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Abstract 

The performance of dual-junction solar cells with a Si bottom cell has been investigated both theoretically and experimentally. 
Simulations show that adding a top junction with an energy bandgap of 1.6 -1.9 eV to a standard silicon solar cell enables 
efficiencies over 38%. Currently, top junctions of GaInP (1.8 eV) are the most promising as they can achieve 1-sun efficiencies 
of 20.8% [1]. We fabricated mechanically stacked, four terminal GaInP/Si tandem solar cells using a transparent adhesive 
between the subcells. These tandem devices achieved an efficiency of 27% under AM1.5g spectral conditions. Higher 
efficiencies can be achieved by using an improved Si-bottom cell and by optimizing the dual-junction device for long-wavelength 
light and luminescent coupling between the two junctions. 
 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 

There is high interest for the development of Si-based multi-junction solar cells for 1-sun and low-concentration 
applications. Adding a top junction with a bandgap energy above 1.12 eV reduces the thermalization losses in the 
short wavelength region and can easily overcome the efficiency limitation of Si single junction solar cells. Fig. 1a 
shows the modeled theoretical efficiencies of those tandem devices as a function of the top junction bandgap energy 
Eg2 and the sunlight concentration factor. For the simulation we used a 1-D model [2] in which the open-circuit 
voltage VOC of the top (direct-gap, high-luminescent-efficiency [1]) junction is determined by detailed balance, and 
VOC of the bottom Si junction is based on an empirically determined WOC (=Eg2/q VOC) of 0.4 eV at a standard 
current of 16 mA/cm2 [3]. The dark current J0 is calculated from VOC using the standard cell equation  
VOC  (nkT/q) ln(JSC/J0), where n is the junction ideality factor and JSC the short-circuit current. The photocurrent of 
each junction is determined from the absorption coefficients of the direct semiconductor GaAs for the top and Si for 
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the bottom junction. In our model we distinguished two different operating conditions of the subcells: (1) series-
connection, which means that both junctions operate at the same current, and: (2) independent connection (four 
terminals) where each junction operates independently at its own maximum power point. For the series connected 
case, the top junction thickness was varied as needed to optimize the efficiency of the tandem device. Series 
resistance, grid shadowing, reflectance, and window layer absorption losses are all treated as negligible in this 
idealized model. 

Fig. 1 shows that serially connected junctions achieve theoretical efficiencies up to 38.9% under 1-sun (AM1.5g) 
with a maximum at a top cell bandgap energy of 1.78 eV. Operating the two pn-junctions independently is superior 
to a series connection as the maximum theoretical efficiency (38.9%) can be achieved for a much wider range of top 
cell bandgap energies (1.73-1.90 eV). For both operation conditions, theoretical efficiencies over 40% (41%) can be 
achieved for illumination under the direct solar spectrum AM1.5d and a low concentration factor of 10 (50). Under 
concentrated sunlight the optimum top junction bandgap energy is 0.03 eV lower than for 1-sun AM1.5g 
illumination, which is due to the absence of scattered short-wavelength light in the direct solar spectrum AM1.5d. 
 

Fig. 1:  (a) Modeled efficiency of dual-junction solar cells with a Si bottom junction as a function of the bandgap energy of the top junction and 
for three different concentration factors. The efficiencies are shown for the case of independent operation (“independent”) and the case of series 

connection (“series”) of the junctions. (b) Schematic sketch of our mechanically stacked GaInP/Si dual-junction solar cell. The GaInP and Si cells 
have a thickness of 1.8 m and 180 m, respectively. 

 
Based on these simulations, we chose a III-V compound semiconductor top junction, containing an absorber layer 

of Ga0.5In0.5P with a bandgap energy of 1.8 eV.  It has been shown recently that GaInP single-junction solar cells can 
achieve 1-sun efficiencies over 20% [1], which is a necessary condition for reaching a 30% two-junction, Si-based 
tandem. The fabrication of a Ga0.5In0.5P/Si tandem solar cell by direct epitaxy [4,5] is very challenging, as the 
material quality of the top junction suffers from the differences in lattice constants (aSi= 0.54 nm,   

