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Hot-carrier solar cells (HCSCs) are optoelectronic heat engines that could, in principle, achieve efficient
solar energy conversion with a high detailed-balance limit of 85% at full solar concentration. Approaching
this limit requires negligible carrier energy loss to the lattice and reversible carrier extraction via narrow,
highly conductive energy windows. Practical implementations of HCSCs with nonideal contacts such as
two-dimensional (2D) contacts and thermionic barriers have excess heat flows resulting in irreversible
extraction. We examine the electronic heat flows in such schemes to explain where power losses originate
and show that they determine carrier temperatures and device performance, providing insight into optimal
characteristics of an HCSC. A compromise between maximizing current extraction and minimizing the
associated heat flow determines the optimal extraction energy. This optimization for a thermionic barrier
contact shows that remarkably low carrier temperatures (~500 K) are required for optimal operation at
45% efficiency for a 1-eV-band-gap absorber under the particle conservation model, compared to ~1000
K at 60% efficiency for a black-body absorber under the impact ionization model, even in the absence
of carrier-phonon interactions. Furthermore, we quantify the irreversible component of the heat flow and
show that it is minimal for highly conductive 2D contacts that approach the Carnot limit. The results
suggest that heat flows in HCSCs can be probed by measuring carrier temperature trends by varying

applied bias and contact parameters, which may present clearer evidence of HCSC operation.
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I. INTRODUCTION

Hot-carrier solar cells (HCSCs) present an attractive
way of reaching high efficiencies in solar energy con-
version. Using a single absorber material and energy-
selective contacts (ESCs), 85% efficient conversion can
be achieved under full solar concentration [1,2]. This
is possible because the fundamental loss of the excess
kinetic energy of the photoexcited carriers to the lattice is
recovered [3]. However, that efficiency limit is based on
several idealizations. Firstly, the carriers in the absorber
are required to efficiently equilibrate among themselves to
form a thermal distribution, but carrier cooling via the lat-
tice should be slow such that the distribution is maintained
at a temperature higher than the lattice [4]. Secondly,
carrier extraction through ESCs must be reversible such
that the HCSC operates as an isentropic Carnot engine.
This is achieved when the energy range of extraction is
infinitesimal and contact conductivity simultaneously goes
to infinity to eliminate resistance losses.

The single-junction detailed-balance limit is calculated
by considering particle conservation of photons and charge
carriers. Particle conservation neglects processes such as
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Auger recombination (and its reverse process, impact ion-
ization), as these do not conserve particle number. Energy
conservation is not considered for conventional single-
junction devices since the excess kinetic energy of carriers
is lost to the lattice. On the other hand, since HCSCs utilize
the excess kinetic energy of carriers, energy conservation
also needs to be considered. Ross and Nozik [1] calcu-
lated the efficiency limit by considering both energy and
particle conservation (henceforth referred to as the “par-
ticle conservation model”). However, calculations using
this approach have been shown to result in mathematical
contradictions in short-circuit conditions [5]. Furthermore,
for low band gaps, Auger processes become significant,
making the particle conservation assumption invalid [5,6].
Assuming the rates of impact ionization and Auger recom-
bination dominate to the extent that no quasi-Fermi-level
separation (QFLS) can be maintained in the absorber, Wiir-
fel [2] calculates the efficiency limit for a black-body
absorber, arriving at the same efficiency limit as Ross
and Nozik [1] under full concentration. We refer to this
model as the “impact ionization model.” The efficiency
limits are obtained under the assumption of no energy loss
via phonons (no carrier cooling). The particle conserva-
tion and impact ionization models are limiting cases of
extremely inefficient and efficient impact-Auger processes,
respectively.

