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Abstract Multijunction (MJ) concentrator solar cells are primarily constructed of III-V
semiconductor materials. The high solar-conversion efficiencies of these devices are
dependent on precise control of growth conditions using one of several techniques such
as molecular beam epitaxy, metal organic chemical vapour, or metal organic
vapour-phase epitaxy deposition. The use of several junctions in an MJ tandem stack
allows these devices to achieve efficiencies that are not possible for single-junction
devices. Their behaviour is consequently complex, but it can be understood through an
examination of the external quantum efficiency and the temperature dependence of each
cell in the stack. This chapter lays out a systematic approach for understanding the
spectral and temperature dependence of the overall MJ device by way of consideration
of its component subcells. The efficiency of the cell as a function of temperature and
concentration is described for both lattice-matched and metamorphic triple-junction
(TJ) solar cells. The electrical characteristics and current—voltage curves are described
from these considerations, and the performance of MJ solar cells under real operating
conditions are then presented by considering a term describing the overall thermal factor
and another term for the spectral factor. These terms can be understood from the
background presented in the previous sections. Finally, the power output for the
complete cell incorporated into a Fresnel lens based high-concentration photovoltaic
system is presented for a particular geographic location using meteorological data.

1 Introduction

Multijunction (MJ) solar cells comprised of III-V materials are routinely used in
space applications, for example, on satellites, unmanned space probes, planetary
landers, and the International Space Station (ISS) [1, 2]. In contrast, when these
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solar cells are used for terrestrial applications, they are used together with con-
centrator optics so that the cell cost becomes a small fraction of the overall system
cost. This creates several challenges to overcome that stem from the increase in the
irradiance on, and temperature of, the cell [3-5]. The MJ solar cell approach offers
significant advantages and disadvantages that can only be understood by analysing
a given design’s composition and performance from a fundamental perspective.
This is the goal of this chapter.

An MJ solar cell is a quantum solar converter based on the use of two or more
subsolar cells (subcells) comprised of semiconductor materials with different energy
gaps (i.e., band-gaps, Eg,p). It can take the form of a spectral splitting system [1, 4, 5]
or stacked tandem junctions. Both approaches can be accomplished by using dif-
ferent stoichiometric semiconductor materials or by varying the composition of
semiconductor alloys. An example of a stacked tandem device was first introduced in
the late 1970s. It used two subcells each with a p—n junction: The bottom cell was
based on gallium arsenide (GaAs) and the top cell (exposed to sunlight) was based
on aluminium gallium arsenide. A different approach was later developed by the
National Renewable Energy Laboratory based on an indium gallium phosphide (or
InGaP alloy) junction on top of a GaAs middle junction grown on a germanium
(Ge) substrate. This formed a triple-junction (TJ) tandem cell [1-5]. Further
refinements replaced the GaAs with InGaAs alloys. The stacked-subcell approach
has resulted in MJ cells of >40 % solar conversion efficiency [6—8]. Further work
includes quantum well and quantum dot layers as well as inverted metamorphic
(IMM) TJ solar cells [1, 9]. Combinations of GaAs and GaSb have also shown
promise [5].

The basic idea in all such MJ cells is to improve the solar conversion efficiency,
n, of the whole solar cell by optimizing the light absorption and photocurrent
generation of each subcell for a narrow wavelength range. As shown in Table 1, a
single-junction (SJ) solar cell, built with only one light-absorber material, has a
maximum theoretical (thermodynamic) efficiency at a one-sun concentration of 30—
34 % in sunlight. To improve on this efficiency, it is necessary to concentrate the
sunlight on the cell and/or to interconnect several subcells. The efficiency limit
increases to approximately 86.8 % for an infinite number of subcells at the maxi-
mum concentration ratio that can be achieved on Earth [10, 11].

Table 1 is for a cell temperature of 298 K. If the cell temperature increases
beyond this, thermodynamics requires that the cell voltage decreases [12, 13]. An
approximate relationship holds for the open circuit voltage, V., at a given tem-
perature, 7, as follows:

d(qu) _ _Ega[) - qvoc (1)
dr T

Here, g is the charge on an electron. In actual solar cells, this temperature
dependence often leads to solar conversion efficiencies that are lower at greater cell
temperatures. The temperature dependence of several key cell parameters will be
the topic of subsequent chapters.
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Table 1 The maximum solar conversion efficiency for tandem cells as a function of the number of
subcells in the stack, n, for different concentration ratios, X [10, 11]

Concentration ratio (X) No. of cells in the stack (n) Maximum efficiency (#)
1 1 31.0
2 429
3 49.3
oo 68.2
100 1 35.2
2 48.4
3 55.6
o) 76.2
46,300 1 40.8
2 55.7
3 63.9
(e 86.8

The theoretical analysis assumes blackbody radiation for the sun, rather than the AM1.5 standard
solar spectrum, but the general results (and the efficiency values) are quite similar if the actual solar
spectrum is considered

Although the efficiencies obtained in actual cells are noteworthy and have
improved over time, there exists a considerable gap between theoretical and
experimental values. This is due to one or more loss mechanisms operating in solar
cells. For example, not every photon that a subcell absorbs gives rise to an
electron-hole pair that is collected at the electrical contacts. This is reflected by an
external quantum efficiency (EQE) that is less than unity [1, 4, 6]. In addition, there
are both optical losses, such as those from parasitic absorption by interconnection
layers, and electrical losses, such as those caused by internal series and shunt
resistance. In the section that follows, an overview of MJ concentrator solar cells is
presented, and the precise growth conditions necessary to create MJ devices are
outlined. Then an analysis of the whole MJ cell will be presented that allows one to
characterize and understand the losses of a particular design. This leads to the
ability to predict the performance of MJ cells under the actual conditions found
under deployment in a high-concentrator photovoltaics (HCPV) system.

