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Crystalline silicon solar cells have been dominating the photo-
voltaic market for decades. Today, the overall cost of photo-
voltaics is driven by system components such as installation, 

cabling and inverters. Since most of these costs are area-dependent, 
for a further reduction of the levelized cost of electricity, it is cru-
cial to improve the conversion efficiency. State-of-the-art industrial 
crystalline silicon solar cells have conversion efficiencies in the range 
of 20–21% while a few laboratory-type champion devices reach 
more than 25%1–9, with 26.7%10 being the current record efficiency. 
The theoretical Shockley–Queisser radiative efficiency limit11 for 
silicon solar cells with a bandgap of 1.12 eV is 33%. However, due to 
silicon's indirect bandgap, Auger recombination becomes the domi-
nant intrinsic loss channel, which reduces the theoretical upper 
limit to 29.4%12. Realistic boundary conditions such as the necessity 
to attach contacts to the cell and incomplete light harvesting reduce 
the practical efficiency limit to around 27%3. Thus, pure crystalline 
silicon solar cells are extremely close to their performance limit; 
new concepts are becoming crucial.

A well-known strategy for increasing solar cell conversion effi-
ciency is the multi-junction architecture in which a set of semicon-
ductor absorbers with appropriate bandgaps are used. This approach 
reduces thermalization losses arising from the absorption of pho-
tons with excess energy compared to the semiconductor bandgap, 
as well as transmission losses of photons with insufficient energy. 
Various multi-junction approaches are found in the literature. First, 
solar cells can be integrated in an optical system, splitting the light 
into different wavelength bands that are then redirected onto solar 
cells with appropriate bandgaps13–16. Alternatively, individual solar 
cells can be mechanically stacked with separate contacts on each 
cell, referred to as the multi-terminal approach17,18. By doing so, no 
subcell current matching is required if every cell has its own electric 

circuit throughout the photovoltaic module and its own inverter. An 
efficiency of 35.9% was recently reported for a mechanically stacked 
four-terminal device (GaInP/GaAs on silicon, 1 cm2, AM1.5G); 
by connecting all subcells in series, this device reaches 30.9% effi-
ciency19.

However, all industrially scaled multi-junction cell architectures 
so far (space application, concentrating photovoltaics or thin-film 
cells) use a two-terminal approach. This is due to the lower com-
plexity of producing these devices and implementing them into 
photovoltaic modules. Two-terminal cells can be connected by 
standard series or parallel connection with little space between 
the cells and with only one electric circuit. Moreover, the parasitic 
absorption in non-photoactive layers is reduced (no intermediate 
electrodes in the device). Thus, it is expected that two-terminal 
cells will also be favourable for future applications of high-perfor-
mance III–V-on-silicon (III–V//Si; the double slash symbol refers 
to monolithic two-terminal integration hereafter) tandem solar 
cells. However, it should be mentioned that micro-inverters with 
high reliability and low cost may enable new architectures for multi-
terminal devices in the future. Two material systems are currently 
discussed as high-bandgap absorbers on silicon: perovskites20–22 and 
III–V materials23–26. While the first approach has a clear low-cost 
potential, its stability and reproducibility are still major issues. In 
contrast, III–V photovoltaics, while being more expensive, are a 
proven high-efficiency technology, already used in space satellites 
and concentrating photovoltaics, with champion cell efficiencies up 
to 38.8% for a five-junction solar cell measured at 1 sun and 46% 
for a four-junction device measured at 508 suns10. Experimentally, 
III–V solar cells achieve the highest spectral efficiency among the 
high-bandgap materials and thus appear as ideal tandem partners 
for silicon, efficiency-wise27. To apply III–V on silicon, strategies to 
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grow epitaxial III–V layers directly on silicon have been investigated 
by generations of scientists28. However, best-in-class direct-grown 
III–V//Si solar cells resulting from this approach are still limited to 
~20% efficiency29,30. Indeed, the different lattice constant and ther-
mal expansion coefficient, but also the combination of polar and 
nonpolar materials and the high sensitivity of silicon to low levels 
of impurities, remain significant challenges31 that require further 
research and development.

