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Abstract - The highest solar cell efficiencies today are reached
with four-junction devices under concentrated illumination. The
optimal bandgap combination for realistic four-junction cells is
amodelled to be 1.89/1.42/1.05/0.68 eV and indeed promises for
efficiencies > 50 %. We present the development and analysis of a
wafer-bonded four-junction solar cell based on GalnP/GaAs/
GalnAs//GalnAsSb. This concept allows for the implementation
of these ideal bandgaps and exhibits at present an efficiency of
42.0 £2.5 % at a concentration of 599x AM1.5d. The present loss
mechanisms in this device are analyzed, which are dominated by
current losses due to mismatched subcell currents and absorbing
passive layers. Under the assumption of proper current
matching, this device would achieve an efficiency above 44 %.

Index Terms — multi-junction solar cells, four-junction solar
cells, antimonides, wafer bonding, MOVPE.

1. INTRODUCTION

Great efforts are taken to maximize the conversion
efficiency of photovoltaic devices - a key parameter to
minimize the levelized costs of electricity. Multi-junction
solar cells based on III-V compound semiconductors currently
exhibit the highest conversion efficiencies [1], and are applied
in concentrating photovoltaics and in space. Materials with
decreasing bandgaps are stacked on top of each other,
successively absorbing the broadband solar spectrum. This
significantly reduces the thermalization and transmission
losses compared to single-junction solar cells. The state-of-
the-art multi-junction cell product is a GaInP/GalnAs/Ge
three-junction cell, reaching an efficiency up to 41.6 % under
concentration [2, 3].

Even higher conversion efficiencies are achievable by
increasing the number of p-n junctions in the device. The
highest reported efficiency so far of 46.1 % under
concentration of 312 suns was achieved by a wafer-bonded
four-junction solar cell combining III-V materials on GaAs
and InP [4]. A comparably high efficiency of 45.6 % at
690 suns was obtained with an inverted metamorphic four-
junction cell structure based on GaAs [5].

- Here, we present on the development and analysis of a
wafer-bonded cell based on GalnP/GaAs/GalnAs//GalnAsSb
(“//” refers to the position of the wafer-bond), which is
sketched in Fig. 1. With the quaternary material
Gao_gglno.ozASo_mngoggz an optimal bandgap of 0.68 ¢V for
2-terminal four-junction devices under concentration can be
realized. Accordingly, the concept has the potential for

achieving efficiencies > 50 %, as discussed in section II. The
potential is higher than for Ge-based multi-junction cells due
to the direct bandgap of GaInAsSb which enables a higher
absorption, therefore thinner layers and consequently lower
voltage losses.
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Fig. 1. Sketch of a wafer-bonded, 2-terminal Gags;Iny4P/GaAs/
Gay 75Ing 2o As//Gay gglng gy Asg g2Sbg g four-junction solar cell.

Lumb et al. demonstrated the high potential of Sb-based
multi-junction cells in their work on a mechanically stacked,
4-terminal  GaInP/GaAs/GaInNAsSb/GaSb/GalnAsSb  cell
grown by molecular beam epitaxy. Under concentrated
sunlight, the top three junctions achieved an efficiency of
42.8 % and the two bottom cells additionally contribute 1.7 %,
resulting in an overall efficiency of 44.5 % [6].

In our approach, the direct wafer bonding results in a
monolithically integrated 2-terminal device. This comes with
the challenge of matching the currents of each of the subcells.
Otherwise, the integration of 2-terminal devices into modules
is easier and more cost-effective, compared to cells with four
terminals. All materials in this work are grown in industrial-
sized MOVPE reactors, meaning the cell is applicable to an
industrial manufacturing environment and therefore suitable
for all applications of advanced ITI-V multi-junction solar cells



including concentrating photovoltaics. Some developments for
the Sb-based four-junction cell have been described already in
Ref. [7]. The descriptions include the wafer-bonding, the
metallization of p-GaSb and the growth of highly efficient
GaSb-based bottom cells with Aly,GaggAsgg2Sbgeg barriers.

