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ABSTRACT: In this work, we present the fabrication and analysis of a wafer-bonded GaInP/GaInAsP//Si triple-

junction solar cell with 36.1 % conversion efficiency under AM1.5g spectral illumination. The new cell design presents 

an improvement over previous III-V//Si triple-junction cells by the implementation of a rear-heterojunction design for 

the middle cell. Furthermore, an advanced metallodielectric rear-side grating was used for light trapping enhancement 

in the silicon bottom cell that increased the silicon subcell current by 1.4 mA/cm². A luminescent coupling factor of 

0.46 between the middle and bottom subcell was determined. The share of recombination in the middle cell space-

charge region was experimentally shown to be insignificant as intended by the rear-heterojunction design. Overall, the 

open-circuit voltage increased by 61 mV compared to the previous generation. Given the established long-term stability 

of III-V and silicon based solar cells these results are promising steps towards the future employment of III-V/Si tandem 

solar cells. 
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1 INTRODUCTION 

 

The record efficiency of silicon single-junction solar 

cells is close to its theoretical efficiency limit of 

29.4 – 29.5 % [1,2]. Further increasing the cell efficiency 

[3] is an important driver for photovoltaics system cost 

reduction. Hence, there is the strong need for new solar 

cell concepts exceeding the silicon single-junction 

efficiency limit. Multi-junction solar cells are a promising 

concept to this end with demonstrated efficiencies of up to 

39.5 % for a triple-junction cell fully made from III-V 

semiconductors [4]. Such cells are grown by epitaxial 

deposition on an expensive GaAs or InP substrate. Hence, 

we investigated the efficiency potential of III-V top 

structures combined with a silicon bottom cell to improve 

the efficiency-to-cost ratio.  

Wafer-bonded III-V//Si multi-junction solar cells were 

the first monolithic silicon-based tandem cells to surpass a 

conversion efficiency of 30 %. In the past, we have shown 

further efficiency improvements by a) the inclusion of a 

TOPCon surface passivation of the silicon bottom cell 

together with integration of a diffractive light scattering 

structure on the rear side, reaching 33.3 % [5], b) the 

employment of an absorber material with a higher band 

gap in the second junction, AlGaAs instead of GaAs, 

reaching 34.1 % [6], and c) the employment of a material 

with higher minority carrier lifetimes, GaInAsP instead of 

AlGaAs, reaching 35.9 % [7].  

Other promising tandem cell concepts involving 

silicon bottom cells are dual junctions employing a 

perovskite top cell. With this technology, the highest 

efficiencies exceed 30 % on a 1 cm² device [8]. Solar cells 

including perovskite absorbers exhibit degradation over 

time, for which a solution has not yet been found, though. 

[9]. Combining more than two junctions using perovskite 

absorbers is challenging due to wet-chemical processing 

issues and reduced availability of materials at the required 

higher band gaps. The highest efficiency for a monolithic 

triple-junction perovskite/perovskite/silicon device 

amounts to 20 % [10]. 

Here, we present a GaInP/GaInAsP//Si triple-junction 

solar cell with a further improved heterojunction structure 

of the III-V layer stack, combined with the previously 

demonstrated metallodielectric light trapping back-side 

reflector. We measured a conversion efficiency of 36.1%, 

the highest value observed for a Si-based solar cell. The 

high efficiency enables a detailed study of the carrier 

collection quantum efficiency and spontaneous emission 

processes that determine the high efficiency. 

 

 

2 METHODS 

 

2.1 Epitaxial Growth 

III-V semiconductor layers were epitaxially grown 

lattice matched to GaAs by metalorganic vapour phase 

epitaxy in a commercial AIX2800G4 reactor from 

AIXTRON. 4” (001)-oriented GaAs wafers with an offcut 

of 6 ° into the [111]-B direction were used as substrates. 

TMAl, TMGa, TMIn, AsH3, PH3, DMZn, and SiH4 were 

used as precursors. In both the middle and the top cell, a 

rear-heterojunction design was employed. The first reason 

for this choice is the higher minority carrier lifetime of n-

GaInAsP, the only absorber material in the rear-

heterojunction, compared to p-GaInAsP [11], the thickest 

part of the absorber in a homojunction. The second reason 

is the reduction of the dark current in the space charge 

region because of the increased band gap inside the space 

charge region at the rear-side of the absorber [12].  

 

2.2 Solar Cell Processing 

The middle cell was deposited first and the top cell 

second on the GaAs substrate to reduce the voltage drop in 

the top cell due to a high thermal load [7]. The upright 

growth fashion made it necessary to temporarily bond the 

epitaxial structure to a sapphire wafer as mechanical 

support. After that, the GaAs substrate was removed by 

wet chemical etching with citric acid. Then, the exposed 

bond layer was chemically mechanically polished by the 

company III/V-Reclaim. Next, a direct wafer bond to a 

TOPCon silicon cell was performed before the temporary 

bond could be released again by thermal slide at 190 °C. 