In this work, we choose a different approach inspired by the 
microelectronics sector: surface-activated wafer bonding. While 
being difficult to scale to high-throughput gigawatt manufacturing, 
this technique bypasses many of the above-mentioned constraints. 
We use surface-activated wafer bonding to join an independently 
prepared silicon bottom cell with a GaInP/GaAs top cell, thus form-
ing a monolithic two-terminal device with three series-connected 
p–n junctions26. For the silicon bottom cell, we use an advanced 
architecture with two innovative features. The first feature is sili-
con passivating contacts32,33 to enhance the open-circuit voltage 
of the silicon bottom cell. The second feature is a diffraction grat-
ing to enhance the internal light trapping of the indirect-bandgap 
semiconductor silicon. The doped poly-silicon/ultrathin SiOx con-
tact stack provides an excellent surface passivation for planar sur-
faces, which prevents recombination at the III–V//Si interface and 
remains unaltered during the III–V top-cell processing. Applying a 
rear-side diffraction grating enables an infrared-optimized design 
while preserving flat surfaces for the silicon cell34,35. Thus, the silicon 
cell is still fully compatible with the wafer bonding process and the 
surface area is not enlarged, which would increase effective surface 
recombination. With this electrically flat and optically structured 
bottom silicon cell design, we demonstrate a two-terminal 4 cm2 
III–V//Si triple-junction solar cell reaching a 1-sun AM1.5G effi-
ciency of 33.3%.

III–V//Si solar cell design
The layer stack and band structure of the Ga0.51In0.49P/GaAs//Si solar 
cell fabricated in this study are shown in Fig. 1a,b, while a picture of 
the final device with bright red electroluminescence (EL) from the 
GaInP top cell is displayed in Fig. 1c. Both Ga0.51In0.49P and GaAs 
are direct semiconductors with the lowest transition energy at the Γ  
point. This leads to high absorption and allows the III–V layers to 
have a total thickness of only 1.9 µ m.

Photons that are transmitted through the GaAs reach the sili-
con bottom cell. We use here an advanced p-type silicon solar cell, 
featuring passivating contacts based on doped poly-silicon lay-
ers (90 nm thick) with ultrathin (~1.2 nm) SiOx on both sides32,33. 
This architecture, inspired by bipolar junction transistors, was early 
identified as a promising approach for solar cells36,37. Indeed, the 
stack of ultrathin full-area interfacial oxides with a doped poly-sil-
icon layer suppresses the recombination of minority carriers while 
permitting majority carrier extraction from the silicon wafer32,38,39. 
Due to the fact that silicon is an indirect semiconductor (lowest 
transition energy at the X point), the absorption of photons near 
the band edge is significantly lower compared to the III–V top cells. 
However, as described further in this paper, the optical light path, 
and thus absorption of long-wavelength photons (≥ 1,000 nm), can 
be effectively increased by applying back-side diffraction structures 
on top of the bottom passivating hole contact. Details about the cell 
fabrication processes are reported in the Methods.

III–V//Si bond interface microstructure
A key point of our approach is the direct crystal connection between 
the III–V top cells and the silicon bottom cell. Fabricating a high-
performance device in the two-terminal configuration requires a 
mechanically stable and optically transparent low-resistance path 
for majority carriers at the III–V//Si interface. As shown in Fig. 1a, 
we connect an n-GaAs 1 ×  1019 atoms cm−3 layer directly to the poly-

Si bottom cell emitter, with a doping level of 1 ×  1020 atoms cm−3, by 
means of direct semiconductor bonding40 (see Methods for process 
details). Figure 2a–c shows schematics of the device; a low-mag-
nification GaInP/GaAs//Si cross-section scanning transmission 
electron microscope high-angle annular dark-field image (STEM-
HAADF), and a high-resolution transmission electron microscope 
zoom of the cross-section of the GaAs//poly-Si interface are dis-
played. At the micrometre scale, a sharp III–V//Si interface is vis-
ible, but the nanometre scale reveals, nonetheless, a ~1–2-nm-thick 
amorphous interlayer, which results from the surface sputtering 
before bonding41. This interlayer enables the transition between the 
silicon and GaAs crystalline lattices (mismatch of 4%) and obviates 
the formation of misfit/threading dislocations that would alter the 
device performance. Figure 2d–f shows a STEM-HAADF zoom of 
the interface and the corresponding STEM energy-dispersive X-ray 
spectroscopy (STEM-EDXS) silicon and oxygen maps of the area. 
The ultrathin tunnel SiOx appears clearly at the c-Si/poly-Si inter-
face, as well as some remaining oxide from the cleaning procedure 
at the GaAs//poly-Si interface. A similar interface was reported in 
the case of GaAs//c-Si bonds, which was found to be transparent 
for photons below the GaAs bandgap and with a low interface resis-
tance26 of only a few milliohms per square centimetre. Additional 
STEM-HAADF and STEM-EDXS maps of In, As, P, Al, Ga and Si 
elements measured on GaInP/GaAs//Si solar cell cross-sections are 
shown in Supplementary Fig. 1.