The presented paper is significantly extended and begins
with a modelling study in section II, which is divided into two
parts. First, optimal bandgap combinations are modelled for
realistic multi-junction solar cells with two terminals. In the
second part, an even more accurate efficiency target is
determined for the Sb-based four-junction cell, taking into
account losses that have already been achieved for single
cell components. In the experimental section III, the
processing of the device is described, addressing the numerous
challenges in fabricating highly efficient Sb-based four-
junction solar cells. The results of the processed devices are
presented and discussed in chapter IV. The main loss
mechanisms are quantified and an outlook for further
improvements of the concept is given.

II. THEORETICAL MODELLING

The optimal bandgap combinations and efficiency potentials
for monolithic solar cells with four-, five- and six-junctions
are derived for a 500x concentration (AM1.5d [8], 1000W/m?)
at 25° C. Detailed balance calculations [9] have been already
applied in that context [9, 10] and this “radiative limit” also
represents the first examined case in this study. The approach
assumes a binary external quantum efficiency (EQF) of 1 for
photons with an energy above the bandgap and 0 below.
Further, solely voltage losses from radiative recombination are
taken into account, assuming 100% external radiative
efficiency. Other losses that occur in real solar cells such as
parasitic resistances, non-radiative recombination and optical
losses (shading, reflection, finite spectral absorbance)
are neglected [11].

The findings are depicted in Fig. 2, in which the efficiency
potential of cells with four to six series connected junctions is
plotted as a function of the bottom cell bandgap. The
calculated optimal bandgap combinations for the radiative
limit are in agreement to former results [10] - small
differences are attributed to differences in the applied
numerical model (spectral discretization etc.). An important
observation of Fig. 2 is that the atmospheric absorption band
in the AM1.5d spectrum between ~0.64 and ~0.69 eV results
in two local efficiency maxima. One lies in the range of a
bottom cell bandgap between ~0.51 and ~0.56 eV and one is
close to ~0.69 ¢V. We want to emphasize that both of these
maxima show a very similar efficiency potential. As a
consequence, small changes in the assumed voltage loss can
have a great impact on the resulting optimum bandgap for the
bottom cell.

To exemplify this statement, a second “empiric potential”
case is considered in Fig. 2. This case is based on the same
assumptions as the “radiative limit”, with the exception of a
90 mV voltage loss to the radiative limit for each junction. As
discussed below, that value represents the lowest voltage loss

that has been reported in literature for solar cells without rear
side mirror (based on GalnP [12] and GaAs [13, 14]) in the
relevant range of current density.
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Fig. 2. Efficiency potentials for 4-, 5- and 6-junction (J) solar cells at
a concentration of 500x AM1.5d, plotted as a function of the bottom
cell bandgap. The values are calculated for the “radiative limit” and a
“empiric potential”. The optimal bottom cell bandgap is highlighted
with a red circle and the AM1.5d spectrum is depicted in grey.

In the “radiative 1imit”, the optimal bottom cell bandgap for
4-, 5-, and 6-junction solar cells is 0.52, 0.56 and 0.69 eV,
respectively. However, in the “empiric potential” case the
optimal bottom cell bandgap sticks to 0.69 eV, as the higher
voltage loss favors junctions with higher bandgaps (similar
voltage losses lead to lower relative efficiency losses for
higher bandgaps). The quantitative outcome of this effect is
further illustrated in Fig. 3.
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Fig. 3. Efficiency potentials for 4-, 5- and 6-junction (J) solar cells at
500x AM1.5d, plotted as a function of the assumed voltage loss to
the radiative limit for each junction. “Low bandgap” stands for the
efficiency maximum at a bottom cell bandgap between ~0.51 and
~0.56 eV and “high bandgap” for the maximum at 0.69 eV.

* Fig. 3 directly compares the efficiency potential for bottom
cell bandgaps between ~0.51 and ~0.56 eV (“low bandgap™)



to the efficiency potential at 0.69 eV (“high bandgap”) for
varying losses to the radiative limit. As can be seen, the low
bottom cell bandgap only becomes favorable for 4-, and 5-
Jjunction devices if the voltage loss to the radiative limit is
reduced to below 30 and 55 mV, respectively. The realization
of such low voltage losses would require (in addition to
negligible defect recombination) the implementation of
omnidirectional reflectors below each subcell {12, 13], which
does not seem feasible based on today’s technologies.

