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Abstract. The properties of luminescence coupling (LC) in multijunction solar cells were
investigated in three-terminal InGaP//InGaAsP and InGaP/GaAs//InGaAsP tandem solar cells
fabricated using the bonding technique through metal nanoparticle (MNP) arrays, where //
denotes the mechanical stacking using MNP arrays. Power extraction in the three-terminal tan-
dem solar cells is evaluated, showing that the power extraction in the devices is equivalent to a
sum of the power extraction of the top and bottom subcells. In addition, the properties of the LC
effect are investigated in the three-terminal tandem devices. The LC current increases with the
illuminated light intensity and shows a bias-voltage dependency of the subcell that is emitting
luminescence. We also discuss the impact of LC on the power extraction of the three-terminal
tandem solar cells. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0
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1 Introduction

Multijunction solar cells composed from different bandgap semiconductors have achieved
higher efficiency compared with conventional single-junction solar cells."> Dual-junction
II-V//Si devices with mechanically stacked, independently operated III-V and Si cells reach
cumulative one-sun efficiencies over 30%.° The efficiency of two-terminal multijunction devices
composed of series-connected subcells is easily reduced by a change in spectral irradiance
because the current flow is strictly limited by the minimal current among the subcells. In con-
trast, in a parallel-connected, four-terminal, mechanically stacked tandem solar cell, subcells are
electrically independent.* The four-terminal configuration thus has a distinctive advantage in
yield potential, which, for example, is over 20% more than that for the two-terminal scheme
device in Singapore.’ The four-terminal tandem has the lowest levelized cost of electricity com-
pared with the two-terminal tandem and single-junction solar cells.® In addition, the advantage of
the four-terminal tandem solar cells is even more significant when we consider land scarcity,
e.g., rooftop photovoltaic systems have limited space on vehicles and buildings.
Three-terminal tandem solar cells, developed by adding a third electrode into the two-ter-
minal tandem solar cells, have also been considered as a plausible approach to maximize power
extraction.’ The three-terminal devices can adjust the current mismatching between the subcells
and obtain robustness against the change of spectral irradiances. So far, the benefits of a three-
terminal design have been investigated using device physics simulation. Although a previous
study showed a slight increase in efficiency in three-terminal devices compared with that in
four-terminal devices, owing to the reduced fill factor in four-terminal operation,® a performance
equivalent to the four-terminal tandem solar cells is expected in general in three-terminal tandem
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solar cells.” The three- and four-terminal tandem solar cells show higher efficiency than that of
two-terminal devices for variable spectral irradiances.'? In addition, three-terminal tandem solar
cells with a back-contact-type bottom cell have been analyzed using model simulation.''
Furthermore, three-terminal heterojunction bipolar transistor solar cell has been proposed, in
which its detailed-balance efficiency limit was calculated and proved to be the same as that
of a double-junction solar cell.'?

In contrast to many model calculations, the literature is lacking in the experimental proof of
three-terminal tandem solar cells. Monolithic three-terminal tandem solar cells have been fab-
ricated by metalorganic chemical vapor deposition,”'* showing an active-area conversion effi-
ciency of 19.9% in a three-terminal GaAs/Si configuration.” In addition, the integrated module of
three-terminal devices using voltage matching circuit'* can perform as well as the independent
operation of the top and bottom cells.'> The recent progress in wafer bonding'® and mechanical
stacking'”'® has opened up new approaches for fabricating highly efficient three-terminal tan-
dem solar cells with high crystal quality. These techniques can be transferred to develop three-
terminal devices, which, however, have not yet been demonstrated to boost the energy yield for
terrestrial use.

