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ABSTRACT 

  The temperature dependences of the electrical characteristics of InGaP/InGaAs/Ge 

triple-junction solar cells under concentration were evaluated. For these solar cells, 

conversion efficiency (η ) decreased with increasing temperature, and increased with 

increasing concentration ratio owing to an increase in open-circuit voltage. The decrease in 

η with increasing temperature decreases with increasing concentration ratio. Moreover, the 

annual output of a concentrator system with a high-efficiency triple-junction cell is estimated 

utilizing the experimental solar cell’s characteristics obtained in this study and field-test 

meteorological data collected for one year at the Nara Institute of Science and Technology, 

and compared with that of a nonconcentration flat-plate system.  
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1. INTRODUCTION 

Multijunction solar cells consisting of InGaP, (In)GaAs and Ge are known as 

super-high efficiency and are now used for space applications. Multijunction cells 

lattice-matched to Ge substrates have been improved and their conversion efficiency has 

reached 31% (AM1.5G) owing to their lattice-matched configuration [1, 2]. Therefore, 

concentrator photovoltaic systems using high-efficiency solar cells are one of the important 

issues in the development of an advanced PV system. The production cost of multijunction 

solar cells composed of III-V materials is higher than that of Si solar cells. However, the 

necessary cell size decreases with increasing concentration ratio, thus reducing the total cost 

of concentrator systems will decrease. High-efficiency multijunction cells under high 

concentrations have been investigated for terrestrial applications [3, 4]. Also, for 

low-concentration operation, multijunction cells have been investigated for space satellite 

use [5-7]. 

It is considered that the temperature of solar cells increases under 

light-concentrating operations. Such cells, if insulated, are potentially heated to 1400oC at 

500 suns concentration [8]. Their conversion efficiency decreases when their temperature 

increases [9, 10]. Though passive cooling methods with a heat sink [11] or a heat spreader 

[12] have been favored for cost and reliability purposes, they could not completely suppress 

this increase in temperature.  

However, the temperature characteristics of InGaP/InGaAs/Ge triple-junction solar 

cells under concentration have not been evaluated in detail. In this study, we have evaluated 

such temperature characteristics under concentration conditions.  

  The annual output of a concentrator system with a high-efficiency triple-junction 

cell is estimated utilizing field-test meteorological data collected for one year at the Nara 

Institute of Science and Technology (NAIST, Japan) and experimental cell characteristics 
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obtained in this study, and compared with that of a nonconcentration flat-plate system. Then, 

the possibilities of concentrator systems are discussed. 

 

2. InGaP/InGaAs/Ge TRIPLE-JUNCTION SOLAR CELL 

Figure 1 shows a schematic illustration of the InGaP/InGaAs/Ge triple-junction cell 

evaluated in this study. The subcells (InGaP junction, InGaAs junction and Ge junction of 

this cell) were grown on a p-type Ge substrate using metal-organic chemical vapor 

deposition. The In0.49Ga0.51P top subcell, In0.01Ga0.99As middle subcell, and Ge bottom 

subcell were all lattice-matched. The InGaP subcell was connected to the InGaAs cell by a 

p-AlGaAs/n-InGaP tunnel junction. The InGaAs subcell was connected to the Ge cell by a 

p-GaAs/n-GaAs tunnel junction. The electrodes were fabricated by evaporation. The 

electrode consisted of a 5-μm-thick Ag. The width and pitch of the grid electrodes were 7μ

m and 120μm (optimized for high-concentration operations), respectively. 

 

3. TEMPERATURE CHARACTERISTICS OF TRIPLE-JUNCTION SOLAR CELL 

UNDER CONCENTRATED LIGHT 

Light from the solar simulator (Light source: Xe lamp) was adjusted to 1 sun (AM 

1.5G, 100 mW/cm2), and focused by a Fresnel lens. Concentration ratio was determined by 

dividing short-circuit current (Isc) under concentrated light by Isc under 1 sun illumination. It 

was varied from 1 sun to 200 suns. The cell was attached to a thermostat stage by a solder 

with high heat conductivity. The temperature dependences of the solar cell’s characteristics 

were investigated in the temperature range from 30°C to 120°C.  