2 Overview of MJ Concentrator Solar Cells

The key to the success of modern III-V solar cells is based on the development of
advanced growth technologies, mainly molecular beam epitaxy, metal organic
chemical vapour deposition, metal organic vapour phase epitaxy and other similar
techniques [14—17]. It is necessary to have high-accuracy epitaxial growth to obtain
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a highly efficient MJ solar cell. This means that there is little difference between the
lattice constants of adjacent layers. The growth techniques allow for unprecedented
control on the atomic level of the semiconductor devices. This makes it possible to
grow new materials, including pseudomorphic and alloy multiple compositions, for
example, Si,Ge,—,, Al,Ga,_,As, or In,Ga,;_,As, where x is the mole fraction that
specifies the composition of the alloy [18]. It is necessary to consider that the alloy
components are distributed uniformly over the whole layer without any type of
clustering. This is reasonable in the case of solar cells due to the dimension of the
active region of these devices compared with the lattice constant.

A semiconductor material has many types of properties [19-22], but the most
relevant considerations in the design of an efficient MJ solar cell are the energy gap
and the lattice constant. The energy gap is equivalent to the energy that is necessary
to free a bond electron in the crystal, thereby creating a hole in the valance band and
an electron in the conduction band. In this case, it corresponds to the minimum
energy of the photon to be absorbed for the semiconductor material. The lattice
constant is the physical dimension of the unit cell in the crystal lattice of the
semiconductor. The ideal situation should be that the different materials of multi-
layer semiconductor devices have the same lattice constant, or at least as close as
possible, to decrease the number of defects and thermal, mechanical, and electrical
stresses. The results of such stresses are recombination centers within the band-gap
that lead to efficiency losses. In most cases, it is not a trivial matter to grow a
mechanically and electrically stable solar cell, and thus it is necessary to consider a
critical thickness of the semiconductor layer that corresponds to the maximum
thickness of the material necessary to avoid dislocations and similar defects that can
act as recombination centres [23]. Figure 1 shows the energy gap versus lattice
constant for several elements and alloy materials [24]. In the case of an alloy
composition of three or more materials—as in Al,Ga;_,As, In,Ga,_,P, or Ga,In;
—xAs,P,_, with two molar fractions, x and y—the lattice constant and the energy
band-gap of the resulting material is a complex function of the mole fraction.

An MJ solar cell with two, three, or more junctions is a set of the same number
of p—n junctions made from different materials, stacked on the top of each other,
including metallic contacts on the top and bottom of the solar cell [25-27]. The idea
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Fig. 1 Energy band-gap versus lattice constant for several semiconductors used in MJ HCPV cells
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is to subdivide the incident solar spectrum into several parts to be absorbed for the
different subsolar cells; each one has an optimized efficiency for a certain range of
wavelengths in the spectrum of the incident sunlight. The goal is to find the best and
most advantageous band-gap combination for each subsolar cell to convert the total
incident solar light with the maximum possible efficiency. It is also necessary to
take into account low-resistance metal contacts for obtaining a high-efficiency solar
cell. There are several possibilities to connect the different p—n junctions, but one of
the most efficient methods is to use a tunnel junction with very low resistance and
very thin layers to decrease, as much as possible, the absorbed light in these layers
[28]. In addition to all of the previously mentioned factors, one should not overlook
the importance of the semiconductor materials and the thickness of the various
subcells as part of the design. This is necessary to obtain the best current balance
among all of the subcells. The ideal situation is when all of the subcells generate the
same light-generated current under the relevant spectral conditions outdoors.
However, there is inevitably a subcell of the MJ with the lowest current, which
limits the total current of the MJ because the p—n junctions are connected in series
[29]. The total device voltage is the sum of the voltage of each subcell minus the
voltage of the tunnel junctions because they are in reverse bias. A typical structure
of a TJ solar cell is depicted in Fig. 2. In this case, each subcell is based on several
materials with different band-gaps. The p—n solar cell with the highest band-gap is
located on the top of the MJ solar cell stack to absorb the highest-energy photons,
and the other subcells are placed in decreasing order of the band-gap with the aim to
capture photons with less energy (longer wavelengths). The plot shows the air mass
(AM) L.5 direct (AM1.5D, ASTM G-173-03) reference spectrum [30] with the
dashed vertical lines indicating the band-gaps for the top [gallium indium
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Fig. 2 Portions of the solar spectrum absorbed in a TJ solar cell (leff) and a schematic of a typical
monolithic TJ HCPV solar cell (right)
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phosphide (GalnP; 1.88 eV)] and middle [gallium indium arsenide (GalnAs)
(1.41 eV)] subcells. The bottom subcell in this example is Ge (0.67 eV). Absorption
of the photons is determined by the energy gap of the semiconductor material alloy
and its absorption coefficient [19]. The latter parameter indicates how far into
material photons of a specific energy can penetrate before they are absorbed by the
material. To improve the efficiency of the MJ solar cell, each one is designed to
absorb only one part of the spectrum of sunlight (e.g., AM1.5D). Window layers
should be included on the top subcells to decrease the surface recombination
velocity, and a back surface field (BSF) layer should also be used to minimize
scattering and loss of charge carriers at the tunnel junction [31]. It is necessary that
both layers should be as transparent as possible so the photons can be absorbed in
the active regions of the device. This is shown in Fig. 2 (right side).