NaNPlanar III–V//Si two-terminal solar cell performance
A picture of the final solar cell wafer is shown in Fig. 3a: our design 
features twelve 4 cm2 cells and four 1 cm2 cells, separated by etched 
trenches (6 µ m into the silicon wafer). The double-layer anti-reflec-
tion coating results in the general dark appearance of the cells. The 
distribution of open-circuit voltage (Voc), fill factor (FF) and short-
circuit current density (Jsc), summarized in Fig. 3c–e, has a relatively 
small spread with a limited number of outliers. The Voc map, nor-
malized to the best cell voltage (see Fig. 3b), demonstrates the good 
performance homogeneity. Interestingly, cells with de-bonded areas 
suffer from strong series resistance but still have high Voc owing to 
the effective passivation of the silicon cell. The best cell of the wafer, 
highlighted on the picture, was measured at Fraunhofer ISE CalLab. 
Figure 3f shows the device's external quantum efficiency (EQE), 
which reaches between 90 and 95% in the 470–1,010 nm wavelength 
range, for a weighted reflection of 2.3% (front metal grid included). 
From top to bottom, the photo-generated current densities for each 
junction calculated with the AM1.5G spectrum are 12.7 mA cm−2, 
13.1 mA cm−2 and 11.6 mA cm−2. While the GaInP/GaAs top cells 
are relatively close to current matching, the planar silicon cell, with 
weak near-infrared absorption, limits the whole series-connected 
device. The calibrated current–voltage (I–V) curve and cell param-
eters are displayed in Fig. 3g. With a FF of 0.865 and a Voc of 3.125 V, 
the cell reaches 31.4% efficiency. With additional EL measurements 
(see Methods and Supplementary Figs. 2 and 3), we could extract the 
voltages of the individual subcells: 1.412 V, 1.024 V and 0.692 V from 
top to bottom. Thus, using the silicon passivating contact approach 
allows a significant Voc gain of 65 mV compared to a silicon bottom 
cell with an non-passivated phosphorus-doped emitter26. This high 
voltage demonstrates that the passivating contact architecture is 
extremely relevant for silicon-based multi-junctions. However, for 
this current design, optical simulations clearly reveal that the short-
circuit current density is limited by the poor light trapping in the 
double-side polished silicon bottom solar cell. Thus, light-trapping 
structures are clearly needed to enhance near-bandgap absorption.

Boosting Si infrared response with photonic light trapping
High-efficiency silicon solar cells commonly use light-trapping 
features, such as random pyramids on the front (and sometimes 
rear) side, to compensate for the weak near-bandgap absorption. 
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A structured front side leads to an oblique light incidence inside 
the silicon wafer that increases the path length and the probabil-
ity for total internal reflections in the wafer. However, structuring 
the front side is not compatible with the bonding process or with 
direct growth. Integrating random pyramids on the rear side of a 
silicon solar cell offers efficient light trapping42; however, passiv-
ation of such textured surfaces with p-type poly-Si, as applied at the 
back side of our device, remains challenging43. Moreover, inverted 
pyramids and the corresponding passivation/contact structure 
may degrade during the direct wafer bonding, which requires sev-
eral kilonewtons of pressure. Furthermore, the rear texturing and 
contacting increases the complexity of the overall process flow. 
Solutions for alternative light-trapping concepts based on near-
field effects, resonances and waveguide modes, which are more 
relevant for planar and/or thin absorbers, are discussed in the lit-
erature14,44. In fact, it is possible to combine electrically flat inter-
faces with optically structured rear-side designs, to benefit from 
both high voltage (low effective surface recombination) and high 
current. For wafer-based silicon solar cells, the effectiveness of this 
approach was proven with planar single-junction cells having opti-
mized rear-side diffraction gratings45–47. As shown in Fig. 4a, we 
have developed an optically structured back side beneath the p+ 
passivating contact: it features a diffractive crossed grating made 
of a polymeric resist, covered with silver that is evaporated on top. 
We used the nanoimprint lithography technique34,35,48 to pattern 
the diffractive structure at the rear side of our III–V//Si tandem 

