem
solar cells with current mismatches due to spectral changes in
the incident sunlight [29].

Fig. 3. Simulation results for 2T GaAs/Si ACM tandem solar cell. (a) Short-
circuit current density, (b) open-circuit voltage, (c) fill factor, (d) cell efficiency
when changing the bottom cell area, bonding resistance Rb, and sheet resistance
Rs for a constant top cell area. In (c) and (d), the numbers in the brackets are
the irradiance and bonding resistance.

Fig. 3(c) also shows that the absolute value of FF de-
creases and the negative gradient of FF in 1.0 < Abottom/Atop <

CMAR increases as Rb increases; this trend is emphasized un-
der the 3-sun conditions. The effect of Rs on the FF character-
istics is relatively lesser than that of Rb. Fig. 3(d) shows the
resultant cell conversion efficiency η defined as the ratio of gen-
erated electricity to the incident sunlight power on the ACM
solar cell area, which is equivalent to the entire bottom cell area.
Since the open-circuit voltage is nearly constant, even when



BABA et al.: EFFECT OF SERIES RESISTANCES ON CONVERSION EFFICIENCY OF GAAS/SI TANDEM SOLAR CELLS 657

Fig. 4. Simulation results for 2T GaAs/Si ACM tandem solar cell.
Current−voltage curves of each subcell and resultant current−voltage curves of
tandem cell at Rb = 5 � · cm2 for Abottom/Atop = 1 and 1.38 (CMAR) under
1-sun condition.

the Abottom/Atop ratio varies, the efficiency will be proportional
to FF × Jsc. As a result, each η curve has a peak at a certain
Abottom/Atop, i.e., the peak efficiency point (PEP).

The PEP appears near the CMAR, but not always exactly
at the CMAR. When Rb and the irradiance increase, η de-
creases and the PEP shifts to a point slightly lower than the
CMAR. Under 1-sun and Rs = 0 �/sq conditions, PEP ap-
pears at Abottom/Atop = 1.381 for Rb = 0 � · cm2, while PEP
appears at Abottom/Atop = 1.375 for Rb = 5 � · cm2; thus, the
maximum η decreases by 2.54%abs from Rb = 0 to 5 � · cm2.
This trend is emphasized under the 3-sun conditions. PEP shift-
ing to a lower Abottom/Atop ratio is not desirable, because the
smaller Abottom/Atop ratio, the larger the area of the top cell will
be, which will result in requiring expensive III–V materials.

These simulation results suggest that Rb remarkably affects
the maximum value of η and the optimal Abottom/Atop ratio of
the ACM solar cell; thus, the reduction of Rb is of primary
importance in the ACM solar cell.

III. EXPERIMENT

To verify the simulation results, indoor experiments were
conducted. A 2T GaAs/Si ACM tandem solar cell was fabri-
cated. Fig. 5 shows the cell structure of the fabricated solar cell.
The dimensions of the electrode area of the top cell (AE ), top
cell area (Atop), active top cell area (Atop act = Atop − AE ),
and bottom cell area (Abottom) are summarized in Fig. 5. The
designed bandgaps of GaAs and Si were 1.42 and 1.12 eV,
respectively, which were the same as those used in the sim-
ulation. The top and bottom cells were connected by palla-
dium nanoparticles (Pd NP), both electrically and mechanically,

Fig. 5. Fabricated 2T GaAs/Si ACM tandem solar cell structure and cell
dimensions.

Fig. 6. Experimental setup to investigate the effect of Abottom act/Atop act ra-
tio on solar cell performance. Abottom was varied using masks with different
unmasked areas. Atop was constant.

using the smart stack technique developed by AIST [23]. The
measured individual cell efficiencies of the GaAs and Si sub-
cells, which were measured before stacking, under STC were
in the ranges of 16%–18% (Jsc = 25 mA/cm2, Voc = 0.9 V,
F F = 0.7 − 0.8) and 13%–15% (Jsc = 35 mA/cm2, Voc =
0.6 V, F F = 0.6 − 0.7), respectively [20]. It is noted that the
Si subcell efficiency was measured independently without a top
cell. The efficiency of each subcell was ∼10 percentage-points
lower than that assumed in the simulation.