One of the main problems of the MJ solar cell is related to the various lattice
constants of the semiconductor alloy material of each layer and the need to grow an
MJ solar cell when several materials with different lattice constants are necessary to
obtain the highest overall device efficiency. If the materials of the separate p—n
junctions have the same lattice constant, then it is easier to grow the MJ solar cell.
In this approach, the cells are called lattice-matched (LM) cells. [32]. The main
disadvantage of this strategy is that the materials with different band-gaps selected
for the subcells should have the same, or a very close, lattice constant. This con-
straint decreases maximum efficiency because it is not possible to select the best
materials for each subcell in terms of band-gap. One approach to increase the
number of possible semiconductor materials that can be selected is to use materials
with different lattice constants but with thin layers to decrease the stress in the
structure. These solar cells are called metamorphic-mismatched (MM) cells. This
option increases the list of possible materials that can be used, but it still limits the
flexibility to select the best materials for the subcells. This problem is critical when
four or more different materials with several lattice constants are necessary to create
an MJ solar cell [33].

There is another device structure called inverted-metamorphic (IMM) [34-36].
In this case, the MJ solar cell is grown in an inverted order on a suitable substrate
starting with the top subcell. Later, the original growth substrate is removed, and the
front metallic contact is deposited on the top layer [37]. In addition, more flexible
techniques exist that use materials with different lattice constants. For example, it is
possible to mechanically stack cells to connect several separate subcells or use
fabrication by way of wafer bonding [38—40]. This last method combines semi-
conductor materials with different lattice constants by forming semiconductor
bonds at the common interface layer. Each subcell, or group of subcells, are grown
on different substrates and then joined together. Afterward, the substrate of the top
cell is removed. For this process to succeed, it is necessary to have high-quality,
low-roughness surfaces. A good example of this technique is a four-junction device
comprised of GalnP/GaAs//gallium indium arsenide phosphide (GalnAsP)/GalnAs,
which has an efficiency of approximately 45 % [41].
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In the case of the application of the device in an HCPV system, optimization of
the front metal grid pattern is essential for a specific irradiance level and solar
concentration (i.e., 500x to 1000%). The main objective is to maximize light
absorption and decrease, as much as possible, the ohmic and shadow losses gen-
erated for the metal grid [31]. The design and analysis of MJ solar cells begins with
this criterion and by considering their behaviour versus the input solar spectrum,
temperature, and electrical properties.

3 Analysis of the Behaviour of MJ Solar Cells

The behaviour of MJ solar cells is inherently different than that of conventional SJ
solar cells. The internal series connection of several junctions with different
band-gaps makes these devices more sensitive to incident spectral irradiance. In
addition, the electrical parameters and temperature dependencies are significantly
influenced by the irradiance level. In this section, the basic aspects for under-
standing the performance of MJ solar cells under different operating regimes are
presented.

3.1 EQE

The external quantum efficiency (EQE) offers valuable information for under-
standing the performance of a solar cell. The EQE, as a function of wavelength,
represents the ratio of the number of electrons collected at the external contacts of
the cell to the number of incident photons as follows:

EQE () = number of electrons 2)

~ number of photons ()

The wavelength interval for measurements of EQE (1) typically ranges from 1 to
10 nm. EQE can be related to the spectral response (SR). The SR represents the
amperes generated per watt of incident light of a given wavelength and can be
expressed as follows:

A
SR (2) = L“EQE (2) (3)
he
where q is the electric charge, 1 is the wavelength, % is Planck’s constant, and c is
the speed of light. Given this relationship, the short-current density (J.) of a cell for
a particular spectral distribution E(4) can be estimated as follows:
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Jo = / SR(/)E(2)d/. @)

The J,. is measured at the point at the I-V curve where V = 0 and is typically
expressed in mA/cm?. The standard (or reference) spectral distribution for AM1.5D
is shown in Fig. 2. However, as will be described in a subsequent chapter, the actual
spectral distribution under the operating conditions found for an MJ cell used in a
deployed (real-world) HCPV system is a function of the location of the system as
well as the time of year and time of day.

As discussed previously, to improve the conversion efficiency, MJ solar cells are
based on several junctions interconnected in series in which each subcell responds to
a particular band of the spectrum. Because of this, the short-current density of an MJ
solar cell is the subcell with the lowest current. This is usually expressed as follows:

Je = min ( / SR,-()»)E(A)di) (s)

where the index i represents the junction, or subcell, considered in the MJ solar cell.

Figure 3 shows the EQE, at 25 and 75 °C, of an LM GalnP/GalnAs/Ge solar cell
as an example of the number of photons collected in each spectral band of a typical
MJ solar cell. This plot shows the EQE’s variation with temperature. As can be
seen, the absorption range is mainly determined by the band-gap. Because of this,
the key to understanding the variations of EQE with temperature is by considering
the change of the band-gap energy (E,,,) versus temperature. This variation can be
explained with the Varshni relation as shown [42]:

oT?

TTEB (6)

Egap (T) = Egop (0>

where E,,,(0) is the band-gap energy at 0 K, and a and f are material constants. The
Eq. (6) shows that the energy gap decreases as the temperature increases. Hence, as
the device temperature increases, the MJ solar cell is able to absorb photons with
lower energy. This explains the shift in EQE for the top, middle and bottom
junctions at longer wavelengths as shown in Fig. 3. In addition, a loss in EQE for
the middle and bottom junctions at shorter wavelengths is also observed. This can
be mainly explained due to the gain in EQE at longer wavelengths by the junction
directly above. This effect is also observed to a lesser degree in the EQE of the top
junction, probably due to the decrease with temperature of the band-gap energy of
the window layer of the MJ solar cell [43, 44].