device (details in Methods). The cross-section scanning electron 
microscope (SEM) image of such a poly-Si/resist/silver back side 
is displayed in Fig. 4b, as well as a SEM tilted view of the grating 
before metal evaporation (Fig. 4c). The implemented grating goes 
beyond the state of the art in various respects: the grating consists 
of a low-refractive-index epoxy material. Due to the etching step 
for the removal of the resist residual layer, the epoxy surface fea-
tures a stochastic nanostructure that introduces additional scatter-
ing. The silver layer itself is modulated and therefore plays a strong 
active role in the light trapping. Finally, this photonic light-trap-
ping structure acts at the same time as the electrical contact, thus 
forming a metallic photonic contact layer. The picture of the full 
wafer back side (Fig. 4d) illuminated with white light confirms the 
diffractive behaviour of this new back side. This beneficial effect is 
also confirmed at the cell level (see Fig. 4e). The reflectivity beyond 
1,000 nm strongly decreases after applying the nanoimprinted grat-
ing, reducing the escape loss from light not absorbed in the device 
by 2.1 mA cm−2. This enhanced absorption leads to a 1.1 mA cm−2 
increase of the photocurrent in the silicon cell as extracted from 
the EQE. The current increase is lower than the gain in absorption. 
This is attributed to parasitic absorption for example at the inter-
face between the rear-side resist and the metal, which turns out 
to be slightly roughened on the nanometre scale. The additional 
current generated by the silicon bottom cell directly improves the 
triple-junction cell as the silicon subcell was limiting the overall 
current flow in the series-connected device.
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Fig. 1 | Structure of the two-terminal wafer-bonded III–V//Si triple-junction cell. a, Layer stack (not to scale) of the Ga0.51In0.49P/GaAs//Si solar cell. 
Subcells are connected by tunnel junctions (TJ) to form a series-connected two-terminal device. The light enters the device (left side) through the 
anti-reflection coating, and passes the AlInP window before reaching the 490-nm-thick first Ga0.51In0.49P absorber (1.90!eV direct bandgap). Photons 
transmitted through the top cell are absorbed in the 880-nm-thick GaAs cell beneath (bandgap 1.43!eV) and those transmitted also through the middle 
cell reach the silicon bottom solar cells (bandgap 1.12!eV). b, The semiconductor band structure is shown under an open-circuit condition without 
illumination for the valence band EV,Γ (purple line) and the two lowest conduction bands at the Γ  (direct transition, grey line) and X (indirect transition, 
black line) symmetry points of the crystal (EC,Γ and EC,X respectively). The Ga0.51In0.49P, GaAs and Si materials are represented by the blue, green and red 
areas respectively, while the white areas in-between represent tunnel-junction materials. The vertical dashed lines in the silicon area represent ultrathin 
SiOx layers. c, Photograph of Ga0.51In0.49P/GaAs//Si triple-junction solar cells (4!cm2 and 1!cm2) on a 4-inch wafer. A forward bias applied on the contacted 
cell results in emission of red light (≈ 650!nm) from the Ga0.51In0.49P top cell.
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III–V//Si harvesting one-third of the AM1.5G energy
The planar III–V//Si solar cell wafer shown in Fig. 3 was re-pro-
cessed to replace the flat back-side silver contact by the above-
mentioned diffraction grating. The near-bandgap boost in the 
silicon bottom cell brings the best device close to current matching: 
12.6 mA cm−2, 12.9 mA cm−2 and 12.7 mA cm−2 (from top to bottom) 
as calculated from EQE measurements (Fig. 5a). Escape losses (area 