© 2023 American Physical Society
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No systems have been found to approach these ideal-
ized limits, but, while an efficient HCSC has not been
demonstrated, proofs of concept do exist [7—10]. Maintain-
ing sufficiently high carrier temperatures requires absorber
materials with appropriate electron-phonon and phonon-
phonon interactions, since the main excess energy-loss
channel for carriers is typically via phonons to the lat-
tice where it is dissipated as waste heat. Wide ranges of
materials and material systems are being explored that
may allow slow carrier cooling [11—17]. ESCs are usually
implemented via resonant tunneling structures using quan-
tum dots (QDs) or quantum wells [10,18] or thermionic
barrier structures [8,9,19]. Low-dimensional contacts such
as QDs are energy-selective but with a finite width of ener-
gies through which electrons can be transmitted [20,21].
The thermionic barrier, on the other hand, is a semi-infinite
filter, and it is momentum-selective rather than energy-
selective. It has been shown that momentum selectivity
allows fewer electrons to contribute to the current than
energy selectivity [20].

All practical devices will have losses additional to the
ideal thermodynamic limit. Theoretical explorations have
shown that a nonideal absorber with a finite electron-lattice
thermalization time results in lower carrier temperatures
and efficiencies [4,22,23]. Nonideal contacts result in irre-
versible carrier extraction, resulting in entropy production
and a reduced efficiency [24-26].

In this work we investigate the effects of these nonideal
contacts and how optimal contact configurations relate to
the heat flows associated with carrier extraction. First, we
introduce the thermodynamics of HCSCs in Sec. II, fol-
lowed by describing the detailed-balance model in Sec.
III. We explore the application of detailed balance for
the impact ionization and particle conservation models in
Secs. IV and V, respectively. We compare and contrast
these models and summarize our findings in Sec. VI.

II. THE HCSC AS A HEAT ENGINE

To understand the heat flows associated with HCSC
operation, we consider the HCSC as an electronic heat
engine, illustrated in Fig. 1. The hot side of the electronic
heat engine is the absorber at temperature 7. It is not
a reservoir since it is heated at a finite rate by the Sun,
modeled with a temperature 7Tsy,. Consequently, Ty will
depend on the operating conditions. The cold side of the
engine is the contact, which is assumed to be efficiently
coupled with a reservoir at T¢ that fixes its temperature.

For the heat engine, we consider energy balance,

P =QOn — O, (1)
where the power output P of the engine is the difference

between the incoming heat flow Oy from the hot reservoir
and the heat flow Q¢ dissipated to the cold reservoir. The

Sun

FIG. 1. An HCSC extracts power P from excess carrier kinetic
energy by operating as a heat engine between carriers at tem-
perature Ty in the absorber which are heated by the Sun (at
temperature Ts,,) and cold carriers at temperature 7T¢ in the
contact. The portion of the total heat flow from the absorber
(associated with electronic flow) Oy not converted to power is
dissipated as excess heat flow Q¢ to the contacts.

net entropy flux is

§=2 9 )
Te T

where Ty and T¢ are the electron temperatures in the hot
and cold reservoirs, respectively.

By the second law of thermodynamics, S > 0. In a
reversible (Carnot) engine, S = 0, minimizing the excess
heat flow QC that is lost to the cold reservoir for a given P.
The power is then given by

P = nCamotQHa (3)

where Ncamot = 1 — (T¢/Ty) is the Carnot efficiency.
Therefore, for an ideal HCSC with fully reversible ESCs,
for a given output power, we have the minimal dissipated
heat flow

. . P 1
= Oy = —P=P——nw— — 1},
Qe = Orev =1 <1 — (Tc/Tw) )
giving
O =P (1€ 4
rev — TH _ TC .

The heat flow in the nonideal case can therefore be sepa-
rated into the thermodynamically required reversible com-
ponent (Qrev) and the excess nonideal loss (Qirrev), ie.,
Qc = Qrev + Qimv. Therefore, we can calculate the excess

QlAIIeV = Q P T ¢ T N (f)

Because Qiney leads to entropy production in the electronic
heat engine, it can be related to the change in entropy using
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Egs. (1), (2), and (5), giving

e = § (2 — 6
Oirrev = (T—C—T—H> (6)

Therefore, Qirrev is a measure of the irreversibility of the
heat engine.

