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Abstract: 
Sub-bandgap sunlight provides a source of heat generation in solar cells that is detrimental to 

performance, especially in space applications where heat dissipation is limited. In this work we 

assess the impact that an advanced rear-side contact scheme for multi-junction solar cells has on 

the cell temperature. Our results show that this scheme reduces the optical power absorption below 

the bandgap of germanium by 81% compared to a standard, full metallization design. Measurements 

of the electrical and thermal power fluxes performed in vacuum demonstrate that this lower near-

infrared light absorption results in 8% less heat dissipated in the cell with the novel rear-side contact 

scheme when operating at 25 ºC. Modelling of the operating temperature for both cells when fully 

encapsulated with glass indicates that this effect will also result in a reduction of the operating 

temperature of 9 ºC for the novel design.      
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1. Introduction 
The operating temperature has a major impact on the performance of solar cells, both for terrestrial 

applications and in space [1]. In the former, several channels exist to dissipate the waste heat from 

the module, from simple natural convection in traditional planar solar panels [2], to sophisticated 

heat-sinks in concentrator photovoltaic systems for passive cooling [3], [4], or active cooling with 

fluid circulation [5], [6]. In solar cells used for space applications, the only way of removing the waste 

heat is through thermal radiation, which requires a careful optimization of the thermal and optical 

properties of the materials. While the dependence of the solar cell performance with temperature is 

well understood [7] and there are simple approximate methods to calculate the operating 

temperature of space solar cells [8], the role sub-gap infrared (IR) light absorption has generally not 

been considered. 

In a recent work, a new design of MJ solar cell with a back mirror and point electrical contacts has 

shown superior Ge bottom cell performance [9]. This design was also predicted to reduce the 

operating temperature of the cell by reflecting the unused near infrared solar photons [9], [10]. In this 

work we demonstrate that this novel design does indeed result in a lower operating temperature.  

We characterise the electrical and thermal properties of the device under vacuum conditions and 

compare the results against numerical radiation balance models that use the measured absorptivity 

and emissivity as inputs.  

 

2. Materials and methods 
2.1. Samples description 

Two metamorphic triple junction solar cells were processed on p-doped Ge substrate, called the 

standard sample and the laser-fired contact (LFC) sample, depicted in Fig. 1a and 1b. In both cells, 

the III-V layers (GaxIn1-xAs with a bandgap of 1.18 eV and GayIn1-yP with a bandgap of 1.74eV) are 

grown on Ge substrates, have metal fingers on the front side and an anti-reflection coating (ARC). 

The details on the metamorphic growth process are described in Ref. [10]. The metamorphic growth 

ensures that the currents from all three sub-cells under air-mass 0 spectrum are nearly equal, 

improving upon the conventional lattice-matched structure where photogenerated current in the Ge 

cell is wasted. The standard sample (Fig. 1a) is grown on Ge-substrate with a doping level of 2×1017 

cm-3, whereas the LFC sample (Fig. 1b) is grown on a low doped Ge-substrate of 2×1016 cm-3. The 

backside of the standard sample consists of aluminium (Al) directly evaporated on Ge. The LFC 

sample back side consists of an a-SixC1-x passivation layer, followed by a SiO2 mirror layer and 

evaporated Al on top. After the metallization, the LFC sample is contacted via a laser process, which 

drives the Al through the a-SixC1-x /SiO2 layer stack into the Ge substrate, leading to the formation 

of point contacts and to a local back surface field (p++ LBSF) under the point contacts, due to local 

Al doping of the Ge. The point contacts have a diameter of 100 µm and a periodicity of 300 µm. This 



 

results in about 9% of the LFC sample’s rear side opened by the laser process. For comparison, a 

third cell (Fig. 1c) with low (1×1016 cm-3) doping in the Ge wafer and a rear full metallization based 

on Ti/Pd/Ag has also been studied. The Ti/Pd/Ag metallization provides a good electrical contact, 

but a low reflectivity. Therefore, the cell is called “No mirror” cell. It was produced and measured to 

separate the role of the doping of the Ge wafer and the rear mirror on the absorptivity of the triple 

junction cell 

 

 
Figure 1: Diagram of the structure of the solar cells used in this work. (a) Standard cell with high 

Ge doping, (b) LFC cell with low Ge doping and (c) cell with low Ge doping and no rear side mirror. 