The ideal bandgap combinations and efficiency potentials
for the “empiric potential” case are summarized in Table L
The result is an important update to the state-of-the-art, since
it defines a 0.69 eV bottom subcell as the target for realistic
multi-junction solar cells with 2-terminals. In other words, no
improvement can be expected from implementing a bottom
cell bandgap between 0.51 and 0.56 €V, compared to a
0.69 eV bottom cell. Further real-world losses in fill factor or
current would not significantly alter the optimal bandgap
combination. This holds also for varying operating
temperatures — in this case the ideal set of bandgaps has to be
reached under operating conditions.

A GalnP/GaAs/GalnAs//GalnAsSb cell enables the optimal
combination of bandgap energies for a four-junction cell, and
by that, promises for highest efficiencies. However, further
losses, e.g. due to non-radiative recombination, parasitic
resistances, shading and reflection are encountered in real
devices. Therefore, a real-world efficiency target has been
estimated for the Sb-based cell concept, assuming the lowest
losses that have already been achieved elsewhere in III-V
solar cell devices. It should be noted that this efficiency target
is by definition arbitrary. Still, it is based on already
demonstrated data and so yields a lower bound for what can
be expected to be achievable with further R&D efforts
and optimization.

The assumed parasitic resistances are a total serial
resistance of 15 mQcm?® and a parallel resistance of 100 kQ.
The subcell current of 14.03 mA/cm® is calculated from the
simulated absorption using real material absorption data and a
code based on the transfer matrix method, which is discussed
in Ref. [4]. The calculation takes into account 3 % shading by
the front contacts and an anti-reflection coating (ARC)
consisting of 121 nm MgF, and 79 nm Ta,0; on a 30 nm
AlInP window (compare Fig. 5).

When selecting reasonable subcell voltages for the
modelling, different effects have to be considered. Assuming a
simple 1-diode model, the open-circuit voltage Voc of an ideal
solar cell under concentration C increases according to:

iakeT cl nigkpT I njgkgT
Voc (C) = M2 i (21 = M8y (1) 4 2ettol g () (1)

njq represents the ideality factor, kg the Boltzmann constant,
T the temperature, g the elemental charge, /,, the photo-
induced current and [ the dark current. The last summand in
Eq. (1) is device-independent (for ny = 1) and results in a
~160 mV voltage increase (per junction) for a 500x

concentration at 25 °C. This effect is also considered in the
calculation of the radiative limit, i.e. the loss to the radiative
limit is in a first approximation C-independent. For real
materials, further influences have to be considered - e.g. non-
radiative defects saturate under concentration (see section IV).
Therefore, the assumed voltage losses to the radiative limit are
based on the lowest state-of-the-art values under concentration
without backside mirror. The current density of a four-
junction solar cell at 500x AML.5d typically amounts to
~5 A/cm’. In this current density range, the lowest reported
voltage losses to the radiative limit are ~90 mV for GalnP
[14], ~90 mV for GaAs [15, 16], ~100 mV for GalnAs [17]
and ~120 mV for GalnAsSb [18, 19]. The resulting real-world
efficiency target is listed in Table I and is 50.8% for the Sb-
based 4-junction solar cell.

Table 1. Optimal bandgap combination and efficiency for 4-, 5- and
6-junction solar cells for the “empiric potential” case and real-world
efficiency target for the Sb-based four-junction cell. The values are
calculated for a concentration of 500x (AMI1.5d spectrum,
1000 W/m?) at 25 °C.

