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Abstract. The resilience against non-idealities of hot-carrier multijunction solar cells
(HCMIJSCs) is assessed and compared with two references, namely a multijunction solar cell
(MJSC) and a hot carrier solar cell (HCSC). We investigate the impact on the efficiency of three
deviations from the ideal case: nonoptimal design, internal limitations, and nonstandard oper-
ation conditions. We show that the HCMJSC maintains a high efficiency even when materials
with nonoptimal bandgaps are considered, broadening the range of candidate materials for its
implementation. We also show that the requirement for hot carriers’ thermalization is much less
stringent than with the standard HCSC architecture, allowing to surpass the best MJSC efficiency
with currently achievable thermalization coefficients. Finally, we estimate the influence of non-
standard illumination by varying the AM spectrum and estimate numerically the yearly averaged
efficiency of devices installed in two different locations. Preliminary results on temperature
dependence are also presented. © 2022 Society of Photo-Optical Instrumentation Engineers (SPIE)
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1 Introduction

Increasing the power conversion efficiency (PCE) of solar cells is an unending challenge that
has stimulated intense research activity. Standard single-junction systems are ultimately limited
to 30% efficiency (the celebrated Shockley—Queisser limit'?) by the trade-off between light
absorption and carriers’ thermalization. As laboratory prototypes approach this theoretical
limit, alternative strategies are scrutinized to circumvent these constraints and reach higher
efficiencies.

Several advanced concepts® have been shown theoretically to allow conversions at yields
close to the thermodynamic limit at 86%. Among them, hot carrier solar cells (HCSCs) offer
a promising route, by harvesting the energy of photogenerated carriers before they dissipate their
excess of kinetic energy.*® However, most of the advanced proposals have not in practice
allowed the Shockley—Queisser limit to be exceeded yet. Furthermore, even systems with nomi-
nal efficiency above this value, such as multijunction solar cells (MJSCs), do not perform as well
as expected when operated in real conditions.’

A possible key to understand the difficulties met by advanced concepts resides in their
vulnerability to nonidealities. Indeed, it appears that while ideal systems are expected to reach
ultrahigh efficiencies, the introduction of even a limited amount of imperfections can reduce the
yield down to (or even below) the Shockley—Queisser limit. Such deviations from ideal condi-
tions can occur from nonoptimal design (material bandgap, layer thickness, etc.), from internal
imperfections of the device (nonradiative recombination, limited absorptivity, and finite thermal-
ization coefficient®), or from the operating conditions (ambient temperature®'® and illumination
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spectrum'!). As a case in point, Shpaisman et al.'”> have shown in a practical case that, while the
combination of multiple exciton generation and up-conversion promises a PCE of 49% in
the ideal case, it is actually limited to 38% even with optimistic (but nonideal) efficiencies for
the multiple-exciton generation (MEG) and up-conversion (UC) processes.

It thus appears that conversion strategies should be considered not only from the perspective
of their ideal efficiency but also considering their resilience to nonidealities. For instance, the
introduction of an energy ratchet in intermediate band solar cells offers only a minute increase
in the system’s efficiency in ideal conditions,'® but most importantly prevents the efficiency
from collapsing when internal nonidealities are considered.'*!> As another example, it appears
that HCSCs are less sensitive to spectral variations than MJSCs with similar efficiencies, '®'7
allowing them to maintain high efficiency even as the solar radiation deviates from the standard
AM1.5D spectrum under which nominal performances are estimated. Averaged over the year,
this resilience allows HCSCs to feature a better performance ratio than their MJ counterparts, '’
resulting in a larger (potential) energy production.

In this work, we estimate and compare the resilience of the HCSC and MJSC to a novel
architecture called hot-carrier MJISC (HCMIJSC). This device consists of a thin HC top junction
series connected to a thick cold bottom junction.'® We first detail the model used to evaluate the
efficiency of the three architectures, highlighting the underlying optical model. We then show
that HCMJSC maintains high efficiency even with nonoptimal materials. Finally, we consider
the sensitivity of these technologies to operation conditions. We discuss the performance ratio
of devices installed at specific locations frequently considered in the literature (Solar Village in
Saudi Arabia and Golden, Colorado, United States) and evaluate their fundamental temperature
coefficients.

