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Nomenclature

A = Solar array area, m?

B = Spectral radiance, W-srt-m?

c = Speed of light, m-s™

D = Altitude of polar orbit around Mercury, km
Dy = Orbit of Mercury around the Sun, km

Er. = Quasi-Fermi level of electrons, eV

Er, = Quasi-Fermi level of holes, eV
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Ec = Bandgap energy, eV

h = Planck’s constant, J's

H = Etendue, m*sr

kg = Boltzmann’s constant, J X!

L = Radiance emitted from a black body, W-sr*-m?
N = Photon’s flux, s

Pno = Power radiation absorbed by the back side, W
Pns = Power radiation absorbed by the front side, W
Pw = Power radiation emitted by Mercury, W

Pr = Power radiation reflected by Mercury, W

Ps = Power radiation from the Sun, W

R = Reflectivity

Rvw = Radio of Mercury, km

Rg = Radio of the Sun, km

Twi = Temperature of Mercury’s surface facing the Sun, K
Tm2 = Temperature of Mercury’s surface not facing the Sun, K
Tor = Operating temperature, K

Ts = Temperature of the Sun, K

X = Aluminum content

n = Limiting efficiency

6y = Subtended angles of Mercury, rad

O = Subtended angles of the Sun, rad

vl = Chemical potential, eV

o = Stefan-Boltzmann constant, W-m?.K*

Introduction

The power supply for space probes is usually based on photovoltaic (PV) systems. The first solar cells used in

these systems were single-gap solar cells fabricated with Si and GaAs. Later on, multi-junction solar cells based



(MJSC) on 1II-V semiconductors were developed because of their higher efficiency and tolerance to a radiation
environment [1]. All these solar cells have been based on semiconductors that fulfill the needs of most near-Earth
missions. However, those same semiconductors fail to meet the needs of some other missions involving harsh
environments such as high intensity high temperature (HIHT) environments [2]. In this work we investigate which
semiconductor material is optimum to implement single gap solar cells for missions to Mercury where HIHT

conditions are expected.

Since solar cell efficiency decreases as temperature increases [3], achieving high efficiency photovoltaic
conversion at HIHT conditions is a big challenge. Previous works have pointed out the need of using wide-bandgaps
semiconductors to reach this goal [4],[5]. In this context, we will study the potential of solar cells based on Al,Ga;.As,
a well-known semiconductor whose physical properties have been deeply investigated. The limiting efficiency of these
solar cells performing in near Mercury missions will be calculated to determine the optimum composition for Al,Ga;.

«AS.

Theoretical model

The photovoltaic conversion efficiency of solar cells is maximized if carriers recombine only by emitting photons.
In this context, detailed balance becomes the suitable theoretical model to determine the limiting efficiency of solar
cells [6]. The application of detailed balance demands, in addition to the knowledge of the bandgap of the
semiconductor the solar cell is made of, of the knowledge of the incident radiation (P,\) and the temperature of
operation of the solar cells (Top). These two parameters depend on the features of the space mission and the PV system
respectively. Therefore, the starting point of our work will be to contextualize the problem and to establish a method to

find out the value of these parameters.

We will study the case of PV arrays that describe polar orbits around Mercury while they face the Sun, as depicted
in Fig.1 (a). In this kind of orbits, solar cells operate under the same conditions when they are situated at any point of
the orbit. They receive not only the power radiation that comes from the sun (Ps), but also the power radiation emitted
and reflected by Mercury, Py and Py respectively. These power radiations reach the solar array with different solid
angles, which, particularly in the case of Py, and Pr depend on the orbit described by the satellite. It is important to

take into account the contribution of Mercury to the total power radiance since for the case of polar orbits close to the



planet, it may represent around 38% of the total radiation received, as discussed later. Other power radiations received
by PV arrays, such as the 3K cosmic background radiance [7] or the power radiation from other bodies in the solar

system, will be considered negligible.

PV system
Y |
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Fig. 1. (a) Sketch of the polar orbits around Mercury that are studied in this work. (b) Side view of the different power

radiations received by the solar cells.

