
  
       

        
          

          
         

         
           

       
       

        
        

         
          

      

      
     

       
        

            
          
           

           
          

       
           
   

         
         

         
        

         
       
            

        
  

        
           

           
   

            
          
   

           
          

       
           

           
        
        

            
         

          
        

         
          

           
  

                
            

            
      

      

    
         

String- eve  mode ing of two, three and four 

termina Si-based tandem modu es 

Henning Schulte-Huxel, Daniel J. Friedman and Adele C. Tamboli 

Abstract— III-V/Si tandem solar cells have demonstrated 
efficiencies exceeding the theoretical efficiency limit of silicon 
solar cells. On the cell level, device modeling shows that three-
terminal tandem (3T) devices with rear contacted bottom Si cells 
perform as well as operating the subcells independently (4T). 
However, integrating these 3T devices in a module requires 
voltage matching of the top and the bottom cell. Here, we 
investigate the robustness of parallel/series interconnected 3T 
III-V/Si tandem devices in comparison with series interconnected 
two terminal (2T) and independently operated (4T) devices with 
respect to spectral, thermal, and resistive effects. Under most 
conditions, interconnected 3T devices are able to perform as well 
as those with independent operation of the top and bottom cell, 
and 3T devices significantly outperform 2T devices. 

Index Terms—Tandem device, multi-junction solar cells, 
module interconnection, silicon solar cell 

I. INTRODUCTION 

ue to their demonstrated efficiencies exceeding the Dtheoretical limit of single junction solar cells, III-V/Si 
tandem solar cells have been a focus of research in the recent 
years, and have reached efficiency records of over 32% [1]. 
These results can be achieved using either GaAs or GaInP top 
cells, which feature band gaps of 1.42 eV and 1.81 eV, 
respectively. Depending on the design of the subcells and the 
bonding technique, different configurations of the tandem 
cells are possible, i.e., a tandem cell featuring two, three, or 
four terminals [2]. 

Two terminal (2T) devices have the advantage that for 
module integration, they can be interconnected in series, as 
with single junction devices (Fig. 1 a). However, series 
interconnection requires current matching of the subcells. This 
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current matching results in a strong restriction of the band gap 
of the top cell and causes significant performance losses under 
varying spectra [2–4]. Operating the two subcells 
independently, as in the case of four terminal (4T) devices [2, 
4, 5], circumvents current matching, as shown in Fig. 1 c). 
However, this results in more complex system integration. 

Device modeling has predicted that three terminal (3T) 
devices perform as well as 4T devices, and the effects on the 
device performance due to extracting power from the two 
different subcircuits of the bottom cell are marginal [6, 7].3T 
devices can have benefits in cell processing and 
interconnection. In this design, Si cells with an interdigitated 
back contact (IBC) design and a conductive front surface field 
can be used to enable tandem cells that do not require 
intermediate grids. 

Fig. 1 Schemes of the interconnection of a) 2T, b) 3T, and c) 4T tandem 
cells. 2T devices are limited by current matching of the subcells, and 
interconnected 3T devices are limited by matching of the voltages in the 
substrings of top and bottom cells. 
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Nevertheless, the parallel/series interconnection of 3T 
devices in modules, shown in Fig. 1b, requires that the 
voltages of series connected bottom cells (e.g. two) are 
matched with the voltage of one top cell. This requirement of 
voltage matching also applies to the 4T devices integrated into 
modules featuring only two external contacts [2]. However, 
past studies have mainly focused on the performance of 
individual devices [4, 8]. There are few works that compare 
interconnected tandem cells, [2] which typically focus on 
special configurations to reach current or voltage matching 
conditions [9–12]. 

In this work, we investigate the robustness of parallel/series 
interconnection 3T III-V/Si tandem devices in comparison 
with series interconnected 2T devices and independently 
operated 4T devices with respect to spectral, thermal, and 
resistive effects. We take into account the restriction for 3T 
devices that the ratio of the number of bottom cells to the 
number of top cells interconnected in parallel is an integer, 
since other configurations require a more complicated 
interconnection scheme. 