In our earlier studies, we have proposed a unique mechanical stacking technique using Pd
nanoparticle (NP) arrays, named smart stack, which enables electrical and optical interconnec-
tions among dissimilar solar cells.'”?° In addition, we have fabricated the InGaP/GaAs//
InGaAsP/InGaAs solar cells,'”*' InGaP/GaAs//Si solar cells,” and InGaP/GaAs/GaAs//Si
solar cells,” where // denotes the mechanical stacking using metal NP (MNP) arrays. This bond-
ing technique using Pd NP arrays leads to a low contact resistance (S1 Q cm?). In addition, even
though the coverage of Pd NP is ~10% and a nanometer-sized air gap, with ~10-nm height, is
formed between the subcells, a normal incident light can be transmitted with only ~2% absorp-
tion loss.?’ This may differ significantly from the mechanical stacking using conductive adhe-
sives,!’ through which reflection occurs at the semiconductor/ITO interface because of the
difference in refractive index. Furthermore, this bonding technique using Pd NP can stack
the subcells of different sizes, providing area-mismatched multijunction devices.?* Furthermore,
pressing using low weight enables to stack the designed wafers without damaging the subcells.
Thus, the smart stack can be used to fabricate the three-terminal tandem solar cells using various
types of subcells, such as back-contact-type bottom cells.!!

The three-terminal tandem solar cells are also useful for investigating the properties of lumi-
nescence coupling (LC). LC between subcells has been extensively studied in multijunction
photovoltaic devices.”>® In tandem solar cells, luminescence in higher-bandgap subcells
can be reabsorbed by the lower-bandgap subcells beneath. As LC facilitates in an increase
in the photocurrent in the lower-bandgap subcell, it can improve the annual yield of tandem
solar cells for terrestrial applications by increasing the tolerance against spectral mismatch
when current mismatch due to spectral mismatch conditions is compensated for by the LC cur-
rent generated in lower-bandgap subcells.”’ LC also affects the precise characterization, such as
external quantum efficiency (EQE) measurements, of series-connected solar cells.*®® In addition,
a previous study reported on the bias-voltage-dependent luminescence, where the LC efficiency
may depend on the voltage applied to the device.?”*! However, LC properties have not been well
investigated from the viewpoint of the voltage dependence of a light-emitting subcell because in
series-connected multijunction cells with two terminals, only the total output voltage can be
measured, thus complicating the investigation of internal voltages in each subcell.
Furthermore, the bias-voltage dependency of the LC may modify the maximum power condi-
tions. In fact, if the luminescence in the higher-bandgap subcells can be enhanced by tuning the
bias voltage applied to the subcell, the subcells would not be independently working in the three-
terminal tandem solar cells.® The reabsorption of the luminescence leads to an increase in the
photocurrent in the subcell, possibly increasing the voltage of the bottom subcell for the maxi-
mum power point (mpp). However, the impact of the coupling between subcells to the three-
terminal tandem solar cells has not been understood well.

In this study, we fabricated mechanically stacked, three-terminal tandem solar cells through
a bonding technique using MNP arrays. We then evaluated the power extraction in these three-
terminal InGaP//InGaAsP and InGaP/GaAs//InGaAsP tandem solar cells. The power extraction
of the tandem solar cells was compared with the individual subcell power extractions. In
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addition, we investigated the properties of the LC effect in the three-terminal tandem solar cells.
The LC current was measured using the three-terminal electrodes and showed an increase with
an illuminated light intensity and a bias voltage of the subcell emitting luminescence. Finally, we
discuss the LC effect on the power extraction of the three-terminal tandem solar cells.

2 Experimental

2.1 Sample Preparation

Three-terminal tandem solar cells were fabricated through a bonding technique using MNP
arrays.'” To investigate its fundamental properties, we used InGaAsP for the bottom subcells,
in which better contact is easily obtained.’> AuGeNi/Au and Ti/Au electrodes were formed in
advance on the front and rear sides of the InGaAsP bottom cell using the electron-beam evapo-
ration method [Fig. 1(a)]. An Au electrode was also formed in advance on the GaAs top cell with
a thin GaAs contact layer. Figure 1(a) shows the top view of the devices. The centered square
shows the top subcell with the top electrode, which is stacked at the center of the bottom subcell
with two middle electrodes. The sizes of the top and InGaAsP bottom cells are ~4.0 X 4.0 and
~4.4 x 8.0 mm?, respectively.