aGaInP= 0.56 nm [6]) and thermal expansion coefficients ( Si=1.6×10-6 K-1, GaInP=5.3×10-6 K-1 [6]) of Si and 
Ga0.5In0.5P [4]. Furthermore a degradation of the minority carrier lifetime in Si-wafers was observed after treatment 
in a metal-organic vapor phase epitaxy (MOVPE) environment [7]. So far, the best epitaxially grown III-V/Si dual-
junction solar cell achieved an efficiency of 21.4% under 1-sun [8] and had a AlGaAs top junction with bandgap 
energy of 1.61 eV. Another method to fabricate GaInP/Si solar cells is direct wafer-bonding [9,10], which describes 
a process in which two mirror-polished surface are brought in contact and adhere to each other permanently [11]. 
The advantage of this method is that the Si and III-V-cells can be fabricated separately and are joined at low 
temperatures. Thereby III-V/Si multi-junction cells with efficiencies of 25.2% under 1-sun [9,10] and 30.0% under 
112-suns [10] were demonstrated. The main disadvantage of the fabrication by direct wafer-bonding is the stringent 
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necessity of flat and polished surfaces, which limits the architecture of the Si bottom cell and requires additional 
surface preparation. This can be overcome when using a transparent adhesive or direct metal interconnect between 
the subcells [12,13]. However the intermediate layers between the subcells need to be carefully designed in order to 
minimize reflection and absorption losses. So far mechanically stacked III-V/Si multi-junction solar cells achieved 
efficiencies of 27.3% under 1-sun (GaInP/InGaAs/Si-cell, 3-terminal [13]) and 29.6% under 350 suns (GaAs/Si-cell, 
4-terminal [12,14]).  

Due to the above described difficulties and restrictions associated with the fabrication of GaInP/Si tandem solar 
cells by epitaxial growth respectively direct wafer-bonding, a mechanically stacked device appears most attractive 
for industrial implementation. In this paper we describe the development of a first GaInP/Si dual-junction device, 
present the cell results and discuss the effect of luminescent coupling between the subcells. 

2. Experimental 

A schematic sketch of our GaInP/Si dual-junction solar cell is shown in Fig. 1b. The rear heterojunction GaInP 
top solar cell [1] was grown inverted on a GaAs substrate by MOVPE. Prior to stacking, a gold back contact grid 
was electroplated onto the AlGaAs contact layer, followed by the evaporation of an optimized ZnS anti-reflection 
coating (ARC). The metal grid is connected to a gold contact area, which surrounds the GaInP solar cell and limits 
the illuminated area of the Si bottom by forming an aperture. 

For the fabrication of the silicon bottom junction we used 180 m thick n-type CZ silicon substrate with 
resistivities of 3.5 cm and a random (111) pyramid-textured front surface. On the frontside, an emitter was 
generated by boron diffusion and a cell size of 4 cm2 was defined by mesa-etching. A 15 nm thick Al2O3 passivation 
layer and a 80 nm thick SiNX ARC were deposited on the frontside. On the backside we applied a passivated  
contact [15], consisting of a 1.5 nm thick tunneling oxide and a 50 nm n++-poly-crystalline Si layer. Ag metal 
contacts were deposited at front and backside. 

After putting a few drops of the transparent epoxy (TRA-BOND-931-1) on the Si and inverted GaInP cells, they 
were brought in contact and aligned. After curing the epoxy, the GaAs growth substrate was removed by wet-
chemical etching. For cost effectiveness it would be preferable to remove the substrate by a lift-off process [16] and 
reuse it for the growth of the next top cell. At the next processing step a gold front contact grid was deposited and 
the area of the GaInP cell was defined by wet-chemical mesa-etching, which resulted in a tandem cell size of 
1.00 cm2. After patterning the n-GaAs contact layer, an optimized ZnS/MgF2-ARC was deposited at the frontside of 
the 1.8 m thick GaInP cell.  

A sketch of the top view of our tandem device is shown in Fig. 2. The busbar of the Si bottom cell lies outside the 
tandem cell area, which makes it easily accessible for the characterization. The current-voltage characteristics of the 
two subcells were measured independently under AM1.5g spectral conditions and the illuminated area was restricted 
by shadow masks to the size of the GaInP top cell (1.00 cm2), which equals a quarter of the initial Si cell size, thus is 
not optimal. In our final cell design we aim for a top and bottom cell with the same size.  
 

 
Fig. 2:  Sketched top view of our GaInP/Si tandem device. The GaInP top junction 
with a size of 1 cm2 is stacked to a 4cm2 Si bottom junction. The back contact of  

the GaInP junction acts as aperture for the Si bottom cell. 
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The external quantum efficiency (EQE) of the Si bottom cell was measured while the top cell was short-circuited, 
which minimizes the contribution of luminescent coupling generated by radiative recombination in the GaInP cell. 
This effect and its impact on the JV-curve of the bottom cell is discussed in more detail in section 3. 