Table 1 shows the characteristics of the solar cell at 25°C for various concentration 

ratios (1 sun, 17 suns and 200 suns). Figures 2(a)-(d) show the temperature dependences of 

the characteristics ((a) open-circuit voltage: Voc, (b) short-circuit current: Isc, (c) fill factor: 



 4

FF and (d) conversion efficiency: η) of the InGaP/InGaAs/Ge triple-junction solar cell. 

Table 2 shows the temperature coefficients of these characteristics (dX/dT: X means Voc, Isc, 

FF and η) and the temperature coefficients normalized by the same parameter at 25°C 

((dX/dT)/X(25°C)×100). 

Figure 2(a) shows the temperature dependence of Voc. For all concentration ratios, 

Voc decreased with increasing temperature.  

 The I-V characteristics of the solar cell are expressed by   
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where I0, q, n, k and T are the saturation current, elementary charge, diode ideality factor, 

Boltzmann constant and absolute temperature, respectively. 
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where ni is the intrinsic carrier concentration, NA and ND are the acceptor and donor 

concentrations, Sh and Se are the surface-recombination velocities in the n- and p-type 

materials, xp and xn are the thicknesses of the p- and n-type layers, De and Dh are the 

diffusion constants of electrons and holes, and τe andτh are the lifetimes of electrons and 
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holes, respectively. J0 strongly depends on T through its proportionality to the square of ni.  

ni is expressed by 

 ( )kTEmmhkTMMn ghevci −= ∗∗ exp)()/2(4 2/3322 π ,  (4) 

where Mc and Mv are the numbers of equivalent minima in the conduction and valence bands, 

h is Planck’s constant, and me
* and mh

* are the effective masses of electrons and holes, 

respectively. 

 From eqs. (2)-(4), it is found that the decrease in Voc with increasing temperature 

arises mainly from the change in ni. J0 increases exponentially with decreasing 1/T, and Voc 

decreases almost linearly with increasing T. De, Dh,τe andτh are all temperature-dependent, 

and the temperature dependence of J0 is slightly influenced by their temperature 

dependences. 

Moreover, Voc increases with increasing concentration ratio. From eq. (2), Voc 

increases logarithmically with radiation intensity [13-16]. It is found that the decrease in Voc 

with increasing temperature (dVoc/dT) gets smaller with increasing concentration ratio, as 

shown in Table 2. 

 For the n+/p junction, J0 is approximated as 
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De and τe in eq. (5) are all temperature-dependent. If De /τe is proportional to Tγ, where 

γ is a constant, then from eqs. (4) and (5) 
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where Eg(T) is the band-gap energy at T and the temperature dependence exponent (3+γ/2) 

is from the third-order dependence of ni
2 and γ-order dependence of De /τe. 
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 The variation in bandgap with absolute temperature is expressed as [17] 
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where α and β are constants. 

The differentiation of eq. (2) with respect to T and the substitution of band-gap voltage 

(Vg(T)) for Eg(T)/q result in 
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where VT, the thermal voltage, is substituted for kT/q. The second term in eq. (8) can be 

neglected compared with the first term. Therefore, the temperature dependence of Voc is 

approximated as [10] 
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The dominant part of this equation is (Vg(T)- Voc), and we can see that the temperature 

dependence of Voc is smaller for solar cells with a large Voc. Therefore, the decrease in Voc 

with increasing temperature decreased because of the increase in Voc with increasing 

concentration ratio. 
Figure 2(b) shows the temperature dependence of Isc. The increase in 

minority-carrier diffusion length and the shift in optical absorption edge energy with 

increasing temperature produce a small increase in Isc. An increase in Isc with increasing 

temperature results from the change in absorption coefficient with temperature. 