The effect of temperature on the EQE described previously clearly suggests that
the influence of temperature on the electrical parameters of an MJ solar cell is more
complex than in an SJ device. The J,. of the current-limiting junction increases with
temperature due to the decrease of its energy gap. However, this increase is less-
ened by the effect of the junction immediately above because the current of this
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Fig. 3 Experimental EQE of the top junction (fop left), middle junction (fop right), and bottom
junction (bottom) of an LM GalnP/GalnAs/Ge TJ solar cell at 25 and 75 °C [48, 49]. The
oscillations in the external quantum efficiency for the Ge subcell are due to optical interference
effects from the many thin layers above it [50, 51]

junction is also increased with temperature. Bearing this in mind, the temperature
coefficient of an MJ solar cell (dJs./dT) can be expressed as follows [45]:

dJsc _ dJsc,i _ dJsc,i—l
dr  dT dT

(7)

where (dJs./dT) and (dJ;-/dT) are the temperature coefficient of the
limiting-junction and the temperature coefficient of the junction above, respectively.
This phenomenon implies that (dJs./dT) depends on the incident spectrum and that
the temperature coefficient of the whole MJ cell could not be always positive. At the
same time, the I-V characteristics of an MJ solar cell are strongly affected by the
current balance among the junctions. Hence, the influence of temperature on the rest
of the electrical parameters is also expected to be affected by the incident spectral
distribution and the limiting junction [46, 47].

3.2 Influence of the Input Spectrum

It is well known that MJ solar cells have a larger spectral dependence than SJ solar
cells because of the series connection of several subcells with different energy gaps
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[52]. This is shown graphically in Fig. 2. Taking this into account, the temperature
dependence of the electric parameters of an MJ solar cell are also expected to be
influenced by the incident spectrum as was previously commented on. To clarify
this issue, Fig. 4 shows the main electrical parameters of an LM GalnP/GalnAs/Ge
solar cell under illumination by different spectra at 25 and 75 °C. The spectra are
expressed through the spectral matching ratio (SMR) index for the top and middle
subcells as shown [53]:

J 0, J mi e
SMR((top /middle) = —=0 / “Laidd "
JL;mp JL;middle

where J iop and Ji migaie are the photo current densities of the top and middle
junctions, respectively. Figure 4 (top left) shows Js. versus SMR for the two
temperatures. A maximum at SMR = 1 can be seen. This maximum represents the
spectral condition where the top and middle subcells generate the same current
(current-matched condition). Around this point, Jy. decreases due to the current
limitation in one of the subcells. On the left side of the maximum, the current of the
middle subcell is increased, whereas the current of the top subcell is decreased. This
corresponds to red-rich spectra, and the top subcell is limiting the current
(SMR < 1). On the right side of the maximum, the current of the top subcell is
increased, whereas the current of the middle subcell is decreased. Hence, these
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Fig. 4 Experimental short-circuit current density (Jy.), open-circuit voltage (V,.), P, and FF
versus SMR for the top and middle subcells at 25 and 75 °C of an LM GalnP/GalnAs/Ge solar
cell. SMR = 1 corresponds to AM1.5D, ASTM G173-03, 1000 W/m? where the three subcells
generate the same current as under reference conditions [55, 56]
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spectral conditions are more blue-rich, and the middle subcell is limiting the current
(SMR > 1). Related to temperature, the cell shows an increase in current with
temperature more or less independent of the SMR. The open-circuit voltage (Vi)
versus SMR for the two temperatures is shown in Fig. 4 (top right). As can be seen,
no significant dependence on incident spectrum is found. In addition, the cell shows
a decrease in open-circuit voltage with a temperature independent of the SMR.
Figure 4 (bottom left) shows the maximum power density (P) versus SMR for the
two temperatures. P shows a similar behaviour to J,. under spectral changes.
A maximum in P at SMR = 1 can be observed. In addition, around the maximum,
P decreases due to the current limitation by one of the subcells. Regarding tem-
perature, the cell again shows a decrease in temperature more or less independent of
the spectral changes. The fill factor (FF) versus SMR for the two temperatures is
given in Fig. 4 (bottom right). In this case, FF shows the opposite behaviour
compared with J. and P under spectral changes but with less variation. There is a
minimum at SMR = 1, and the FF increases around it. As for the previous
parameter, the cell shows a decrease in temperature more or less independent of the
spectral changes. The different behaviour of the FF under spectral changes can be
explained by analysing the relationship between FF and the rest of the electrical
parameters as follows:

©)

Ve can be considered independent of incident spectrum as a first approximation. At
the same time, J. shows a larger spectral influence than P. Hence, the FF grows
when J. decreases because P decreases to a lesser extent under spectral changes.
This behaviour exhibited by the FF under spectral variations can be used as a tool to
evaluate the current-matching among the subcells of an MJ solar cell under oper-
ating conditions [54].

As presented, the electrical parameters of an MJ solar cell are strongly influenced
by the spectral distribution. However, the temperature dependences of MJ solar cell

parameters can be considered independent of spectrum with a low margin of error
[49, 55, 57].

3.3 Influence of Optical Concentration

MJ solar cells show an important spectral dependence as was previously com-
mented on. In addition to this, the I-V parameters of MJ concentrator solar cells are
also affected by the illumination level. Furthermore, the temperature coefficients of
the electrical parameters are also affected by the optical concentration under
operating conditions [58].
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Under uniform irradiance, the short-circuit current can be considered linear with
respect to the concentration and is usually expressed as:

Isc =X- Isc.l sun (10)

where X is the concentration factor or effective concentration, and I 5un is the
short-circuit current at one sun (1000 W/mz). The concentration factor is sometimes
called the “concentration ratio” and is given the symbol “C” in some texts.
Accordingly, the absolute temperature coefficient of I, can be expressed as a
function of concentration as follows:

quc dIsc 1 sun
—=X— 11
dr dr (11)

The rest of the electrical parameters and temperature coefficients show a more
complex relationship versus concentration. To clarify this point, Fig. 5 shows the
main electrical parameters of an LM GalnP/GalnAs/Ge solar cell under different
concentration levels at 25 and 65 °C.