2 Model

The evaluation of the devices’ efficiency is based on a detailed-balance model approac
Compared with the original model developed by Shockley and Queisser,' our model combines
several additional features: it accounts for multiple junctions, hot-carrier effects, and implements
a Beer—Lambert absorption model. This model is the same as the one implement in Ref. 18 and
is described here in more detail.

h 1,19,20

2.1 General Assumptions

We assume, as in the original model, that all recombinations are radiative. In steady-state
operation, the current J,.; extracted from each junction must verify

Jext,i = Jabs.i - Jrad,iv (D

where J s ; is the photogenerated current density in layer i and J,,4; is the recombined current
density (We do not consider luminescent coupling between the junctions). The photogenerated
current density is estimated as

Jabs,i = ‘]/dEAi(E)(Di(E)’ ()

where A;(E) is the absorptivity of layer i, ®;(E) is the incident photon flux, and ¢ is the electron
charge. In MJ systems, @, (E) = @, (E) and @, (E) = (1 — A (E))Dg,(E), where @y, (E) is
the photon flux received from the sun (this can directly be generalized to three or more
junctions).

The recombination current density (assumed to be fully radiative for simplicity) is derived
from the generalized Planck law?*!

E2

exp (Ek_b,?j;l‘) -1 ’

2nq

Jraai = m/dEAi(E)

3)
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where Ay; is the quasi-Fermi level splitting (QFLS) between electrons and holes and T'; is the
carrier temperature in layer i, 4 is the Planck constant, kg is the Boltzmann constant, and c is the
speed of light in vacuum. This expression assumes light is emitted uniformly in the half space
above the cell (a mirror prevents emission from the back of the device).

The output power from each junction is

Pi =V X Jexiis “4)

where V; is the voltage. In absence of HC effects, the carrier temperature is the lattice temper-
ature, and the voltage is simply given by gV; = Ay,

2.2 Absorption

A specificity of our approach is the model used for optical absorption. Unlike many detailed
balance studies which assume a step-like absorptivity A;(E) = 6(E — E;) (i.e., full absorption
of all photons above the bandgap), we describe absorption with a Beer—Lambert (assuming no
front-surface reflection) model to account realistically for the thickness-dependent absorptivity
of each layer

A(E) = 1 —exp(~a;(E)d,;), 5

where d; is the optical thickness of the layer and ;(E) is the material’s absorption coefficient.
To describe absorption for continuous values of bandgaps E, ;, we consider the absorption coef-
ficients of InP (E, = 1.34 eV) and GalnAs (E, = 0.74 V), and perform a linear extrapolation
to obtain absorption coefficients for bandgaps between 0.6 and 1.8 eV.'®

Furthermore, we take into account the impact of the photogenerated band filling on the

absorption coefficient”

— E— Ay,
a;(E) = a;(E) tanh (—4kBTi ) (6)

where we assumed identical effective masses for electrons and holes for simplicity.

This careful estimation of the absorptivity [Eqgs. (5) and (6)] is important for MJ devices,
where an overestimation of the top cell absorption leads to an incorrect current matching with
the bottom cell.?® It is even more crucial for HCSCs, since HC effects are much stronger in
ultrathin absorbers®*?> which are prone to band filling and offer a limited optical thickness.

2.3 Multiple Junctions

To model tandem junctions, the detailed balance equations are solved for each subjunction sep-
arately. The flux that reaches the second junction is the incident photon flux minus the fraction
absorbed in the first junction, neglecting additional parasitic absorption.

For four-terminal devices, the maximum output power is simply the sum of the optimal
powers produced by each junction P™* = >~ (P™*). For two-terminal devices, an additional
current-match constraint must be considered. For simplicity, the current of the device is fixed
to that of the current-limiting cell, and the overall optimum output power is found by determining
the voltage for that current in the nonlimiting cell

PR = JEG X (VI 4 Vi (J50)), @
where / and nl refer to the current-limited cell and to the not current-limited cell, respectively.
This approximation allows a straightforward generalization to any number of junctions.

