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Abstract: In this study, a mechanical stacking technique has been used to bond together the
GaInP/GaAs and poly-silicon (Si) solar wafers. A GaInP/GaAs/poly-Si triple-junction solar cell
has mechanically stacked using a low-temperature bonding process which involves micro metal In
balls on a metal line using a high-optical-transmission spin-coated glue material. Current–voltage
measurements of the GaInP/GaAs/poly-Si triple-junction solar cells have carried out at room temper-
ature both in the dark and under 1 sun with 100 mW/cm2 power density using a solar simulator. The
GaInP/GaAs/poly-Si triple-junction solar cell has reached an efficiency of 24.5% with an open-circuit
voltage of 2.68 V, a short-circuit current density of 12.39 mA/cm2, and a fill-factor of 73.8%. This
study demonstrates a great potential for the low-temperature micro-metal-ball mechanical stacking
technique to achieve high conversion efficiency for solar cells with three or more junctions.

Keywords: mechanical stacking technique; GaInP/GaAs/poly-Si triple-junction solar cell; micro-
metal-ball

1. Introduction

It is well known that tandem-type III–V compound multi-junction solar cells possess
the highest conversion efficiency when compared with solar cells fabricated using alterna-
tive absorbing materials. The practical six-junction (6J) inverted metamorphic multijunction
(IMM) concentrator solar cell designs with a potential to exceed 50% efficiency using mod-
erately high quality junction materials has been proposed [1]. The current record efficiency
of 6J IMM solar cell is 47.1% under 143 Suns concentration [2]. The high performance
of these devices is due to mature epitaxial growth techniques and optimally designed
current-matched tandem structures. A conversion efficiency over 30% has been achieved
under the one-sun air mass 1.5 (AM1.5G) spectra condition using GaInP/GaAs/Ge (or
InGaAs) triple-junction (TJ) solar cells [3–5]. However, this is too expensive to cost down
the III-V solar cells because the underlying Ge substrate or InGaAs epilayer grown on
InP substrate is very expensive compared to the cost of Si [6,7]. Furthermore, even the
direct growth of 1.9-eV GaInP solar cells on Si by metalorganic chemical vapor phase
deposition (MOCVD) is difficult due to different thermal expansion coefficients and a 4%
lattice mismatch [6,7]. A graded SiGe buffer between the GaInP layer and the Si substrate
has been demonstrated to enable lattice matching [6]. The SiGe buffer layer could play an
important role in obtaining a high-quality current-matched cell to form a tandem dual-
junction structure. Nevertheless, the efficiency is not high enough compared with that of a
III-V solar cell grown on GaAs substrate [7–10].