above 1− R in Fig. 5a) sum up to 3.8 mA cm−2, and additional losses 
of 4.7 mA cm−2 result from recombination and parasitic absorption 
(see the hatched area in Fig. 5a). The calibrated efficiency of the 
best solar cell with a back-side grating reaches 33.3%, as shown in 
Fig. 5b, owing to enhanced light trapping in the silicon bottom solar 
cell, which brings the device close to current matching. The voltage 
remains unchanged (within measurement uncertainties) and the FF 
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decreases slightly due to the better current matching and a small 
shunt that has been introduced during the rework of the rear-side 
contact. The low shunt resistance of the current-limiting GaInP 
cell allows a higher current to flow at Jsc where the GaInP cell is 
in reverse bias. This explains the difference between the measured 
current of 12.7 mA cm−2 at zero volts compared to 12.6 mA cm−2 cal-
culated from the EQE of the current-limiting top cell.

The subcell voltages, 1.412 V, 1.027 V and 0.689 V (see Methods 
and Supplementary Figs. 2 and 3), are benchmarked against the 
theoretical Shockley–Queisser limit as well as literature values10 in 
Fig. 6a. While just assuming the Shockley–Queisser limit is not suf-
ficient, the comparison with best-in-class single-junction voltages is 
more relevant, especially when the spectrum filtering from the top 
cells is taken into account (see Supplementary Table I). Using the 
bandgap-voltage offset Woc figure of merit49, our silicon bottom cell 
generates a voltage that is only 30 mV lower than the best reported 
silicon cell after spectrum filtering (Woc ~ 400 mV)50. The GaAs cell 
with a Woc of 400 mV and the GaInP cell with a Woc of 490 mV leave 
further room for improvements. This underlines the need for better 
top-cell material quality.

Finally, we evaluate the contribution of each subcell to the power 
conversion efficiency, using the product Jsc(λ)× Voc× FF, where Jsc is 
extracted from the EQE measurements, FF is the measured value 
from the two-terminal triple-junction I–V characteristics and Voc 
corresponds to the calculated subcell voltage (see Methods). This 
calculation leads to the hashed areas in Fig. 6b. The diagram reveals 
significant losses compared to the idealized Shockley–Queisser 
(coloured areas), which arise from non-radiative recombina-
tion and partial transparency of the absorber materials. The total 
extracted power (that is, the sum of the three individual curves) cor-
responds to the black line. Note that the spectrum utilization by the 
silicon cell beyond 1,107 nm is explained by the indirect transitions 
allowing sub-bandgap absorption. From top to bottom, the absolute 
efficiency contribution to the triple-junction cell device is: 14.9% 
Ga0.51In0.49P, 11.1% GaAs and 7.3% Si, respectively.

Conclusion
In conclusion, we have fabricated monolithic two-terminal III–V//
Si triple-junction wafer-bonded solar cells featuring an innovative 
silicon bottom-cell design. Highly doped poly-Si/SiOx passivating 
and carrier-selective contacts were used on both sides of a mono-
crystalline p-Si wafer. This design was shown to be compatible 
with wafer bonding and III–V tandem solar cell processing, with 

the passivation quality remaining un-altered throughout the fabri-
cation process. A silicon subcell open-circuit voltage > 690 mV was 
achieved under the AM1.5G spectrum filtered by GaInP/GaAs top 
cells. In addition, we have fabricated a back-side diffraction grating, 
with a nanoimprint technique, which results in an electrically flat 
but optically structured rear side and strongly enhances the inter-
nal light trapping. This leads to a short-circuit current density gain 
of 1.1 mA cm−2 due to near-bandgap absorption enhancement. Our 
best two-terminal III–V//Si cell, with a silicon bottom cell featur-
ing passivating, carrier-selective contacts and a back-side diffrac-
tion grating, converts 33.3% of the AM1.5G photon energy into 
electricity. This is a significant improvement beyond the state of art 
for two-terminal silicon-based solar cells. The path towards higher 
performances will be continued by implementing higher-bandgap 
top cells and material quality improvements for the GaInP cell. 
Then, efficiencies in the range of 35% should be realistically achiev-
able with a wafer-bonded III–V//Si two-terminal device. Finding a 
way to scale up this approach and bring the cost down remains an 
important challenge.

