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Abstract- An analytical model is used to describe the elctrical characteristics of a dual-junction 

tandem solar cell performing a conversion efficiency of 32.56% under air mass 1.5 global 

(AM1.5G) spectrum.  The tandem structure consists of a thin heterojunction top cell made of 

indium gallium phosphide (InGaP) on gallium arsenide (GaAs), mechanically stacked on a 

relatively thick germanium (Ge) substrate which acts as bottom cell. In order to obtain the best 

performance of such a structure, we simulate for both the upper and lower sub-cell the current 

density-voltage, power density-voltage, and spectral response behaviours taking into account 

the doping-dependent transport parameters and a wide range of minority carrier surface 

recombination velocities. 

For the proposed tandem cell, our calculations predict that optimal photovoltaic (PV) 

parameters, namely the short-circuit current density (Jsc), open-circuit voltage (Voc), maximum 

power density (Pmax), and fill factor (FF) are Jsc = 28.25 mA/cm2, Voc = 1.24 V, 

Pmax = 31.64 mW/cm2, and FF = 89.95%, respectively. The present study could turn useful to 

support the design of high efficiency dual junction structures by investigating the role of 

different materials and physical parameters. 
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Introduction 

The major research challenges in photovoltaic systems are to increase the conversion 

efficiency and make the devices more cost effective. With these purposes, several designs of 

solar cells have been presented in literature mainly based on the use of different semiconductors 

in multi-junction tandem structures, both monolithically grown and mechanically stacked, 

where the material bandgap energy (Eg) decreases in the depth direction from the top surface 

[1-7]. However, there are some technological issues associated with the multi-junction 

configurations. In particular, the monolithic design suffers the crystal lattice mismatch and the 

need to match the current produced in each junction layer. These issues prevent the monolithic 

stack to reach its theoretical efficiency and became critical as the effective number of junctions 

increases. On the other hand, the mechanical stacked approach circumvents the above-

mentioned drawbacks but it presents an additional complexity related to the use of one or more 

optically transparent and electrically conductive adhesive layers for mechanically stacking the 

different solar cells. In more detail, each sub-junction can be fabricated separately on its own 

substrate and then combined in a multi-junction structure that will be less sensitive to spectral 

variations if compared with the monolithic counterpart. Moreover, in principle, in a 

mechanically stacked solar cell each junction can be connected separately allowing the 

extraction of the total amount of current for higher power yields. 

Multi-junction solar cells based on group III-V semiconductors have been worldwide 

recognized as optimal structures for achieving a high photovoltaic conversion efficiency. 

Recent records of commercial and laboratory state-of-the-art devices are summarized in Ref. 8. 

In particular, indium gallium phosphide (InGaP), with an Eg of 1.86-1.9 eV, and gallium 

arsenide (GaAs), with an Eg of 1.42-1.435 eV, are considered suitable materials for the 

production of thin film heterojunction structures where the InGaP layer absorbs mainly the 

visible part of the incident solar spectrum while the infrared part is mostly absorbed by the 
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GaAs layer [9-15]. In addition, when the In1-xGaxP alloy has a Ga composition ratio of 0.51, 

the In0.49Ga0.51P ternary compound can be grown on a GaAs layer with an appropriate lattice 

match as investigated experimentally in Ref. 10 and references therein. Earlier studies have also 

shown that germanium (Ge) can be used as starting substrate (i.e., bottom cell) in high 

efficiency multi-junction solar cells [16-19], owing to its low bandgap (Eg ≅ 0.66 eV) which 

allows a good response at the longer wavelengths (> 900 nm).  

Nowadays, in order to overcome the difficulties encountered during the experimental 

optimization of existing devices, or the design of novel structures, the deployment of intensive 

modeling efforts plays a key role. To this extent, in this study we have investigated the 

possibility to obtain a conversion efficiency in excess of 32.5% for a dual-junction tandem 

configuration using an analytical model developed to evaluate the performance of both 

homojunction and heterojunction single solar cells as well as multi-junction stacked structures. 

