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Abstract: Temperature rise in multi-junction solar cells reduces their efficiency and shortens their
lifetime. We report the results of the feasibility study of passive thermal management of concentrated
multi-junction solar cells with the non-curing graphene-enhanced thermal interface materials. Using an
inexpensive, scalable technique, graphene and few-layer graphene fillers were incorporated in the
non-curing mineral oil matrix, with the filler concentration of up to 40 wt% and applied as the thermal
interface material between the solar cell and the heat sink. The performance parameters of the solar
cells were tested using an industry-standard solar simulator with concentrated light illumination at
70x and 200x suns. It was found that the non-curing graphene-enhanced thermal interface material
substantially reduces the temperature rise in the solar cell and improves its open-circuit voltage.
The decrease in the maximum temperature rise enhances the solar cell performance compared to that
with the commercial non-cured thermal interface material. The obtained results are important for
the development of the thermal management technologies for the next generation of photovoltaic
solar cells.
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1. Introduction

Due to increasing energy demands and depletion of non-renewable energy resources, there is
an increase in research activities on efficiently harnessing energy from renewable sources like solar
and wind. Solar energy is a promising candidate for a sustainable energy source owing to its clean,
abundant, accessible, and affordable nature. Photovoltaic (PV) energy generation allowing for direct
energy conversion of the sun power to electricity has attracted a lot of interest from both scientific and
practical points of view [1-4]. The research and development activities have been taking place in both
traditional and advanced PV solar cell technologies, including silicon, multi-junction, dye-sensitized,
and perovskite solar cells. Currently, crystalline silicon solar cells occupy about 90% of the market of
the commercially available solar cells and have the maximum power conversion efficiency (PCE) of
about 26% while the remaining energy is converted into heat within the solar cell structure [5-10].

The multi-junction solar cells with concentrators have an efficiency of more than 40%, and they
are the highest efficiency PV cell technology known. The multi-junction PV cells are formed by
stacking multiple layers of solar cells with the range of the band gap energies, mostly direct
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band gap, resulting in higher PCE and absorption coefficient [11-15]. Currently, a six-junction
(AlGalnP/AlGaAs/GaAs/GalnAs(3)) concentrator solar cell has the maximum power conversion
efficiency of 47.1% at 143X suns illumination (1 sun power = 1 kW/m?2) [16,17]. Though multi-junction
solar cell technology has been proven to be highly efficient compared to the conventional Si solar cells,
thermal management of excess heat generated within the cell presents a major problem [18-20]. Due to
concentrated light in a small area and multilayered structure of the solar cell, energy absorption is
increased, resulting in a significant rise in the solar cell operating temperature.

It is known that under intensive solar irradiation, the polycrystalline and monocrystalline Si
solar cells can reach temperatures of 40 °C to 65 °C leading to efficiency loss of 0.35-0.5% per unit K
temperature rise [21-24]. For these reasons, the temperature effects on the performance of conventional
and multi-junction solar cells have been a subject of many studies [25-28]. It is important to extract the
dissipated heat from the multi-junction solar cell, since the increase in solar cell temperature, in the
short term, can lead to power conversion efficiency loss and, in the long-term, degradation of the
lifetime of the solar cell [29-33]. The most commonly used methods for extraction of heat from an
electrical system are active cooling, phase change material (PCMs) for heat storage [34-38], and passive
cooling [39,40].

The active cooling method utilizes forced convection, which relies on external machines to enhance
heat dissipation. This method includes the use of fans to circulate air and pumps for circulating liquids
along with utilization of thermoelectric coolers to extract excess heat from the solar panel. Due to
the non-uniform heat distribution and increased capital cost for additional mechanisms involved,
active cooling methods are usually not the best solution for solar cell applications [41]. The thermal
management with PCMs involves storing the excess heat generated by the system and slowing releasing
it to the environment. While attractive from the cost considerations, PCMs also have problems owing to
their rather low thermal conductivity [42,43]. The passive cooling methods use only natural convection
and no external energy for heat extraction. Most solar cells use passive cooling technologies like
heat sinks, heat spreaders, and heat pipes for excess heat dissipation since they are cost-effective.
High thermal resistance between the back surface of the solar cell and heat sink can limit the amount
of heat transferred from the solar cell to the heat sink [44]. This resistance to heat flow is caused by
surface imperfections and associated with air gaps between the attached surfaces. Since air is a poor
conductor of heat, there is a need to replace it with a higher thermal conductivity material for improved
heat transfer. Thermal interface materials (TIMs) can be used to improve the thermal conductivity of
the interface layer, facilitating the heat transfer from the solar cell to the heat sink [45-51]. We also
need to note that interfacial thermal resistance exists between TIM and the connecting surfaces due to
the mismatch of the acoustic phonon properties [52].