Methods
III–V solar cell epitaxial growth. An inverted Ga0.51In0.49P (GaInP hereafter)/
GaAs dual-junction solar cell structure was grown by metal–organic vapour 
phase epitaxy onto a (100) GaAs substrate with 6° offcut towards < 111>  B. The 
reactor was an AIX2800-G4-TM with an 8 ×  100 mm substrate configuration. 
The growth was based on arsine, phosphine, trimethylgallium, trimethylindium 
and trimethylaluminium, diluted in hydrogen carrier gas. The pressure during 
growth was 50 mbar and process temperatures varied between 500 and 700 °C, 
and V/III ratios between 2 and 142. The layer structure starts with a GaAs 
buffer followed by an n-GaInP etch stop layer and an n-GaAs cap layer that is 
introduced to form ohmic contacts to the front surface of the solar cell. This layer 
is selectively removed between the metal grid fingers during device processing. 
The next layer is an n-AlInP window (indirect bandgap of 2.3 eV) that serves as 
the front surface field of the top cell. The Ga0.51In0.49P cell has a p-AlGaInP back 
surface field followed by a first p+-AlGaAs/n+-GaInP tunnel diode that changes 
the polarity from p-type to n-type and allows the series connection with the 
GaAs middle cell. The middle cell uses n-GaInP as the front-surface field and 
p-AlGaAs as the back-surface field and is followed by a second tunnel diode that 
is composed of p+-AlGaAs and n+-GaAs. The last layer of the inverted top tandem 
structure is a n-GaAs bond layer with a high doping level of 1019 cm−3. Chemical 
mechanical polishing of the last layer was performed at the company III/V Reclaim 
and resulted in a r.m.s. roughness of < 0.5 nm. Such a low surface roughness is a 
requirement for achieving good bond quality.

Silicon solar cell fabrication. Double-side polished p-type FZ c-Si wafers (4 Ω 
cm, 280 µ m) were used for the silicon bottom cell. To form the poly-Si/SiOx 
carrier-selective contacts33, the wafers were dipped in hydrofluoric acid (HF) 
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followed by immersion in boiling nitric acid (69 wt%, 110 °C), thereby growing 
a thin tunnel oxide layer. Intrinsic a-Si was then deposited on both sides, in a 
LPCVD reactor. Thereafter, the n-, respectively p-, contact layer was formed 
by phosphorus (P), respectively boron-monofluoride (BF), implantation at low 
energy. Finally, subsequent to a cleaning step, the wafers underwent an annealing 
step in a tube furnace at 850 °C (N2), to activate the implanted species, to remove 
damage introduced during the implantation step and to recrystallize the a-Si 
layer. To further improve the surface passivation, the samples were subjected 
to a remote plasma hydrogen passivation process at 400 °C for 30 min. The 
following doping levels were measured in poly-Si layers: ND,poly ~1.5 ×  1020 cm−3 
and NA,poly ~3 ×  1019 cm−3. Before wafer bonding, the front n-type poly-Si received 
chemical mechanical polishing to achieve a low surface particle contamination and 
r.m.s. roughness; the chemical mechanical polishing step removed ~20 nm of the 
poly-Si layer thickness, and the resulting r.m.s. roughness was < 0.5 nm.

Surface-activated wafer bonding. Direct semiconductor bonding of the GaInP/
GaAs tandem structure to the Si bottom cell was performed at the company EVG 
in Austria using the EVG580 ComBond cluster tool. The process included the 
transfer of the wafers into a high-vacuum ambient (~10−8 mbar), the removal of 
oxides and hydrocarbons by ComBond surface activation (ion-beam process)  
and the room-temperature bonding of the samples under a mechanical pressure  
of 2.5 kN. A post-bonding annealing step at 290 °C was performed to enhance  
bond strength between GaAs and silicon. The bonded wafer pairs revealed low 
void densities and high bond strengths that were compatible with further  
cell processing.