Figure 5 (top) shows V. versus concentration for the two temperatures. As can
be seen, V. grows with a logarithmic dependence as the concentration increases.
For subcells connected in series, this dependence can be expressed as [57]:

Vee (V)
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Fig. 5 Experimental open-circuit voltage (V,.), FF, and efficiency () versus concentration (X) at
25 and 65 °C of an LM GalnP/GalnAs/Ge solar cell [61, 62]. The front metal grid of the cell is
optimized for operating at concentrations between 250x and 500x
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n kT mkT
Voe = O Vocil sun +;Zm,< In(X) = Voe.1n +=_=In(X)  (12)
i—1 i=1

where 7 is the number of subcells in series, Vo 1sun 1 the open-circuit voltage at one
sun, m is the diode ideality factor, k is Boltzmann’s constant, and ¢ is the electric
charge. As is also shown in Fig. 5 (top), the temperature dependence of V.
decreases with concentration. This can be explained by writing Eq. (11) as follows:

dVoc dVoc 1 sun mk
=————+—In(X 13
T a g n(X) (13)

The first term on the right, which is the temperature coefficient at one sun, is
negative. The second term on the right is positive and increases with concentration
such that the temperature coefficient of V.. decreases in absolute value versus
concentration. It is important to note that to know V,. and dV,./dT at a particular
concentration ratio from their values at one sun, the value of the ideality factor
should be known. Reported ideality factors for TJ solar cells are usually in the range
3—4 for concentration levels from 1x to 1000x [58]. The ideality factor is influenced
by the recombination mechanism and the concentration ratio (which determines the
injection level) [59]. The dominant recombination mechanism for an MJ solar cell
has been shown to be different at low and high irradiance levels. The trend is toward
the radiative limit (m = 1 for each subcell) as concentration increases [57, 60].
Because of this, it is necessary to perform an analysis of m as a function of
concentration [m = m(X)] to accurately predict V. and dV,./dT. This behaviour can
be seen in the change and decrease of the slope of V. as a function of In(X) shown
in Fig. 5 (top).

Figure 5 (bottom left) shows the FF versus concentration for the two tempera-
tures. As can be seen, the FF increases with concentration <30%. Above this point,
the FF decreases gradually due to series resistance losses. As in the previous case,
the temperature dependence of FF decreases with concentration. This can be
explained by writing the temperature coefficient of the FF as [45]:

dVOC. sun
aFF 10 (Ve son e+ In(X) + 1) (V522 57— Vet sn ) 1)
dT (Voo1 sun 7z -+ In(X) + 1)

This equation expresses the variation of the temperature coefficient for FF with
concentration assuming a negligible series resistance. As shown, the numerator is
negative and grows in absolute value with concentration. However, the denomi-
nator increases to a larger extent with concentration. As a result, dFF/dT decreases
in absolute value with concentration, and this explains the behaviour described
previously.

Figure 5 (bottom right) shows the efficiency (1) versus concentration for the two
temperatures. As can be seen, x increases with concentration until >250%. This
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increase is dominated by the logarithmic increase of V,. with the intensity of the
light. However, as the concentration increases, this effect is counterbalanced by the
decrease of the FF due to series resistance losses. As a result, the efficiency is
decreased above a certain concentration level. As in the previous cases, the tem-
perature dependence of # is decreased with concentration. This can be explained by
writing the temperature coefficient of # as shown [61]:

ldyp 1 dvoc+ 1 dFF+ 1 diy
ndT Vo dT ~ FFdT = I, dT

(15)

The temperature coefficients of V. and FF decrease with concentration, whereas
the temperature coefficient of Iy, is kept constant. Furthermore, in Eq. (15), the
dominant term is the temperature coefficient of V... Hence, the temperature coef-
ficient of # should decrease with concentration and will be mainly given by the
temperature coefficient of V. as follows:

Ldy 1 dV
ndT ™ Vo dT

(16)

It is important to note that this approximation may not be valid at increased
concentration levels due to the strong decrease of dV,./dT as discussed in the
literature [45]. However, experimental results show that the temperature coefficient
of 5 can be approximated using Eq. (16) with a low margin of error until con-
centration levels reach even the extreme values of 10,000x [60].

Table 2 shows an example of the relative temperature coefficients of # and V. of
an LM and MM TJ solar cell at different concentration levels. As was discussed, the
temperature coefficients of V. and # are similar and decrease with concentration for
both types of MJ solar cells. In addition, the MM solar cell shows a slightly greater
temperature dependence than the LM solar cell.

Table 2 Experimental temperature coefficients of # and V,. of an LM and an MM
GalnP/GalnAs/Ge TJ solar cell at different concentration levels [61]

LM MM

X 1/ dy/dT 1/Voc dVoc/dT 1/ dy/dT 1/Voc dVoc/dT
(%/K) (%/K) (%/K) (%/K)

1 —0.257 —0.241 —0.305 —0.272

100 —0.134 —0.160 —0.188 —0.184

250 —0.132 —0.143 —-0.179 —-0.172

500 —0.129 —0.129 —0.172 —0.162

750 —0.117 —0.126 —0.163 —0.151

1000 —0.109 —0.122 —0.157 —0.147
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4 Equivalent Circuit Models of MJ Solar Cells

An M solar cell can be considered as several series connected p—n junctions. Each
junction can be represented by an equivalent circuit model. The most frequently
used models are the single exponential model (SEM) and the double exponential
model (DEM) [59]. Figure 6 shows an example of the equivalent circuits of a TJ
solar cell by connecting the three subcells circuits in series.