Solar cell processing involving photolithography, mesa 

etching, metal contact formation, and sputter deposition of 

an anti-reflection coating (ARC) followed. Twelve solar 

cells with a size of 2 × 2 cm² and a metal grid optimised 

for one-sun operation were processed on each wafer. After 

solar cell processing, the wafers were nano-imprinted with 

a diffractive grating on the rear side at AMOLF [13]. The 

rear-side grating is designed to enhance the optical path 
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length in the silicon bottom cell and thus increases Si 

subcell current. It is designed to minimize light scattering 

from the back-side reflector in normal direction and to 

enhance large-angle scattering in the Si cell, while 

minimizing parasitic absorption in the metal [14]. More 

details on the solar cell processing can be found in 

[5,7,15]. The final layer stack is shown in Figure 1.  

 

 
Figure 1. Layer stack of the III-V//Si triple-junction 

solar cell. The GaInP/GaInAsP top structure was 

attached to a TOPCon silicon bottom cell by surface-

activated direct wafer bonding. The rear-side grating 

was implemented by nanoimprint lithography.  

 

 

2.3 Characterisation 

The solar cells were characterised by external quantum 

efficiency and current-voltage measurements before and 

after the diffractive rear-side grating was applied to 

evaluate the current gain. The IV-curves were recorded 

under calibrated spectral conditions of AM1.5g (IEC 

60904-3:2019 (ed.4)) in the Fraunhofer ISE Calibration 

Laboratory (CalLab). Current-voltage characteristics were 

measured using a hard mask with an aperture area of 

3.987 cm², which is slightly lower than the mesa area of 

the solar cells, in order to prevent a lateral current 

contribution from the silicon bottom junction outside of 

the mesa area. 

Additionally, the sub-cell currents were analysed 

under different spectral conditions to determine the 

luminescent coupling between sub-cells and the radiative 

recombination current of the top cells. For this advanced 

characterisation method, a Wavelabs SINUS 220 LED 

based solar simulator equipped with 20 spectrally different 

LED light sources was used [16]. Using the different LED 

channels the injection level on each subcell was varied in 

a systematic manner while the remaining subcells were 

light biased at AM1.5g conditions. A custom software was 

used to control the illumination unit of the solar simulator 

while the spectral adjustment of the individual light 

sources was realized using the procedure described in [17]. 

 

 

 

 

3 RESULTS 

 

3.1 Current-Voltage Characteristics 

The current champion solar cell has a power 

conversion efficiency of 36.1 % under the AM1.5g 

spectrum as was determined by a calibrated current-

voltage measurement that is shown in Figure 2. The main 

reason for the higher efficiency compared to the last 

generation of III-V//Si triple-junction solar cells made at 

Fraunhofer ISE is the increase in open-circuit voltage by 

61 mV. The major difference compared to the previous 

generation is the inclusion of a rear-heterojunction cell 

configuration in place of the former homojunction cell 

design for the middle cell.  
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Figure 2. Current-voltage characteristics of the 

champion GaInP/GaInAsP//Si triple-junction solar cell 

measured in the Fraunhofer ISE CalLab under a 

calibrated AM1.5g spectrum.   
 

3.2 External Quantum Efficiency 

The external quantum efficiency (EQE) of the 

champion cell X696-6 is shown in Figure 3. The subcell 

current density is calculated from the injection current 

variation experiments explained below. That analysis 

shows that the middle cell is current limiting with 12.6 

mA/cm². The sum of the subcell currents amounts to 

38.9 mA/cm² which implies current matched conditions at 

a jsc of around 13.0 mA/cm² at the currently prevailing 

optical and electrical performance. Thus, the middle cell is 

limiting by 0.4 mA/cm². The difference of 0.1 mA/cm² in 

the short-circuit current density of the entire triple-

junction, 12.7 mA/cm², compared to the subcell current 

density of the middle cell, 12.6 mA/cm², is caused by two 

effects. The first effect is luminescence coupling from the 

top to the middle cell. Considering the difference in 

subcell current between the top and middle cell, 

0.6 mA/cm², this implies that around a fifth to a quarter of 

the excessively injected charge carriers recombine 

radiatively in the top cell and these photons are then 

reabsorbed in the middle cell. The second effect is a small 

decrease in current density from 𝑉 = 0 towards the short-

circuit point of the current limiting subcell, at 𝑉 =  𝑉oc −
𝑉oc,j2 due to a finite parallel resistance.  