2.2. Electrical and optical characterization 
The near (NIR) and mid-infrared (MIR) absorptivity (=emissivity) of the solar cells were measured 

using a Bruker Vertex 70 FTIR system equipped with a gold-coated integrating sphere and a liquid 

nitrogen-cooled HgCdTe detector by Infrared Associates Inc. Band edge reflectivity measurements 

of the no mirror cell have been done with a PerkinElmer Lambda900 spectrometer. Measurements 

of the short circuit current and the open circuit voltages were done with a Keithley 2000 multimeter. 

The maximum power point tracking was performed using a Keithley 2620 source meter unit using a 

4-wire configuration. The initial current voltage (IV) characterization of the cells was performed using 

a one-zone solar simulator under AM1.5 global spectrum (1000 W/m², uncalibrated) at 25°C.   

 

2.3. Thermal characterization 
In order to characterise the effect of the different solar cell designs on the operating temperature, a 

special temperature-controlled stage was built within a vacuum chamber in order to supress 

convective heat losses, to mimic conditions in space. Figure 2 shows a schematic diagram of this 

system with its components. The sample was attached to a copper block with thermally and 

electrically conductive silver paste (Figure 2a). This block served as back contact for the electrical 

measurements whereas the front contact of the cell was made using thin needle probes installed 

inside the chamber. A thermocouple embedded in the copper block monitored the sample 

temperature. The block was fixed with thermally conductive silicone to a heat flux sensor (Omega 
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HFS-4) and this to the hot side of a Peltier cooler. The cold side of the cooler was attached to a 

larger copper plate in thermal contact to the structure of the chamber. The vacuum chamber had a 

quartz window (Figure 2b), with high transparency in the NIR and opaque in the MIR. The illumination 

was provided by a one-zone solar simulator with a xenon bulb, around 1363 W/m2 of total power 

and a spectrum similar to the air-mass 0 spectrum (uncalibrated). Typical pressure inside the 

chamber during the experiments was ≤ 10-4 mbar. Fans outside the chamber kept the temperature 

of the walls and the window roughly at room temperature. This temperature was controlled by an air 

conditioning system in the room and set to 25 ºC. All temperatures, as well as the signal from the 

flux sensor, were recorded with a Pico TC-08 data logger.  

  
Figure 2: (a) Diagram of the sample holder and the heat extraction setup. (b) General diagram of 

the vacuum box. 

 
3. Theory 
Under illumination, the optical power absorbed by the solar cell (𝑃"#$) will follow different routes. To 

a first approximation the energy flows are [11]:   

1) extracted as electrical power (𝑃%&),   

2) re-emitted as thermal radiation through the front surface (𝑃'()$*), and 

3) extracted from the back (𝑃+,-.).  

In a real application, as part of a solar panel for space, the heat extraction through the back of the 

solar collector will also occur by the emission of thermal radiation to the outer space and will depend 

on the cell temperature. In this work, this is forced through the heat flux sensor by applying a current 



 

to the Peltier cooler. Including the influence of thermal radiation from the walls of the vacuum 

chamber (𝑃/) kept at ambient temperature 𝑇/ = 25	º𝐶, the balance of power will be: 

 
𝑃"#$ +	𝑃/(𝑇/) = 𝑃%&(𝑇-%&&) +	𝑃'()$*(𝑇-%&&) +	𝑃+,-. 1 

 

𝑃"#$ depends on the absorptivity of the cell in the visible and NIR ranges while 𝑃/ and 𝑃'()$* depend 

on the MIR absorptivity. As 𝑃+,-. is changed, a new equilibrium cell temperature will be reached 

dependent on its emissivity and the dependence of the electrical power with temperature, usually 

following a linear relationship: 

 

𝑃%&(𝑇-%&&) = 𝑃;<[1 + 𝛽(𝑇-%&& − 𝑇;<)] 2 

 

with 𝑇;< = 25	º𝐶, 𝑃;< the power at 𝑇;< and 𝛽 the thermal coefficient, which is negative indicating 

lower power at higher operating temperatures. Further details on the relationship of the terms in 

Eq. 1 with the temperature and the emissivity can be found in [11]. 