In particular, we have adopted a spectral irradiance consistent with the air mass 1.5 global 

(AM1.5G) data that refer to the American Society for Testing and Materials (ASTM) G-173 

standard. By calculating the spectral irradiance numerical integral in the 300-2050 nm 

wavelength range, the assumed incident power density was 971.5 W/m2.  

In more detail, we have designed and simulated a dual-junction tandem solar cell based on 

a thin In0.49Ga0.51P/GaAs heterojunction top cell stacked on a Ge bottom cell. The current 

density-voltage J(V), power density-voltage P(V), and spectral response SR(λ) behaviors of the 

individual sub-cells have been evaluated at first. Then, we have extracted the main photovoltaic 

parameters which determine the performance of the tandem in terms of short-circuit current 

density (Jsc), open-circuit voltage (Voc), maximum power density (Pmax), fill factor (FF), and 

conversion efficiency (η). Different values of fundamental physical parameters, such as the 

doping concentration and minority carrier surface recombination velocity in the two sub-cell 

emitters, have been taken into account during the simulations.  
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1. Cell structure 

The considered In0.49Ga0.51P/GaAs/Ge dual-junction tandem solar cell is schematized in 

Fig. 1 (plot not to scale). The In0.49Ga0.51P/GaAs heterojunction top cell is stacked on a 

relatively thick Ge substrate acting as bottom cell by means of a transparent adhesive thin film 

that needs to be conductive. The assumed cell surface area is 1 cm2.  

 

Fig.1. Simulated In0.49Ga0.51P/GaAs/Ge dual-junction tandem solar cell (2-terminal device). 

By passing through the three layers with different bandgaps, each layer absorbs a part of 

the incident spectrum. Optical losses due to grid shadowing and reflection from each 

semiconductor surface have been neglected, since they are strictly dependent on the metal 

contact design and the use of optimized antireflection coating layers. For the sake of simplicity, 

explicit effects due to the presence of the adhesive film have also been neglected. In fact, a high 

optical transparency for permanent bonding adhesives in mechanically stacked solar cells, 

except for very short wavelengths, has already been demonstrated [6,20,21]. Finally, similarly 

to other theoretical works [22,23], the solar cell J-V characteristics have been calculated using 
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the single diode model with an ideality factor of 1 and no series or shunt resistance losses 

considered. 

2. Model description 

3.1 Theoretical basis 

The total amount of current density (JTotal) of a solar cell under illumination that can be 

measured on an external load resistor is [24] 

DLTotal JJJ  ,          (1) 

where JL is the current density generated by the incident light assuming that each incident 

photon with an energy greater than the material bandgap gives origin to an electron-hole pair, 

and JD is the current density in absence of illumination (in dark) for a given bias voltage. 

The component JL is strongly dependent on the material optical properties and it represents 

the sum of the photocurrents generated in the three fundamental regions of a cell, namely 

emitter, depleted region, and base. A typical expression of JL is in the form of 

   dλλSRλFqJ

λ

λ

L  
max

min

,          (2) 

where q is the electron charge, F is the incident illumination flux, λ is the wavelength of an 

incident photon, λmin is the minimum wavelength absorbed by each layer, and λmax is the cut-off 

wavelength depending on the material bandgap energy, Eg, as follows: 

gE

ch
λ


max

 .           (3) 

Here, h is Planck’s constant, and c is the speed of light. Finally, SR(λ) is the spectral response 

considered as a sum of three different contributions, i.e. 