Figures 1(b) and 1(c) show a schematic of three-terminal InGaP//InGaAsP and InGaP/GaAs//
InGaAsP tandem solar cells, respectively. The p—n junctions are bonded using Pd NP arrays to
form a tandem solar cell comprising InGaP and InGaP/GaAs top cells and an InGaAsP bottom
cell (1.15 eV) grown on an InP wafer. The fabrication processes follow the methods described in
previous papers.'*?’ To form the Pd NP arrays, a diluted solution of polystyrene-block-poly-2-
vinylpyridine was spin-coated on the surface of the bottom cell to form a nanometer-scale pat-
tern. The bottom subcell with the middle and bottom electrodes was immersed in an aqueous
solution containing Pd ions, and a patterned Pd template is formed on the bottom cell. Next,
a plasma treatment was performed to remove the polymer and reduce the Pd ions to form the Pd
NP arrays. The typical height of the Pd NPs and period of the arrays are ~10 and 100 nm,
respectively. Next, the InGaP (InGaP/GaAs) top cell, which was grown on a GaAs wafer,
was exfoliated using the epitaxial lift-off technique. The thin InGaP (InGaP/GaAs) top cell
placed in water was then scooped up and transferred to the InGaAsP bottom cell, which is
covered with Pd NP arrays. The stacked sample was pressed down using a weight at room tem-
perature for 2 h. Finally, an SiO, and TiO, multistacked layer was formed as an antireflection
coating on the front surface.
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Fig. 1 (a) Top view of a three-terminal tandem solar cell. Side views of (b) the three-terminal

InGaP//InGaAsP tandem solar cell and (c) InGaP/GaAs//InGaAsP tandem solar cells.
(d) Digital camera image of a fabricated sample.
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Fig. 2 EQE curves of the three-terminal (a) InGaP//InGaAsP and (b) InGaP/GaAs//InGaAsP tan-
dem solar cells.

2.2 Characterization of the Three-Terminal Tandem Solar Cells

Current—voltage characteristics of the solar cells were measured using a Xe/halogen two-light-
source solar simulator. EQE measurements of multijunction solar cells were performed by fol-
lowing the matured procedures for multijunction devices.*> A modulated quasimonochromatic
light combined with spectrally adaptable continuous bias light was used. The EQE was measured
under a constant photon flux of 10'* photon/s/cm?. In addition, the bias dependency of LC was
evaluated from the current—voltage measurements conducted using a two-channel source meter
(Keithley 2604B).

3 Results and Discussions

3.1 Spectral Response of Subcells in Three-Terminal Tandem Solar Cells

Figure 2(a) shows the EQE curves for the three-terminal InGaP//InGaAsP tandem solar cells.
Here, we used a spatial mask to cover the surface of the bottom InGaAsP subcells to ensure
equivalence in the illuminated areas of the top InGaP and bottom InGaAsP subcells.
Although the InGaP subcell shows high EQE values, the InGaAsP subcell shows lower
EQE:s; this is partly caused by the interface reflection due to air gap at the bonded interface.
Even though the EQE is reduced in the InGaAsP subcell, compared with the InGaP subcell,
the InGaAsP subcell shows higher short-circuit current density (Ji) implied by the EQE
curve of 15.4 mA/cm?.

Figure 2(b) shows the EQE curves for the three-terminal InGaP/GaAs//InGaAsP tandem
solar cell. The device size is defined by the bottom subcell size (~0.35 cm?) and a spatial
mask is not used. Note that the device area even for the top subcell is defined by the bottom
subcell size for EQE measurements. Owing to the smaller subcell sizes (~0.16 cm?), lower
implied J,, of 4.6 and 4.1 mA /cm? are obtained for the InGaP and GaAs subcells, respectively,
compared with the InGaAsP subcells of 14.8 mA /cm?.

3.2 Power Extraction in Three-Terminal Tandem Solar Cells

The power extraction in the proposed three-terminal tandem solar cells was analyzed using
a simple model calculation method. Figure 3 shows a schematic of the optoelectronic equivalent
circuit of the three-terminal tandem solar cells. Here, we used a dual-junction solar cell with
three-terminal electrodes. In the device used in this work, the EQE measurements show that
the photocurrent generated in the bottom subcell is higher than that in the top subcell as
shown in Fig. 2. Therefore, as an example, we considered the case where the photocurrent gen-
erated in the bottom subcell (subcell #2) is higher than that in the top subcell (subcell #1). While
the power is primarily extracted using top (t) and bottom (b) electrodes as in conventional two-
terminal tandem solar cells, the additional power generated in bottom subcell #2 due to the
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Fig. 3 Schematic of optoelectronic equivalent circuit of the three-terminal tandem solar cells.