This is an extended work of our recent contribution 
presented at the 44rd IEEE PVSC [13]. We significantly 
expanded the investigation by adding the impact of changes in 
illumination intensity, annual yield calculations and resistive 
effects. 

II. SIMULATION MODEL 

We use the 1D ideal diode model of a solar cell in order to 
model the theoretical efficiency for the III-V/Si tandem cell 
with varying band gap Eg of the top cell. As input parameters 
for the top and the bottom cell, we use the dark saturation 
current density J0 and the short circuit current density Jsc. 

J0 of the top and bottom is based on an empirically 
determined difference between Eg and the open circuit voltage 
Voc of Woc = 0.4 eV at 25°C [14]. This Woc is good 
approximation for III-V materials with bang gaps between 
1.1 eV and 2.1 eV [15], even though GaAs and GaInP reach 
lower values [16]. We calculate J0 by 

J0= Js exp(-qVoc/nkT), (1) 

with a standard current density Js of 16 mA/cm² [14] and an 
ideality factor n of unity. We implement the temperature 
dependence of J0 through [17] 

J0(T) ~ T3 exp(-Eg(T)/kT), (2) 

using J0 at 25°C as reference. The temperature dependence of 
Eg(T) is calculated using the Varshni coefficients of Si for the 
bottom cell [18] and of GaAs for the top cell [19], which is 
used as representative material for a direct band gap III-V 
semiconductor. For simplicity, we use the linear 
approximation of the Varshni coefficients of GaAs between 
-40°C and 80°C. 

The short circuit current density Jsc of the top cell is 
determined by using the Beer–Lambert law and the spectral 
dependent absorption coefficient of GaAs [20], serving again 
as representative material, shifted by the difference of the 
band gap edge with respect to GaAs at 25°C. Jsc for the 
bottom cell is determined by using the spectral dependent 
absorption coefficient of Si [21] and the transmission of the 
top cell assuming no reflection at the interface. The thickness 
of the III-V top cells is assumed to be 1 µm. This is for 
example the total GaInP thickness in the 1.81 eV GaInP 
record solar cell [16]. The optimal band gap of the subcells for 
multijunction devices may depend significantly on the cell 
thicknesses and other material properties [14]. For the Si 
bottom cell, we assume slight light trapping resulting in an 
effective optical thickness of 1 mm. We use the AM 1.5G 
spectrum (ASTM G-173-03) and the AM1G to AM10G 
spectra calculated by SMARTS 2.95 [22, 23] (average photon 
energy of the used spectra of 1.84 – 1.58 eV for 280 – 1200 
nm). Losses due to parasitic absorption, reflection, shading, 
and resistances are not taken into account unless stated 
otherwise. Luminescent coupling of the junctions is assumed 
to be negligible. 

In case of the interconnection of 3T devices, the power of 
individual cells at the string ends is partially lost [2]. 
Depending on the cell design, the power loss is on the order of 
the power of one tandem cell, i.e., for 60 cell string this 
corresponds to a 1.6% loss. For simplicity, these losses are 
neglected in this work by assuming an infinite string. 