       λSRλSRλSRλSR Basereg.DepletedEmitter   
.       (4)  
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The SR(λ) of a solar cell describes its ability to convert photons of different wavelengths 

into electric current. For the In0.49Ga0.51P/GaAs top cell, we can write: 
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where y1 is the distance from the InGaP surface to the beginning of the depleted region, y2 is 

the thickness of the InGaP layer, y3 is the edge of depleted region in the GaAs layer, y4 is the 

total thickness of the top cell, R0 is the reflected fraction of incident photons at the InGaP 

surface, R3 is the reflected fraction of incident photons at the depletion edge y3, Sp and Sn are 

the minority carrier surface recombination velocities, and Lp and Ln are the diffusion lengths for 

holes and electrons in the InGaP and GaAs layer, respectively. The diffusion lengths can be 

calculated according to the usual expression 

npnpnp τDL ,,,  .             (8) 

Here, τp,n are the minority carrier lifetimes, and Dp,n are the carrier diffusion constants calculated 

by Einstein's relation 

npnp µ
q

kT
D ,,  ,             (9) 

where k is Boltzmann’s constant, µp,n are the carrier mobilities, and T is the temperature. 
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Finally, in (5)-(7), αInGaP and αGaAs are the optical absorption coefficients of the InGaP and GaAs 

layers. 

In the same way, for the Ge bottom cell we can write: 
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where αGe is the optical absorption coefficient of the Ge layer. 

The current density in absence of illumination, JD, is described by the well-known 

Shockley’s diode equation 
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where J0 is the reverse saturation current for the top and bottom sub-cells in the form of 
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Here, Na and Nd are the acceptor and donor concentrations, and ni is the intrinsic carrier 

concentration depending on Eg as follows: 

kT

E

vci

g

eNNn 2


  ,           (16) 

where Nc and Nv are the carrier densities of states in the conduction and valence band, 

respectively. 

3.2 Doping dependence of physical parameters 

3.2.1 Bandgap narrowing

  

 

The material bandgap narrowing effect is modeled using the standard expression [25-27]  
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 (17) 

where the appropriate constants A, B, and C for the different device regions in Fig. 1 are listed 

in Table I [28,29]. 

Table I. Parameters for calculation of the material bandgap narrowing effect in meV. 

 InGaP (n-type) GaAs (p-type) Ge (n-type) Ge (p-type) 

A 18 9.71 8.67 8.21 

B 9.04 12.19 8.14 9.18 

C 93.46 3.88 4.31 5.77 

 Moreover, the dependence of the In1-xGaxP bandgap energy on the Ga composition ratio is 

assumed in the form [30] 

  3399.11925.12722.0 2  xxxEg .        (18) 
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3.2.2 Carrier mobility 

In order to describe the doping dependence of the carrier mobility, we used in the 

In0.49Ga0.51P region a low field mobility model [31-33] based on Caughey and Thomas 

expression at T = 300 K, i.e. 

pn

crit

pn

pnpn

pnpn

N

N
,

,

min

,0

max

,0min

,0,

1






















  ,         (19) 

where N is the local (total) doping concentration and
min

,0 pn , 
max

,0 pn ,
crit

pnN , , and pn,  are the reference 

parameters summarized in Table II [34]. Here, the carrier mobility parameters assumed for the 

GaAs and Ge regions are also reported referring to a simplified version of (19) with a unique 

reference value pn,0  (i.e, 
max

,0 pn  = pn,0 , and 
min

,0 pn  = 0) at room temperature [28]. 

Table II. Carrier mobility parameters. 

 In0.49Ga0.51P GaAs Ge 

min

,0 pn
 (cm2/V∙s) 400, 15 0 0 

max

,0 pn
 (cm2/V∙s) 4300, 150 9400, 400 3900, 2370 

crit

pn
N

,
(cm-3) 2×1016, 1.5×1017 1×1017, 1.6×1018 1×1017, 1.2×1017 

 δn,p 0.7, 0.8 0.5, 1 0.5, 0.5 

       

 

3.2.3 Carrier lifetime 

The effective carrier lifetimes in the InGaP and GaAs regions were calculated at T = 300 K 

through the expression [35] 

NR

pNRnpn

 
 ,,

11
,

         

 (20) 

where βR is the radiative recombination coefficient (average value), and τNRn,p are the non-

radiative lifetimes given by 
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Here, pn,0  are the Shockley-Read-Hall lifetimes and Cn,p are the Auger coefficients.  