Thus, the integration of III–V compound multi-junction solar cells and a Si solar cell by
either direct wafer bonding or mechanical stacking have been extensively studied in order
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to develop photovoltaic devices with high photovoltaic conversion efficiencies [11–20].
These include AlGaAs-Si mechanically stacked solar cells by epoxy [21], mechanically
stacked GaInP2/GaAs dual junction cells on an InGaAs cell grown on an InP substrate by
stacking holder [22], three-terminal GaAs/Si by conductive metal nanoparticle arrays [23]
and four-terminal III-V///Si tandem cells with high efficiency by glue bonding [13].
Recently, the fabrication of III–V compound dual-junction (DJ) solar cells on silicon or on
InGaAs/InP to form TJ solar cells by mechanical stacking and wire bonding [17] and three-
terminal tandem on GaInP/Si by transparent conducting adhesive (TCA) [24] have been
reported. A 46% efficiency was obtained with a 4-junction solar cell using wafer bonding
under concentrated sunlight [1]. Considering one sun AM1.5G conditions and using
wafer bonding, a record of 38.8% with a five-junction stacking has also been obtained [3].
Nevertheless, the one-sun conversion efficiency of III–V/Si solar cells has been raised
to 32.8% for two junctions and 35.9% for three junctions by using mechanical stacking
technology [4]. In our previous results, the performance of III-V DJ bonded to Si to form a
triple junction was better than that of III-V DJ bonded to InGaAs/InP due to the Si solar
cell contributing to the high Voc [17]. In order to connect the bottom cell and middle cell
by wire, it is necessary to offer a larger area for the bottom cell. In the above study, it
was found that the current was limited by the top DJ solar cell. It is well known that
the cost of poly-Si solar cell is lower than that of single crystal Si solar cell. In order to
further cost down, a poly-Si solar cell was used to evaluate the possibility of replacing
the bottom single crystal Si solar cell. The electrical connection was evaluated to use in
metal balls combined with transparent glue (KER 3000; Shin-Etsu Chemical Comp.) instead
of the wire bonding which was fabricated in our previous publication. In general, glue-,
metal-, and diffusion-bondings for the mechanical stacking technologies were used to
fabricate the multi-junction solar cells [7,23–32]. The glue-bonding method is cheaper and
easier, while the metal-bonding method requires determining the eutectic temperature.
The diffusion-bonding method is relatively expensive owing to the high cost of processing
equipment to support the technique. This study presents a new mechanical stacking
fabrication method employing micro metal balls that are spun onto a metal line region
using high-optical-transmission spin-coated glue material to bond the GaInP/GaAs and
poly-silicon solar cells. The fabrication processes and the optoelectronic performance of
the fabricated solar cells using this new technique has been discussed in detail.

2. Experiment

In this study, GaInP/GaAs DJ solar cells were grown on p-type GaAs (100) substrates
with 4” in diameter using MOCVD. The DJ solar cells were similar with that of our previous
study [17] except growing the AlAs sacrificial layer on GaAs substrate for epitaxial lift-off
(ELO). The poly-Si solar cell with 10 cm × 10 cm was fabricated using a p-type poly-Si
substrate, which was then implanted with PH3 and activated at 825 ◦C to obtain a top
n-layer with a thickness of 1 µm.

The size of the cell with 1.1 mm × 1.1 mm was fabricated on 4” GaAs wafer. First,
AuGe/Au (50/120 nm) electrodes were deposited on the n+-GaAs contact layer of GaInP/
GaAs DJ cells for front-side metal contact by thermal evaporation. Next, the exposure n++
GaAs layer was etched by NH4OH and H2O2 solution. This area was then deposited the
TiO2(54 nm) and MgF2 (85 nm) anti-reflection coating (ARC) by E-gun system. Following,
the wafer was temporarily bonded to the glass with glue. The glue used was a thermal
releasing type with a high optical transmission. The 4” GaAs substrate was subsequently
removed using the ELO process [33]. After ELO processing, the surface of the epilayer
of the DJ solar cells/glass was the GaInP etching stop layer. This layer was etched by
H3PO4:HCl (1:2) to expose the contact layer p+ GaAs. Then, a AuBe/Au (50 nm/100 nm)
metal line with a width of 20 µm was deposited on the p+-GaAs contact layer by thermal
evaporation to function as the backside electrodes. The processing flowchart of the DJ solar
cells has also been shown in Figure 1.
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Figure 1. Processing flowchart of the DJ solar cells.