In this paper, we report the results of the feasibility study of thermal management of multi-junction
solar cells under 70x and 200X suns illumination with non-curing graphene-enhanced TIMs. Non-curing
TIMs are substantially different from more conventional epoxy-based curing TIMs since they do not
solidify completely and thus, do not suffer from developments of cracks due to the differences in the
thermal expansion coefficients. We demonstrate that the detrimental effects of temperature on the
performance of multi-junction solar cells can be substantially reduced by using non-curing TIMs with
incorporated graphene and few-layer graphene (FLG) fillers [53-55]. Graphene, due to its exceptional
intrinsic high thermal conductivity and excellent compatibility with polymeric matrices is used as fillers
to enhance the low thermal conductivity of the base polymer. The room-temperature intrinsic values
of thermal conductivity of graphene range from ~2000 to ~5000 W/mK, depending on the size and
quality of the graphene samples [56-63]. It has been verified that decreasing the lateral dimension of
the graphene layers reduces its thermal conductivity. Therefore, graphene flakes with micrometer-scale
lateral dimensions are preferred over graphene nanoparticles for thermal management applications [54].
In the thermal context, we refer to the mixture of graphene and FLG flakes as “graphene fillers”.
While the intrinsic thermal conductivity of FLG is lower than that of single-layer graphene, FLG fillers
have the advantages of a larger cross-section for heat transfer. Moreover, they preserve better their
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thermal properties upon exposure to the matrix material, and experience less bending and rolling
during the mixing process with the base polymer matrix.

In our prior research, we have tested commercial TIMs with the addition of low-concentration
graphene [64]. The composition of commercial TIMs was not known. In the present study, we use
in-house produced non-curing TIMs based on mineral oil with a high concentration of graphene fillers.
The limitation of the earlier work was that the high concentration of graphene fillers could not have
been achieved in commercial TIMs owing to their higher viscosity. The use of pure mineral oil allows
one to reach graphene loadings of 40 wt%. Even higher loadings (>40 wt%) appear, at least at present,
not practical since excessive graphene loading can result in the formation of air gaps, agglomeration of
graphene fillers, and uneven dispersion of the fillers [65]. Optimization of the size and thickness of
graphene—FLG fillers can lead to further improvements in thermal management applications [66-73].

2. Material Preparation and Characterization

The non-cured TIMs were prepared by homogenous mixing of mineral oil with graphene
fillers. The graphene source (xGnP®H—25, XG-Sciences Inc., Lansing, MI, USA) had FLG flakes
with vendor-defined thicknesses of approximately 6 to 8 nm, a typical surface area of 50 to 80 m?%/g,
and an average filler diameter of 25 um. The pre-determined amounts of graphene were measured
and added to acetone, creating a suspension, allowing for facile mixing of the graphene filler with
mineral oil. The weight percentage of graphene needed to be mixed with mineral oil was calculated
as fo = W/ (WM + Wg), where W, and W)y are the weights of graphene fillers and mineral oil,
respectively. The samples were then sheer mixed and decanted to remove the excess acetone with the
graphene-enhanced TIM remaining.

The thermal conductivity of the resulting non-curing mineral-oil based TIMs with graphene
fillers was measured using TIM Tester (LW-9389-TIM Tester, Long Win North America Laboratory,
Livermore, CA, USA). During the measurements, the TIM layer thickness and temperature were
carefully controlled by the TIM tester software. The thermal resistance of each sample was measured
at room temperature at different thicknesses and its bulk thermal conductivity was extracted. Table 1
shows the results of thermal conductivity measurements of non-curing TIMs with varying weight
concentrations of graphene and a reference commercial TIM (Ice Fusion, Cooler Master Technology
Inc., Taiwan, China). The increase in graphene concentration results in higher thermal conductivity.
Thermal conductivity of 6.74 W/mK was measured for the mineral oil-based TIM with 40 wt% graphene
filler loading. For comparison, the thermal conductivity of the commercial TIM was only 1.34 W/mK.
The addition of only 10 wt% of graphene to mineral oil results in TIM with a higher thermal conductivity
than that of measured for the commercial TIM. The thermal conductivity of mineral oil with 40 wt%
graphene fillers revealed the thermal conductivity of ~5 times more than that of the commercial TIM.