Device Concept & Jsc Voo FF i
mA/em’] [Vl [%] [%]

bandgap combination [eV]

4-Junction, Empiric Potential
1.92/1.43/1.03/0.69

15.54 427 888 589

5-Junction, Empiric Potential
12.43 553 892 612

2.06/1.60/1.25/0.98/0.69
6-Junction, Empiric Potential
2.17/1.73/1.43/1.17/0.94/0.6%9

1034 684 894 632

Sb-based 4-Junction
Real-world Efficiency Target

1.89/1.42/1.05/0.68

14.03 421 861 508

As can be seen in Table I, small deviations (<0.03 eV) occur
between the optimal bandgaps for the “empiric potential” and
the “real-world efficiency target”. The reason for this
behaviour is that binary QFs with abrupt absorption edges and -
no reflection are assumed for the cell in the “empirical
potential” whereas the real-world efficiency target accounts
for non-abrupt absorption edges as well as a real ARC,
exhibiting parasitic reflection (as shown in Fig. 5).

I1I. EXPERIMENTAL

The direct growth of a GagsiIng 4P/GaAs/Gag15lng s As//
Gag g5Ing grAsg aShogs four-junction cell would result in high
dislocation densities due to the high lattice mismatch of 6.4 %
between Gag7glng 2 As and GaSb. Consequently, two separate
epitaxial growths were performed and the subcells combined
by direct wafer bonding. The fabrication scheme of the cell is
illustrated in Fig. 4.
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Fig. 4. Fabrication scheme for the wafer-bonded Gag 5,1y 40P/GaAs/ Gag 7gIng 2 As//Gag gglng gy Asy g2Sbg 03 four-junction solar cell.

Bottom junction growth, Fig. 4 (a): The Sb-based cell was
grown upright on a p-GaSb substrate (oriented (100) 4° off
toward (111)A) in a 7 x 4” CRIUS Close Coupled
Showerhead reactor from Aixtron. The nominally 2500 nm
thick Gag ggltg 02 ASp0188bg g2 absorber has a 0.68 ¢V bandgap
and is lattice-matched to GaSb. Barrier layers consisting of
Aly9GagggAsyaSbyeg (1.0 €V bandgap, lattice-matched to
GaSb) are used for carrier confinement. The topmost layer is
the n-GaSb bonding layer, where parasitic light absorption
can’t be avoided, as discussed below in the context of Fig. 5.
Further details about the antimonide growth in a showerhead
reactor have been published elsewhere [20, 21].

Top junctions growth, Fig. 4 (b): The Gags;IngP/GaAs/
GagslngpAs 3-junction cell was grown inverted on an
n-GaAs substrate (oriented (100) 6° off toward (111)B) in an
Aixtron 2800-G4 TM reactor with a 8 x 4” configuration. The
1.89 eV GagsIngeP cell with an intended thickness of
750 nm and the semi-transparent 1.42 eV GaAs cell (nominal

thickness of 1770 nm) were grown lattice-matched on the
GaAs substrate. Then, metamorphic Ga,,In,P buffer layers
with increasing Indium content were deposited, which allow
for a gradually change of the in-plane lattice constant between
5.65 A and 5.73 A for the subsequent GalnAs cell growth. The
Gag 1gIng 22As absorber was tuned to an intended bandgap of
1.11 eV and a nominal thickness of 2800 nm. Three tunnel-
diodes connect all subcells in series and the topmost layer is
an n-Gag 73Ing 5, As bonding layer.

Wafer Bonding, Fig. 4 (¢): The subcells were combined by
argon-beam activated wafer bonding. The method enables
optical transparency, together with a high interfacial
conductivity, which has been proven for a wide range of I1I-V
semiconductors including antimonides [22-24]. The first step
was the chemical-mechanical polishing (CMP), providing
surfaces with solely few particles and low RMS roughness
< 1 nm, which are mandatory for direct wafer bonding [25].



The wafers were sputtered in an Ayumi SAB-100 bonder in
ultra-high vacuum (< 3 x 10® Pa) to remove oxides and
contaminants. The process results in a thin amorphous surface
layer with dangling bonds. Subsequently, the wafers were
pressed together so that covalent bonds are formed,
permanently joining the semiconductors. Optimized process
parameters and annealing conditions enabled a resulting bond
resistance of 3.3 + 1.3 mQcm? at the n-GaSb/n-Gagzslng 22As
interface [24]. This bond resistance does not significantly
compromise the cell performance: even at 500x concentration,
resulting in a current density of ~5 A/em’, the expected
voltage loss at the bond interface is < 20 mV.

