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ABSTRACT

Under high concentration the temperature of photovoltaic solar cells is very high. It is well known that the efficiency and
performance of photovoltaic solar cells decrease with the increase of temperature. So cooling is indispensable for a
concentrator photovoltaic solar cell at high concentration. Usually passive cooling is widely considered in a concentrator
system. However, the thermal conduction principle of concentrator solar cells under passive cooling is seldom reported.
In this paper, GalnP/GaAs/Ge triple junction solar cells were fabricated using metal organic chemical vapor deposition
technique. The thermal conductivity performance of monolithic concentrator GalnP/GaAs/Ge cascade solar cells under
400X concentration with a heat sink were studied by testing the surface and backside temperatures of solar cells. The
tested result shows that temperature difference between both sides of the solar cells is about 1K. A theoretical model of
the thermal conductivity and thermal resistance of the GalnP/GaAs/Ge triple junction solar cells was built, and the
calculation temperature difference between both sides of the solar cells is about 0.724K which is consistent with the
result of practical test. Combining the theoretical model and the practical testing with the upper surface temperature of
tested 310K, the temperature distribution of the solar cells was researched.
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1. INTRODUCTION

Photovoltaic solar cells under high concentration can get higher efficiency (a typical efficiency value for concentrator
solar cells is 40% ") and lower cost with less expensive concentrating mirrors or lenses %, Therefore, concentrator solar
cells have a promising future for space and terrestrial applications. However when concentration of sunlight gets onto
solar cells, only a fraction of concentrated sunlight absorbed by the cells is converted into electrical energy. The larger
fraction of concentrated sunlight is converted into thermal energy in the cells which may lead solar cells to high
temperatures when with no cooling aids. It is well known that the efficiency of photovoltaic solar cells decrease with the
increase of temperature !, So cooling is indispensable. Most of cases, passive cooling is favored for cost and reliability
purpose Y. With a heat sink as passive cooling the large fraction of concentrated sunlight absorbed by the cells will be
conducted through the solar cells and then transferred to the ambient by radiation and convection of the heat sink. Then
passive cooling is in general use by many concentration systems. However, as the concentrator solar cells themselves
under passive cooling, their thermal conduction principle is seldom reported. Therefore, it is very significant to analyze
the thermal conduction situation of concentrator solar cells.

In this work, thermal conduction performance of monolithic concentrator GalnP/GaAs/Ge cascade solar cells was
studied. Surface and backside temperatures of the solar cells under 400X concentration with a heat sink were tested. A
theoretical model of the thermal conductivity and thermal resistance was built, which is consistent with the result of
practical test.
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2. FABRICATION OF CASCADE SOLAR CELLS

GalnP/GaAs/Ge triple junction solar cells (3mmx3mm) for this study were grown on p-type Ge substrate using metal

organic chemical vapor deposition (MOCVD) technique. Fig.1 shows a schematic illustration of the GalnP/GaAs/Ge
triple junction cell fabricated in this study. As shown in Fig.1 the thicknesses of GalnP solar cell, GaAs solar cell and Ge
substrate (including Ge solar cell) are 0.7um, 4pum and 200um, respectively.
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Fig. 1. The schematic illustration of the GaInP/GaAs/Ge triple junction cell fabricated in this study

3. TEMPERATURE TESTING

The temperatures of GalnP/GaAs/Ge cascade solar cells under 400X concentration with a heat sink were tested outside.
Experiment time was chosen at noon with thin clouds and weak winds. Temperatures of the upper surface and the
backside of the cascade solar cells were tested by two sheet temperature sensor Pt100 with the accuracy of 1K. The solar
cells were being tracked with the sun during the tested course. Fig. 2 shows the temperature testing results of the solar
cells with time continuing, where T1 is the temperature of the upper surface of the solar cells and T4 is the temperature
of the backside of the solar cells. Because test was carried out in the out door, clouds and winds could not being ignored
so that there is some fluctuation of temperatures in Fig. 2. However, from Fig. 2 we can see that with time continuing the
temperature difference between both sides of the solar cells is about 1K, and T1 is maintaining at about 310K.
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Fig. 2. Temperature testing results of the solar cells
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4. THERMAL CONDUCTION THEORETICAL MODEL
4.1 One-dimensional conduction and thermal resistances

Thermal diffusion through solids is governed by Fourier’s law, which in one-dimensional form is expressed as

dar
0=-14— (1)
dx

where Q is the heat current, 4 is the thermal conductivity of the medium, 4 is the cross-sectional area for heat flow, and
dT /dx is the temperature gradient, which, because it is negative, requires insertion of the minus sign in equation (1) to
assure a positive heat flow Q. For a monolayer plane wall with a temperature difference between the two sides, the heat
transfer by conduction is shown in Fig. 3, where 77 is the higher temperature of the upper side, 72 is the lower
temperature of the bottom side (7/>72), and d is the thickness of the plane wall.
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Fig. 3. Heat transfer by conduction of a monolayer plane wall

In the Fig. 3 the heat Q diffuses from 77/ side to 72 side. In the steady-state, O is a constant at random cross-section.
Assuming the monolayer plane wall is uniform, the thermal conductivity 4 is a constant with no dependence on
temperature. So

dT = —gdx 2)
AA

where ——— is a constant. Then the integration of equation (2) is shown as
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where AT is the temperature difference between the two sides of monolayer plane wall.