The schematic structures of the mechanical stacking solar cells are shown in Figure 2.
In the case of the poly-Si solar cell, the front-side Ni/Al metal line electrode (50 nm/2 µm)
with a width of 20 µm was deposited on the n-type Si top surface using an e-beam evapora-
tor, and aluminum paste was coated on the back electrode via screen printing, shown
in Figure 2b. The ARC did not be deposited on the Si solar cells. Subsequently, the
GaInP/GaAs DJ solar cells were bonded onto the poly-silicon solar cells, shown in Figure 2a,
via the mechanical stacking technique. First, micro metal indium (In) balls with 30 µm
diameter were spun on the electrode lines of a poly-Si solar cell. Here, the In balls will
play an electrical connection between the DJ and poly-Si solar cells. Then, a high-optical-
transmission glue (KER 3000; Shin-Etsu Chemical Comp.) was coated by a spinner on the
top-side of the DJ solar cell. Finally, the DJ GaInP/GaAs and poly-silicon solar cell were
bonded together by mechanical pressure at 200 ◦C for one hour to form GaInP/GaAs on
poly-Si triple-junction solar cells. Because, the viscosity of the glue was very low, it was eas-
ily squeezed out and this allowed the in metal balls to connect with the line electrodes of the
DJ solar cell. Moreover, the GaInP/GaAs DJ solar cells were then temporarily bonded to the
glass with glue. After the mechanical bonding, the temporarily bonded glue could be easily
removed by a thermal process and the glass could be automatically separated from the III-V
cells without damaging the cells. Finally, the discrete GaInP/GaAs//poly-Si triple-junction
solar cell has obtained after dicing, shown in Figure 2c. The DJ solar cell with GaAs substrate
and poly-Si solar cell before bonding were also prepared for properties measurement.

The 3D structure about the In ball bonding was also shown in Figure 2d. The In ball
distributed on the surface of Si solar cell was observed by optical microscope and shown
in Figure 2e. Most of the In balls (red circles) assembled on the finger electrodes of the Si
bottom cell observed by optical microscope. Partial In balls (blue circles) located on the
Si surface.
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Figure 2. Schematic structure of (a) the GaInP/GaAs dual-junction, (b) poly-Si, and
(c) GaInP/GaAs//poly-Si triple-junction solar cells. (d) 3D structure about the In ball bonding.
(e) In Ball distributed on the surface of Si solar cell. Most of the In balls (red circles) assembled on the
finger electrodes of the Si bottom cell observed by optical microscope. Partial In balls (blue circles)
located on the Si surface.

A thin film GaInP/GaAs DJ epilayer bonded to glass (corning glass 1737) and sili-
cone glue with 2 µm coated on the corning glass were also prepared for the transmission
measurement. The optical transmittance spectrum of the GaInP/GaAs DJ solar cell film
and glue on the glass have been measured using a n&k analyzer (model: 1280; N&K Tech-
nologies). The illuminated current density–voltage (J–V) characteristics of the cell devices
were investigated using a standard solar simulator (XES-40S1, San-Ei Electric) equipped
with an AM1.5G light source (100 mW/cm2) operated at room temperature. The solar
simulator system was calibrated using a standard solar cell before sample measurement.
The cell efficiency of solar cells was measured by the Institute of Nuclear Energy Research
(INER), Atomic Energy Council of Taiwan. All the key equipment used for measurement
and fabrication methods in this study have been listed in Table 1.

Table 1. All the key equipment used for measurement and fabrication methods in this study.

Equipments Fabrication Measurement

MOCVD DJ solar cell structure growth

Photolithography Pattern Fabrication

E-Gun Deposition Electrode, ARC deposition

Wafer Bonding System Stack Bonding

N&k analyzer Tansmittance and Reflectance

Solar Simulator J–V of Solar cells

3. Results and Discussion

The transmission characteristics of the GaInP/GaAs DJ epilayer and glue binder were
important before bonding. The schematic of the measured structures and incident light
direction are shown in the inset of Figure 3a. The transmission spectra of the GaInP/GaAs
DJ epilayers and the silicone glue located on the glass substrate were measured in a
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wavelength range of 300–1100 nm, as shown in Figure 3a. It was found that the light was
almost absorbed by the GaInP/GaAs DJ epilayers as the wavelength was shorter than
880 nm. Concerning the transmittance of the silicone glue on the glass, this is higher than
80% as the wavelength is longer than 400 nm. Although the transmission was not higher
than 90%, it could be higher than that of the glue/glass for real application due to the glass
being removed for the real application and the glue become the thinner after the bonding.
It is well known that the glue is easily damaged under the UV light radiation. In this work,
the silicone glue layer was sandwiched by the GaInP/GaAs DJ epilayer and poly-Si solar
cell for the real mechanical stacking solar cell application. Because the GaInP/GaAs DJ
solar cell can effectively absorb the UV light, the glue could not be degraded by the UV
light. Moreover, the reflectance of the DJ solar cell, before and after deposition of the ARC
layers, were shown in Figure 3b. After the ARC deposition, the reflectivity reduced in the
all measured wavelengths. The reflectance of the DJ solar cell without ARC deposition
was high (59%) as the wavelength was longer than 880 nm. After ARC deposition, the
reflectance can be reduced from 59% to 15% for the wavelength longer than 880 nm. The
ARC not only contributed to reduce the reflectivity in the wavelength absorbed by DJ solar
cell, but also in the longer wavelengths (>880 nm).
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Figure 3. (a) Transmission spectra of the GaInP/GaAs dual-junction solar cell and glue on the glass substrate and (b)
reflectance of DJ epilayer/glass with and without ARC.