Table 1. Thermal conductivity of graphene-enhanced thermal interface materials (TIMs).

Sample Bulk Thermal Conductivity (W/mK)
Mineral oil 0.27
Mineral oil with 10 wt% graphene 3.05
Mineral oil with 20 wt% graphene 4.82
Mineral oil with 30 wt% graphene 5.51
Mineral oil with 40 wt% graphene 6.74
Commercial TIM (Ice Fusion) 1.34

3. Solar Cell Testing Procedures

The developed non-cured TIMs with graphene fillers and reference commercial TIM and mineral oil
base material were applied uniformly between the InGaP/InGaAs/Ge concentrator triple-junction solar
cell (Cell type 3C42C, Azur Space, Heilbronn, Germany) and a heat sink to understand and compare
the effects of graphene-based TIMs on the performance of multi-junction solar cells (see Supplemental
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Materials). The total thermal resistance between the solar cell and the heat sink, Rz, depends on
various factors, including TIM thermal conductivity (Krpy), thermal contact resistance between the TIM
layer and the two metal surfaces (R¢c; and R¢;), and the bond layer thickness (BLT), i.e., the distance
between the two surfaces [64]. The thermal resistance is related to the above factors by the following

equation [53,54,74]:

BLT
Ry = e Rc1 +Rep 1)
TIM

The TIMs were uniformly applied on the back surface of the multi-junction solar cells. Plastic shims
with predefined thickness were used to accurately control the thickness of the TIM layer. For practical
application purposes, BLT of the TIM layer was fixed at 54 um, keeping in mind that large BLT increases
the total thermal resistance. The multi-junction solar cell with various TIMs was tested using a solar
simulator (Sol1A Class ABA, Newport Corp., Irvine, CA, USA). The solar simulator uses a xenon
lamp of 1000 W to generate a 15 x 15 cm? size beam with a tunable output irradiation power of up
to 1 kW/m? (approximately 1 sun power). The light emitted by the xenon lamp passes through a
multiple correction filter and collimating lens to produce an output light beam with angular divergence
of ~0.5° in order to imitate sunlight when it reaches earth. A convex lens along with a pyramidal
secondary optical element (SOE) used to focus and collect the light beams on the multi-junction solar
cell. The distance between the lens, SOE, and the solar cell were carefully aligned to achieve maximum
focus, and a light concentration of 70x and 200x suns was achieved on the surface of the solar cell
by changing the power input of xenon lamp in the solar simulator. Figure 1 shows the schematic
of the experimental setup. Once the multi-junction solar cell is illuminated by the solar simulator,
the open-circuit voltage was measured by a multi-meter (Fluke 287, Fluke Corp., Everett, WA, USA).
The time-transient temperature of the solar cell was measured using a multichannel temperature logger
(AT4516 Multi-channel temperature meter, Applent Instruments Inc., Jiangsu Province, China) every
5 s for 30 min under 70X suns illumination and for 20 min under 200X suns illumination until the
solar cell reached the steady-state temperature condition. The same solar cell was used for all the
experiments for the consistency of results. The actual experimental setup is shown in Supplementary
Materials Figures S1 and S2.

Solar simulator

Artificial sunlight «———

Convex lens
Secondary optical element d

(Glass prism)

Multijunction
solar cell

Heat sink

Temperature
logger

Multimeter

Figure 1. Schematic of the experimental setup with a solar cell attached to a heat sink. The convex
lens was used to reach 200x suns illumination. Multi-meter and temperature logger were utilized to
measure the open-circuit voltage, Voc, and the cell temperature every 5 s when the illumination was
turned on.
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4. Results and Discussion

Before assessing the efficiency of the thermal management with TIMs, we verified the solar
cell performance. The short-circuit current density, Jsc, open-circuit voltage, Voc, fill factor, FF,
and power conversion efficiency, 1, are the major characteristics of the PV cell performance [75,76].
The open-circuit voltage is affected by the increase in temperature due to the following diode factors:
Ideality factor, n, saturation current density, Jo, series resistance, Rg, and shunt resistance, Rgy, of the
solar cell. The values of Rg, Rsy and Jsc increases slightly with an increase in temperature but does
not affect the efficiency of the cell much [77]. From the other side, ]y is a material dependent factor,
which changes drastically with increase in temperature, affecting the Vo value and, eventually, the PV
conversion efficiency [77-80]:

E
Jo(T) = CT® exp(_kB—gT) )
J = ~Ipr + Jo(er" /e - 1) ®)

where, C is a constant number, E; is the bandgap of the material, T is the absolute temperature of
the solar cell, kg is the Boltzmann’s constant, Jpy is the photo-generated current density, and g is the
electron charge.