Taking into account the SEM model, the current density of each subcell can be
mathematically expressed as follows:

(Vi+IRg) Vz JRS i
J = Jsei — Jo, (exp mvr — 1> - 7—; : ’ (17)
Pl

where each i subcell is characterized by a set of five parameters: the short-current
density (Js,), the diode-saturation current density (Jo ), the diode ideality factor
(m;), the series resistance (R; ;), and the shunt (or parallel) resistance (R;, ;). Vr is the
semiconductor thermal voltage given by Vi = kT/q.

Equation (17) combines the different recombination mechanisms into one diode
term that takes place in an MJ solar cell. Bearing this in mind, the current density of
each subcell can be more accurately expressed by the DEM model as shown:

(Vi+IRg ;) (Vi+IRg ;) Vi + JRy;
J — Jsc,i _ JOl,i <6Xp myiVr 1) — JOZ,[ (CXP my iVt 1) _ —; S, (18)
P

where each i subcell is characterized by a set of seven parameters: the short-current
density (Jy;), the diode-saturation current densities (Jo1;, Jo2.;), the diode ideality
factors (m;; mo;), the series resistance (R,;), and the shunt resistance (Rp;). The
first diode term represents the surface and bulk region recombination, which usually
dominates at high irradiance levels with m;; ~ 1, and the second diode term
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Fig. 6 Equivalent circuit models of a TJ solar cell by using the SEM (leff) and the DEM (right)
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represents the depletion region recombination, which usually dominates at low
irradiance levels with m,; ~ 2 [57].
The total voltage of the MJ solar cell, neglecting the voltage decrease on the

tunnel junctions [63], can simply be obtained by adding the voltages of each subcell
as shown:

V=3V, (19)

The model’s parameters described previously depend on the operating condi-
tions, such as concentration and cell temperature, for the MJ solar cell [64]. At the
same time, current MJ solar cells are usually fabricated monolithically and incor-
porate only two electrical terminals. Because of this, the separate measurement of
the individual subcells and the determination of their parameters is a complex task
[65]. Some investigators have proposed different methods to obtain the parameters
of the subcells by making different assumptions and simplifications. Examples of
extraction methods based on the SEM scheme can be found in the literature [46, 55,
59, 66-68] as can results from those based on the DEM scheme [59, 69-71]. It is
important to note that these studies usually estimate the parameters at a particular
set of operating conditions. Furthermore, the ability to translate the parameters at a
desired operating condition is still challenging; thus the application of these models
is often limited. Figure 7 shows an example of the modelled I-V characteristics of a
typical GalnP/GalnAs/Ge device using Eqs. (17) and (19) by setting R;; = O and
m; = 1 under 1X concentration.
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Fig. 7 Modelled I-V characteristics of each individual subcell and for the whole device of an LM

GalnP/GalnAs/Ge solar cell under reference conditions (AM1.5D, ASTM G173-03, 1000 W/m?,
25 °C)
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5 Performance of MJ Solar Cells Under Real Operating
Conditions

Currently the use of MJ solar cells for terrestrial applications is limited to HCPV
due to their relatively high cost. HCPV technology is based on the use of less
expensive optical elements to collect direct incidence sunlight and concentrate it to
approximately 300x to 2000% on the surface of the solar cell. The aim is to decrease
the cost of electricity, thus decreasing the semiconductor material by the use of the
less expensive optics [72-75].

Under actual conditions, the performance of MJ solar cells in an HCPV system
will be affected by time-varying atmospheric parameters. Therefore, it is necessary
to quantify the impacts of the different phenomena to accurately estimate their
performance. In this section, a discussion is presented on the main parameters that
affect the behaviour of MJ solar cells outdoors. A procedure to quantify these
parameters is addressed.

5.1 Thermal Factor

As presented in Sect. 3, the operating temperature of an MJ solar cell affects its
electrical performance. Under real operating conditions, the cell temperature is not
constant because it is affected by the changes in the direct normal irradiance (DNI),
air temperature (7,;;), and wind speed (W) [76, 77].

As already discussed, the effect of temperature on the electrical parameters of MJ
solar cells can be quantified, with a low margin of error, using linear coefficients.
Bearing this in mind, the effect of cell temperature on the power output can be
quantified as shown:

TF=1—y(T.—T) (20)

where TF is defined as the thermal factor (TF), y is the maximum power temper-
ature coefficient at the operating concentration, T is the cell temperature, and T}, is
the cell temperature under reference conditions (T: = 25 °C).

In contrast, direct measurement of the cell temperature in HCPV systems is a
complex task due to the special features that arise because the cells are surrounded
by different peripheral elements [78]. Because of this, the scientific community has
devoted considerable effort to develop methods for indirectly predicting the cell
temperature in HCPV devices from different parameters (i.e., atmospheric param-
eters and/or easily measurable parameters in the concentrator) [77]. Among the
different procedures, the methods based on atmospheric parameters present the
advantage of allowing estimation of the cell temperature for a specific location
without directly measuring the concentrator. Because of this, they are a more useful
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tool for the electrical characterization at a desired location if the atmospheric data
are available.

A simple method based on linear coefficients as a function of DNI, T, and W
has been proposed [76]. The procedure is based on the following relation as
follows:

Te = Tyr + a\DNI + @, W, (21)

where a; and a, are specific coefficients of the concentrator. In addition, if we
assume that the influence of Wy does not play an important role in the estimation of
cell temperature, Eq. (21) can be simplified as:

T. = Tar + a;DNI (22)

A slightly more sophisticated expression as a function of the same atmospheric
parameters has been proposed [79]. In this case, the cell temperature is obtained as
follows:

W
T, = Ty + bDNI (exp( ZWO) + b2> (23)

where by, b,, and W, are specific coefficients of the concentrator. As in the previous
relations, the method assumes that the cell temperature is proportional to DNI, but it
uses an exponential correction based on the wind speed.