current mismatch can be extracted using the middle (m) and bottom electrodes. The power
extraction is determined by the product of voltage V,_,, (V,_,) and current J,_;, (J,_,) between
the top (middle) and bottom electrodes as

P37[Vieps Voot = Vicod oo + VinpImob- (D

Using the relations of Vi_, = Viop + Viot, Jiob = Jiops Vinb = Vibors a0d Ty = Joor = Jiops
where Vi, (Vi) and Ji, (Jpor) are the voltage and current of the top (bottom) subcell, respec-
tively, the power extraction is rewritten as

P3T[Vt0p’ Vbol] = (Vtop + Vbol)]top[vbot] + Vbot(Jbot[Vbol] - ]top[vtopD' (2)

Finally, the power extraction is equivalent to the sum of the powers of top and bottom subcells:
P3T[Vlopv vbot] = Vtop*]top[vtop} + Vbot']bot[vbot]' (3)

This indicates that the power extraction in the three-terminal device is equivalent to the sum of
the power extraction of the subcells. In addition, the power extraction is maximized provided that
the top and bottom subcells are at the maximum power condition (Vigp mpp> Vbot,mpp)s this in turn
implies that the power extraction in the three-terminal configuration is equivalent to the power
extraction in the four-terminal tandem solar cells. Accordingly, the maximum power condition of
the three-terminal tandem solar cells is determined as Vi_ympp = Viopmpp + Viotmpp> and
Vm—b.mpp = Vbol,mpp‘

Next, we evaluated the power extraction in the fabricated devices. The current—voltage curves
were measured with varying terminal conditions. Figure 4(a) shows the current—voltage curves
of the three-terminal InGaP/InGaAsP tandem solar cells. First, the current—voltage curve for the
bottom subcell was measured using middle—bottom electrodes, while the top electrode was set at
an open-circuit condition. Then, the voltage of the maximum power condition, V,_ mpp, Was
determined from the current—voltage curve. Second, the current—voltage curve for the tandem
solar cells was measured using the top—bottom electrodes, where the voltage between the middle

(@) og (b)
N m-b (t: open) 4r

£ m-Db (t: open)

§ 15 )\ t_b(vm—bz\/m—b.mpp) . j

= < 31

= \ £

> =

g 10r 5 ol

5 E

E t-m (b open 8 t-b (Vm—bzvm—h.mpp)
E 5F 1 ! sissassissasseserIITS

3 \t—m(b: open)

L 1 0 1 1 1 1 1
% 05 1 15 0 05 1 15 2 25
Voltage (V) Voltage (V)

Fig. 4 Current-voltage curves of the three-terminal (a) InGaP//InGaAsP and (b) InGaP/GaAs//
InGaAsP tandem solar cells.
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and bottom electrodes was set at the maximum power condition V,,,_, = Vio mpp- Then, the
maximum power extraction and condition were determined from this curve as Py,
Vi_b.mpp> and Ji_p mpp- Finally, the current of the middle-bottom electrodes at the maximum
power condition of Jy,_ n,, Was measured under the condition that both the top-bottom
and middle-bottom electrodes were set at voltages for the maximum power condition, i.e.,
Vinbmpp a0d Vi_p mpp» TESPectively. Based on the obtained voltages and currents for the maxi-
mum power condition, we determined the power extraction as Py = Py mpp + Pr—bmpp =
16.86 4 0.39 = 17.25% for the InGaP//InGaAsP tandem solar cells. Note that the current differ-
ence between the top and bottom subcells is low, and thus the additional power extraction using
the middle—bottom electrodes is low. For comparison, we determined the total power extraction
using the maximum power extraction of each subcell, which in turn was determined by meas-
uring the current—voltage curves when the unmeasured subcells were set at the open-circuit con-
dition. The value was obtained as Pyp = Py + Poor = 12.20 +5.09 = 17.29%, which is
comparable to the aforementioned value obtained by the three-terminal electrodes (17.25%).