Before the nanoimprint of the diffractive rear-side 

structure the short-circuit current density was limited by 

the silicon bottom cell with 11.7 mA/cm². Hence, the light 

path enhancement that leads to increased absorption in the 

long-wavelength regime close to the absorption threshold 

for silicon, around 1100 nm, resulted in an increase in 

current density by 1.4 mA/cm² to a total value of 

13.1 mA/cm². Differently designed versions of a rear-side 

diffractive structure in previous experiments lead to a 

current density gain of 1.1 mA/cm² in the silicon bottom 



Presented at the 40th European Photovoltaic Solar Energy Conference and Exhibition, 18-22 September 2023, Lisbon, 

Portugal 

 

 

cell [18].  

If the subcell currents of a multi-junction solar cell are 

perfectly matched, then the rounding of the individual IV-

curves at the maximum power point adds up and the fill 

factor of the IV-curve of the entire device is reduced. 

Conversely, in strong current-mismatched conditions the 

fill factor is dominated by the fill factor of the current 

limiting subcell [19]. If the available solar resource was 

distributed more evenly between all subcells, while 

maintaining the material quality and thus the open-circuit 

voltage, the power conversion efficiency could still be 

improved by 0.4 %abs to 36.5 % with mere adjustments to 

the absorber thicknesses. 
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Figure 3. External quantum efficiency of the three 

subcells (solid line) and of the entire triple-junction 

solar cell (black, dotted line). The quantum efficiency 

of the silicon bottom cell before the imprint of the 

diffractive rear-side grating is shown by the orange 

dashed line. 

 

3.3 Luminescence Coupling 

The high amount of radiative recombination in the 

middle cell results in luminescence coupling from the 

second to the third junction. Photons that are emitted after 

radiative recombination of charge carriers in the middle 

cell have a certain probability of leaving the junction 

towards the bottom and be reabsorbed by the bottom cell. 

If the bottom cell limits the overall current, then this 

luminescent contribution increases the short-circuit 

current. Following the procedure suggested by Steiner et 

al. [20], the irradiance of each subcell was systematically 

decreased and increased with respect to AM1.5g 1-sun 

conditions while the other subcells were biased with light 

to maintain an AM1.5g injection level. The measured 

short-circuit currents for the different irradiance 

conditions are shown in Figure 4.  

On the left side of the diagram where the slopes are 

constant, the subcell for which the photocurrent is varied 

is current limiting in each case. The second junction is 

current limiting at 1 sun. This is why the photocurrent of 

the second junction must be increased above 1 sun to reach 

current matching with the top cell at 13.2 mA/cm². Then, 

the top cell becomes limiting and the overall current 

stagnates. For the first junction, one can see that upon 

further increase of the photocurrent beyond 0.96 suns the 

overall current increases again due to luminescent 

coupling from the first to the second junction with the 

coupling factor 𝜂12. If the irradiance of the third junction 

is decreased below around 0.97 suns, then that junction 

becomes limiting. From the curve shape of the injection 

variation of the bottom cell the luminescence coupling 

factor 𝜂23 from the second to the third junction can be 

extracted. The second junction is optically thick for light 

emitted by the first junction so the contribution of coupled 

light from the first directly to the third junction can be 

neglected.  
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Figure 4. Measured short-circuit current of the III-

V//Si 3j champion device upon selective variation of 

the photocurrent in the top (blue squares), middle (cyan 

circles), and bottom junction (orange triangles) around 

AM1.5g conditions at 1 sun. The other junctions are 

biased at the 1-sun conditions, respectively. The fitted 

curves to the data are shown by solid black lines.  

 

4 CONCLUSIONS 

 

We present a III-V//Si triple-junction solar cell with a 

GaInP top cell, a GaInAsP middle cell, and a silicon 

bottom cell with a conversion efficiency of 36.1 %, the 

highest efficiency reported for a Si-based multi-junction 

solar cell reported to date. The III-V top cell structure was 

wafer-bonded to the silicon bottom cell for a monolithic 

integration. A metallodielectric back-side reflector was 

integrated to optimize light trapping in the Si bottom cell. 

By employing a rear-heterojunction cell design in both the 

middle and top cell, the open-circuit voltage of the triple-

junction device could be improved by 61 mV compared to 

previous generations. Since radiative recombination of 

minority carriers is dominant in this structure strong 

luminescent coupling between the middle and bottom 

subcell was observed. This was carefully considered for 

accurate quantification of the external quantum efficiency. 

An absolute determination of the external quantum 

efficiencies of every subcell was important for evaluating 

the current gain caused by the back-side reflector. 

Acquiring current-voltage curves at systematically 

varying irradiance conditions selectively for each subcell 

is a useful method for obtaining the luminescence coupling 

factors and the externally injected currents for calibration 

of the external quantum efficiency. 
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