 Finally, the electron and hole lifetimes in the Ge region were modeled using the standard 

expression [36] 

pn

ref

pn

pn

pn

N

N
,

,

,0

,
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 .           (22) 

 The reference parameters assumed during the calculations are listed in Table III. 

Table III. Carrier lifetime parameters. 

 In0.49Ga0.51P GaAs Ge 

 βR (cm3/s) (1±0.3)×10-10 1.36×10-10 - 

Cn,p (cm6/s) 3×10-30 5×10-31 - 

pn,0  (µs) 5 0.9 60, 47.4 

ref

pn
N

,
(cm-3) - - 6.7×1016, 1.5×1017 

pn,  - - 1.76, 1.545 

 Recent author papers addressed to the modeling of different photovoltaic devices support 

the presented simulation setup [37-43].  

3. Photovoltaic parameters 

When we assume JTotal = 0 in (1), the solar cell open-circuit voltage (Voc) is a typical 

measure of the total charge-carrier recombination rate. This voltage mainly depends on the 

photo-generated current density as well as saturation current density, and can be calculated 

using [24] 
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where in a multi-junction structure Voc is the sum of the contributions of the individual sub-cells. 

On the other hand, when the cell contacts are short-circuited we can calculate the short-

circuit current density (Jsc), which is strictly dependent on the incident flux of photons resulting 

Jsc ≅ JL in high-quality photovoltaic modules. 

Considering the output power behavior of the cell (P = JTotal×V), and in particular the 

maximum power point (MPP) when dP/dV = 0, the solar cell fill factor (FF) is defined by the 

following ratio: 

ocsc

MPPMPP

VJ

VJ
FF




  ,          (24) 

where JMPP and VMPP are the current density and voltage values at the MPP of the JTotal(V) curve, 

respectively. 

Finally, the ratio between the maximum output power (PMPP) and the incident radiation 

power (PInc) represents the solar cell overall conversion efficiency [24], i.e. 

Inc

ocsc

Inc

MPPMPP

Inc

MPP

P

VJFF

P

VJ

P

P
η





 .        (25) 

4. Results and discussion 

5.1 Performance analysis of the In0.49Ga0.51P/GaAs top cell 

The fundamental geometrical and physical parameters used in (5)-(7) for the simulation of 

the In0.49Ga0.51P/GaAs top cell are listed in Table IV. In particular, in order to determine the 

best performance, wide ranges of both donor doping concentration (Nd) and minority carrier 
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surface recombination velocity (Sp) [44,45] are considered in the In0.49Ga0.51P emitter fixing the 

parameters in the GaAs base. 

Table IV. Physical and geometrical parameters for the In0.49Ga0.51P/GaAs solar cell. 

 In0.49Ga0.51P GaAs 

y1 (µm) 0.1 - 

y2 (µm) 2 - 

y4 - y2 (µm) - 2 

Nd (cm-3) 5×1013-1×1018 - 

Na (cm-3) - 5×1018 

Sp (cm/s) 5×103-5×104 - 

Sn (cm/s) - 1×105 

 

Note that, the total thickness y4 in (6) is 4 µm, and the depletion region edge in the GaAs 

layer, i.e. y3 in (6) and (7), is a value depending on the doping and bias level.   

The conversion efficiency of the cell as a function of both Nd and Sp is shown in Fig. 2.  

 

 

Fig. 2. Conversion efficiency of the In0.49Ga0.51P/GaAs top cell as a function of Nd and Sp at T = 300 K. 