In addition to operating as a heat engine, an HCSC can
harness energy via Apu, the QFLS in the absorber [26]. In
the case of ideal energy-selective contacts, the voltage V'is
given by [27]

1 Tc
V= —\ncamotbc + Apt—), @)
q Ty

where E, is the contact energy. Equation (3) therefore no
longer holds; instead, we have

A,LL TC .
P= m —_— . 8
(nCa ot + Ec TH) QH ( )

When assessing HCSCs with nonideal contacts, the heat
flow is not associated with a single energy E.. To eval-
vate QOirey, We replace £, with the average energy of the
transmitted carriers Eyye. Then Qiprey is given by

. . 1
Qirrev = QC -P AM Te -1]. (9)
NcCarnot + e

Eavg TH
Note that setting A = 0 gives the same expression as Eq.
4. ,
We use Qirey as a measure of the irreversibility of an
HCSC contact, and show its role in contact optimization.

II1. DETAILED BALANCE

We employ a detailed-balance model to evaluate the
steady-state operating characteristics of HCSCs with non-
ideal contacts. The absorbed radiation is partially con-
verted to electrical power, while the remainder is lost as
radiation or as excess heat flow via carrier extraction.
Assuming that the contact area is equal to the area of the
illuminated absorber, the energy balance can be written as

0= GSun + Gamb - Rrad - EJ,out + EJ,ina (10)

where Gsy, and G,y represent the power of the absorbed
radiation from the Sun and the ambient, respectively, R;,q
is the power of the radiation emitted by the hot-carrier
absorber, and E J.out and E 7.in are the energy flows asso-
ciated with the current across the contacts. Some of the
energy that flows into the contacts is converted to electri-
cal power, given by Pgec = IV, where I = Iy — Iiy 1s the

net current and V is the voltage across the device, with the
rest dissipated as heat.

In the impact ionization model for HCSCs, only energy
balance is considered. For the particle conservation model,
we additionally have

J. Ji
O:¢Sun+¢amb_¢rad_%ut+;~ (11)

Here ¢sun, ¢amp, and ¢r.q are the absorbed and emitted
photon fluxes associated with the Sun, the ambient, and
radiative recombination in the absorber, respectively. The
last two terms in Eq. (11) signify the carrier fluxes across
the contacts.

We explore both of these models under nonideal con-
tacting schemes, and study and compare their characteris-
tics. The models are for an idealized absorber, hence the
effects of electron-phonon interactions and defect- and/or
trap-assisted recombination are not considered.

IV. IMPACT IONIZATION MODEL

Since the impact ionization model is not applicable for
large band gaps, we consider a zero-band-gap black-body
absorber for simplicity, which in practice could corre-
spond to a metallic absorber [9]. The energy flux density
absorbed from the Sun is then given by

Gsun =/ 0 Tgus (12)

with f* the concentration factor (f = 1 for full concentra-
tion and f = 1/46 200 for 1 Sun), o the Stefan-Boltzmann
constant, and Ts,, the temperature of the Sun, assumed to
be 5800 K. For f* < 1, the cell also receives radiation from
the ambient (at temperature 7¢ = 300 K), given by

Gamp = (1 —f)O'Té. (13)
The radiation emitted by the black-body absorber is
Rd =0Ty, (14)

where Ty is the temperature of the electrons in the
absorber. This assumes that the steady-state carrier popula-
tion is in quasiequilibrium and can hence be characterized
by a temperature.

Current extraction and the associated energy flow
depend on the contact configuration. The absorber-contact
interface determines the contact conductivity and the trans-
mission function £ (£). The transmission function selects a
subset of electronic states that are capable of transmitting
carriers through the contacts. We now consider these trans-
mission functions and calculate the energy flows for QDs
and thermionic barrier contacts, on the basis of which we
then optimize the contact configurations.
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A. Quantum dots

Quantum dots can be used for energy-selective car-
rier extraction by fabrication of double-barrier resonant
tunneling structures [18]. Carrier extraction through such
contacts depends on the energy £ of the carriers, and is
typically modeled with a Gaussian transmission function
EGaussian (£) centered around Fey, with width Wy, given by
2
(£ Eext) ) . (15)

2W:

ext

SGaussian () = eXp <_

Fundamentally, the electron energy transmission width
is related to the lifetime of the state by the uncertainty
relation, which in turn depends on parameters such as
the thickness of the barrier layers [28]. However, Wey
is largely determined by broadening of energy levels of
QDs associated with QD size inhomogeneities, and is of
order 10 meV in practical QD systems [29,30]. Under
the Landauer formalism, the current density through such
low-dimensional contacts is given by [21]

2Ng [
/= 7[) U (E) — fc(E))sGaussian (E) dE, (16)

where N is the QD density, and f- and f; are the contact
and absorber electron occupancies (under the Boltzmann
approximation), respectively.