 

4. Results 
4.1. Electrical characterization 

The IV characteristics of the standard sample (doping 2×1017 cm-3, Al back contact) and the LFC 

sample (doping 2×1016 cm-3, passivation + LFC contact) before the thermal experiments are depicted 

in Figure 3. The LFC sample shows a slightly higher 𝐼"B than the standard sample, whereas for the 

latter, a higher 𝑉DB is measured. The increase in 𝐼"B for the LFC sample is the expected benefit from 

a successful Ge back side passivation and reduced parasitic free carrier absorption. Such increase 

in 𝐼"B is only to be expected in solar cells where the Ge junction is not overproducing current, as it is 

the case in metamorphic designs. In principle, a lower 𝑉DB is also expected for lower doped Ge 

substrate and therefore for the LFC sample. However, simulations have shown that an optimized 

passivation can compensate the loss in 𝑉DB due to a lower doping level [9]. Therefore, the difference 

in 𝑉DB and 𝐼"B between the standard and the LFC sample in Figure 3 are attributed to a good, but 

sub-optimal back side passivation. 

 



 

 
Figure 3: IV curves of the two solar cells before any thermal cycles. Dashed line in the standard 

cell curve is extrapolated data.  

 
4.2. Emissivity 

Figure 4a shows the thermal emissivity of the two solar cells together with the AM0 solar spectrum. 

Up to the germanium bandgap (vertical dashed line) both cells are roughly the same. At longer 

wavelengths, though, the standard cell has higher emissivity than the LFC cell due to the free carrier 

absorption in the highly doped germanium. This has two consequences: 1) the standard sample will 

absorb more sub-gap NIR sunlight that serves only to increase the cell temperature and 2) it will 

emit more MIR radiation. The reduction in NIR power absorption can be calculated as: 

 

Δ𝑃 =
∫ G𝐴𝑏𝑠"*,$K,(K(𝜆) − 𝐴𝑏𝑠MNB(𝜆)O × 𝐴𝑀0(𝜆)𝑑𝜆
T
UVW

∫ 𝐴𝑏𝑠"*,$K,(K(𝜆) × 𝐴𝑀0(𝜆)𝑑𝜆
T
UVW

× 100 

 

This calculation indicates that the LFC cell will absorb 81% less NIR solar power than the standard 

cell based on the measured absorptivity.  

Figure 4b shows the emissivity (=absorptivity) of the same cells in comparison to the cell with low 

Ge doping & no rear mirror. The absorptivity of the later is similar to that of the standard cell, 

indicating that the extraordinary reduction of the absorptivity in the LFC cell is not only due to the 

lower doping in the Ge wafer, but indeed consequence of the SiOx mirror and point contacts, which 

restricts the area of heavy doping in the back of the cell. This finding for the Ge sub-cell agrees with 

observations from silicon solar cells, where a large fraction of the NIR and MIR emissivity comes 

from the heavily doped back surface field layer resulting from the annealing of the continuous metal 

contact [14]. This result is one of the expected consequences of the novel rear stack, similar to the 



 

findings of Fernandez et al., and it should result in lower operating temperature for the LFC cell 

assuming the same power extraction [10].  

 
Figure 4: (a) NIR and MIR emissivity of the standard and LFC solar cells together with the AM0 

solar spectrum. (b) Detail of the near band edge reflectivity of the standard, LFC and no mirror 

cells.  

