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Abstract:



We report results of experimental investigation of temperature rise in concentrated multi-junction photovoltaic solar cells with graphene-enhanced thermal interface materials. Graphene and few-layer graphene fillers, produced by a scalable environmentally-friendly liquid-phase exfoliation technique, were incorporated into conventional thermal interface materials. Graphene-enhanced thermal interface materials have been applied between a solar cell and heat sink to improve heat dissipation. The performance of the multi-junction solar cells has been tested using an industry-standard solar simulator under a light concentration of up to 2000 suns. It was found that the application of graphene-enhanced thermal interface materials allows one to reduce the solar cell temperature and increase the open-circuit voltage. We demonstrated that the use of graphene helps in recovering a significant amount of the power loss due to solar cell overheating. The obtained results are important for the development of new technologies for thermal management of concentrated photovoltaic solar cells.






Keywords:


graphene; thermal interface materials; solar cells; thermal management








1. Introduction


The interest to photovoltaic (PV) solar cells as a source of energy for a variety of applications has been rapidly increasing in recent years [1,2,3,4,5,6,7,8,9,10]. Improving solar cell performance is an important issue, and the efforts have been mostly aimed at increasing power conversion efficiency and reducing manufacturing costs. Crystalline silicon (Si) is the most commonly used material in manufacturing solar cells, occupying more than 90% of the market [10,11]. Conventional solar cells, manufactured using two-decades-old technology, are capable of converting about 20% of absorbed light energy into electricity [11,12]. Solar cell panels that employ optical concentrators can convert more than ~30% of absorbed light into electricity [13]. Most of the remaining 70% of absorbed energy is turned into heat inside the solar cell [14]. While Si PV cells remain the most common and affordable for commercial use for power generation, there is a strong motivation for development of higher efficiency multi-junction PV cells with concentrators. The concentrator multi-junction solar cells can find applications in aerospace and other technologies where efficiency and smaller size are more important considerations than cost [15].



One of the problems in developing the concentrator multi-junction PV technology is thermal management of the solar cells. Concentration of solar light into a small area, increase in the energy absorption, and layered structure of the multi-junction cells result in significant temperature increase during the cell’s operation [16]. The increase in the PV cell temperature negatively affects its power conversion efficiency, and it can damage the solar cell over time [17]. Therefore, it is important to control solar cell temperature by effectively removing the unwanted heat. Temperature effects on performance of conventional solar cells have been the subject of many reported studies [18,19,20,21,22,23,24,25,26,27]. One can distinguish two main methods of thermal management of solar cells: active cooling and passive cooling. The active cooling involves a cooling medium, e.g., air or water, and uses fans or water pumps to push the medium through the heated surfaces. Passive cooling uses a heat sink that dissipates heat without pushing a cooling medium through it. Most solar cells utilize passive cooling technologies [28,29]. A basic heat sink can reduce the temperature of a standard Si solar cell, under one sun illumination, by about 15 °C, which increases the output power by 6% [30]. When a heat sink is attached to a solar cell, a thermal resistance between the two interfaces can limit the amount of heat transferred between the solar cell and the heat sink [31]. This resistance is a result of small air gaps between the two joined surfaces, which are caused by the surfaces microscopic imperfections [32]. Since air is a poor thermal conductor, it must be replaced by a material that has better thermal conductivity (see Figure 1). The thickness of this material, referred to as bond line thickness (BLT), should be kept small to minimize the overall thermal resistance of the connected surfaces. One should note that, even if the joined surfaces are polished to perfection, the thermal boundary resistance (TBR) will still exist at the interface of two materials owing to the mismatch in their acoustic phonon properties. Thermal interface materials (TIMs) or thermal phase change materials (PCMs) perform the task of reducing thermal resistance between two surfaces and facilitating heat transfer between the heat generating device and a heat sink [33,34,35,36,37,38,39,40].