Finally, the efficiency is given as n = P™* /P, ., where P;,. = / dEE®,,(E) is the power

flux incident from the sun.
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2.4 Hot-Carrier Junction

The detailed balance for energy and particles in a hot-carrier junction requires, in addition to
current balance [Eq. (1)], a balance for the power flux*

Pext,i = Pabs,i - Pradﬁi - Pth,iv €]

where P.,,; is the power flux extracted from the cell, P, ; is the absorbed power flux, P, ; is
the radiated power flux, and Py, ; is the thermalized power flux. The first two are obtained in the
same way as their respective currents [Egs. (2) and (3)]:

P = /dEA,-(E)Ex D, (E), ©)

2 E3
Pogi =5 / AEA;(E) ————— (10)

' h’c E—-Ay;

exp| %7 | — 1
The voltage is given (assuming isentropic extraction) as**
T T

qVi="7"Bpi+ [1 —7%] AEeqn (11)

where T/, is the lattice temperature and AE,,, ; is the difference between the extraction energy
for electrons and holes (note that we recover the conventional expression gV; = Ay; when
T; =T;). AE; relates the extracted power and current through

Pext,i = AEf:xl,i']ext,i- (12)

It is important to note that the extracted power is different from the output power P; since
some power is lost during carrier extraction. All parameters (including the extraction energy) can
be derived from two parameters, e.g., the QFLS and the carrier temperature. The maximum
power P, ; can be found by optimizing these two parameters. If the extraction energy is fixed,
then the parameter space becomes further constrained, potentially reducing the power output.

In an ideal hot carrier solar cell, the cooling of photogenerated carriers is completely inhibited
(Py,; = 0), allowing the system to reach efficiencies close to the thermodynamic limit.* In real
systems however, interactions with the lattice cannot be neglected, leading to some power being
lost by thermalization. From empirical and theoretical findings,”> we quantify the thickness-
dependent thermalized power through a volume thermalization coefficient ¢, (in W.cm™3.K™!)

Py =q,d(T;—T). (13)

This equation, along with Eq. (5), highlights the trade-off faced by hot-carrier devices, which
need to be optically thick while at the same time physically thin.” This naturally leads to con-
sidering light trapping for these devices.’*** We showed previously that within this detailed
balance framework, increased light trapping is equivalent to a reduction in the volume thermal-
ization coefficient, leading to the definition of an effective thermalization coefficient. %0
Therefore, here we do not introduce light trapping, but keep the volume thermalization coef-
ficient as a free parameter that accounts for both.

2.5 Simulation Parameters

We consider as a reference for the incident solar spectrum the ASTM G-173-03 AM1.5D spec-
trum, which is the standard for evaluating the performance of solar cells under concentration. Its
intensity is 90.0 mW.cm™2 for a direct one-sun illumination. We consider a concentration of
1000 suns, which is typical of currently deployed high-concentration PV systems. By default,
the temperature of the lattice is 300 K.
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Several parameters can be optimized in each type of device. The bandgaps E, and optical
thicknesses d can be adjusted for both junctions. We always consider optically thick (2 ym)
HCSC:s to ensure good light absorption. The bottom junction for HCMJSCs and MJSCs is also
considered thick (2 ym) for the same reason. For the top cell, it is always thick for MJSCs
(2 um), while its thickness is adjusted to ensure current matching in HCMJSCs. In hot-carrier
devices, there are two additional parameters: the thermalization coefficient g, and the extraction
energy AE.,.

3 Resilience to Nonoptimal Design

Using the model introduced in the previous section, we first estimate the maximal efficiency of
the structures under scrutiny and consider the impact of deviations from the optimal design.

We present in Fig. 1 the maximum efficiency of (a) an HCMJSC and (b) an HCSC as a
function of the bandgap of the top cell and the thermalization coefficient. For the HCMJSC,
the bandgap of the bottom cell is fixed to 0.93 eV, which we previously showed to be close
to optimal for all configurations.'® An ideal HCSC under 1000 sun AM1.5D illumination, may
reach an efficiency of 78.9 % when the bandgap is very small (below 480 meV*). In this ideal
case, the thermalization coefficient is assumed to be zero. However, as soon as a finite thermal-
ization rate is taken into account, the efficiency of the HCSC decreases significantly®®?’
[see Fig. 1(b)].