4.3. Thermal cycles 
As it is described earlier (Section 3), changing the power extracted through the back of the cell, 

𝑃+,-., will force the sample to reach a new equilibrium temperature where the power absorbed is 

balanced by the total power extracted from the cell by any means. Two cells with identical electrical 

properties but different NIR and MIR emissivities will reach a different equilibrium temperature for 

the same 𝑃+,-. as 𝑃'()$* and 𝑃"#$ will differ, in general.  

Figure 5 shows a typical thermal cycle with the cell in open circuit and therefore without extraction 

of electrical power (𝑃%& = 0	𝑊/𝑚;). The temperature of the sample, 𝑇B%&&, increases as the thermal 

flux through the sensor attached to the back, 𝑃+,-., decreases. This flux is controlled by the Peltier 

module. When no thermal flux is allowed to flow towards the back (𝑃+,-. = 0	𝑊/𝑚;), the sample has 

to dissipate all the heat radiatively, via 𝑃'()$*, which is a less efficient process, and therefore its 



 

temperature increases. Each time that the current applied to the Peltier changes, it is necessary to 

wait around 15-20 minutes for the temperature and the power flux to become stable again. Once 

they become stable, pairing the temperature of the sample with each power flux it is possible to draw 

some conclusions on the thermal performance of the cell and the role of the rear stack. This thermal 

cycle can be done under different electrical conditions, with the cell at short circuit (SC), open circuit 

(OC) and kept at maximum power point (MPP). 

 

 
  

Figure 5: Example of thermal cycle, showing the sample temperature (top) and the power flux 

through the sensor (bottom). 

 

Figure 6 shows the 𝑇-%&& vs 𝑃+,-. curves for the two samples under the three electrical conditions: 

SC, OC and MPP. For the MPP case, 𝑃%& and 𝑃%& + 𝑃+,-. are also shown. First, we consider the 

comparison between the 𝑃+,-. curves measured at SC, OC and MPP conditions. For both cells, the 

curve at OC is above that of SC, and both are above the one at MPP. It is expected for the later to 

be the lowest since at MPP a significant amount of the incoming power (around 22%) is extracted 

electrically [12]. This electrical power 𝑃%& decreases linearly with temperature with a coefficient 𝛽 

of -0.27%/K and -0.25%/K for the standard and LFC cells, respectively, in agreement with reported 

results for the MJ solar cell architecture [13]. Having the curves at SC below those at OC suggest 

the presence of some resistive power loss in the external circuit, leaving less available to be 

extracted through the thermal flux sensor. A final interesting result is that the addition of the electrical 



 

and thermal powers at MPP 𝑃%& +	𝑃+,-. is higher than any of the other two, in particular at low 

temperatures. This result suggests that some parasitic losses, present in the other cases, are 

suppressed when part of the power is electrically extracted; these parasitic losses are discussed 

further in Section 5.3.  

 
Figure 6: 𝑃+,-. vs temperature curves for the standard and the LFC solar cell at (a) short circuit 

and (b) open circuit. (c) 𝑃+,-. and 𝑃%& at maximum power point. 

 

The power that needs to be extracted at room temperature depends only on the amount of sunlight 

absorbed and the electrical power extracted since 𝑃'()$* = 𝑃, in this case. If one sample is compared 

with the other, we can see that this power is higher for the standard cell than for the LFC cell, as 

anticipated based on the emissivity measurements shown in Figure 4. Looking at the MPP curves 

(Figure 6c), it can be seen that in order to keep the cells at 25 ºC, it is necessary to extract 948 W/m2 

for the standard cell and 872 W/m2 for the LFC cell. This is a reduction of 8%, consequence of the 



 

lower NIR absorptivity of the LFC cell. As less power is extracted, the higher absorption of sunlight 

by the standard cell is compensated by its also higher thermal emission. As a consequence, from 

about 85 ºC, the curves of the LFC cell are above those of the standard cell. The LFC cell failed 

during the MPP cycle (the last one to be done) and there is no reliable data beyond 100 ºC, but the 

SC and OC curves suggest that for a zero extracted power, its temperature would be around 10-15 

ºC higher than for the standard cell.  