However, this does not consider an energy-dependent
density of states and an effective mass at the interface. An
alternative formalism that includes those factors is [20]

47T gMesr
J = B

/0 E[fH(E) _fC(E)]SGaussian(E) dE. (17)

For narrow windows, the two approaches yield similar
results. In this case, an equivalence can be made between
N and mg. Equating the coefficients gives

_ 27TEextmeff

N=""2 (18)

We study two-dimensional contacts using Eq. (16), and use
Eq. (18) to deduce the corresponding effective mass in a
three-dimensional system.

B. Thermionic barrier

For a semi-infinite thermionic barrier, we consider a step
transmission function, given by

0 if E, < Eex,

19
1 lf EZ Z Eext: ( )

Sstep (E) =

where E, = I*k?/(2meg) is the component of the kinetic
energy of the carriers with momentum k£, towards the

contact, showing that the thermionic barrier is momentum-
selective rather than energy-selective.

Making the Boltzmann approximation for the electron
occupation functions, assuming a parabolic density of
states, and a step transmission function, the Richardson-
Dushman equation for the current can be derived [24], with
the associated energy flux density given by

. E
EJ,out =2 exXp <_ k;Xt> 2
H

where E.y is the extraction energy and m.g is the effective
mass. The factor of 2 is to account for both the elec-
tron and hole contacts under the simplifying assumption
of electron-hole symmetry. The mass meg is an interface
property, but it generally can be assumed to be the lower
of the absorber and contact effective masses [31]. Typ-
ical Richardson constants in heterostructures correspond
to effective masses of 0.00005-0.5 [32-36]. To consider
an upper limit, we set meg = 1 for the thermionic barrier
simulations.

The backflow of cold carriers from the contact addition-
ally depends on the Fermi level at the contact. Relative to
the midpoint of the electron and hole bands (as per the con-
vention shown in Fig. 2), the Fermi level at the contact is
equal to gVe = qV/2 , giving

Eexy — CIVc>
—————— | 2amey

kTc
ksTe\® [ Eex
x ( 5 C) o+ 4. 1)
h LksTe

The potential difference between the contacts, and thus the
voltage across the device, is V' = 2V¢.

Ej,in = 2exp (—

C. Results

Employing the impact ionization model, we have opti-
mized QD contacts with a Gaussian transmission window
[Eq. (16)] in an HCSC with a thermalization-free absorber.
The conductivity, determined by the contact density N,
and the width of the Gaussian window W, determine
how closely the device approaches a Carnot engine [37].
For efficient extraction, the density of conduction channels
would ideally be high and comparable to that of a degen-
erate semiconductor or a metal, which is 108 cm™2 > N >
10'? cm~2, and from Eq. (18) it is equivalent to 102, >
e > 107%m,. The window width W, and height E.y
that give maximal efficiency depend on V.

By optimization of W,, and E. for various N, it
is observed that the higher conductivity achieved by a
larger N allows for narrower window widths, as shown
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FIG. 2. [Tllustration of the detailed-balance HCSC model with
thermionic barrier contacts, and its associated flows, assuming
symmetric parabolic dispersion for electrons and holes. Gener-
ation from the Sun Ggy, (and the ambient G,mp) leads to hot
electrons (red) and hot holes (orange), which recombine and radi-
ate at temperature 7. The carriers flow in (Jip) and out (Joy)
of the absorber over barriers of height E.y. The contacts are at
ambient temperature 7, with cold electrons (blue). The left side
shows the hot and cold electron distribution functions. The prop-
erties of these distributions determine the operating point of the
device.

in Fig. 3(a). This is because a high current can be main-
tained while minimizing excess heat flow. This results in a
decreased irreversible fraction of the extraction heat flow
Firey = Qmev /Gsun, giving high efficiencies, as shown in
Fig. 3(b). Beyond contact densities of 10° cm™2 (cor-
responding to windows with width of order 1072 eV
and below), the efficiencies asymptotically approach the
Carnot limit. The Qiney value obtained using the power
output and the temperatures of the system [Eq. (5)] is
therefore a measure of the nonideality of an HCSC con-
tact. Note that attaining high efficiencies and approaching
reversible extraction requires a simultaneous increase in N
and decrease in Wey;.