3. Results and discussion 

The external quantum efficiencies (EQE) of the GaInP top and Si bottom junction measured on our first 
fabricated device are shown in Fig. 3a. The short-wavelength photons are converted by the GaInP top junction, 
whereas photons of energy close to the bandgap of GaInP are partly transmitted to the Si bottom junction, which is 
due to a top cell thickness of only 1 m, chosen for optimal top junction performance. The Si bottom junction has a 
reasonably good EQE, but can be significantly improved, especially by increasing the absorption of long-
wavelength photons. The shadow losses introduced by the front and back grid of the top junction are estimated to be 
below 4%. The total EQE (sum) of the tandem solar cell reaches over a broad wavelength region from 420 nm to 
980 nm values over 80%.  

The current-voltage characteristics of the two subcells, which were measured under 1 sun AM1.5g spectral 
conditions are shown in Fig. 3b. The extracted cell characteristics are listed in Table 1. Due to its high bandgap and 
quality, the GaInP top junction generates a large VOC of 1.44 V and a JSC of 14.6 mA/cm2. The photo current is 
lower than in ref. 1 as the cell design used here does not include a back reflector for the top junction. The JV-curve 
of the Si bottom junction was measured twice: once while the GaInP top junction was shorted and once while it was 
in open-circuit conditions. A comparison of the two curves in Fig. 3b shows that shorting of the top junction results 
in a 1.0 mA/cm2 smaller photo current in the bottom junction and lower efficiency of 8.5% instead of 8.9%. This can 
be explained by the effect of luminescent coupling [17,18] between the subcells, a consequence of the extremely 
high external luminescent efficiency of the top junction [1]. Photons, which are generated in the top junction due to 
radiative recombination are partly transmitted to the Si bottom junction. The amount of luminescent coupling varies 
with the voltage bias in the top cell and is greatest when the top cell is at VOC. In an actual solar module, the top cell 
will be operated at its maximum power point where the luminescent coupling is substantially lower; the conditions 
can be approximated by short-circuiting the top cell [17]. We therefore calculate the total efficiency of the tandem 
device from the bottom cell JV-curve measured under the short-circuited top cell. In this way a total 1-sun efficiency 
of (27.1 ± 0.8)% is found, which nearly equals the efficiency (27.3%) achieved in ref. 13 with a GaInP/InGaAs/Si-
triple-junction solar cell in 3-terminal operation. 
 
 

 
Fig. 3:  (a) External quantum efficiency of our mechanically stacked GaInP/Si dual-junction solar cell with a size of 1.00 cm2. (b) Current-voltage 
characteristics of the GaInP top and Si bottom junction under one sun (AM1.5g). The JV-curve of the bottom junction was measured twice: once 

while the top junction was short-circuited and once while the top cell was at open circuit. 
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Higher efficiencies can be achieved with our tandem solar cell when using an optimized Si bottom junction. Our 
current bottom cell suffers from a low fill factor of 60.5% caused by damage induced during the processing of the 
top cell and series resistance losses. The low VOC of 605 mV comes mainly from a high saturation current density 
due to the large unilluminated area of the bottom cell. Before stacking and processing the tandem device, our 4 cm2 

sized Si bottom cell achieved a 1-sun efficiency of 19.7% and VOC of 679 mV. Work is ongoing to address the 
processing problems and to use high efficiency (VOC > 700 mV) 1 cm2 Si bottom cells to meet our design criteria for 
a 30% 1-sun tandem. Related measurements on a 1-sun, 21.5% efficient Si single-junction solar cell under a 1 m 
thick GaInP optical filter gave an efficiency of 12%, with no degradation in the fill-factor.  
 

Table 1: Extracted characteristic parameter of the JV-curves shown in Figure 3b. 

Cell JSC [mA/cm2] VOC [V] FF [%] Eff. [%] 

GaInP top cell 14.6 1.444 87.9 18.54 ± 0.56 

Si bottom cell, when top cell @ JSC 23.3 0.605 60.5 8.54 ± 0.26 

Si bottom cell, when top cell @ VOC 24.3 0.607 60.2 8.86 ± 0.27 

 
 

4. Summary and conclusion 

We have demonstrated a mechanically stacked GaInP/Si tandem solar cell reaching an efficiency of 
(27.1 ± 0.8)%. The efficiency will be further increased in the future by using Si bottom cell having the same size as 
the top cell and an improved red response. The impact of luminescent coupling between the subcells is the subject of 
further investigation. Furthermore we aim for highly efficient GaInP/Si tandem cells suitable for the applications 
under low concentrated sunlight. 
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