The crossover between the curves of both cells also points to an interesting result: for an operating 

temperature of 85 ºC, both designs will require the same amount of thermal power to be extracted, 

regardless of the design of the rear side. This statement, however, needs to be taken with caution 

since the cover glass – present in reality in any solar module – has high MIR emissivity. In Section 

5.2 the effect that the cover glass will have in the solar cell temperature is estimated. 

 

5. Discussion 
5.1. Modelling the solar cell temperature 

Based on the measured emissivity of the cells, we can model the power vs temperature curves in 

the ideal case and, by comparison with the experimental result, extract some information on the 

parasitic losses. In this section, we assume that the absorptivity of both cells above the bandgap of 

Ge is the same and equal to 0.9, for simplicity. For the NIR and MIR, the measured values shown in 

Figure 4 are used.  

Figure 7 shows the calculated curves for the two samples at MPP, using the linear relationship found 

in Section 4.3 for 𝑃%&. The mathematical details were outlined in Section 3 and described in more 

detail in Alonso-Álvarez et al. [11]. The continuous curves are the equilibrium temperatures resulted 

from Eq. 1 using 𝑃+,-. as the free variable. It can be seen that they qualitatively reproduce the 

experimental behaviour, showing a reduction of the extracted power at 25 ºC of around 6% between 

the standard and the LFC samples. However, these curves extend toward higher temperatures, with 

zero extracted power temperatures of 155 ºC and 213 ºC, for the standard and LFC samples, 

respectively. This is significantly higher than the 134 ºC and 145 ºC (estimated) values obtained 

experimentally. In Section 5.3 this discrepancy is explained by several parasitic losses present in 

the experiment and not accounted for in the model.  

 



 

 
Figure 7: (a) Modelled power vs temperature curves for the standard and the LFC solar cells in the 

ideal case (continuous lines) and considering radiative parasitic losses (dashed lines). (b) Modelled 

power vs temperature curves in the ideal case when the emissivity of the front surface is 0.9, 

corresponding to a glass cover, as well as the thermal radiation of the back surface assuming an 

emissivity of 0.9. 

 

5.2. Effect of cover glass and radiative emission from the back 
Solar cells used in space are always encapsulated with high emissivity glass that promotes radiative 

heat dissipation. This coverglass has typical emissivity values in the range of 0.85-0.95 and 

dominates the thermal emission of the cell. We can repeat the ideal calculations of Figure 7a using 

an emissivity of 0.9 rather than the emissivity of the underlaying cells to obtain 𝑃'()$* and 𝑃,. The 

result of this calculation is shown in Figure 7b. Two effects can be observed: first, the maximum 



 

temperature of the cells and the extracted power are much lower than before due to the higher 

thermal radiation through the front surface; and second, the temperature of the LFC cell is always 

below that of the standard cell, rather than crossing at a certain point, thanks to the lower absorption 

of NIR photons of the LFC design.  

Finally, as it has been pointed out, in a space array, heat through the back of the cell is ultimately 

dissipated radiatively into outer space. The blue line in Figure 7b shows the calculated power 

radiated through the back as a function of the cell temperature assuming the rear of the space array 

has an emissivity of 0.9. The equilibrium temperatures that the cells would reach if this were the 

mechanism for dissipating heat through the back are 80 ºC and 71 ºC for the standard and LFC 

cells, respectively. Therefore, a decrease of 9 ºC in the solar cell operating temperature due to the 

use of the novel back contact design should be possible. It should be noted that an ambient 

temperature of 𝑇, = 25	º𝐶 has been used in all these calculations. In space, however, the 

temperature to use could be significantly lower – as low as 3 K, which is the background cosmic 

temperature – and will depend on the exact location of the solar cells, distance to the Earth surface 

(or other planets) and their orientation. In Fernandez et al. temperatures of 52 ºC and 45 ºC are 

reported for solar cells with back-side technologies similar to those of this work in a geostationary 

orbit, although no details are provided of such calculations [10].         