III. RESULTS AND DISCUSSION 

Fig. 2 shows the evolution of the efficiency for a III-V/Si 
tandem solar cell under standard testing conditions (STC, 
1000 W/m², AM1.5G, 25°C) operating the top and bottom 
cells independently, series interconnected (2T devices), or 
parallel/series interconnected (3T devices). In the case of 
parallel/series interconnected 3T devices, we assume one top 
cell interconnected in parallel to a series of one, two, or three 
bottom cells, denoted as 1:1, 1:2, and 1:3, respectively. 
Operating the cells independently (black curve) leads to the 
highest efficiency for all band gap energies of the top cell, 
with a maximum efficiency ηmax of 37.8% at Eg = 1.81 eV, 
which corresponds to the band gap of GaInP cells [16]. In case 
of the series interconnected 2T devices (green curve), ηmax is 
37.4% at 1.67 eV. For parallel/series interconnected 3T 
devices, the ratio of 1:1 (cyan curve) leads to ηmax = 26.9%, 
which is approximately the same as the efficiency calculated 
for the bottom Si cell. This is caused by the fact that the 
voltage of the Si cell limits the device voltage, and in our 
model, every absorbed photon leads to an electron-hole pair. 
In case of a ratio of 1:3 (blue curve), an efficiency of 34.1% is 
predicted at Eg = 2.36 eV. This is well below the efficiency of 
the parallel/series interconnected 3T devices with a ratio of 
1:2 (red curve), with ηmax = 37.8% at Eg = 1.80 eV, almost 
identical to the result for independent operation. This shows 
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that the conclusion that individual 3T devices operating as 
well as 4T devices can also hold for modules with two 
terminals, if a suitable top cell band gap is chosen. 

Fig. 2 Efficiency under STC for III-V/Si tandem solar cells using different 
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] 

operation modes as a function band gap of the top cell. The band gap energies 
of GaAs and GaInP are indicated by vertical lines. 

The thickness of the subcells can have an impact on the 
optimal bandgap of the top cell as well as on the maximum 
efficiency. As an example, the variation of the top cells 
thickness dtop is shown in Fig. 3. With increasing thickness dtop 

the fraction of light absorbed in the top cell increases and, 
since the dark saturation current density J0 in this work 
depends only on the bandgap, the efficiency is also affected. 
As the current absorbed by the top cell is delivered at a higher 
voltage than by the bottom cell, the efficiencies of the 
different configurations of tandem devices increases for 
increasing top cell thickness as shown in Fig. 3 b). 

In case of current-matched 2T devices, the optimal band gap 
shifts from 1.31 eV for a top cell thickness of 0.2 µm to 1.8 
eV for an infinitely thick top cell as shown in Fig. 3 c). In 
addition, the band gap for the 4T devices shifts from 1.77 eV 
to 1.86 eV for a 0.2 µm and infinitely thick top cell, 
respectively. For 3T devices, the impact of dtop on the optimal 
bandgap is small, i.e., for dtop between 0.5 µm and 10 µm the 
optimal band gap is 1.80 eV, for 0.2 µm it is 1.82 eV and for 
an infinitely thick top cell 1.79 eV. However, for real devices 
the thickness dependence will be quite different, due to a 
decrease in Woc for thicker cells [16] and, with realistic 
diffusion lengths, the current enhancement may not be 
proportional to the increase in absorption. For this work, we 
keep the thickness of the top cell constant at 1 µm for the 
following investigations, which is typical for GaInP top cells. 
The general trends shown here are expected to be valid for 
different thicknesses of the subcells. 

Fig. 3 a) Efficiency under STC of III-V/Si tandem solar cells for different top 
cell thickness and operation modes, as a function of the band gap of the top 
cell. b) and c) show the maximum efficiencies and the corresponding optimal 
top cell band gap for the different operation modes as function of the top 
cell’s thickness. 

A. Changes in illumination spectra 

Changes in the illumination spectra have significant impact 
on the performance of tandem solar cells, since the ratio of 
currents generated in the top and bottom cell is affected, and 
the two cells work at different voltages at maximum power 
point. The optimum band gap of the top cell and the 
corresponding maximum efficiencies ηmax of the simulations 
are shown in Fig. 4 a) for different spectra at constant 
illumination intensity of 1000 W/m². The series 
interconnected devices show a significant decrease in the 
optimal band gap from 1.70 eV to 1.46 eV when changing 
from AM1G to AM10G. 