Figure 4 shows the measured J–V characteristics of poly-Si, GaInP/GaAs DJ fabricated
on GaAs substrate, and GaInP/GaAs/poly-Si TJ solar cells under a one-sun AM1.5G
solar simulator. The corresponding conversion efficiency (η), fill factor (FF), short-circuit
current density (Jsc), and open-circuit voltage (Voc) before and after mechanically stacking
are summarized in Table 2. The Voc values were 0.54, 2.18, and 2.68 V for the poly-
Si, GaInP/GaAs DJ, and GaInP/GaAs/poly-Si TJ solar cells, respectively. The poly-Si,
GaInP/GaAs DJ, and GaInP/GaAs/poly-Si TJ solar cells presented Jsc values of 23.39, 13.03,
and 12.39 mA/cm2, respectively. The obtained FF values were 51.15%, 80.00%, and 73.79%
for the poly-Si, GaInP/GaAs DJ, and GaInP/GaAs//poly-Si TJ solar cells, respectively. It
is worthy to mention that the Voc and Jsc were changed after the bonding. The changed Voc
was resulted from the solar cell being the TJ and Rs and Rp also changes after the bonding.
The changed Jsc was resulted from the current limitation by the DJ solar cell. These will be
discussed in more details in the next paragraph.
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Table 2. Device characteristics of poly-Si, DJ solar cell and GaInP/GaAs/poly-Si triple-junction solar
cells measured under 1 and 12 suns obtained from the J–V curve.

Type (@ One Sun) Voc (V) Jsc (mA/cm2) FF (%) η (%)

Poly-Si solar cell 0.54 23.39 51.15 6.46

DJ solar cell 2.18 13.03 80.00 22.72

TJ solar cell 2.68 12.39 73.79 24.50
Voc: open-circuit voltage, Jsc: short-circuit current density, FF: fill factor, η: efficiency.

It was found that the Jsc and FF values were decreased after the mechanical stacking.
This could be resulted from the lower Jsc associated with the bottom cell and the increased
series resistance arising from the micro metal balls (indium) on the metal line region. This
point can be demonstrated by a series resistance calculation [17]. The series and parallel
resistances for the DJ, poly-Si, and stacking solar cells were analyzed and were shown in
Table 3. Before mechanical stacking, the corresponding series resistances are 653 Ω and
992 Ω for the poly-Si and GaInP/GaAs DJ solar cells. After stacking, the series resistance
was increased to 1889 Ω. The interconnect resistance from the in micro-metal ball was
about 244 Ω, and the resulting shading loss was about 17.6%. These characteristics can be
improved by the efficiency of the direct metal bonding of the poly-Si on the crossing metals.
Moreover, the η values of the poly-Si, GaInP/GaAs DJ, and GaInP/GaAs/poly-Si TJ solar
cells were 6.46%, 22.72%, and 24.50%, respectively. Once bonded, the GaInP/GaAs/poly-Si
TJ solar cells, compared with the GaInP/GaAs DJ solar cells, had a conversion efficiency
increase from 22.72% to 24.5%. The Voc of the GaInP/GaAs/poly-Si TJ solar cells, compared
with that of the GaInP/GaAs DJ solar cells, increased from 2.18 V to 2.68 V. Moreover, it
was found that the drop of Voc of the GaInP/GaAs/poly-Si TJ solar cells compared to the
sum of GaInP/GaAs DJ solar cells and poly-Si solar cell was 40 mV. Correspondingly, the
drop of Voc of the GaInP/GaAs/poly-Si TJ solar cells compared to the sum of GaInP/GaAs
DJ solar cells and single crystal Si solar cell was 140 mV. The difference comes from the
different bonding. In our earlier publication (Ref. [17]), we used the wire bonding which
resulted in the large Voc drop due to the low shunt resistance. This demonstrates that
mechanical stacking is useful for increasing the conversion efficiency of multi-junction
solar cells by the Voc. The results agreed well with those of a GaInP/GaAs DJ solar cell
bonded to a single crystal Si solar cell [17].