Figure 1. Illustration of the function of the thermal interface materials for heat removal from the solar cell under concentrated light.
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In this paper, we demonstrate that the thermal management of concentrator multi-junction solar cells can be substantially improved by enhancing properties of TIMs via incorporation of graphene [41]. Conventional TIMs are typically made of polymeric or grease base material loaded with conductive materials such as silver or ceramic particles [42]. The amount of various fillers in the commercial TIMs can be high, reaching the loading volume fractions f ~70% [43]. The approach of increasing the filler loading fraction f for higher thermal conductivity of the resulting composite has limitations. Higher loadings may result in the uneven dispersion of the fillers, their agglomeration, air gaps, and increases in the TIM cost [44,45]. Our results indicate that the use of low loading fractions of graphene as an additional filler to commercial TIMs can be an effective strategy for decreasing the operation temperature of multi-junction PV cells under high concentrations of solar energy.



Graphene is a single layer of carbon atoms that are strongly bonded in a hexagonal honeycomb lattice. This material has proven to have an unusually high thermal conductivity with intrinsic values in the range of 2000 to 5000 W/mK near room temperature [46]. This is an order of magnitude larger than pure silver [33,34,35]. The thermal conductivity of graphene flakes reduces with decreasing lateral dimensions of the flakes and upon contact with the base or matrix material. However, it still remains high compared to many other filler materials used previously. It has been found that there is an optimum distribution of graphene fillers in terms of their size and thickness [45]. Few-layer graphene (FLG) flakes can be more efficient as fillers because their thermal conductivity is less subject to degradation upon surface exposure to the base material of the composite [43,45]. However, when FLG thickness becomes too large, the thermal coupling of the fillers to the base material may suffer. From these considerations, one should determine the optimum FLG characteristics for a given base material, range of the loading, and applications. Given a strong current interest to the concentrator solar cells [47,48,49,50,51,52,53,54,55] and the problems with their thermal management, in this work we examine a feasibility of using graphene and FLG fillers for heat removal from advanced photovoltaic solar cells.




2. Material Preparation and Characterization


The thermal composites tested in this research were prepared from several common commercial TIMs (e.g., “Ice Fusion” and “Arctic Alumina”). These composite materials use silver, aluminum oxide, and aluminum nitrite particles—or combinations of thereof—as fillers to enhance the thermal conductivity of TIM. As an additional filler, we have utilized commercial liquid phase exfoliated (LPE) graphene and FLG mixture (Graphene Supermarket, Graphene Laboratories Inc., Calverton, NY, USA). The mixture had a large concentration of FGL flakes with the thickness between three and eight monolayers (total thickness below 3 nm) and lateral dimension in the range of 2–8 μm. The quality of material has been verified with Raman spectroscopy, optical and scanning electron microscopy (SEM) following the procedures reported by some of us earlier [41,43,45]. One should note that LPE is a scalable method for producing inexpensive graphene—FLG solution with the quality sufficient for thermal applications. We used a microscale to weigh the TIM and LPE graphene with ±0.01% accuracy. The mixture of commercial TIMs with added graphene fillers was placed in a vial to the two-axis rotating mixer. The composite was mixed at 2500 rpm for three minutes. A vacuum pump was used to eliminate the bubbles in the composite for two minutes. This mixing and vacuuming process was repeated three to four times to ensure uniform filler dispersion with minimum concentration and size of air pockets. The percentage of additional graphene fillers in TIMs is calculated as [image: there is no content], where Wg and WB are the weights of graphene—FLG fillers and base material, respectively. In this case, the base material is the initial commercial TIM. The volume loading fraction of graphene fillers was determined from the equation: [image: there is no content], where ρg and ρB are the mass density of graphene and base material, respectively.