5.2 Spectral Factor

As was discussed in Sect. 3, the performance of MJ solar cells shows strong spectral
dependence. Furthermore, the spectral distribution of incident irradiance is affected
by atmospheric parameters and changes during the course of day, month, or year. In
particular, the atmospheric parameters with the largest influence on the spectral
irradiance and on the performance of MJ solar cells are, in order of importance,
AM, aerosol optical depth (usually quantified at 500 or 550 nm), and precipitable
water [80-84].

As was also mentioned, the performance of MJ solar cells under spectral vari-
ation is mainly determined by the current balance among the subcells. This effect
can be quantified through the spectral factor (SF) as [84]:

. min(JscyiEb(/l)) fEbvref(i)d/ﬂu
F= min (]sc,i (Eb,ref(;b))) fEb(;L)di (24)
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Fig. 8 Simulated SF and short-circuit current densities of an LM GalnP/GalnAs/Ge solar cell with
an SOG Fresnel lens as a primary optic at the summer and winter solstices in Granada, southern
Spain. The other parameters are kept constant at the reference values defined by the AM1.5D,
ASTM G-173-03 reference spectrum [30]

where the short-circuit current density of each i junction in a concentrator is
given by:

Jei= / Ep(2) 10 (2)SR:(2)d (25)

where E,(4) is the incident direct normal spectral distribution, Ej, .¢(1) is the direct
reference spectrum, and 7,,(4) is the optical efficiency of the concentrator.
Equation (24) evaluates the performance of an MJ solar cell as a function of the
mismatch among the short-circuit current densities of the different junctions relative
to the value obtained under illumination by the reference spectrum. To explain this
in more detail, Fig. 8 shows the simulated SF and short-circuit current densities of
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Fig. 9 External quantum efficiency of an LM GalnP/GalnAs/Ge solar cell and the transmittance
of an SOG Fresnel lens. Refer to this plot, together with the solar spectrum shown in Fig. 2, for the
discussion and results found in this section
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each junction for an LM GalnP/GalnAs/Ge solar cell with a silicone-on-glass
(SOG) Fresnel lens as a primary optic (see Fig. 9 for the EQE and transmittance) for
2 example days at Granada, southern Spain. The complete procedure followed is
explained in detail in the next subsection.

To show a contrasting variation between data, the summer and winter solstices
were selected as shown in Fig. 8. These days represent the minimum and maximum
daily average AM values, respectively. As can be seen, the behaviour of the SF is
similar for both days. The maximum spectral losses are produced at sunrise and
sunset when the AM values are greater, and the minimum spectral losses are
produced at midday when the AM values are lower. Although the behaviour of the
SF is similar on both days, the spectral losses are significantly greater on the winter
solstice than at the summer solstice with average SF values of approximately 0.7
and 0.8, respectively. This difference can be explained by taking into account that
the AM values are significantly greater at the winter solstice than at the summer
solstice. This can be also observed from the analysis of the short-circuit current
densities of the top and middle junctions. As can be seen for low AM values, the
top and middle junctions yield similar currents. However, for high AM values, the
top junction strongly limits the current, thus resulting in an overall decrease of the
SF of the MJ solar cell [80, 84].

5.3 Power Output

The power output of the cell is a key parameter because it allows knowledge of the
energy yield of a particular photovoltaic device. The power produced by an MJ
solar cell as a function of the incident DNI can be expressed as shown:

P =DNI - Acell X Meell (26)

where 7. is the efficiency of the cell at the operating concentration, and other
conditions are held at the reference conditions. The effective concentration can be
related to the geometric concentration (Cge,) of the HCPV device as shown:

X = Hopt * Coeo (27)
where geometric concentration is defined as:

Alens
Cgeo = A
cell

(28)

where Ajeps is the area of the primary optics, Acey is the area of the cell, and 7 is
the optical efficiency.

By itself, Eq. (26) neglects the cell temperature and spectral effects. Combining
Egs. (20), (24), and (26), the power generated by an MJ solar cell can be more
accurately expressed as:
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P = DNI - Acell * opt * Ceeo * Ncen * TF - SE (29)

This equation estimates the power output of an MJ solar cell in a concentrator as
a function of its temperature and direct normal incidence characterized by its
irradiance (W/m?) and spectral distribution.

Figure 12 shows an example of the simulated annual power density of an MJ
solar cell with an SOG Fresnel lens as a primary optic in Granada, southern Spain.
The external quantum efficiency of the cell and transmittance of the Fresnel lens
used are plotted in Fig. 9. The system has a geometric concentration of 700x, an
optical efficiency of 85 %, and a cell efficiency under reference conditions of
38.5 %.

To quantify the effect of cell temperature, the times series of air temperature is
estimated from the maximum, minimum, and average values obtained from the
NASA atmospheric database for an entire year [85-87]. The cell temperature was
calculated using Eq. (22) from the air temperature and considering a; = 0.06
°C/Wm 2. Once the cell temperature is obtained, the TF is estimated using Eq. (20)
and by taking y = —0.12 %/°C as shown in Fig. 10.