Crystals 2021, 11, 726 7 of 9

Table 3. Series and parallel resistances of ploy-Si, GaInP/GaAs DJ and GaInP/GaAs/poly-Si triple-
junction solar cells obtained from the J–V curve.

Type Rs (Ω) Rp (Ω)

Poly-Si solar cell 653 976

GaInP/GaAs DJ solar cell 992 57,142

GaInP/GaAs/poly-Si solar cell 1889 52,356
Rs: series resistance; Rp: parallel resistance.

Table 4 shows the comparison of mechanically Stacked Solar Cells with the epitaxial
growth 6J III-V solar cell [2]. The highest efficiency of solar cell is still obtained by epitaxial
growth. The record efficiency of mechanically stacked GaInP/AlGaAs/Si solar cell is 30.8%
by palladium nanoparticles [32,34]. Although the efficiency is not high as the publication,
it can be improved by using the high performance III-V and poly-Si solar cell. Moreover,
the major issues in this study are the adhesive strength, series resistance and shading loss
between the stacked cells. The adhesive strength can be improved by metal layers bonding,
e.g., In/In, In/Sn or In/Au bonding. Not only, the series resistance can also be reduced. As
concerning the shading loss, the dimension of connected electrode should be optimized. If
the bonding is instead of metal bonding, it can be realized by industry, high efficiency solar
cells can be produced and applied for green energy.

Table 4. Comparison of mechanically Stacked Solar Cells with the epitaxial growth 6J III-V solar cell.

Type Device Structure Best Efficiency

Epitaxial Growth 6J III-V solar cells 39.2% (AM1.5g) (2020) [2]
Palladium nanoparticles GaAs/Si 13.5% (2018) [33]
Palladium nanoparticles TJ GaInP/AlGaAs/Si 30.8% (2020) [34]

Two-terminal connect TJ GaInP/GaAs//Si 27.31% (2019) [18]
Two-terminal connect TJ GaInP/GaAs//InGaAs 26.95% (2019) [18]

In metal balls TJ GaInP/GaAs/poly-Si 24.5% (this work)

4. Conclusions

This study successfully employed a mechanical stacking technique involving the
sprinkling of micro metal balls onto a metal line region using a high-optical-transmission
spin-coated glue material to bond a GaInP/GaAs dual-junction (DJ) solar cell to a poly-
silicon solar cell. Moreover, the transmission results demonstrated that DJ GaInP/GaAs
solar cells absorbed light at a wavelength of 300–880 nm and did not absorb light as the
wavelength longer than 880 nm. Thus, this part light from 880 to 1100 nm can be utilized
by the bottom cell. GaInP/GaAs/poly-Si triple-junction (TJ) solar cells were observed to
reach a conversion efficiency of 24.5%, with an open-circuit voltage of 2.68 V, a short-circuit
current density of 12.39 mA/cm2, and a fill factor of 73.8%. Thus, combining the poly-Si
solar cell with III-V DJ solar cell can subsequently improve the conversion efficiency of the
TJ solar cell.
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