In practice, devices such as QD-based infrared pho-
todetectors have been fabricated with high dot densities,
on the order of 10! to 10'' cm~2 [38-41]. However,
achieving a high percentage of electronically active QDs
may be a challenge [42]. Fabrication challenges with low-
dimensional contacts may mean that thermionic barrier
devices are an easier route for HCSC demonstrations.

We now study the optimization of the thermionic barrier
height, for which it is instructive to resolve the constituent
energy flows at the maximum power point (MPP). Figure
4 shows energy flows and carrier temperatures for vary-
ing barrier heights under 1000 Suns illumination. In the
absence of carrier-phonon interaction, the only channels

107! 5
S 1@
o il
8 1072 5
°
5
=
10_3 E T T b | T T
1(b
> 0.6 () - 1071
c ] >
Q g
] 1 =
£ 0.4 1 -
w 1 - 1072
108 10° 10%0 10 10%2
N (cm~2)
FIG. 3. TImpact of contact conductivity on an HCSC with

Gaussian window contacts under the impact ionization model
operating under 1000 Suns. For a given N, the extraction energy
E. and width W,y of the contact were numerically optimized to
maximize the efficiency. Shown are the optimal window width
Wextopt (a), and the resulting efficiency [(b), black], as a func-
tion of contact density. The efficiency saturates as the contact
approaches an ideal ESC, corresponding to a smaller irreversible
fraction Fiyey [(b), red] of the extraction heat loss.

of energy loss are via carrier extraction and radiative
recombination. The excess heat flow to the contacts result-
ing from carrier extraction is divided into its reversible
and irreversible components using Eq. (5). Higher barrier
heights result in minimal carrier extraction and hence a
small excess heat flow to the contacts. While the contact
is more reversible with a low Qjyey, the decreased current
reduces the output power. While the electron temperature
is high, most of the energy is lost via radiation. Lower bar-
rier heights result in high electrical current, corresponding
to a high heat flow to the contacts. This reduces the tem-
perature of the electrons in the absorber. While the current
drawn is large, the voltage drops and results in a low effi-
ciency. Thus an optimal barrier of 1.6 eV results from a
compromise between these effects, as also shown in Fig. 4
for 1000x solar concentration. In the case of the ideal
ESC, this compromise does not exist because changing the
extraction energy leaves the product between current and
voltage, and hence the electrical power, unchanged [27].
The dissipated heat flow is fixed to the minimal flow Qrev
required from the second law for the given ratio of contact
and absorber temperatures.

The temperature-voltage characteristics with the optimal
barrier height are shown in Fig. 5. There is no significant
change in temperature until the voltage is large enough
to drive a significant back-current from the contacts into
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FIG. 4. (a) Breakdown of energy flows and (b) corresponding
temperatures as a fraction of incident radiation (1000 Suns) in
a thermionic barrier HCSC using the impact ionization model.
The flows are shown for various barrier heights, showing how an
optimal barrier results from a compromise between the conduc-
tion and radiation loss mechanisms. Note that the x axis is barrier
height, not band gap as is common for single-threshold devices.

the absorber. At the open-circuit voltage (V,.), this bias-
induced back-current equals the outgoing current and no
net electrical current flows. As this point is approached, the
carrier temperature increases and an increasing proportion
of the carrier energy is lost via radiation.

V. PARTICLE CONSERVATION MODEL

Semiconductor HCSCs can draw power from both the
temperature differential and the electrochemical poten-
tial difference in the absorber manifested as a QFLS Apu
between conduction and valence bands. To introduce a
QFLS, we additionally impose particle conservation as
shown in Eq. (11).