When the radiations are approximated by black body radiation (as it will be our case) these radiations can be
obtained from the Stephan-Boltzmann law, which describes the radiance, L (W-sr*-m™), emitted from a black body in
terms of its temperature. While the temperature of the Sun can be considered homogeneous at 5771K (which is in
agreement with the value of the solar constant at Earth, 1366.11W/m?), the temperature of Mercury cannot. In this
planet there is a high thermal gradient as consequence of the absence of atmosphere [8]. For simplification, we will
consider that the temperature of the half part of Mercury that faces the Sun is 700 K (Tyy), and the temperature of the
other half is 100 K (Ty,). Besides, we will consider that this planet has a Lambertian surface with a reflectivity (or

albedo), R (equal to 0.1 [9]), and in consequence, with an emissivity (1-R).

The power absorbed by the area of the front side (A¢) and the back side (Ay,) of the PV array, will be obtained by
multiplying, respectively, the radiances impinging on the front and the back side of the array by its corresponding

etendues, H. The radiance, L (W-sr'-m?), and the etendue, H (sr-m?), are given respectively by:



L=c¢ 1)
T
1
H=§-(sin9)2-<p-A (2

where o is the Stefan-Boltzmann constant (5.67-10% W-m?.K™), € and T are respectively the emissivity and the
temperature of the body that emit the radiation, and @ is the subtended angle by this radiation. In equation (2), ¢ is 2
for the radiation coming from the Sun and m for the radiation coming from Mercury. In this equation the etendue is

calculated assuming that the size of A is irrelevant, which is a good approximation in the given context, so:
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Ts is the temperatures of the Sun, and 65 and 6,, are the subtended angles of the Sun and Mercury from the solar array
respectively. The total power radiation absorbed by the front side and the back side of the PV array are Pys and Py

respectively.

Considering the size and the distance of the different elements:

R
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Rs and Ry, are the radius of the Sun and Mercury respectively, Dy is the orbit of Mercury around the Sun and D is the

altitude of the polar orbit around Mercury. Data have been obtained from [10].

From the impact of P,y and Py, on the PV system, a high T, is expected. In order to minimize this temperature,
a selective reflector should be used. Selective reflectors consist in material layers deposited on the surface of the solar
cells which allow only photons of certain energy to reach the solar cell. In the ideal case, these photons are those ones
that can be converted to electrical power, whose energy is higher than the bandgap (Eg). Below bandgap energy

photons are therefore reflected back towards the light source [11].

Notice that, the use of selective reflectors implies that Py depends on Eg. This dependence cannot be described
by equations (3)-(5). Therefore, in this case, it is necessary to use generalized Planck’s law to calculate the spectral
radiance. In this respect, equation (11) below gives the radiance according to this generalized law, for energies

between E; and E,, characterized by a chemical potential p and temperature T.

2 (B2 E3
B(El.Ez.u,T)=h3C2f e (11)

Eq ekpT — 1

In this equation h is the Planck constant (6.626-10%* J-s), c is the speed of light (2.998-10° m-s™) and kg is the

4
Boltzmann constant (1.381-10% J-K™). So, if selective reflectors are used, B(E,, ©,0,T) replaces % in equations

3)-(5).

To determine the value of Ty, it is necessary to establish a balance between the power absorbed, the electrical
power produced and the power emitted. This balance takes into account that the electric power density (W) produced
by the PV array depends on the temperature, the bandgap of the solar cells and the operation point (defined by the
output voltage, V). Assuming all parts of the satellite system are in thermal equilibrium, T, can be obtained by

solving the power balance equation (12).

o-Th
Ping(Eg) + Pryp — W(EG'Topr' V) Ap=m- Ay o

=+ A B(Eg 0,0V, Topr) (12)

According to this equation both surfaces, A, and As, emit radiation. However, while emission from A, corresponds

to a black body, emission from A; does not because, on one hand, this area corresponds to a surface covered with an



ideal selective reflector, which only emits photons whose energy is higher than Eg. On the other hand, these photons

proceed from electron-hole pairs recombination processes and therefore, they are characterized by p=e-V.