III–V//Si solar cell processing. The GaAs growth substrate was subsequently 
etched away using a solution of NH3/H2O2 that selectively stops on the first 
GaInP layer. The GaInP etch stop was then removed in HCl, giving access to the 
n-GaAs cap layer. Front-side processing followed a sequence of GaAs cap removal 
between the grid fingers, evaporation and lift-off of a 65 nm Ta2O5/110 nm MgF2 
double-layer anti-reflection coating, evaporation and lift-off of a metal sequence 
of Pd/Au/Ge/Ti/Pd/Ag with a total thickness of 2,200 nm for the front contact. 
The contact was annealed at 290 °C for 1 min and the process continued by mesa 
etching of the cell structure with a depth of ~6 µ m into the silicon wafer to separate 
adjacent solar cell devices. As a result, on one 4-inch wafer, twelve solar cells with 
an area of 4.028 cm2 and four cells with area of 1.014 cm2 were defined. The big 
cells (respectively, small cells) have 4 contact pads (2, respectively) and 5-µ m-wide 
fingers, resulting in nominal ~0.8% (1.1%) front-side shading. As a last step, silver 
was evaporated on the Si back side after a short HF-dip.

Rear-side light trapping. To implement back-side light trapping, the Ag back-
side metal contact was mechanically removed, after solar cell characterizations. 
In the successive step, a photonic metal structure was realized via nanoimprint 
lithography (NIL). The master structure, from which the polydimethylsiloxane 
(PDMS) stamp for NIL was replicated, was realized using interference 
lithography51. SU8 photoresist52 was directly spin-coated on the back-side poly-
Si, and thermally assisted roller-ultraviolet-NIL was used to transfer the pattern 
(square pads, pitch 1 µ m, depth 350 nm, FF 50%) from the PDMS stamp to the 
SU8 (refs 34,35,48). A reactive-ion etching oxygen/argon plasma step was performed 
to remove any SU8 photoresist residuals between the pads that additionally 
implements a scattering nanostructure on top of the grating. This was followed by 
an HF-dip and Ag evaporation, thus ensuring a good ohmic contact at the poly-Si/
Ag interface between the SU8 photoresist pads.

III–V//Si device characterization. Detailed structural and chemical composition 
of the III–V//Si wafer bonded interface region was studied by transmission 
electron microscopy at Fraunhofer IMWS. The experiments were conducted on 
a cross-section lamella prepared by a standard FIB procedure and ex situ lift out. 
TEM/STEM studies were performed using a TITAN3 G2 80–300 microscope with 
an X-FEG electron gun at 300 keV, featuring a spherical-aberration corrector, a 
superX EDXS analyser and a STEM-HAADF detector.

The screening of all solar cell performances on the wafer was performed 
with a class A solar simulator from Oriel Corporation equipped with a xenon 
lamp. The most promising cells were then characterized in the Fraunhofer ISE 
calibration laboratory. External quantum efficiencies (EQEs) were measured using 
a grating monochromator set-up with adjustable bias voltage and bias spectrum53,54. 
Reflection measurements were performed on an integrated LOANA measurement 
device. One-sun I–V characteristics were measured under a spectrally adjustable 
sun simulator with one xenon lamp and two halogen lamp fields that are adjusted 
in intensity independently of each other to generate exactly the same current 
densities in each subcell as under illumination with the AM1.5G spectrum (IEC 
90604-3, ed. 2 with 1,000 W m−2). The spectral correction procedure was based on 
a linear equation system and is equivalent to a generalized mismatch correction 
procedure55. The cell temperature was held at 25 °C during the measurement. 
An aperture mask with an area of 3.984 cm2 was placed on top of the III–V//Si 
solar cell to avoid any contribution of photo-generated carriers from outside the 
defined cell area. The solar cell results were therefore referred to as aperture area 
measurements, which include shading by the busbars and metal fingers on the 

front surface of the III–V//Si solar cell. An electroluminescence (EL) spectrum was 
measured by applying a bias voltage to the III–V//Si solar cell and measuring both 
the resulting forward current density and the emission spectrum between 600 and 
1,400 nm. Three distinct peaks were observed at 1.90 eV for the disordered GaInP 
top cell, 1.43 eV for the GaAs middle cell and 1.09 eV for the bottom Si cell. The 
last value is below the indirect bandgap of silicon of 1.12 eV and correlates with the 
extended absorption seen in EQE measurements. The spectral EL together with 
the EQE and the overall open-circuit voltage of the monolithic device were used 
to separate the voltage contribution of each of the individual subcells following the 
procedure published in earlier studies56–58. This led to the Voc,meas values for each of 
the junctions in Fig. 6a and Supplementary Table 1. The error bar on the efficiency 
number of the best device is the result of uncertainty analysis taking into account 
different elements, such as uncertainty of the reference cell, non-uniformity of 
the illumination of the sun simulator, uncertainty in the measurement of the 
spectral distribution of the sun simulator, uncertainty in the device area and EQE, 
adjustment for thickness difference between the reference cell and the device under 
test, adjustment of temperature and so on.