Figure 2(c) shows the temperature dependence of FF. FF decreased with increasing 

temperature, and increased with increasing concentration ratio. FF at 200 suns is smaller 

than that at 17 suns because of the influence of series resistance. The temperature 

dependence of FF is mainly derived from the temperature dependence of Voc. 
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Figure 2(d) shows the temperature dependence of η. The temperature dependence 

of η is mostly affected by the temperature dependence of Voc. For all concentration ratios, 

η decreased with increasing temperature, and increased with increasing concentration ratio 

because of the increase in Voc. The normalized temperature coefficient of the conversion 

efficiency of the InGaP/InGaAs/Ge triple-junction solar cell ((dη/dT)/η(25°C)×100) is 

-0.248%/oC at 1 sun, as shown in Table 2. On the other hand, the normalized temperature 

coefficient of the conversion efficiency of a crystalline-silicon solar cell is -0.4 or -0.5%/oC 

under 1 sun operation. This indicates that InGaP/InGaAs/Ge triple-junction solar cells have 

an advantage over crystalline-silicon solar cells under high-temperature conditions. 

Moreover, the decrease in η  with increasing temperature decreases with increasing 

concentration ratio. These results indicate that concentration operations have beneficial 

effects on high-temperature operations. 

 

4. ESTIMATION OF ANNUAL OUTPUT 

 A nonconcentration flat-plate 50-kW PV system was installed at NAIST. This system 

automatically measured meteorological data and operating condition data in 200 channels at 

an interval of 6 sec, and the data were stored in a database. A pyrheliometer, a pyranometer, a 

spectroradiometer, a rain gauge, a wind speed meter, and a thermometer were used to 

measure meteorological data. In this study, the annual data from August 1999 to July 2000 

were adopted. 

  Figure 3 shows the diffuse irradiation and direct irradiation for each month. The 

direct irradiation was approximately half of the global irradiation (the sum of diffuse 

irradiation and direct irradiation). Nonconcentration flat-plate systems can utilize both diffuse 

and direct irradiations, while concentrator systems can utilize only direct irradiation. Thus, it 

is important to compare the annual output of concentrator systems composed of superhighly 
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efficient InGaP/InGaAs/Ge triple-junction solar cells with that of the nonconcentration 

systems composed of Si solar cells.  

  In this study, the annual output energies of a 17 sun concentrator system and a 200 

sun concentrator system per 1 m2 irradiation area were estimated based on the experimental 

cell characteristics (described in the previous section) and field-test meteorological data 

(observed at NAIST). For comparison with that of a flat-plate system, the annual output 

energy of a nonconcentration flat-plate system composed of single-crystalline Si solar cells 

per 1 m2 irradiation area was estimated. 

  The output energy of a flat-plate PV system is expressed by [18] 

Pout ＝ KT・Kf・Pg・ηs ,    (10) 

where Pout is the output energy, Pg is the global irradiation (diffuse irradiation + direct 

irradiation), ηs is the η under the standard test conditions (100-mW/cm2 irradiation, 25oC 

module temperature, and AM1.5 global spectrum), and Kf is the correction coefficient for all 

factors except temperature. In this brief estimation, Kf was assumed to be 1. When the 

standard temperature is set to 25oC, the correction coefficient for temperature KT is  

KT  =1 + a (Tm - 25),     (11) 

where Tm [oC] is the module temperature and a is the normalized temperature coefficient  ((d

η/dT)/η(25°C)×100). We obtained Pg and Tm from field-test data. A normalized temperature 

coefficient of -0.4%/ oC and a η of 17.4% (world-record module efficiency for Si solar 

cells) at 25oC were used for ηs in eqs. (10) and (11). 

The output energy of a concentrator PV system is expressed by  

 Pout ＝ KT・Kf・Pd・ηs ,              (12) 

where Pd is the direct irradiation. When the standard temperature is set to 25oC, the correction 

coefficient for temperature KT is  

 KT = 1 + a (Tm(con.) - 25),              (13) 
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where Tm(con.) [oC] is the module temperature for the concentrator system. We obtained Pd 

from field-test data. For concentrator PV systems, Kf is mainly determined by optical loss. Kf 

for the 400 sun concentrator system using a Fresnel lens is 0.927 [19]. Therefore, we used 

this value as Kf. The temperature of the concentrator module (Tm(con.)) is experimentally given 

by [20]  