The optimal efficiency of the HCMJSC is smaller since the photons absorbed in the bottom
junction always lose their extra energy through thermalization. However, it is less impacted by
partial thermalization than HCSC and therefore can achieve higher efficiencies than HCSCs as
soon as we move away from ideal conditions [see Fig. 1(a)]. Qualitatively, the HCMJSC archi-
tecture provides an additional degree of freedom as compared with the standard HCSC design by
adjusting the thickness of the top absorber. A mediocre thermalization coefficient can be com-
pensated by thinning the top absorber, which allows for maintaining a significant hot carrier
effect. In an HCSC, this strategy would lead to a net decrease in the devices’ absorptivity, which
cannot be compensated. In an HCMIJSC, the bottom cell can convert part of the absorbed
photons, improving the trade-off.
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Fig. 1 Efficiency of a HC device as a function of the bandgap of the HC cell and the thermalization
coefficient gy, under 1000 sun illumination (AM1.5D spectrum). The absorption coefficients
are extrapolated from InP and InGaAs lattice-matched to InP. For the HCMJSC device (a), the
bottom cell has a bandgap of 0.93 eV (close to optimal for all configurations) and an optical
thickness of 2 yum. The optical thickness of the top cell is adjusted to ensure current matching
for each bandgap. The bottom left shaded region shows material parameters for which a standard
HCSC outperforms the HCMJSC. The top shaded region shows material parameters for which the
HCMJSC is not as good as the optimal MJSC (defined as E;,, = 1.59 eV and E g,y = 0.93 eV,
corresponding to 53.15% efficiency). Note that, if an MJSC and an HCMJSC were made with
the same subcells, the HCMJSC would always outperform the MJSC owing to the efficiency
boost of hot carriers. For the HCSC device (b), the optical thickness of the cell is considered
to be 2 um.
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As a result, for a simple HCSC to surpass an HCMJSC designed with similar materials, the
thermalization factor g, needs to be below 50 W.cm™3.K~! if the material has a well-suited
bandgap. For comparison, the thermalization coefficient in GaAs was measured to be
gy ~2.10° W.cm®.K~!. Although many groups have measured much slower thermalization
in other materials,”®>* a significant gap still needs to be bridged to enable high-efficiency
HCSCs. As such, the HCMIJSC architecture currently appears much more promising than
single-junction HCSCs.

For a tandem MJSC operating under standard conditions at 1000 sun concentration, the opti-
mal design corresponds to a thick (2 um) top cell with a 1.59 eV bandgap and an equally thick
bottom cell with a 0.93 eV bandgap, allowing an efficiency of 53.15%. Note that this bandgap
combination cannot be achieved with a homoepitaxial combination of III-V materials.**> Even
with a 4-terminal (4T) design, which reduces the constrain on current matching at the expense of
a more complicated implementation, the efficiency remains quite sensitive to the bandgap of
the top junction [Fig. 2(b)].

By contrast, the HCMJSC, with a thermalization coefficient ¢, = 10> W.cm™3.K~!, main-

tains high efficiency over a much broader range of materials, even with a two-terminals design
where current matching is required [Fig. 2(a)]. (While optimistic, this value of thermalization
coefficient is not far from what is currently achievable, as argued in Ref. 18.) In particular, an
HCMISC is much less sensitive to the bandgap of the top junction than its MJSC counterpart.
Here again, the HCMIJSC’s advantage comes from the extra degree of freedom in the top
absorber thickness. In an HCMIJSC, a low-bandgap top junction means a thinner junction
(to ensure current matching), which improves the HC effect.
For the optimal design (E;,, = 1.59 eV and Eq4om = 0.93 €V), the HCMJSC slightly
surpasses the MJSC efficiency (54.25%) owing to the hot carrier effect. But most importantly,
this novel design is still above 52% efficiency when considering a set of lattice-matched materi-
als such as InP (£, ,, = 1.34 €V) on GaAsInP (E, poom = 0.93 €V). By contrast, the efficiency
of a 4T MJSC falls below 50% with this configuration. The HCMIJSC can also be operated
efficiently in the double homo-junction configuration (E o, = E pottom)» @ configuration which
offers very limited benefits relative to the single-junction solar cell for a MJSC.