As can be seen, by assuming an incident power density of 971.5 W/m2 in the 300-2050 nm 

wavelength range, the cell conversion efficiency 2050300η  reaches a peak of 29.93% for a donor 
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concentration of 2×1016 cm-3 and a hole recombination velocity of 5×103 cm/s which is the lower 

limit that we have assumed. Afterward, this percentage tends to decrease for different values of 

Nd and, as expected, it decreases with increasing Sp. The minimum 2050300η  value is 25.84% for 

Nd = 5×1013 cm-3and Sp = 5×104 cm/s. 

From the theory, an increasing donor concentration leads to a decrease of the saturation 

current density J0 (14). On the other hand, the increase of Nd leads to an increase of the open-

circuit voltage Voc and also a higher concentration of photo-generated carriers which determines 

a slight increase of Jsc as shown in Fig. 3.  

 

Fig. 3. Jsc and Voc behaviors as a function of Nd and Sp for the In0.49Ga0.51P/GaAs top cell. 

However, as seen from this figure, the high doping effects have to be considered once the 

emitter doping concentration exceeds 2×1016 cm-3. In fact, higher values of Nd determine a 

change in the device physics in terms of both minority carrier mobility (19) and carrier lifetime 

(20), which causes a decrease of the diffusion lengths and a decrease of Jsc consequently. At 

the same time, high doping levels increasingly determine an effect of apparent bandgap 

narrowing which causes an increase of the intrinsic carrier concentration (16) with an overall 
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increase of J0 (14) and consequently a decrease of Voc (23). Therefore, from Fig. 3 we can 

assume that the conversion efficiency of the top cell starts to decrease gradually for 

Nd > 2×1016 cm-3. In addition, in accordance with Fig. 2, a decrease of the conversion efficiency 

is expected for increasing values of Sp. In fact, the photocurrent undergoes a reduction due to a 

lower probability of the photo-generated charges to reach the cell electrodes. 

The spectral response of the In0.49Ga0.51P/GaAs top cell for Nd = 2×1016 cm-3 and 

Sp = 5×103 cm/s in the In0.49Ga0.51P emitter, and Na = 5×1018 cm-3 and Sn =1×105 cm/s in the 

GaAs base, is shown in Fig. 4. 

 

Fig. 4. Spectral response of the In0.49Ga0.51P/GaAs top cell under AM1.5G spectrum. 

During the simulations that involve the bandgap narrowing effect (17), we predict 

Eg(InGaP) = 1.85 eV and Eg(GaAs) = 1.37 eV. These energy values correspond to a cut-off 

wavelength (3) close to 0.67 µm for the N-region and 0.9 µm for the P-region, respectively. In 

other words, from the theory, the emitter absorbs all wavelengths for λ < 0.7 µm whereas the 

base absorbs all wavelengths for 0.7 ≤ λ ≤ 0.9 µm. The resulting spectral response in Fig. 4 is 

higher than 0.95 for a large part of the considered incident spectrum. 
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Finally, by extracting the PV parameters from the J(V) and P(V) characteristics plotted in 

Fig. 5, we calculate Jsc = 31.55 mA/cm2, Voc = 1.04 V, Pmax = 29.38 mW/cm2, FF = 89.53% and 

2050300η  = 30.24%.  

 

Fig. 5. J(V) and P(V) characteristics of the In0.49Ga0.51P/GaAs top cell at T = 300 K. 

5.2 Performance analysis of the Ge bottom sub-cell 

 Considering the part of the incident light that could not be absorbed by the heterojunction 

top cell, a bottom cell with a small bandgap energy is added to form a tandem structure capable 

to increase the total conversion efficiency. In particular, for this purpose, we considered a 

relatively thick substrate of Ge as in Fig. 1. 

A first set of simulations has been performed to evaluate the performance of a single Ge 

solar cell. The fundamental geometrical and physical parameters used in (10)-(12) are listed in 

Table V [45,46].  In addition, the total thickness, i.e. 𝑦4
′  in (11), is 150 µm and the depletion 

region edge in the p-Ge layer, i.e. 𝑦3
′  in (11) and (12), is a value depending on both doping and 

bias level. 
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Table V. Physical and geometrical parameters for the Ge solar cell. 