An important observation derived from equation (12) is that, solar cells with different bandgaps will operate at
different Topr. These temperatures are expected to be minimized when using ideal selective reflectors. However, this
could be non-viable. Because of this, we shall study two scenarios: (a) that uses ideal selective reflectors and (b) that
does not use selective reflectors. Notice that if selective reflectors are not used, photons with energies lower than Eg
will be absorbed in the solar cells by free carriers or in the back contact. Consequently, the inverse process is possible

and, in this case, As can emit photons whose energy is lower than Eg and p=0. This modifies equation (12) as follows:
Pins + Piny — W(Eg, Topr, V) - Ap = (13)
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In both cases, the limiting efficiency is calculated by:

~ W(E, Topr, V)

= 14
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where W is the maximum product between V and the current density, J, produced by solar cells. These data are
obtained from the detailed balance, where the quasi-Fermi level of electrons and holes, Eg, and Eg, respectively, are

considered flat so that.
Ere —Epp=p=e-V (15)

In the detailed balance model J is proportional to the difference between the flux of photons absorbed by the solar

cell, and the flux of photons emitted by the solar cell. Defining N as:

. 2 (B2 E?
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J can be obtained by equation (17) as follows:
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It is important to point out that Eg depends on the temperature, T, and the Al content, X, in Al,Ga;.,As. Depending

on x, Al,Ga;As can be a direct or indirect gap semiconductor.

Direct bandgaps lead to higher absorption coefficients, and, therefore, to the possibility of using thinner solar
cells. This offers advantages such as, the reduction of weight and the reduction of photon absorption by free carriers
when selective reflectors are not used. For these reasons, it is preferred that Eg correspond to the direct valley of the

conduction band, E for which Al,Ga;,As is a direct bandgap semiconductor [12].

T2
_ _ 1074 — 18
Eg(x,T) = Epo(x) — 5.41-10 T304 (eV) (18)
Ero(x) = 1.519 4 1.155x + 0.37x? (eV) (19)
Results

We have studied the range of composition x < 0.4 because, for this range, Er is the lowest energy valley when T,

<1000 K. Fig.2 shows the limiting efficiencies for each limit case: (a) and (b).

The results have been calculated for two different altitudes of the polar orbit, D=200 km and D=15000 km. These
values correspond to the lowest and the highest points of the eccentric orbit described by MESSENGER (the space
mission to Mercury launched in 2004) [13]. The altitude of polar orbits impacts significantly on the value of the
subtended angle by Mercury from the PV array (6,,). As a consequence, the power radiation that the PV array receives
from Mercury (Py and Pg) at D=15,000 km is only 2.3% of the power radiation that the PV array receives from
Mercury at D=200 km. At D=200 km, Py, and Pg comprise the 38.2% of the total P absorbed by solar cells without
ideal reflectors. However, when ideal reflectors are incorporated, Py, and Py reduce their importance and comprise the
4.1% of the total Pys (for an Al composition x =0.4). This fact is due to that, at D=200 km, the radiation received from
Mercury is mostly formed by photon energies below the bandgap value, which are not absorbed by PV arrays covered
with ideal reflectors. In particular, at D=200 km, 93% of the received radiation from Mercury corresponds to Py,

whose spectrum is that of a 700K black body (the radiation coming from the cold side of Mercury is negligible) and



7% corresponds to Pg, whose spectrum is that of a 5771K black body. Summarizing, different combinations between
polar orbits (D=200 km and D=15000 km) and the incorporation or not of selective reflectors result in different values
of P\n. These values are used to calculate the limiting efficiency depicted in Fig. 2, where it is important to note that,

higher W may not correspond to higher n.
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Fig. 2. Limiting efficiency of solar cells based on Al,Ga;As with ideal selective reflectors (a) and without selective reflectors

(b).

The data of Fig. 2 are obtained using the software “Wolfram Mathematica”, imposing a precision of 50 significant

digits during the computational processes.
Discussion

In each curve of Fig.2 (a) and (b) the optimum composition, X, to implement solar cells for Mercury’s missions is
taken as the one leading to the highest limiting efficiency. It can be noticed that, different operating conditions (in
terms of the use of selective reflectors or not and height of the orbit described) lead to different optimum

compositions.

When selective reflectors are used (Fig.2 (a)), the optimum composition is around x=0.11 and the limiting

efficiencies are 16.4% and 25.2%, for D=200 km and D=15000 km respectively. In spite of these low limiting



efficiencies, the system can produce high electrical power densities (2321 W/m? — 2407 W/m?) because of the high
irradiances received by the PV system. Selective reflectors reflect photons whose energy is lower than the value of the
bandgap, which only contribute to the heating the solar cells. In particular, at D=200km, the reflected radiation
constitute the 69.6% of the radiation that reach the surface of the PV array and, at D=200km, it is the 53.4%. As a
consequence, the use of selective reflectors reduces the operation temperatures to the 425-512 K range which, in
practice, would lead to lower dopant diffusion and lower degradation rates of the metal contacts. An additional
advantage is that the presence of these reflectors can reduce the exposure to the undesired high-radiation (electrons,

protons, etc.), whose harmful effects are not analyzed in this work [14].