As the temperature increases, the effective bandgap of the solar cell decreases [81], which increases
the number of photo-generated electrons. As E I decreases and temperature, T, increases the effective
saturation current density, Jo(T), also increases (see Equation (2)). The current density-voltage
characteristic of a p-n junction solar cell is given by Equation (3). The open-circuit voltage is the
maximum voltage obtained from the solar cell, i.e., Voc in Equation (4) is obtained by equating | = 0
in the Equation (3) and Jpy = Jsc [82]:

Voc(T) = ”k;T ln(]]S—OC 1 1) @)

Since ]y increases with increase in temperature, the effective open-circuit voltage, Voc(T) of the
solar cell decreases drastically. The fill factor can be defined as the ratio of the maximum power output,
Ppax, to the product of the open-circuit voltage and short-circuit current density (see Equation (5)).
The fill factor ranges from 0.7 to 0.88 for the multi-junction solar cells [83]. The efficiency of the solar
cell (1) is defined as the ratio of the maximum output power to the incident irradiation (Pry) (Equation
(6)). Since FF and Jsc do not change much with temperature, and the power of the incident irradiation
is constant and V¢ strongly decreases with temperature rise, the efficiency of the solar cell is reduced
as the temperature rises up (see Equation (6)).

PMax
[F— ——Max )
Voc- Jsc
_ Phiax _ FF.Jsc.Voc (T)
n=-5 == P (6)
IN IN

Guided by the conventional theory summarized above, we investigated the PV cell performance
parameters with different TIMs. The black curve in Figure 2 shows the short-circuit current
corresponding to the illuminations of I; = 70X suns for the PV cell attached to the heat sink
with the graphene enhanced TIM of 40 wt% filler loading. As the distance between the solar cell and
the focusing lens changes slightly, some portion of the focused light falls off the inlet aperture of the
SOE and hence, the illumination on the top surface of the cell decreases. The blue and red curves in
Figure 2 demonstrates the Isc for smaller illuminations of I3 < I < I;. As expected, the short-circuit
current is larger for the optimum concentrated illumination. The inset in Figure 2 shows the variation
of the Isc with time at 70X suns irradiation. One can see that there is a little increase in the Is¢ values
with time, i.e., an increase in temperature. The increase in Isc is insignificant, and it does not lead to
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any observable change in the efficiency of the solar cell. These experimental observations are in line
with the theory described above.
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—1 <l =, 877} nww% %&Mwwh
- 376! y=0.017x +376.7 ||
400 |- T 1? 2)0 2530 |
&‘ 2
E | _
5}
—"300 -
El e o
200 -
100 1 N 1 " 1 1 1 N 1 L 1 1 1
0 5 10 15 20 25 30

Time (Min)

Figure 2. Short-circuit current of a solar cell as a function of time for the varying illumination of up to
70x suns. The data are shown for the solar cell connected to the heat sink with non-curing TIM with
40 wt% of graphene fillers. The inset shows that the change in Isc with time, and thus with temperature
rise, is negligible. As expected, the higher Is- values were observed at the optimum concentration of
the illumination.

As the next step, we measured the open-circuit voltage of the concentrated PV solar cells attached
to the heat sink with different TIMs under fixed concentrated light illumination of 70x and 200X suns.
As predicted by the theory, the major contribution to the power loss in the solar cell was due to the
decrease in Vpc. Figure 3 shows the open-circuit voltage as a function of the time of measurement.
One can see that V¢ rapidly decreases and then saturates, as the solar cell reaches to the steady state
condition, in all examined cases. The decrease in the open-circuit voltage is the largest in the case of the
solar cell attached to the heat sink with the mineral oil base material. The use of commercial non-cured
TIM allows one to improve the performance. However, there is a major improvement in the solar cell
performance when the in-house non-cured TIMs with graphene fillers are utilized. We observed a
maximum improvement of a 44% reduction in the decrease in V¢ values of the PV solar cells when
using 40 wt% graphene fillers in mineral oil as compared to commercial TIM at the saturated state after
20 min of 200x suns illumination.