 Ge (n-type) Ge (p-type) 

𝑦1
′ (µm) 0.2 - 

Nd (cm-3) 1×1016-1×1019 - 

Na (cm-3) - 1×1018 

Sp (cm/s) 1×105-1×106 - 

Sn (cm/s) - 1×106 

 

By fixing the physical parameters in the p-Ge base, different values of doping and 

recombination velocity of minority carriers in the n-Ge emitter are considered. A maximum 

conversion efficiency of 8.92% was obtained for Nd = 2×1018 cm-3 and Sp = 105 cm/s. Once 

again, an increased donor concentration affects both Voc and Jsc as shown in Fig. 6. 

 

Fig. 6. Jsc and Voc behaviors as a function of Nd and Sp for the single Ge solar cell. 

The spectral response of the single Ge solar cell assuming Nd = 2×1018 cm-3 and Sp = 1×105 

cm/s in the emitter region, and Na = 1×1018 cm-3 and Sn = 1×106 cm/s in the base, is shown in 

Fig. 7. As can be seen, the cell responds to a wide part of the considered spectrum, and the 

spectral response exceeds 97% in the 0.9-1.4 µm wavelength range. Finally, the apparent Ge 
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bandgap energy, which is in the order of 0.63 eV, determines a cut-off wavelength close to 1.96 

µm. 

 

Fig. 7. Spectral response of the single Ge solar cell under AM1.5G spectrum. 

 By extracting the PV parameters from the J(V) and P(V) characteristics plotted in Fig. 8, 

we calculate Jsc = 60.34 mA/cm2, Voc = 0.22 V, Pmax = 9.17 mW/cm2, FF = 69.07% and 

2050300η  = 9.43%. 

 After this investigation, we have simulated and evaluated the performance of the Ge cell 

as bottom cell in the tandem structure. The short-circuit current density and open-circuit voltage 

behaviors as a function of the donor concentration and minority carrier recombination velocity 

assumed in the n-Ge emitter are shown in Fig. 9. For Nd = 2×1018 cm-3 and Sp = 105 cm/s, the 

maximum conversion efficiency is limited to 4.06%.  
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Fig. 8. J(V) and P(V) characteristics of a single Ge solar cell at T = 300 K. 

 

 

Fig. 9. Jsc and Voc behaviors as a function of Nd and Sp for the Ge bottom cell in the tandem structure. 

 

In this case, in fact, considering that the In0.49Ga0.51P/GaAs top cell absorbs an important 

part of the incident spectrum as shown in Fig. 10, from the J(V) and P(V) characteristics plotted 

in Fig. 11 we calculate a lower performance of the Ge solar cell. In particular, 
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Jsc = 29.04 mAcm-2, Voc = 0.2 V, Pmax = 3.95 mWcm-2, FF = 68.01%, and 2050300η = 4.06% as 

mentioned above. 

 

Fig. 10. Spectral response of the Ge bottom cell in the tandem structure under AM1.5G spectrum. 

 

 

Fig. 11. J(V) and P(V) characteristics of the Ge bottom cell at T = 300 K. 
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5.3 Performance analysis of the In0.49Ga0.51P/GaAs/Ge tandem cell 

The spectral response and J(V) curve of the tandem cell are shown in Figs. 12 and 13, 

respectively.  

 

Fig. 12. Spectral response of the In0.49Ga0.51P/GaAs/Ge tandem solar cell under AM1.5G spectrum. 