Next, we investigated the three-terminal InGaP/GaAs//InGaAsP tandem solar cells, which
showed significant current mismatch between the InGaP/GaAs top cell and the InGaAsP bottom
subcell owing to different cell sizes. Figure 4(b) shows the current—voltage curves of the three-
terminal InGaP/GaAs//InGaAsP tandem solar cells. Here, a spatial mask is not used and the
device size (~0.35 cm?) differs from the area of the InGaP/GaAs top subcell (~0.16 cm?).
Therefore, the y axis represents the current. According to the same procedure as that used
for the InGaP//InGaAsP tandem solar cell, the power extraction in the three-terminal InGaP/
GaAs//InGaAsP tandem solar cells was determined as Pyt = Py, + Pp_p, = 2.134 4+ 1.013 =
3.147 mW. The additional photocurrent in the bottom InGaAsP subcell was extracted through
the middle-bottom electrode. The value is consistent with the value obtained in the four-terminal
configuration: Pyp = Pygp + Ppoy = 1.717 + 1.325 = 3.042 mW.

3.3 Luminescence Coupling in Three-Terminal Tandem Solar Cells

Next, we investigated the properties of LC using the three-terminal tandem solar cell. First, we
used InGaP//InGaAsP tandem solar cells. To avoid a direct illumination into the bottom
InGaAsP subcell, a spatial mask covering the surface of the bottom InGaAsP subcells was
used. The illuminated 405-nm laser was absorbed only by the top InGaP subcell. Then, a photo-
current was generated in the InGaAsP bottom cell because of the reabsorption of the luminescent
originated from the InGaP top cell. We measured the current—voltage curves for the InGaAsP
subcell using the middle-bottom electrodes. Figure 5(a) shows J. of the InGaAsP subcell as
a function of 405-nm laser intensity. In addition, according to the ratio of the LC current to the
photocurrent generated through illumination in the top InGaP subcell, the LC efficiency is
defined as J ot/ Jsc 10p- The LC efficiency in the InGaP//InGaAsP tandem solar cell was evalu-
ated as ~10™, as shown in Fig. 5(a). The low LC efficiency is probably caused by low radiative
recombination rate in the InGaP top cell because the LC efficiency reflects the external radiative
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Fig. 5 (a) Jsc measured under the open-circuit (open circles) and short-circuit condition of the top-
middle electrodes, as a function of the illumination intensity. (b) Js. measured under light intensity
of 140 mW/cm?, as a function of the voltage applied to the top-middle electrodes.

Journal of Photonics for Energy 045503-6 Oct-Dec 2018 « Vol. 8(4)



Tayagaki et al.: Analysis of luminescence coupling effect in three-terminal tandem solar cells

efficiency of InGaP top cell 7,,q and the transmittance of the luminescence at the top subcell into
the bottom subcell, #,q,_po» Which is calculated to be an order of 10~".* Note that the LC effi-
ciency depends on the properties of MNP arrays, such as the NP size. Compared with the adhe-
sive bonding, the bonding technique using MNP forms a narrower gap between the subcells,
which can provide a better LC efficiency.*

Here, the values of J for the top electrode under the conditions of open- and short-circuit to
the middle subcell were compared. Under the open-circuit condition, J,, was determined to
increase more with light intensity, compared with J,. under the short-circuit condition. This
indicates that the luminescence intensity at the InGaP top cell increases under the open-circuit
condition. To understand this tendency, we measured the LC current for different bias voltages.
Figure 5(b) shows J,. as a function of the bias voltage. The current increases above 1.2 V, indi-
cating enhanced luminescence in the InGaP subcells. Under a low bias-voltage condition, the
photocarriers are partly recombined and emit light in the absorber before reaching the p—n junc-
tion owing to finite mobility. With increasing bias voltage, the photocarriers start to recombine at
the p—n junction, and thus the radiative recombination at the junction leads to enhanced lumi-
nescence. This result is explained by the bias-voltage dependency of LC.”’