GaAs substrate & GaysIng P etching, Fig. 4 (d, e): The
GaAs substrate was removed by selective wet-chemical
etching in a solution of NHy/H,0,. A GagsiIng4P etch stop
layer was subsequently removed selectively in HCI.

GaAs cap structuring, Fig. 4 (f): A 400 nm n-GaAs cap
layer enables low front contact resistances and prevents metal
diffusion into the active solar cell region. A photoresist was
structured to protect the parts of the wafer, where the front
grid will be evaporated. Subsequently, the uncovered GaAs
was selectively etched with a solution of CsHzO7/H,O/H,0,,
revealing the AlInP window layer.

ARC deposition, Fig. 4 (g): An ARC consisting of 121 nm
MgF, on top of 79 nm Ta,;0; was deposited in a Pfeiffer PLS
570 evaporator in order to provide low reflectance over a
spectral range from 500 to 1900 nm.

Contact deposition, Fig. 4 (h): Metal contacts were
evaporated in a Classic 590 evaporator from Pfeiffer. The
p-GaSb substrate is fully metallized with a 2.1 pum thick
Pd/Au/Ag metal stack, enabling reproducible rear contacts
with specific resistances in the range of a few 10° Qcm? [21].
The front contacts are based on a 2.1 um thick metal stack of
Pd/Auw/Ge/Ti/Pd/Ag, resulting in contact resistances in the
range of 10° Qcm?® The front contacts were structured by
means of a lift-off process using a negative resist.

Mesa etching, Fig. 4 (i): The final step was the etching of
the mesa trenches to electrically separate the concentrator cells
(size of ~6 mm?). A structured photoresist was used as the
etching mask. The arsenides and phosphides in the top three
junctions were etched using a solution of HBr/H,0,/H,0. A
second H,O/CsHO/H;PO,/H,0, etchant was applied to etch
few micrometres into the GaSb substrate.

Cell Characterization: The four-junction cells were
measured at the Fraunhofer ISE CallLab. Quantum efficiency
(QOF) measurements are performed at a spectrally adjustable
setup at 25 °C [26, 27]. The absolute height of the quantum
efficiency was corrected with the l-sun current density
measured under a spectrally adjustable solar simulator
(AM1.5d, 25°C) '[26]. The IV-characteristics under
concentration were determined with a Flash simulator with
four independently controlled light paths (concentration times
AM1.5d spectrum at 1000 W/m® and 25 °C) [28]. All IV-
curves were measured with a shadow mask to exactly define
the designated cell area (~4.5 mm?) and ensure that no carriers
from outside that area are collected.

IV. RESULTS AND DISCUSSION

In the following section, the performance of the four-
junction device is presented, discussed and put in the context
with the modelling study in section II.

The EQF measurement of the four-junction device is shown
in Fig. 5. The bandgaps have been assessed from the QF using
the methodology in Ref. [29], confirming that the
implemented bandgaps are in good agreement with the
nominal values {(compare Fig. 1). Thus, the cell basically
exhibits the optimal bandgaps for a four-junction device
(Table I) - the only significant difference is the slightly higher
bandgap of the GayIngpAs cell, which was chosen on
purpose to compensate for the parasitic absorption in the
n-GaSb bond layer. An absorption simulation of the
implemented layer stack is included in Fig. 5, which is based
on the transfer matrix method and described in Ref. [4].
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Fig. 5. Measured external quantum efficiency as well as simulated
absorption, reflection and transmission of the Sb-based four-junction
solar cell. The current densities of the subcells are calculated for the
AM1.5d spectrum at 1000 W/m?.