We summarize our results in Fig. 1(a). As compared with HCMJSCs, single-junction HCSCs
are beneficial only for very low thermalization coefficient and small bandgaps (bottom
left corner). Compared with an MJSC made with a similar materials, the HC effect in the
HCMISC provides an advantage in terms of efficiency. This allows HCMIJSC to display effi-
ciencies better than the best MJISC (top left corner) as soon as the thermalization reaches values
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Fig. 2 Efficiency of MJ devices as a function of the bandgap of the top and bottom junctions, under
1000 sun illumination (AM1.5D spectrum). The absorption coefficients are extrapolated from
InP and InGaAs lattice-matched to InP. The thickness of the bottom cell is 2 um. (a) HCMJSC
considering a thermalization coefficient g, = 10 W.cm=3.K~'. The thickness of the top junction
is adjusted for each configuration to ensure current matching (with a maximum of 2 um).
(b) Four-terminal connected MJSC. The thickness of the top junction is always considered to
be 2 ym.
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Fig. 3 Devices considered for the influence of nonideal operation conditions. (a) A HCSC with
a bandgap E4 = 0.74 eV corresponding to GalnAs. (b) A double homojunction HCMJSC
with Egpot = Egiop = 0.93 €V. (c) A HCMJSC with the same bottom cell but an InP top cell
(Egop = 1.34 eV). (d) The ideal (fictive) MJSC with E o, = 1.59 eV and Egj,, = 0.93 eV.

4 Resilience to Nonstandard Operation Conditions

We now turn to the evaluation of the resilience of the three technologies against operation con-
ditions, namely spectral variations and lattice temperature variations. To allow a straightforward
comparison between the different architectures under scrutiny, we consider four devices with the
same efficiency as the ideal MJSC under 1000 sun AM1.5D illumination (53.15%). They are
presented in Fig. 3: we consider an HCSC, two HCMJSCs, one in double-homojunction con-
figuration with a narrow top cell bandgap and the other with a wider top cell bandgap, and the
ideal MJSC. The thermalization coefficient is adjusted in all hot-carrier devices so their effi-
ciency matches that of the MJISC. All devices are considered in 2T configuration. The extraction
energy is fixed along with the other parameters so as to analyze the sensitivity of the devices
when operated away from the conditions for which they have been optimized. We verified that
the results obtained for the HCSC do not depend significantly on its bandgap.

4.1 Nonstandard lllumination

As a standard, nominal cells efficiencies are estimated under a reference illumination (ASTM
G-173-03 spectrum) at a reference temperature (300 K). However, real operation conditions will
differ from this reference, possibly leading to a degradation of the efficiency. In particular, as the
Sun follows its course, solar radiation will have to travel through larger atmospheric depth,
which modifies not only the illumination intensity but also its spectral distribution. To estimate
the sensitivity of the different structures to spectral variations, we thus focus on the impact of
the air mass (AM).

Starting from the atmospheric parameters of the ASTM G-173-03 standard, we computed
incident spectra as a function of the air mass using the SMARTS?2 software.** For each structure,
we calculated the efficiency and output power as a function of the air mass (Fig. 4). By design,
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Fig. 4 (a) Efficiency and (b) output power of the four different devices presented in Fig. 3 as a
function of the air mass.
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all efficiencies are equal at AM 1.5. However, the different technologies have different sensitivity
to spectral variations [Fig. 4(a)].

For the MJSC, the efficiency is maximal at AM 1.5, and any variation in the air mass
degrades the efficiency. The cell was indeed designed to be current matched for AM1.5D spec-
trum, and any departure from that point thus leads to current mismatch resulting in a degraded
efficiency.

For the HCSC, the efficiency decreases as the AM increases. Qualitatively, as the atmos-
pheric absorption coefficient is larger at shorter wavelength, a longer optical path reduces the
population of high-energy photons more than that of low-energy photons. As blue photons
contribute most to the hot carrier effect, this spectral shift is detrimental to HCSC. For similar
reasons, decreasing the AM actually increases the device’s efficiency.

HCMIJSCs combine both effects. For AM below 1.5, the two effects compensate as the cur-
rent mismatch is offset by the increased hot-carrier effect. For AM above 1.5, the two effects
cumulate and the efficiency decreases faster than that of a simple HCSC or MJSC. This sensi-
tivity is more limited for HCMJSCs with large top bandgaps, where the hot carriers’ contribution
is more limited.

The degradation of PCE with Air Mass should however be considered in regards to the actual
produced power. At AMS5 for instance, the solar radiation conveys only half as much power as
under AM1.5. The significant decrease of PCE of HCMIJSC designs as compared with the other
two structures thus leads only to a small power loss [see Fig. 4(b)].