 

 

Fig. 13. J(V) characteristics of the In0.49Ga0.51P/GaAs top cell, Ge bottom cell, and tandem cell. 
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As expected, in Fig. 12 we can see a wide spectral response where the top cell responds to 

higher photon energy of shorter wavelengths, whereas the bottom cell responds to lower photon 

energy of longer wavelengths. At the same time, from Fig. 13, for the tandem structure the 

maximum value of the J(V) curve is limited by the lower current density through the Ge cell 

considering that the two sub-cells are connected in series. On the other hand, the open-circuit 

voltage is the sum of the individual contributions. 

The PV parameters extracted for the tandem cell are listed in Table VI. Here, the results 

obtained previously are also summarized for reader convenience.   

Table VI. Photovoltaic parameters. 

 Voc (V) Jsc (mA/cm2) Pmax (mW/cm2) FF (%) 2050300η  (%) 

Tandem cell 1.24 28.25 31.64 89.95 32.56 

In0.49Ga0.51P/GaAs top cell 1.04 31.55 29.38 89.54 30.24 

Ge bottom cell 0.2 29.04 3.95 68.01 4.06 

Ge single cell 0.22 60.34 9.17 69.07 9.43 

The tandem cell maximum power density is 31.64 mW/cm2. This value is calculated for a 

current density of 28.25 mA/cm2 at a bias voltage of 1.12 V (see Fig. 13). The cell efficiency is 

32.56%, namely a value lower than 5% of maximum efficiency that we could calculate for a 

4-terminal device by adding, in principle, each sub-cell contribute (i.e., 30.24 + 4.06 = 34.3%). 

Finally, experimental results for an InGaP/GaAs top cell mechanically stacked on a 

Ge-based bottom cell in a 2-terminal configuration are reported in Ref. 6, showing an overall 

conversion efficiency (non-optimized) in the limit of 16%. 

 

5. Conclusions 

In this work, using an analytical model, we have investigated the possibility to obtain a 

conversion efficiency in excess of 32.5% under AM1.5G spectrum for a dual-junction tandem 
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solar cell based on an In0.49Ga0.51P/GaAs heterojunction top cell mechanically stacked on a Ge 

bottom cell. 

In order to determine the device maximum overall conversion efficiency, the current 

density-voltage, power density-voltage, and spectral response behaviors have been calculated 

taking into account different values of fundamental physical parameters in the two sub-cell 

emitters. The obtained results seems to encourage the design of high efficiency dual junction 

tandem cells also considering the remarkable developments in the mechanical stack approach 

by means of transparent conductive adhesives. 
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Figure captions 

 

Fig.1. Simulated In0.49Ga0.51P/GaAs/Ge dual-junction tandem solar cell (2-terminal device). 

Fig. 2. Conversion efficiency of the In0.49Ga0.51P/GaAs top cell as a function of Nd and Sp at T = 300 K. 

Fig. 3. Jsc and Voc behaviors as a function of Nd and Sp for the In0.49Ga0.51P/GaAs top cell. 

Fig. 4. Spectral response of the In0.49Ga0.51P/GaAs top cell under AM1.5G spectrum. 

Fig. 5. J(V) and P(V) characteristics of the In0.49Ga0.51P/GaAs top cell at T = 300 K. 

Fig. 6. Jsc and Voc behaviors as a function of Nd and Sp for the single Ge solar cell. 

Fig. 7. Spectral response of the single Ge solar cell under AM1.5G spectrum. 

Fig. 8. J(V) and P(V) characteristics of a single Ge solar cell at T = 300 K. 

Fig. 9. Jsc and Voc behaviors as a function of Nd and Sp for the Ge bottom cell in the tandem structure. 

Fig. 10. Spectral response of the Ge bottom cell in the tandem structure under AM1.5G spectrum. 

Fig. 11. J(V) and P(V) characteristics of the Ge bottom cell at T = 300 K. 

Fig. 12. Spectral response of the In0.49Ga0.51P/GaAs/Ge tandem solar cell under AM1.5G spectrum. 

Fig. 13. J(V) characteristics of the In0.49Ga0.51P/GaAs top cell, Ge bottom cell, and tandem cell. 