 

5.3. Parasitic losses 
There are three main sources of parasitic losses in the measurements that are not accounted for in 

the simulations. The first is thermal emission from the sample holder and the front of the flux sensor, 

𝑃(,K_&)\\. While both were covered with low emissivity aluminium tape, their area is significant 

(around 2.5 times that of the solar cell) and therefore the heat dissipated from those surfaces cannot 

be disregarded. The green continuous curve in Figure 7a shows an estimate of that parasitic loss, 

calculated using the emissivity of aluminium (measured as 0.08 at 8 µm). While it is small at low 

temperature, it becomes significant at higher temperatures and it results in the dashed curves when 

it is considered in the overall calculations.  

The second parasitic loss is related with the limited active area of the flux sensor (2×2 cm2, equal to 

the area of the sample holder) compared with its total area (3.5×2.8 cm2). This discrepancy means 

that part of the power extracted from the back with the Peltier cooler is not being recorded by the 

sensitive area of the flux sensor. This parasitic conduction loss, 𝑃-)$K_&)\\, is difficult to quantify but, 

should be small considering that vertical heat transport across the thin flux sensor should be much 

faster than in-plane transport away from the sensitive area. 

The final parasitic loss is related with conductive thermal transport along the cables connected to 

the sample (including the electrical cables and the thermocouples), 𝑃-,+&%_&)\\. Those cables can 

conduct heat away from the sample, especially at high temperature. While this loss is not considered 



 

in the model, it is an unavoidable heat dissipation process that will be also present in real working 

conditions as part of the electrical interconnections of the solar panel.  

Addressing the differences between the curves taken at SC, OC and MPP requires a more detailed 

electro-thermal modelling similar to the one described in Couderc et al. for silicon solar cells [12]. 

Adapting such a model for MJ devices is outside the scope of this paper, though. This model should 

consider all power fluxes entering and leaving the cell at any temperature, as well as the internal 

recombination mechanisms, also as a function of the voltage.  

 

5.4. Real solar cell temperature 
In the discussion of the experimental results, it has been assumed that the temperature measured 

with the thermocouple of the copper block the solar cell is attached to is the real solar cell 

temperature. However, it is expected that the real solar cell temperature to be higher due to the 

thermal resistance arising from the thermal adhesive between the copper and the cell, and also the 

insulating layers in the rear of the LFC solar cell. This difference is difficult to quantify, but the effect 

will be larger at higher measured temperatures. Considering the experimental curves of Figure 6, if 

this effect is included, the results will be qualitatively closer to the modelled data of Figure 7. 

 

6. Conclusions 
In this work, we have presented a thermal and electrical analysis of two multi-junction solar cells 

with different designs: one following a standard architecture and the other with a novel rear contact 

design that both increases the minority carrier lifetime Ge subcell and reduces the absorption of 

sunlight below the Ge bandgap (LFC). The results presented here demonstrate that the LFC solar 

cell has a significantly lower sub-bandgap absorption in the NIR region (81% lower) than the 

standard design. Moreover, the thermal cycles performed in vacuum show that the LFC sample 

requires 8% less thermal power to be extracted in order to operate at 25 ºC, a direct consequence 

of the lower NIR absorptivity. At higher temperatures (>85 ºC), this trend reverses, the standard 

sample requiring less active thermal power extraction on account of its higher MIR emissivity and 

therefore higher rate of radiative heat dissipation. With a cover glass and radiative thermal emission 

through the back, both with thermal emissivity of 0.9, the model predicts that the LFC cell will operate 

at 71 ºC, 9 ºC lower than the standard cell, which will have a positive impact into the overall electrical 

performance of the cell.  

The modelling of the results agrees qualitatively with the experiments. However, several parasitic 

mechanisms for heat loss have been identified, that frustrate quantitative modelling of the results. In 

particular, a rigorous explanation of the differences observed between the measurements at short 

circuit, open circuit and tracking the maximum power point, will require coupled electro-thermal 

calculations considering the recombination mechanisms present inside the solar cell as a function 

of the voltage.   
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