In contrast to this, for parallel/series interconnected 3T (1:2) 
devices, the optimal band gap is almost unaffected by spectral 
changes and constant at 1.80eV. As shown in Fig. 4 b), the 
consequence is that 3T devices are very robust to spectral 
changes and perform as well as operating the subcells 
independently. 
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Changes in the spectrum tend to occur together with 
changes in intensity. In case of the independent operation or 
series interconnection of the sub cells, the optimal band gap is 
unaffected by changes in illumination intensity. This is caused 
by the fact that the current scales linearly with intensity for 
both subcells. According to (1), the open-circuit voltage and 
thus also the voltage at maximum power point depend on the 
short circuit current. In the case of the parallel/series 
interconnected 3T (1:2) device, the sum of the voltages of the 
two bottom cells decreases more than of the top cell. Thus, the 
optimal band gap of the top cell decreases slightly, from 
1.80 eV to 1.75 eV. 

Fig. 5 Efficiency for III-V/Si tandem solar cells as a function of illumination 
intensity using AM1.5G spectrum. The band gaps of the top cells are fixed to 
their optimal band gaps at 1000 W/m². 

To model the performance of tandem devices with different 
numbers of terminals under outdoor spectra, we integrated the 
annual energy yield using the spectral data of the typical 
metrological year (TMY) for Denver, Colorado, USA [24]. 
Table I shows the energy yield divided by the total incoming 
irradiation, assuming a constant temperature of 25°C. 

TABLE I 
ANNUAL EFFICIENCY CALCULATED FOR DIFFERENT BAND GAP 

ENERGIES WITH THE SPECTRAL TMY DATA FOR DENVER, CO, USA. 
Number of 
terminals 

1.42 eV 1.67 eV 1.81 eV 

2 20.4% 35.4% 33.0% 

3 31.6% 35.4% 36.3% 

4 33.3% 35.9% 36.4% 

a) 

b) 

Fig. 4 a) Optimum band gap energies of the top cell and the corresponding 
maximum efficiency ηmax for III-V/Si tandem solar cells and b) their 
efficiency as a function of air mass using different operation modes under 
AM1G to AM10G spectra with a normalized intensity of 1000 W/m². In b) 
the band gap energy is constant at the optimal band gap under STC for each 
configuration. 

Fig. 5 shows the impact of varying intensities for the 
AM1.5G spectra between 100 and 1000 W/m² on the cell 
performance. The performance decreases for decreasing 
illumination intensity for all configurations. However, the 
increased loss in the parallel/series interconnected 3T (1:2) 

device compared to the 4T device occurs mainly for low 
intensities. Again, both of these configurations outperform the 
2T case. 

Combining the effects of spectral changes and intensity for 
AM1G to AM10G spectra, and assuming for each 
configuration the optimal band gap under AM1.5G, leads to 
similar results as for the normalized spectra. Especially, the 
parallel/series interconnected 3T devices still perform as well 
as operating the subcells independently (4T). 

Eg = 1.42 eV is the band gaps of GaAs, Eg = 1.81 eV the band gap of GaInP, 
which is also the optimal band gap for the independent operation under 
AM1.5G and Eg = 1.67 eV the optimal band gap for series interconnected 
subcells. 3 terminals refers to the parallel/series interconnected 3T (1:2) 
device. 

For all terminal configurations, using a GaAs top cell 
(Eg = 1.42 eV) performs worst under these varying conditions 
and a constant Woc = 0.4 eV for all band gaps, despite having 
the highest demonstrated efficiency under standard test 
conditions [1]. Using a top cell with the optimal band gap for 
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the 2T configuration under AM1.5G (Eg = 1.67 eV), the 
parallel/series interconnected 3T (1:2) and series 
interconnected 2T devices perform equally with 35.4% energy 
yield. The independent operation (4T) reaches for 
Eg = 1.67 eV 35.9%. This can be increased to 36.4% for 4T 
and its optimal band gap under AM1.5G of 1.81 eV, which is 
the band gap of GaInP. Again, the parallel/series 
interconnected 3T (1:2) device reaches similar high results 
with 36.3% as the 4T device, where part of the difference can 
be explained by the slightly non-optimal band gap for the 3T 
configuration. 

B. Changes in temperature 

Fig. 6 a) Optimum band gaps of the top cell and the corresponding 

a) 

b) 

maximum efficiency ηmax for III-V/Si tandem solar cells and b) their 
efficiency as a function of temperature. In b) the band gap energy is 
constant at the optimal band gap under STC for each configuration. 