The sheet resistance of the Si bottom cell is mainly deter-
mined by the impurity concentration in the doped layer, and the
measured sheet resistance of the nonstacked bottom cell area
was 93 �/sq.

Fig. 6 shows the experimental setup. The fabricated solar
cell performance was measured by changing the active bottom
cell area Abottom act ( = Abottom − AE ) using masks with dif-
ferent unmasked areas. Here, the unmasked area is defined as
Abottom, and Abottom act/Atop act is used in the discussions instead
of Abottom/Atop. The cell temperature was controlled at 298.15 K
by a cooling unit beneath the tested solar cell. The light source
for the I–V measurement is a xenon lamp with an air mass filter.
It should be noted that spectrum of the light source has a spectral
mismatch in the near-infrared wavelength due to the bright line
spectra of the xenon lamp.
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Fig. 7. Experimental results of the fabricated 2T GaAs/Si ACM tandem solar
cell under 1-sun and 3-sun conditions. (a) Short-circuit current density, (b) open-
circuit voltage, (c) fill factor, and (d) cell efficiency when changing the bottom
cell area.

Fig. 7 shows the measured solar cell performances (Jsc,
Voc, FF, and η) under 1-sun and 3-sun conditions for various
Abottom act/Atop act, corresponding to Fig. 3. In Fig. 7(a), the
measured Jsc were plotted with semitheoretical curves based
on Eqs. (1) and (2), in which experimental values were input,
e.g., measured short-circuit current at Abottom act/Atop act = 1.0
for (Jsc bottom − Jsc top) × Atop; measured short-circuit current

Fig. 8. Measured external quantum efficiency of the fabricated GaAs/Si tan-
dem solar cell at Abottom act/Atop act = 1.00 and 1.40 (closest to CMAR) con-
ditions.

in the range of Abottom act/Atop act > CMAR for Jsc top × Atop.
Each Jsc curve had a peak at CMAR, which was consistent
with the simulation result. The absolute value of the measured
Jsc and gradient in 1.0 < Abottom/Atop < CMAR were smaller
than that of the simulated value due to real-world losses such as
optical loss. Fig. 8 shows the measured EQE of the fabricated
GaAs/Si tandem solar cell at Abottom act/Atop act = 1.00 and
1.40 (closest to CMAR) conditions. The EQE of the fabricated
cell was clearly lower than the EQE assumed in the simulation
(Fig. 2).

To validate our simulation, we conducted the simulation again
with the modified EQE model, which is more representative of
the experimental device. Fig. 9(a) shows the modified EQE
model, in which the maximum EQE is 80%. Fig. 9(b) shows
the simulated Jsc in comparison with the measured Jsc [see
Fig. 7(a)]. The simulated Jsc shows good agreement with the
experimental results.

In Fig. 7(b), the measured Voc also showed a result consistent
with the simulation result, which increased slightly by 0.045 V,
as Abottom act/Atop act increased from 1.0 to 1.65. This increment
value of Voc was approximately twice the simulation results due
to a relative increase in the dark current at shading/masking
parts of the bottom cell. The shading/masking parts lowered
the Voc level for every Abottom act/Atop act as compared with the
simulation result.