If selective reflectors are not used (Fig.2 (b)), the estimated T, increases its value to the 493-577 K range. Under
these conditions, wide bandgap semiconductors, as Al,Ga;.,As are not optimum to implement solar cells for D=15000
km. This result might seem to contradict previous results in which wide bandgaps solar cells are optimum at high
temperatures [5, 15], although, in fact, there is no such contradiction. The reason is that, in the model described in this
work, the choice of different bandgaps also implies the solar cells operate at different T,,. For example, when
selective reflectors are used and D is 15000 km, increasing x from 0 to 0.4, produces a decrease in Top from 506 K to
425 K. In contrast, when selective reflectors are not used, increasing x from 0 to 0.4, produces an increase in Toy from
493 to 500 K. In this case, x=0 is the optimum composition not because its gap (1.33 eV) is the optimum at 493 K, but
because this gap leads to lower temperatures when compared to the temperatures of the bandgaps corresponding to

x>0.

The values of these efficiencies (Fig.2) are theoretical upper limits, which will be not reached in practice. The
efficiency of practical AlGaAs solar cells for Mercury’s mission can be estimated on the basis of the empirical data we
dispose today. In this sense, 19.2% efficient Aly,GaygAs solar cells have been reported (for AM2) [16]. This
experimental value is 69% of the theoretical limiting efficiency of solar cells with the same composition, x=0.2 (27.7
% for AMO and T,,=300K). In spite of these data are not completely comparable because they are obtained under
different spectrums (AM2 and AMO), we can use them to estimate that Aly;:GaggeAs solar cells (with selective
reflectors) can achieve practical efficiency values of 11.3% and 17.4% for Mercury’s orbits with D=200 km and
D=15000 km respectively. These efficiencies could be increased if these single gap solar cells are used as part of

multi-junction solar cells (MJSCs) as for example it has been the case of the GaAs/Ge solar cells designed for the



BepiColombo mission (the first European mission to the planet Mercury) [17]. In this mission, 104 and 5 GaAs/Ge
solar cells are connected in series and parallel respectively, to form each solar panel of a total solar array of 55 m?.
This solar array can be tilted to limit the temperature to 473K and supply the power demand for the cruise to Mercury,
which should be at least 10 kW at Earth’s orbit. According to our calculus, the Alg11GaggeAs single gap solar cells
purposed in this work for Mercury’s missions could guarantee this demand also, without the need of using the more
complicated configurations of MJSC. This can be appreciated from Table I, where a comparison with data from
GaAs/Ge solar cells is showed. To make this comparison possible, it has been assumed that the efficiency of the solar
panel is 78% of the solar cell efficiency, which is extracted from [17]. So it is possible to extrapolate that, the same
solar array used in BepiColombo with Alg11GaggeAs single gap solar cells instead of GaAs/Ge solar cells would show

efficiencies of 8.8%-13.6% for Mercury’s orbits, and therefore, it could provide 68.7-71.2 KW.

GaAs/Ge [17] | Alg11GaggeAs

Earth’s orbit "10.6 kW 11.6 kW

Mercury’s orbit 37 kW 68.7-71.2 kW

Table 1: Comparison between the power generated by GaAs/Ge solar cells and Aly;;GaggAs solar cells (with selective

reflectors) at different orbits. “The array is tilted to limit the temperature to 473K.

During the first phase of the cruise to Mercury, the Alg1:GaggeAs single gap solar cells of this array would operate
at temperatures between 300-286K (the lowest limit is calculated with the method described in this work, assuming the
solar array is placed at Earth’s orbit). Then, the solar array would present practical efficiencies of around 15.5%, and

therefore, it could provide around 11.6 kW.

Conclusions

In Mercury’s missions, solar cells should be covered by selective reflectors in order to operate at more viable
temperatures. The optimum single gap solar cell is based on Aly1:GaggeAs, whose limiting efficiency varies in the
range of 16.4% — 25.2% along the eccentric orbit around Mercury. In spite of these low efficiencies, these solar cells
could produce high power densities (2321 Wm-2 — 2407 Wm-2), due to the high intensity of the solar illumination that

characterize these missions.
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