In contrast to the previous results, the temperature 
dependence is more pronounced for parallel/series 
interconnected 3T devices. This is caused by the requirement 
of voltage matching, in contrast to series interconnect devices, 

which need to be current matched. Fig. 6 a) shows that for the 
independent operation and series interconnected case, the 
changes in the optimal band gap are about 0.05 eV. However, 
for 3T devices, it is 0.21 eV for a ratio 1:2 and more than 
0.4 eV for 1:3. 

As indicated in Fig. 6 b), the 3T (1:2) devices perform as 
well as independent subcell operation only at the temperature 
the band gaps were optimized for, e.g. 25°C. Nevertheless, for 
the majority of realistic operation temperatures (up to 60°C) 
[25] the parallel/series interconnected 3T (1:2) devices still 
perform better than series interconnected tandems. 

C. Changes in series resistance 

A change in series resistance of the individual cells mainly 
affects the voltages at maximum power point, with less impact 
on current. Therefore, we analyzed the effect by series 
resistance contributions on the operation of the parallel/series 
interconnected 3T (1:2) device. We compare the effect to the 
efficiency reduction of the independent operation of the 
subcells, to differentiate the effect due to voltage mismatch. 
The analysis in Fig. 7 shows that for series resistance values of 
up to 500 mΩ cm² for the bottom cells, the efficiency losses of 
the parallel/series interconnected 3T (1:2) devices are 
marginal (about 0.1%abs) compared to the independent 
operation of the subcells. The effect of the bottom cells is 
about twice as severe as of the top cell, since two bottom cells 
are interconnected in parallel to one top cell. 

Fig. 7 Absolute efficiency loss [%abs] under STC of parallel/series 
interconnected 3T (1:2) devices compared to independently operated 
subcells as a function of the series resistances of the subcells. The band gap 
of the top cells is fixed at 1.81 eV. 

IV. CONCLUSION 

We showed that in the case of top cells with an band gap of 
Eg = 1.81 eV (GaInP) on silicon bottom cells (Eg = 1.12 eV), 
parallel/series interconnected 3T (1:2) devices perform as well 
as operating the top and bottom cell individually under STC 
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and most operation conditions. As a consequence, modules 
with 3T (1:2) devices integrated in one circuit have the 
potential to reach similar power as modules with separate 
circuits for the top and bottom cells of 4T devices. This holds 
also under varying spectra between AM1G to AM10G and the 
annual yield. Other 3T devices, where the ratio of the number 
of bottom cells to the number of top cells interconnected in 
parallel is an integer (1:1 and 1:3), show a significantly 
reduced performance. 

Depending on the spectra, the advantage of parallel/series 
interconnected 3T devices compared to series interconnected 
2T devices is up to 8%abs when choosing the band gap of the 
top cell to be the optimum under STC (parallel/series 
interconnected 3T devices (1:2): 1.8 eV, series interconnected 
2T devices: 1.7 eV) under the assumption of no 
interconnection losses and infinite strings. Only in the case of 
high operation temperatures (> 60°C) do series interconnected 
devices perform better than parallel/series interconnected 
ones, when both top cells are optimized for STC. However, 
this temperature limit can be shifted to higher values by 
optimizing the band gap of the top cell for higher 
temperatures. Additionally, we showed that series resistance 
contributions have only a marginal effect on the performance 
of parallel/series interconnected 3T devices relative to the 
independent operation of the subcells. 

Therefore, we conclude that modules with parallel/series 
interconnected tandem devices are much more robust against 
changes to the operation conditions than series interconnected 
devices for a wide range of top cell’s band gaps including 
GaAs and GaInP. They reach similar high efficiencies as the 
independent operation of the subcells. Thus, they offer a 
promising way to enable the integration of monolithic tandem 
cells into modules at comparable high efficiency as 4T devices 
that require in general two separate devices with additional 
metallization layers between the two junctions. 
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