Data availability. The data that support the plots within this paper and other 
findings of this study are available from the corresponding author upon reasonable 
request.
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Supplementary Figure 1: STEM-HAADF and STEM-EDXS maps of In, As, P, Al, Ga and Si elements measured for a 
GaInP/GaAs//Si solar cell cross section. The various layers (absorber, barriers, tunnel junctions, etc.) can be clearly 
distinguished. 

 

  



 
 

Supplementary Figure 2: Electroluminescence spectrum of the record GaInP/GaAs//Si solar cell at current densities 
between 3.5 and 35 mA/cm2 (from green to dark red curve). One can clearly see the emission of each junction at 1.9 eV for 
the GaInP top cell, at 1.43 eV for the GaAs middle cell and at 1.09 eV for the Si bottom cell. The bottom cell 
electroluminescence is significantly suppressed due to the indirect nature of the semiconductor.  

 

 

 

 
 

Supplementary Figure 3: Subcell open-circuit voltages for the GaInP/GaAs//Si triple-junction cell. Result are extracted from 
the electroluminescence in combination with the external quantum efficiency and calibrated with the overall voltage of the 
triple-junction cell at 1-sun AM1.5g. This leads to the individual subcell voltages as a function of current density. Circles, 
triangles and squares correspond to GaInP, GaAs and Si (with planar rear side) subcell voltages, respectively. Dark lines 
correspond to subcell voltages for the same solar cell, but with additional diffraction grating on the silicon rear side. 

  



 

 
 

Supplementary Figure 4: Calibrated measurements of the 2nd best GaInP/GaAs//Si cell on the 4-inch wafer. Top left – 
picture of the solar cell 4-inch wafer. Top right – Voc distribution among the 16 cells (2x2 cm2 & 1x1 cm2), normalized to the 
record cell voltage (3.125V). Bottom left – subcell EQE of the triple-junction cell before (dash line) and after adding Si rear 
side diffraction grating. Bottom right - IV-characteristics measured under a spectrally adjustable solar simulator in the 
Fraunhofer ISE CalLab, with an aperture of 3.984 cm², before (dash line) and after adding a Si rear side diffraction grating. 
The spectrum is adjusted to match the photo-generated current density of each subcell under AM1.5g.  

  



Supplementary Table 1: Benchmark of GaInP, GaAs & Si subcell parameters achieved in this study against theoretical and 
experimental values from literature. Voc,SQ and FFSQ refer to the subcell voltage in the radiative limit after Shockley and 
Queisser, Voc,Auger,filt. to the Auger limit under the filtered spectrum, Voc, lit. and Voc, lit. filt to literature record cells under 1-sun 
and filtered spectrum. Voc,meas corresponds to the experimental voltage values in this study, extracted from EQE and EL 
measurements. The values in the grey (resp. white) boxes in this table are under 1/3-sun (resp. 1-sun) AM1.5g spectrum. In 
triple-junction configuration, the GaAs middle and Si bottom subcells have necessarily a lower performance than single-
junction devices under the full AM1.5g spectrum, since they receive only the light “filtered” by the upper subcell(s).  
Voc, filt is calculated as follow: Voc, filt. = Voc + kT/q x ln (1/3), with kT/q being the thermal voltage (26mV at room temperature). 

Subcell 
material 

Bandgap 
[eV] 

FFSQ 

[%] 
Voc,SQ 

[V] 
Voc, lit.  

[V] 
Voc,Auger,filt. 

[V] 
Voc, lit. filt. 

[V] 
Voc,meas 

[V] 

GaInP 1.90 91.8 1.605 1.458 
(Eg=1.81eV) - - 1.412 

GaAs 1.43 89.5 1.150 1.122 - 1.093 1.027 

Si 1.12 86.6 0.852 0.75 0.741 0.721 0.689 
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