In Fig. 7(c), the measured FFs are plotted along with the
curves fitted by quadratic approximation. The approximated
curves were obtained by assuming that each curve had a min-
imum value at each CMAR. The approximated curves fit well
with the measured values although the measured points ex-
hibited deviations from the approximated curve due to the
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Fig. 9. Simulation results for 2T GaAs/Si tandem solar cell with modified EQE
model. (a) Modified EQE model. (b) Simulated short-circuit current density.

sensitivity of the contact conditions between the measuring
probe and the cell surface electrodes. The FF curves show
trends similar to the simulated results, i.e., the FF curves ex-
hibit a valley at CMAR and a higher value outside CMAR.
Comparing Fig. 7(c) with the simulation results from Fig.
3(c), in the 1-sun condition, the rate of decline of FF in
1.0 < Abottom act/Atop act < CMAR was higher than the sim-
ulation results of the Rb = 5 � · cm2 case, indicating that the
series resistance of the fabricated solar cell was higher than
5 � · cm2. In the 3-sun condition, the FF was lower than the 1-
sun condition, and that trend was similar to the simulation. The
measured Rs of the fabricated solar cell was approximately 1/5
of the Rs = 500 �/sq assumed in the simulation, thus the effect
of the Rs on FF was expected to be far less than that of Rb. The
measured current–voltage curves are shown in Fig. 10, and they
clearly show the decrease of FF at Abottom act/Atop act = 1.40,
which is the value closest to CMAR. The bonding resistance Rb

estimated from the experiment was in the range of 5–8 �·cm.
In Fig. 7(d), the measured cell conversion efficiencies are

plotted along with the curves fitted by cubic approximation.
The PEPs of the efficiency curves for 1-sun and 3-sun con-
ditions are Abottom act/Atop act = 1.24 and 1.21, respectively,
which are smaller than the CMAR. The reason why the mea-
sured efficiency curve shows an even smaller PEP than the
simulated one is because the measured Jsc has a smaller gra-
dient than the simulated one due to a lower EQE in the range
of 1.0 < Abottom/Atop < CMAR. The low FF of each sub-
cell used in the experiment could also contribute to the shift
of PEP.

Fig. 10. Experimental results of the fabricated 2T GaAs/Si ACM tandem solar
cell. Current-voltage curves of tandem cell for various Abottom act/Atop act under
1-sun and 3-sun conditions. Abottom act/Atop act = 1.40 is the closest to CMAR.

It is confirmed that the simulation results are consistent with
the experimental results. Increasing the EQE and bonding resis-
tance are important for improving the efficiency and reducing
the top cell area, which in turn reduces the use of III–V materials,
which reduces the cost of the ACM solar cell. This importance
increases in the cases where the ACM solar cell is used with
increased solar concentration.

IV. CONCLUSION

The effect of the series resistances, i.e., the bonding resis-
tance and sheet resistance, in 2T GaAs/Si tandem solar cells
incorporated with the ACM technique was examined through
device simulations and indoor experiments using an in-house
solar cell. The simulation results showed that the fill factor
and cell conversion efficiency decreased as the bonding resis-
tance increased. The optimal subcell area ratio, which was a
key design parameter of the ACM solar cell, was affected by
the bonding resistance. A larger bonding resistance required a
larger top cell area. Results of experiments conducted on an
in-house ACM solar cell verified the simulation results and re-
vealed the real-world effects, that is, a lower EQE also shifted
the optimal subcell area ratio to be smaller, increasing the cell
area of the III–V top cell relative to that of the Si bottom cell.
These characteristics could be observed in ACM solar cells with
other combinations of subcell materials in which the bottom is
the current limiting subcell. It was noted that, in this study, the
bonding resistance exerted a dominant effect on the cell perfor-
mance compared with the sheet resistance, because the present
cell size was small, i.e., in the scale of several millimeters; the
decrease in cell performance due to sheet resistance could be
more apparent in the case of a larger-sized cell. The fabricated
2T GaAs/Si ACM tandem cell showed worse performance than
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the simulated result. In order to realize a higher efficiency of
∼30%, improvement of the subcell performance, optimization
of the antireflection coating, and reduction of the series resis-
tances by improving the bonding process and electrode design
are required. A possible method to reduce the series resistances
would be applying a transparent oxide conductive layer to the
stacked interface in the bonding process.
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