Next, we measured the LC currents for 660- and 780-nm laser illuminations in the three-
terminal InGaP/GaAs//InGaAsP tandem solar cells. Here, we used a spatial mask to cover
the surface of the bottom InGaAsP subcells and investigated the coupling of the luminescence
emitted from the GaAs subcell and reabsorbed by InGaAsP subcells. While the 750-nm laser was
absorbed only by the GaAs subcell, the 660-nm laser was absorbed by both InGaP and GaAs
subcells. Figure 6(a) shows the current—voltage curves for different 780-nm laser intensities
under open- and short-circuit conditions of the illuminated top InGaP/GaAs subcell.
Figure 6(b) shows J. as a function of light intensity under open- and short-circuit conditions.
While the current increases with the laser intensity, a negligible difference was observed between
the open- and short-circuit conditions. This can be understood by the unilluminated InGaP
subcell, which prevents the current flow through the InGaP/GaAs subcell even under the
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Fig. 6 (a) Current-voltage curves for different 780-nm laser intensities under open- and short-cir-

cuit conditions and (b) Jg; as a function of light intensity. (c) Current-voltage curves for different

660-nm laser intensities under open- and short-circuit conditions and (d) J. as a function of light

intensity.
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short-circuit condition. In addition, the LC efficiency of the InGaP/GaAs//InGaAsP tandem solar
cells was estimated as ~10° for the luminescence from the GaAs to InGaAsP subcells.

Figure 6(c) shows the current—voltage curves for different 660-nm laser intensities under the
open- and short-circuit conditions of the illuminated top GalnP/GaAs subcell. Figure 6(d) shows
J as a function of light intensity. While the LC current increases with the laser intensity, the
current under the open-circuit condition shows higher current density than that under the short-
circuit condition. This could be because both InGaP and GaAs subcells are illuminated by the
660-nm laser, thus enabling the current flow through the InGaP/GaAs subcell under the short-
circuit condition. As a result, the photocarriers extracted as current increases, whereas the radi-
ative carrier recombination decreases, resulting in reduced LC current under the short-circuit
condition. This is consistent with the results that the LC current depends on the bias voltage
applied to the subcell emitting luminescence, as shown in Fig. 5.

3.4 Impact of the Coupling Between the Subcells to Power Extraction

Finally, we discuss the impact of LC between the subcells on the power extraction in the three-
terminal tandem solar cells. Although the LC of the devices used in this work is negligible, some
devices show a significantly high LC efficiency.”® The higher LC can modify the maximum
power condition in the three-terminal tandem solar cells. As an example, we consider the
power extraction of the three-terminal tandem solar cells with high LC efficiency. We used
LC efficiency a defined as Jic = aJoop €xp(qViop/kgT), where Ji ¢ and J,, are the LC cur-
rent generated in the bottom subcell and the saturation current determining the dark current of the
top subcell, respectively. The currents for the top and bottom subcells are given as

Jtop[Vtop} = Jphoto,top - JO,top exp(qvtop/kB T)v (4)

Jbot[Vtop’ Vbot] = Jphoto,bot - JO,bot exp(qvbot/kB T) + aJO,top exp(qvtop/kB T)v (5)

where J oo, top(bot) @0 Jo iop(bor) are the photocurrent and saturation current in the top (bottom)
subcells, respectively. In contrast to the case of zero LC efficiency (a = 0), the finite LC effi-
ciency results in the enhanced power extraction of the bottom subcell by increasing the voltage of
the top subcell. As a result, the optimum voltage of the top subcell increases more than the
voltage under the maximum power condition with no LC current. Furthermore, in the top sub-
cell, the current at the mpp decreases, and thus the current extracted from the middle-bottom
electrodes increases owing to an increase in the LC current and reduced current extracted by the
top—bottom electrodes. In practical devices, the subcell coupling is also caused by electronic
properties, such as a low subcell shunt resistance.’*! Further studies on the impact of subcell
couplings to the power extraction and its spectral robustness in three-terminal tandem solar cells
are necessary.

4 Conclusion

We fabricated mechanically stacked, three-terminal tandem solar cells using MNP arrays. We
evaluated the performances of the three-terminal InGaP//InGaAsP and InGaP/GaAs//InGaAsP
tandem solar cells, showing that the power extraction in the three-terminal tandem solar cells is
equivalent to those obtained in the devices with a four-terminal electrode configuration. In addi-
tion, we found that the LC current depends on the bias voltage of the subcell that is emitting
luminescence, and it may modify the optimum power extraction condition in the three-terminal
tandem solar cells.
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