We now look at the result of AM sensitivity on averaged yearly production. Using the PVLib
library,* we computed the yearly AM distributions for two locations often used in the literature:
Solar Village in Saudi Arabia (latitude 24.54, longitude 46.2) and Golden, Colorado, USA
(latitude 39.75, longitude —105.21) [Fig. 5(a)]. The profile of both distributions differs signifi-
cantly, as the sun is on average much closer to zenith in Solar Village than in Golden (the median
AMs are 1.66 and 2.10, respectively).

Following a similar analysis as Hirst et a we compute the yearly averaged efficiencies,
which corresponds to the nominal efficiency multiplied by the performance factor [see Fig. 5(b)].
As expected, all technologies operate at a lower average efficiency than their nominal values.
Furthermore, the average efficiency is higher for low latitudes than for high latitudes, because all
technologies are less efficient for AMs superior to 1.5. No matter the type of solar spectrum,
HCSCs are systematically less impacted by the spectral distribution, as observed by Hirst et al.'”
(although the difference we find between both technologies is much smaller). High-bandgap
HCMISCs are impacted in much the same way as MJSCs, while low-bandgap HCMJSCs are
the most sensitive. In addition, low-latitude illumination conditions comparatively favor hot-
carrier based technologies that operate best at low air masses. In all cases, the variations remain
small, and therefore all technologies can be considered viable for low and high latitudes.
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Fig.5 (a) Cumulative distribution of illumination hours as a function of AM (grouped in steps of 0.1)
over one year in two different locations: Solar Village and Golden. The dashed lines indicate the
median AM for each location. (b) Averaged efficiency of the four devices shown in Fig. 3 for both
locations, compared with their nominal efficiency.
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Fig. 6 Efficiency of the four devices shown in Fig. 3 as a function of the lattice temperature. We
only consider the explicit dependence on lattice temperature.

4.2 Nonstandard Temperature

Finally, we briefly consider the explicit impact of temperature. As a standard, nominal efficiency
are estimated at 25°C. Yet, systems in operating conditions reach much higher temperatures,
even exceeding 100°C under a 1000 sun illumination.® This temperature increase has both direct
and indirect impacts of devices’ efficiency.”!®” The detailed balance equations have indeed
explicit dependence on temperature, notably through the Generalized Planck Law [Eq. (3)] and
the thermalized power [Eq. (13)]. In addition, several parameter may vary with temperature, such
as bandgap and radiative efficiency. In this preliminary analysis, we only consider explicit tem-
perature dependence of the device presented in Fig. 3 to estimate their fundamental temperature
coefficient, as introduced in Ref. 9.

Results are presented in Fig. 6. We find relative degradations of —0.10%/K for the HCSC,
—0.080%/K and —0.076%/K for narrow-gap and wide-gap HCMIJSCs, respectively, and
—0.063%/K for MJSCs. These values are of the same order of magnitude as fundamental
temperature coefficients reported for single junctions.” We note that the HCSC shows (perhaps
surprisingly) a stronger temperature dependence than the other concepts. It appears indeed that,
while increasing the ambient temperature favors the hot carriers effect in Eq. (13), it reduces
the hot-to-ambient temperature ratio, which is detrimental to the cell’s voltage [Eq. (11)].
This sensitivity is reduced in the HCMIJSC architecture, the behavior of which is closer to that
of a standard MJSC.

5 Conclusions

The HCMIJSC architecture offers more degrees of freedom when designing the solar cell, making
it able to achieve efficiencies comparable to those of HCSCs and MJSCs with fewer constraints.
As a result, HCMJSCs are more resilient to nonoptimal design and internal nonidealities. They
offer a promising route to take advantage of the hot carrier effect even with materials showing
limited thermalization coefficients. However, once these degrees of freedom are optimized for
particular illumination conditions, the device is slightly more sensitive to spectral variations than
the other two technologies. It is nevertheless possible to design the cell so as to favor resilience,
for instance by selecting a larger bandgap for the top absorber. The system’s resilience to temper-
ature is more complex to assess, because of the many indirect consequences of a temperature
increase. The fundamental temperature coefficient of the HCMIJSC lies between that of MJSC
and HCSC. A more detailed analysis would be required to conclude on the robustness of these
cells in real operation conditions.
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