In order to make sure that addition of graphene—FLG fillers was done successfully and the thermal conductivity of TIMs increased, we conducted measurements of the apparent thermal conductivity of the resulting composite between two metal plates. The measurements were conducted using the industry standard TIM tester method (Analysis Tech TIM Tester, Boston, MA, USA) with the software-controlled contact pressure and temperature. The electronic ‘in situ thickness measurement’ function provided accurate values of the thickness of the composite layer for further analysis. It is important to note here that the TIM tester values of the apparent thermal conductivity are lower than the bulk values owing to the effect of the thermal resistance with the contacting surfaces. However, the TIM tester thermal conductivity is more relevant for practical applications of TIMs. Figure 2 shows representative results of the thermal measurements for two commercial TIMs with added graphene fillers. The thermal conductivity data are presented for graphene filler loading of up to 6 wt %. The sample temperature was fixed at 50 °C while the pressure maintained at 100 kPa. One can see that, in one composite, the thermal conductivity increases by 130% as compared to commercial TIM without extra graphene fillers. In another composite, the thermal conductivity increases by 77% and starts to saturate gradually for the loading fractions above 4 wt %. It is interesting to note that a stronger enhancement due to graphene was observed in the least expensive commercial TIM. The fact that higher loading fraction of additional graphene fillers does not improve thermal conductivity of some TIMs is not surprising. Commercial TIMs already have high loading of other fillers and the addition of graphene fillers above certain fraction (~4 wt % in this case) can degrade viscosity and other parameters. For these reasons, in our solar cell testing, we used commercial TIMs enhanced with graphene fillers of the loading fraction of up to 4 wt %. The low loading of graphene is also beneficial from the practical material cost considerations.


Figure 2. Measured apparent thermal conductivity of two representative commercial thermal interface materials, denoted as “sample A” and “sample B”, with added graphene fillers. The data are presented as a function of the graphene loading weight fraction. The measurements were conducted at T = 50 °C and pressure of 100 kPa. Note that the apparent thermal conductivity values include the effects of the thermal contact resistance.
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In the present and previous studies of graphene-enhanced TIMs, we verified that mixing and vacuuming of commercial TIMs without addition of graphene have not improved their thermal conductivity [34,37,41,43]. These tests have been performed to establish that graphene fillers are responsible for the improved apparent thermal conductivity rather than additional mixing and vacuuming processing steps by themselves. At the small loading fractions used, graphene fillers are not forming the percolation network as confirmed by the microscopy and electrical resistivity measurements [41,43,45]. The increase in the thermal conductivity of the resulting composite can come owing to two possible mechanisms. The first one is related to very high intrinsic thermal conductivity of graphene [46] and its good coupling to the matrix materials [41,43,45]. The heat propagates partially via graphene fillers and partially via the matrix material. Even if the thermal conductivity of graphene–FLG fillers is reduced due to the exposure to the matrix, the effective medium approximation (EMA) predicts a large increase in the thermal conductivity of the composite (larger than the measured one) [45]. The second possible mechanism of enhancement is the action of graphene fillers as connecting thermal links among existing larger scale fillers in the commercial TIMs. Such a mechanism has been known and studied for other fillers with different aspect ratios, e.g., spherical metal particles and carbon nanotubes [56,57].




3. Testing of the Photovoltaic Solar Cells


To investigate the effects of graphene fillers on the performance of TIMs with the concentrated photovoltaic solar cells, we applied graphene-enhanced TIMs between the solar cell (acting as a heat source) and an aluminum heat sink (see Figure 1). The TIM layer enhances the thermal contact between the two surfaces by replacing the air gaps with thermally conductive paste. The pressure between the two surfaces was fixed at 100 kPa in all measurements. The TIM function is reducing the thermal resistance, RTIM, between two adjoining surfaces. This resistance is affected by several factors, including TIM thermal conductivity, KTIM, thermal contact resistances, RC, between the TIM layer and the two surfaces, and the distance between the two surfaces or BLT. These factors are related to RTIM by the equation
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(1)







The graphene enhanced TIMs and reference TIMs without graphene were carefully spread on the back surface of the solar cell panels to ensure uniform and complete coverage, and to avoid excessive amount of material, which would negatively affect RTIM via large BLT (see Equation (1)). Figure 3 shows the back side of the solar cell with TIM before and after the attachment of two surfaces.


Figure 3. Image of the actual photovoltaic cells with the dispersed thermal interface material.
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The photovoltaic solar cell with different TIMs has been tested by placing it under a solar simulator (Sol1A Class, Newport Corporation, in Irvine, CA, USA) as shown in Figure 4. The solar simulator uses a xenon lamp that produces a 6 × 6″ size beam that emits the 5800 K blackbody-like spectrum. The simulator uses a special power supply to maintain a strictly constant level of illumination. The light produced by the xenon lamp is reflected by a mirror to pass through a spectral correction filter that simulate the AM1.5 G solar spectra. The light beam then passes through a collimating lens that emulate the 0.5° angle that the sun light has when it reaches the earth. The open circuit voltage is recorded every second using a voltage logger and the temperature of the solar cell is measured using a multi-channel temperature logger. A large convex lens is placed between the solar simulator and solar cell. By varying the distance between the lens and the solar cell, one increases or decreases the light concentration on the solar cell (simulating 500–2000 suns). In high concentration experiments we employed two lenses: a large convex lens and a small lens placed on the solar cell. All experiments were taken at a room temperature of 25 °C (±2 °C).