 Tm(con.) = Tm + 17 Pd .                   (14) 

A temperature coefficient of -0.141%/ oC and a ηs of 34.4% measured experimentally 

(obtained in this study) were used for the estimation of the 17 sun concentrator system. A 

temperature coefficient of -0.098%/ oC and a η s of 36.7% measured experimentally 

(obtained in this study) were used for the estimation of the 200 sun concentrator system. The 

temperature coefficient and ηs described in this study are the data for 100 mW/cm2 direct 

irradiation. In an actual environment, the direct irradiation is almost always less than 100 

mW/cm2. It is considered that, in most cases, the triple-junction cells of 17 sun and 200 sun 

concentrator systems operate at less than 17 sun and 200 sun concentration ratios. Therefore, 

the temperature coefficient and ηs were corrected depending on direct irradiation by 

interpolating the data in Table 1 and 2.  

  Using these methods, the annual output of the flat-plate and concentrator PV systems 

were estimated as shown in Fig. 4. The estimated annual output of the concentrator systems is 

higher than that of the nonconcentration system. The annual output of the 200 sun 

concentrator system is higher than that of the 17 sun concentrator system. Although the 

system becomes increasingly more complex, concentrator systems with a higher 

concentration ratio will attain excellent performance because of its increasing cell efficiency 

and superior temperature coefficient. Moreover, a higher output energy can be expected in 

high direct-irradiation areas such as Miami (USA) or the Great Sandy Desert (Australia) [21]. 
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5. CONCLUSIONS 

The temperature dependences of the electrical characteristics of InGaP/InGaAs/Ge 

triple-junction solar cells under concentration were evaluated. The temperature dependence 

of η  is mostly affected by the temperature dependence of Voc. η  decreased with 

increasing temperature, and increased with increasing concentration ratio because of the 

increase in Voc. The normalized temperature coefficients of the conversion efficiency ((dη

/dT)/η(25°C)×100) of the InGaP/InGaAs/Ge triple-junction solar cell is -0.248%/oC at 1 sun 

and -0.098%/oC at 200 suns. The decrease in η with increasing temperature decreases with 

increasing concentration ratio. These results indicate that concentration operations have 

beneficial effects on high-temperature operations. 

 Moreover, the annual output of a concentrator system with a high-efficiency 

triple-junction cell is estimated using the experimental characteristics of solar cell obtained in 

this study and field-test meteorological data collected for one year at NAIST, and compared 

with that of a nonconcentration flat-plate system. We found that the annual output of 

concentrator systems composed of high-efficiency InGaP/InGaAs/Ge triple-junction solar 

cells was higher than that of flat-plate systems composed of Si solar cells, because of the high 

efficiency and superior temperature coefficient of the former systems. 
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Fig. 1.  Schematic illustration of InGaP/InGaAs/Ge triple-junction solar cell. 
 
Fig. 2.  Temperature dependence of characteristics ((a) Voc, (b) Isc, (c) FF and (d) conversion 

efficiency) of InGaP/InGaAs/Ge triple-junction solar cell. 
 
Fig. 3.  Diffuse irradiation and direct irradiation for each month monitored at NAIST. 
 
Fig. 4.  Estimated annual output energies of concentrator PV system with triple-junction cell 

and flat-plate PV system with Si cell. 
 



 14

 Voc (V) Jsc (mA) FF η (%) 
1sun 2.53 6.74 0.849 29.5 

17 suns 2.82 113 0.890 34.4 
200 suns 3.05 1362 0.883 37.0 

Table 1  Cell characteristics at 25°C for various concentration ratios. 
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Table 2  Temperature coefficients of InGaP/InGaAs/Ge triple-junction cell’s
characteristics (dX/dT: X means Voc, Isc, FF and η) and temperature coefficients
normalized by the same parameter at 25°C ((dX/dT)/X(25°C)×100). 
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Fig. 1 

K. Nishioka 



 17

Fig. 2.   K. Nishioka 
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Fig. 2.   K. Nishioka
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Fig. 3 
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Fig. 4 
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