The form of equation (4) suggests that in a way that is analogous to Ohm’s law governing electrical current flow through
a resistance, then it is possible to define a conduction thermal resistance as
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4.2 Theoretical model of GaInP/GaAs/Ge cascade solar cells

Because of the closely packed set of the GalnP/GaAs/Ge cascade solar cells where heat flow is primarily directed in the
normal direction °), the above one-dimensional thermal model was used in this work. In this model the heat analyses of
tunnel junction and metal layer were ignored. A schematic illustration of the heat flow of the GalnP/GaAs/Ge triple
junction cell is shown in Fig.4,
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Fig. 4. Schematic illustration of the heat flow of the GaInP/GaAs/Ge triple junction cell

where T1, T2, T3 and T4 are temperatures of each layer of the solar cells, di, d2 and d3 are thicknesses of GalnP solar
cell, GaAs solar cell and Ge substrate (including Ge solar cell), respectively, R, R2 and R3 are the thermal resistances of
GalnP solar cell, GaAs solar cell and Ge substrate (including Ge solar cell), Q1, Q2 and Q3 are the heat current of each
solar cells.

According to one-dimensional conduction model, O/, Q2 and Q3 were expressed as

leLTz , T1-T2=Q0lxRl (7)
Rl
001213 1 m3_02xR2 ®)
R2
Q3=M, T3-T4=03xR3 (9)
R3
In the steady-state, O1=02=03=0 (10)

From the above equations Q was calculated as
(Tl—T2)+(T2—T3)+(T3—T4)_ T1-T4
R1+R2+R3 R1+R2+R3

0- (1)

5. RESULTS AND DISCUSSIONS
5.1 Theoretical calculation of temperatures

The situation of GalnP/GaAs/Ge cascade solar cells under 400X concentration with a heat sink was considered in the
calculation. According to the energy conservation the heat current of conduction Q is equal to
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Q = Qtotal - Qe (12)

where Oy, 1s the sunlight energy absorbed by the cells, and Q, the electric energy converted by solar cells. The heat
energy produced in the inner of solar cells and the radiation energy of the surface of the solar cells were ignored in this
work.

Considering the transmissivity of the lens and the absorptivity of the solar cell surface, O, should be as

Qtotal = TaAOCQO (13)

where 7 is the transmissivity of the lens (in this work 7 is taken as 0.85), C is the concentration ratio (in this work C=400),
a is the absorptivity of solar cells surface (in this work a is taken as 0.85), ¢, is the energy density of AMI.5

(9=1kW/m?), and 4, is the area of solar cells (4,=3mmx»3mm). The electric energy converted by solar cells Q, is

Qe = thotal (14)

Where 1 is the conversion efficiency of photovoltaic solar cells (for our concentrator cascade solar cells 1 is 30%).

According to equations (11-14), where R/ is the thermal resistance of GalnP solar cells with thermal resistivity of
19cm-K/W', R2 is the thermal resistance of GaAs solar cells with thermal conductivity 12 of 46W/ (m-K)™*), and R3 is
the thermal resistance of Ge with thermal conductivity 13 of 60W/ (m-K) ), wherein these thermal values are at 300K,
the temperature difference between both sides of the solar cells AT (T1-T4) is about 0.724K.

From the above calculation, we can see that theoretical result of temperature difference (0.724K) is consistent with the
result of practical test (1K). The little difference between theoretical result and practical result may come from the
accuracy of the temperature sensor, or may come from practical situation of tunnel junction and metal layer’s conduction
and the cases of being non-uniform of the solar cells’ layers.

5.2 Comprehensive discussions

Combining the theoretical model and the practical testing, 7/ with the average value 310K was used in the calculation
model. From equations of (7-14) the following temperatures of 72, 73 and 74 were calculated as 309.973K, 309.949K
and 309.276K, respectively. The temperature gradient was detailed shown in Fig.5.
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Fig. 5. Temperature distribution of the solar cells
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From Fig.5 we can see that temperature mainly falls down in Ge substrate, because sub-solar cells are much thinner than
the substrate. We can also see that the slope of the lines in the Fig. 5 increase with the increase of thermal conductivity of
the materials.

6. CONCLUSIONS

GalnP/GaAs/Ge triple junction solar cells (3mmX3mm) were grown on p-type Ge substrate using metal organic chemical

vapor deposition (MOCVD) technique. The upper surface and backside temperatures of GalnP/GaAs/Ge solar cells
under 400X concentration with a heat sink were tested outdoor at noon, which showed that the temperature difference
between both sides of the solar cells is about 1K. One-dimensional conduction of Fourier’s law was studied for the
thermal conduction model. Thermal resistance was also introduced for analysis of the heat conduction. Heat conduction
of the triple junction solar cells under 400X concentration with a heat sink was explored by the model. The result of the
model showed that the calculation temperature difference between both sides of the solar cells was about 0.724K, which
approaches to the practical tested result. Combining the theoretical model and the practical testing with the upper surface
temperature of tested 310K, the temperature distribution of the solar cells was researched.
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