Figure 4. Schematic of the testing procedures for solar cells attached to the heat sink. The lenses allowed to test the performance under concentrated light conditions corresponding to up to 2000 suns.
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4. Results and Discussion


Before presenting the results of the tests, we briefly outline the expected effects of temperature on the PV cell performance from the theoretical point of view. The increase in temperature leads to a decrease in the band gap energy, Eg, of a semiconductor [3]
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(2)







Here Eg(T) is the band gap of a semiconductor at temperature T, α and β are material constants, and Eg(0) is the band gap value at zero Kelvin. The decrease in the band gap leads to a slight increase in the short-circuit current, ISC, owing to the enhanced absorption and photocurrent. However, the heating results in a more pronounced detrimental effect on the open-circuit voltage, VOC, defined as the maximum voltage when the PV cell is open and zero current is flowing. The open-circuit voltage is given as [3]
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(3)




where I0 is the reverse saturation current, q is electron charge, and k is the Boltzmann constant.



Many parameters in equations governing PV cell performance depend on temperature, including band gap, diffusion coefficients, built-in voltage, intrinsic carrier concentration, and depletion region width. It is challenging to disentangle the effect of temperature on each of them term by term. However, computational studies for different material systems predict a linear decrease in the open-circuit voltage and the fill factor (FF), slightly offset by the linear increase in the short-circuit current. The result of these trends is a linear decrease in the power conversion efficiency, η, which determines how much of the input solar energy is converted into electricity
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(4)







Here, the maximum power output, Pmp, corresponds to the point in the current-voltage characteristic where the current is at maximum, Imp, and voltage, Vmp, is maximum. These parameters define the fill factor: [image: there is no content]. For crystalline Si, FF is in the range of 0.7 to 0.85, and the efficiency ranges from 13% to 16%. According to the theory, the maximum power output for crystalline solar cell decreases by 0.4–0.5% per every 1 °C increase in the cell temperature [58,59,60,61].



Based on these theory considerations, we focus on investigation of the temperature effects on open-circuit voltage, VOC, and then calculate the change in the efficiency, η. The first experimental runs have been conducted for a single junction large area polycrystalline Si solar panel in order to better elucidate the effects of solar cell panel overheating. No special heat sink or TIM have been used. Figure 5 shows the temperature effect on VOC of the panel placed under the solar simulator. In the first 10 min we see a decrease in the open circuit voltage, VOC, as the temperature of the solar cell panel increases from 25 to 55 °C. The 30 °C temperature rise results in the VOC change of about 12%. At the next step, the solar simulator is shut off for the next 10 min leaving the solar cell panel without illumination. The non-zero VOC in time period from 10 to 20 min is the panel output due to ambient light in the laboratory. As the solar cell temperature decreases to RT (T = 25 °C) the open-circuit voltage gradually increases. This cycle is repeated again verifying reproducibility of the results. The measured decrease in the output power is around 0.4% per 1 °C increase in cell temperature, which is close to the theoretical values [62]. Based on these experiments, we can conclude that our measurement procedures and protocols are proper for the intended study.