Considering the actual subcell thicknesses measured by
scanning electron microscopy (SEM) as well as 5 % shading,
the simulation agrees well with the measured QF - except for
the absolute QF height of the bottom cell. Here, the
measurement with a lock-in amplifier underestimates the QF
due to a low parallel resistance of the bottom junction. The
shunt could be identified in SEM measurements including
energy-dispersive X-ray spectroscopy to result from
Sb-oxides, which remained in the mesa trenches after the wet-
chemical etching. Hence, the absorption simulation is a more
realistic estimation of the real QF height in junction 4, taking
into account the SEM-measured thickness of 2900 nm for the
Gao_gglno_ozAS(),owao_gsz absorber as well as the 60 nm GaSb
bond layer, which remained after CMP. The simulated
absorption correlates to a current density of 14.54 mA/cm’.
Otherwise, the shape of the QF in the bottom cell is not
influenced by shunts and is in line with the simulation,
indicating that the cell is not diffusion limited. It should be
noted that the uncertainty in the QF height has a negligible



impact on the further evaluation of the cell’s performance.
Even the current density of 12.48 mA/cm’, determined from
the measured QF, does not limit the overall current density.

The absorption simulation and SEM investigation confirm
that the first and third junction exhibit nominal thicknesses
(compare section II), but reveal that the thickness of the semi-
transparent GaAs cell amounts to 2010 nm instead of the
intended 1770 nm, which was caused by an incorrect control
of the GaAs growth rate. This results in a limiting current
density of 12.19 mA/ecm’ for the GagsslngzAs cell and an
excess current of the GaAs cell. The overall agreement
between the absorption simulation and the QF measurement in
the top three subcells indicates that basically all photons
reaching the absorber layers are utilized. That result speaks for
high material qualities with functional barriers and sufficient
minority carrier diffusion lengths.

The IV-characterizations under concentration are shown in
Fig. 6. The theoretical V¢ dependency on the concentration C
(last summand of Eq. (1) with n;y = 1) is included in the graph,
at which the factor “4” represents the number of junctions.
The curve has a constant offset of 570 mV to the radiative
limit for a four-junction solar cell at this specific bandgap
combination, as discussed below.
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Fig. 6. Summary of the open-circuit voltage Vg, fill factor FF and
efficiency # of the Sb-based four-junction cell, determined by
concentration-dependent /V-characterization.

The voltage increase at concentrations < 300 suns is higher
than expected for ideal cells. As mentioned in section II, this
increased voltage gain can be explained by the saturation of
non-radiative defects, which is completed for concentrations
>300 suns. Then, the wvoltage follows the theoretical
proportionality of Eq. (1) for ideal materials, which results for
C =599 in an averaged voltage gain of ~166 mV per junction.
In addition to this expected gain, the total loss to the radiative
limit is reduced from ~770 mV at 1 sun to ~570 mV at few
hundred suns. That means that the saturation effects under
concentration result in an additional 50 mV averaged voltage
- gain per junction.

The fill factor increases up to a concentration of 100 suns,
which is mainly due to two effects. First, the impairment from

the severe bottom cell shunt on the overall FF is decreasing
for higher concentrations, due to saturation effects. Second,
the influence of the rounded shape (exponential dependency)
of an IV-curve on the FF decreases for higher voltages. These
positive effects of the concentration on the FF are
overcompensated at concentrations > 100 suns, at which the
FF decreases due to the growing impact of the Rs.

In accordance with the evolution of Voc and FF, the
efficiency # increases significantly under concentration and
reaches a maximum of 42.0+2.5% at a concentration of
599 suns.

The IV-curve at 599 suns is shown in Fig. 7, including a
simulation of the measurement based on a 1-diode model. The
simulation takes into account the measured bandgaps (Fig. 1),
subcell currents (Fig. 5), cell area, concentration factor and a
temperature of 298 K. A total voltage loss of 570 mV to the
radiative limit, a total series resistance Rg of 23 mQem? and a
total parallel resistance Rp of 350 Q are used in the simulation
to achieve an agreement between simulation and
measurement. The only significant difference is in the
rounding of the /V-curve at the maximum power point, which
can be attributed to a distributed series resistance, which is a
known effect for solar cells under concentration [30].
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Fig. 7. IV-characteristic Sb-based four-junction solar cell at 599 suns,

-including a modelling based on a 1-diode model.