The spectral distribution of the direct normal irradiance for the whole year was
simulated using the simple model of the atmospheric radiative transfer of sunshine
(SMARTS) [88]. The AM was calculated as a function of the Sun’s zenith angle (8)
as [89]:

1

AM =
cos 0 + 04566507 (96.4836 — 0) "

(30)

and the monthly average values of aerosol optical depth at 550 nm and precipitable
water were gathered from the Aerosol Robotic Network data set [90]. In addition,
Granada is a nonindustrialized medium-size city; therefore, the rural aerosol model

Thermal factor

Apr

Fep Mar

Fig. 10 Simulated annual TF for an LM GalnP/GalnAs/Ge solar cell with an SOG Fresnel lens as
primary optics in Granada, southern Spain. The system has a geometric concentration of 700, an
optical efficiency of 85 %, and a cell efficiency under reference conditions of 38.5 %
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Fig. 11 Simulated annual SF for an LM GalnP/GalnAs/Ge solar cell with an SOG Fresnel lens as

primary optics in Granada, southern Spain. The system is the same as the one described for
Figs. 10 and 12

was selected. The rest of the input parameters for the SMARTS model were held
constant at their reference values defined by the standard AM1.5D, ASTM
G-173-03 at which MJ solar cells and HCPV devices are rated [30]. Once the
spectral distribution is available, the SF was obtained using Eqs. (24) and (25), and
the data for the external quantum efficiency and lens transmittance shown in Fig. 9.
The result is shown in Fig. 11.

Finally, the power density of the cell per unit area is predicted using Eq. (29)
every 10 min for the whole year as a function of the simulated DNI, TF, and SF
values. This is shown in Fig. 12. In this figure, the generated power density ranges

Power density (W/em?)
H
14

b M
16 Mar APF 2

13" Jan Feb

Fig. 12 Simulated annual power density for an LM GalnP/GalnAs/Ge solar cell with an SOG
Fresnel lens as primary optics in Granada, southern Spain. The calculation utilized (Eq. 29) and the
results shown in Figs. 10 and 11
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from 0 to 18 W/cm? and is dominated by the incident DNI. In contrast, the TF and
the SF lead to power losses as can be seen in Figs. 10 and 11. In particular, the SF
ranges from O to 1, whereas the TF ranges from 0.9 to 1. Based on this, it could be
concluded that the spectral effects produce greater energy losses than the temper-
ature effects. However, as can be seen in Fig. 10, the maximum thermal losses are
produced at midday and at summer months when the contribution to the final
annual energy yield is at a maximum. In contrast, as can be seen in Fig. 11, the
maximum spectral losses are produced at sunrise and sunset and at winter months
when the contribution to the annual energy yield is lower than in the previous case.
This implies that the spectral losses do not necessarily dominate the energy losses
of an MJ solar cell in a concentrator under real operating conditions for a particular
period of time. To analyse the factor that leads to greater energy losses, the TF and
SF terms of Eq. (29) must be carefully analysed and compared. Thermal and
spectral losses change during the course of a day, month, or year and for each
location. Consequently, this type of analysis should be performed for a given period
of time and a specific location to accurately analyse and quantify the impact of the
spectral and thermal effects on the energy harvested.

The procedure based on Eq. (29) described previously for estimating the max-
imum power of an HCPV device was evaluated at the Centre of Advanced Studies
in Energy and Environment at the University of Jaen in Southern Spain. The
electrical parameters of an HCPV module were monitored together with the main
atmospheric parameters during the course of 2 years (2013-2014). The HCPV
module was made up of 20 TJ] LM GalnP/GalnAs/Ge solar cells with an area of
0.763 cm? interconnected in series and each with the EQE shown in Fig. 9. The
module used SOG Fresnel lenses with the transmittance shown in Fig. 9 as a
primary optical element. The secondary optical element for each cell consisted of a

Fig. 13 Schematic diagram
of a single receiver of the l l l l
HCPV module under study

Primary optic

Optical
efficiency: 80%

MJ cell
L Module chassis |
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Table 3 RMSE, MBE, and R? between actual and predicted output power for an HCPV MJ cell

RMSE (%) MBE (%) R
3.46 -1.26 0.98

truncated pyramid reflective cup that used an aluminium film layer to enhance its
reflectivity. The module had a geometric concentration of 700x and used passive
cooling to ensure that MJ solar cells operate at their optimal operation range, which
is 50-80 °C. The module had a nominal maximum power of 280 W under reference
conditions (DNI = 1000 W/m?, T = 25 °C, spectrum = AM1.5D) [91]. Figure 13
shows a schematic diagram of a single receiver of the HCPV module under study.

Table 3 shows the root mean square error (RMSE), the mean bias error (MBE),
and the determination coefficient (Rz) between actual and predicted data. This
shows that the procedure described above is valid for estimating the maximum
power of an HCPV device at a particular location if high-quality atmospheric
parameters are available.

6 Conclusions

MJ concentrator solar cells are complex devices because they consist of several
devices stacked in optical and electrical series. This allows them to reach effi-
ciencies that are not possible with SJ devices. The analysis of their behavior,
however, is still possible from consideration of their external quantum efficiency,
band-gaps, and temperature coefficients of individual subcells. This allows the
influence of the input spectrum to be considered so that the short-circuit current,
open circuit voltage, and FF can nonetheless be understood as a function of tem-
perature, input spectrum, and irradiance that is a result of the optical concentration
factor. A lumped parameter approach that considers a TF and an SF allows the
estimation of the power output for real HCPV systems. These factors, when
combined with atmospheric and meteorological data, allow for the calculation of
the power output as a function of time of day and time of year.

Future work can consider this approach for different geographic locations and for
several complex conditions faced by real HCPV systems in the field. The analysis
can also be expanded to consider lattice-MM and other device structures such as the
IMM. Not considered in the above basic description is the effect of transient irra-
diance, partial shadowing or cell mismatching. This can also be considered in more
complex modelling efforts. The general conclusion is that the behaviour of MJ
concentrator solar cells and modules can, and must, be understood from a funda-
mental perspective for large-scale HCPV deployment to be successfully
undertaken.
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