Figure 5. Open-circuit voltage and the cell temperature as the functions of time for the multi-junction solar cell under one sun illumination. The increase in the cell temperature under illumination results in the corresponding decrease in the open-circuit voltage.
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We now turn to the small-area multi-junction solar cell (InGaP/InGaAs/Ge triple-junction SC) and verify that the light concentration function properly. The solar cell without a heat sink was illuminated with the concentrated light corresponding to 500, 1000, 1500 and 2000 suns (see Figure 6). At the moment of switching on the illumination the open-circuit voltage, VOC, was 2.75, 3.15, 3.35 and 3.65 V under 500, 1000, 1500 and 2000 suns, respectively. The open-circuit voltage increases with the increasing concentration as expected. After just a few minutes of illumination, the VOC value decreases by 29–34% owing to heating of the solar cell. Increasing the light concentration resulted in small linear increase in the short-circuit current. Figure 7 shows that the short-circuit current, ISC, increases slightly with increasing temperature (about 1%). This increase in ISC cannot compensate for the decrease in VOC. Overall, the current scales up with increasing the light concentration. The output power of the multi-junction solar cell decreases with time owing to the sharp drop of the open-circuit voltage. These results further demonstrate the importance of thermal management of multi-junction solar cells under highly concentrated illumination.


Figure 6. Open-circuit voltage as the function of time for the multi-junction solar cell under concentrated illumination corresponding to 500, 1000, 1500 and 2000 suns.
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Figure 7. Short-circuit current as the function of time for the multi-junction solar cell under concentrated illumination corresponding to 500, 1000, 1500 and 2000 suns.
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To prevent or reduce the power loss, we attached the multi-junction solar cell to an aluminum heat sink with the graphene-enhanced TIMs. For comparison, we also run experiments for the solar cell on a heat sink without TIM and on a heat sink with commercial TIM. Figure 8 shows VOC of the multi-junction solar cell under 1000 sun concentrated light. One can see a significant positive effect of additional graphene fillers for heat removal from the cell. The decrease in voltage becomes less than 12% when TIM with 4 wt % of graphene is used as compared to 29% decrease in the cell operating without TIM. This translates to recovery of about 60% of the power loss. Figure 9 presents results for the same type of testing but with the 2000 sun light concentration. One can see that the open-circuit voltage drop went from 0.9 V in case of 1000 suns to 1.2 V for 2000 sun concentration due to overheating. The use of the graphene enhanced TIMs allows one to decrease the VOC degradation from 34% to about 12% of the initial value. This constitutes a recovery of about 65% of the energy lost due to overheating. In both cases, TIMs with graphene perform substantially better than conventional commercial TIMs. It is also important to note that improvement in TIMs performance comes at a very low loading fraction of graphene.


Figure 8. Open-circuit voltage of the solar cell under concentrated illumination corresponding to 1000 suns. The results are shown for the cell without thermal interface material, for the same cell with commercial thermal interface materials, and for the same cell with graphene-enhanced thermal interface materials. Note that the use of 4% graphene fillers added to commercial thermal paste allows for substantial increase in the open-circuit voltage.
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Figure 9. Open-circuit voltage of the solar cell under concentrated illumination corresponding to 2000 suns. The results are shown for the cell without thermal interface material, for the same cell with commercial thermal interface materials, and for the same cell with graphene-enhanced thermal interface materials. Note that the use of 4% graphene fillers added to commercial thermal paste allows for substantial increase in the open-circuit voltage.
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The obtained values for reduction in the temperature of the cell and saved output power are specific for the tested multi-junction cell and depend on many parameters, e.g., the heat sink used, ambient temperature cell design, and others. The performance of graphene-enhanced TIMs with other PV cells may vary. The present research succeeded in demonstration of a principal possibility of decreasing the PV cell temperature with commercial TIMs enhanced with a small loading fraction of LPE graphene. Our proposed method can complement the existing technologies for passive thermal management of solar cells [63,64], particularly for the countries with a high average temperature, and contribute to the development of more sustainable approaches of energy supply [65].




5. Conclusions


We reported results of an investigation of temperature increase in concentrated multi-junction solar cells with thermal interface materials enhanced by addition of a small loading fraction (below 4 wt %) of graphene. Graphene and few-layer graphene fillers, produced by a scalable liquid-phase exfoliation technique, were incorporated into commercial thermal interface materials. Graphene-enhanced thermal interface materials have been applied between a solar cell and heat sink to improve heat dissipation. It was found that the application of graphene-enhanced thermal interface materials allows one to reduce the solar cell temperature and increase the open-circuit voltage. Graphene fillers help in recovering a significant amount of power loss due to overheating. The obtained results can lead to the development of new technologies for thermal management of concentrated photovoltaic solar cells.
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