Finally, we monitored the temperature rise of the PV solar cells attached to the heat sink with
different TIMs at 70x and 200x suns illuminations. The measurement of the temperature of the solar
cell complements the measurement of the thermal conductivity, i.e., the lower thermal conductivity
of TIM results in higher solar cell temperature due to worse heat transfer from the solar cell to
the heat sink. The results of the measurements are presented in Figure 4. The temperature rise
in the solar cell was reduced by 34% using the non-cured graphene-enhanced TIM with 40 wt%
graphene loading as compared to that of the commercial non-cured TIM under 200X suns illumination.
The temperature increased from 25 to 84 °C when the commercial TIM was applied. A temperature
increase of ~39 °C, from 25 to 64 °C, was recorded when the non-cured TIMs with 40 wt% graphene
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was used. One should keep in mind that commercial non-cured TIMs have a large variety of fillers
with optimized sizes, composition, and concentrations to deliver the best performance. The tested
in-house TIM consisted only of the mineral oil base and graphene mixture. Optimization of graphene
filler size, thickness, and the use of additional fillers can further improve the performance of non-cured
graphene-enhanced TIMs.

(a)

2841 — Mineral oil
— Commercial TIM
— TIM with 10 wt% graphene
— TIM with 20 wt% graphene
280 — TIM with 40 wt% graphene
>
&)
o
> 276+
272+
0 5 10 15 20 25 30
Time (Min)
(b)
31} — Mineral oil
- —— Commercial TIM
30F —— TIM with 10 wt% graphene
29 I —— TIM with 20 wt% graphene
ol —— TIM with 40 wt% graphene
. 28
3 L
o 2.7+
e}
S I
26
25}
24+
0 5 10 15 20
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Figure 3. (a) Open-circuit voltage of a solar cell as a function of time under constant illumination of 70x
suns. (b) Open-circuit voltage of a solar cell as a function of time under constant illumination of 200x
suns. The data are presented for TIMs with different loading of graphene as well as for reference mineral
oil and commercial TIM (Ice Fusion). The TIM with 40 wt% graphene demonstrates the least reduction
in V¢ due to better heat dissipation and, correspondingly, lower temperature of the solar cell.
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Figure 4. (a) Temperature of the solar cell as a function of time under constant illumination of 70x suns
and different non-curing TIMs. (b) Temperature of the solar cell as a function of time under constant
illumination of 200x suns and different non-curing TIMs. Note that TIM with 40 wt% graphene loading
shows the least increase in the solar cell temperature owing to better heat dissipation. The results for
pure mineral oil and commercial TIM (Ice Fusion) are also shown for comparison.

The measured data for the temperature of the PV cell and the open-circuit voltage are specific
to the experimental conditions, i.e., multi-junction solar cell design, heat sink design, BLT of the
TIM, the concentration of light and others. The results may vary depending on the cell design
and other parameters. However, the present study proves that the application of the non-curing
graphene-enhanced TIMs at the interfaces of the solar cell and the heat sink significantly enhances the
heat dissipation to the environment, which, in turn, significantly decreases the solar cell’s operating
temperature. As a result, a major improvement in the PV solar cell performance is achieved with the
use of non-cured graphene-enhanced TIMs. One should also note that the use of non-curing TIMs
instead of epoxy-based curing TIMs can help to avoid cracks appearing due to the differences in the
thermal expansion coefficient between the TIM layer and the solar cell—heat sink surfaces.
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5. Conclusions

We report the results of the feasibility study of thermal management of multi-junction solar
cells with graphene-enhanced non-curing thermal interface materials. Using an inexpensive scalable
technique, graphene and few-layer graphene fillers were incorporated in the non-curing mineral oil
matrix, with the concentration of up to 40 wt%. The thermal interface material was applied between a
solar cell and a heat sink to facilitate heat removal. The efficiency of the solar cell was tested using an
industry-standard solar simulator with concentrated light illumination at 70X suns. It was found that
the non-curing graphene-enhanced thermal interface material substantially reduces the temperature
rise in the solar cell and improves the open-circuit voltage. The use of graphene fillers allows to
achieve significant improvement in solar cell performance compared to the commercial non-cured
thermal interface material. The decrease in V¢ values was reduced up to 44% using graphene filler
TIMs compared to the commercial TIM under 200X suns illumination. This was achieved due to
the reduction in solar cell temperature rise by 34% when graphene enhanced TIMs were utilized.
The obtained results are important for the development of the thermal management technologies for
the next generation of photovoltaic solar cells.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-5629/6/1/2/s1, Figure
S1: (a) Solar cell cleaned with acetone, (b) TIM uniformly applied on the back surface, (c) shims attached to the
edges of solar cell, and (d) solar cell bolted to the heat sink with SOE on top, Figure S2: Actual experimental setup
working at 70 suns illumination with multi-meter recording the open circuit voltage.
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