The 23 mQcem? overall series resistance is mainly caused by
the emitter sheet resistance in the Gags;Ing 4P cell as well as
the front contact and the bond resistance, which both
contribute a few mQcm’ to the Rs. The observable parallel
resistance of ~350  in Fig. 7 correlates to the Rp of the
limiting Gag 75Ing 2, As subcell and is high enough to avoid any
significant FF losses under concentration. The shunt in the
bottom cell has a negligible impact on the /V-characteristic at
599 suns, as the shunt is mostly saturated. Still, junction 4 has
a significantly lower FF than junction 3, but the excess current
in the bottom cell is sufficient to exclude that its individual 7V-
curve does limit the overall current at any point.

The discussed solar cell results represent a promising
starting point to further boost the efficiency of Sb-based four-
junction solar cells in the short-term. The device has a high



current-mismatch of up to 2.35 mA/cm’ (assuming the
simulated 14.54 mA/cm® in the bottom cell). Current-
matching is achievable by adapting the subcell thicknesses and
choosing an optimal bandgap of 1.05 ¢V for the third subcell.
Consequently, the overall current density may increase from
12.2 to ~13.3 mA/cm’ and efficiencies > 44 % are reachable.
In the long-term, the cell has the potential to achieve > 50 %
efficiency, as discussed in section II. The quantitative loss
mechanisms of the implemented device in respect to this real-
world efficiency target are estimated using the 1-diode model:

1. Current Losses: ~4.8 % absolute
2. Voltage Losses: ~1.5 % absolute -
3. Fill Factor Losses: ~2.5 % absolute

In that context, it should be noted that these loss mechanisms
also influence each other. The fill factor will drop when
matching the subcell currents — otherwise, the potential
efficiency gain from current would be even higher. In
addition, the FF slightly increases for lower voltage losses — in
this case the impact on the /V-curve rounding is decreasing.

Consequently, the experimental validation of the efficiency
target requires several improvements to the four-junction solar
cell. A further 0.9 mA/cm? can be gained by replacing the
60 nm GaSb bond layer by a non-absorbing layer and
additional 0.7 mA/cm? by increasing the bottom cell thickness
from 2900 to 4000 nm. Further current can be gained by
minimizing the parasitic absorption in passive layers, like for
example the tunnel-diodes. Finally, the material quality of all
junctions has to be enhanced to achieve an average of 100 mV
loss to the radiative limit per junction at concentrations of a
few 100 suns and the series resistance has to be decreased to
values below 15 mQcm?.

V. CONCLUSION

We have presented the modelling, fabrication and analysis
of a wafer-bonded, two-terminal GaysglngsoP/GaAs/
Gay 73Ing 22 As//Gag ogIng pa Asp 015Sbo.gsa solar cell. This concept
enables to realize the optimal bandgap combination for a
monolithic four-junction device, which was modelled to be
1.89/1.42/1.05/0.68 €V. Even for five- and six-junction cells,
the optimal bottom cell bandgap remains at ~0.68 eV if
realistic voltage losses are taken into account.

The four-junction device is realized by separate epitaxial
growth of an inverted top cell with three junctions and an
upright bottom cell with one junction. The subcells are
combined by argon-beam activated wafer bonding, enabling
lowest bond resistances < 5 mQcm? that do not significantly
compromise the cell performance.

The semi-transparent GaAs subcell of the device was found
to be 14 % too thick, taking some of the current away from the
underlying Gag 73Ing 1, As subcell which in turn then limits the
overall current density to 12.19 mA/cm?. Under concentration,
the increase in Poc is higher than expected, which can be
attributed to the saturation of non-radiative defects. The
outcome is a 50 mV average voltage gain per junction at
~300 suns, in addition to the expected voltage gain for ideal

cells. At concentrations > 300 suns, basically all defects are
saturated, and the voltage increase is in line with the
theoretical dependency. The efficiency peaks at 42.0 2.5 %
for a concentration of 599x AM1.5d.

The implemented cells represent a promising starting point
to achieve an efficiency above 44% in the short-term, by
matching the currents of all subcells. It has been shown that
the concept has a realistic efficiency potential > 50 %. With
respect to this efficiency target, further improvements can be
made mainly in the device current (4.8 % abs. efficiency
gain), but also in voltage (1.5 % abs. efficiency gain) and in
fill factor (2.5 % abs. efficiency gain).
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