A band gap E, requires consideration of only a portion
of the spectrum for generation and recombination. For a
semiconductor with band gap E,, by making the Boltz-
mann approximation for the spectral flux density of the
radiation, the following general functional form for the
energy flow is obtained:

. 2f E, — An
E(T,A,LL,Eg,f)Z f (_g—

2 ks T
+ 6EghksT” + 3E ksT+ Ej).  (22)

) kg T(6kgT?

1400 5
i (a)
1350 1
% ]
= 1300 Eext = 1.6 €V
= ]
1250 A
1200 A
T T L T T
1 (b)
107 E
S
< 10° 5
g E .
g 105 ] ?J,out
1 — Eun
104 LLENLEELE B B L BN R BRI R
00 05 10 15 20 25
Voltage (V)
FIG. 5. Temperature-voltage characteristics of a thermionic

barrier HCSC under the impact ionization model, operating
under 1000 Suns with barrier height set to 1.6 eV. The carrier
temperature is largely unchanged until the bias across the con-
tacts is large enough to induce a significant back-current into the
absorber, as shown in panel (b).

Particle conservation also requires consideration of the
photon flux density, the general form of which is

e
cih3

+ 2EgksT + E). (23)

2 E,— A
(T, A, Eguf ) = L exp (—gk—T“) ks T2k T2
B

The energy flux density absorbed from the Sun is then
given by

GSun = E(TSuna Oa EgafSun)a (24)
and the absorbed photon flux density by
d)Sun = ¢(TS111’13 0, EgsfSun)- (25)

Similarly, the absorbed power and flux densities from the
ambient are given by

Gamp = E(TO, 0, Eg, 1 _fSun) (26)
and
¢amb = ¢(T0’ 07 Ega 1 _fSun)- (27)

The emitted radiation power density by the electrons in the
absorber is given by

Rrad = E(THn A/vLaEga 1) (28)
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and the photon flux density by

¢rad = ¢(TH7 Alu’aEg! 1) (29)
Current extraction at a given contact under the particle con-

servation model additionally depends on the quasi-Fermi
level, w = Au/2. For a thermionic barrier, this gives

. kBTH)3 Eext + %Eg — W
E =4mm ff (— eX -_
J ,out e h p kTH

Eo + 3E
x [ 52 14, (30)
EkBTH
dgrkime T Eexi+ 3Eg — 1t
Jout = —2- =1 ———2°% 7, @l
out 3 exp KT (€29
: ksTe\? Eext + 3E; — qVe
EJ,in = 47Tmeff( Bh ) exp <— c ;ch
C
Eo + LE
sksTc
and

4qﬂk§meﬁ‘Té Eext + %Eg - qVC
Jp= ———— - . (33
h3 €Xp kTC ( )

Because of convergence issues in the numerical simula-
tions, we do not consider low-dimensional contacts under
the particle conservation model.

A. Results

We choose a band gap of 1 eV, as it is similar to the
band gap of candidate HCSC absorber materials such as
perovskites [43] and some III-V alloys [7]. While lower
band gaps may result in a more efficient HCSC, the particle
conservation model may not be valid, as Auger recombina-
tion becomes significant in low-band-gap semiconductors
[5,6]. The goal of this study is to demonstrate the utiliza-
tion of a QFLS in a thermionic barrier HCSC, which under
the asymptotic limit of particle conservation does not
directly correspond to a specific material system. Nonethe-
less, it is expected that the role of the QFLS is more
important for high-band-gap absorbers.

Figure 6 shows the energy flows at the MPP for various
barrier heights, where Eq. (9) was used to split the excess
heat flow to the contact into its constituent reversible and
irreversible components. Compared to the impact ioniza-
tion model (Fig. 4), the cell efficiency is not as strongly
affected by barrier height. For low barrier heights, the cell
efficiency does not approach zero, as the high QFLS still
provides power as in a conventional photovoltaic cell. For

1.0

(a) s Power
Reversible
Irreversible

B Radiation

Below £,

0.8+

SJ limit (E, = 1eV)

Fraction of incident solar radiation

0.85
1200 (b)
0.80
< 1000
0.75%
~ C
800 0703
600 - 0.65
400 0.60

04 06 08 10 12 14

Eext (eV)
FIG. 6. (a) Breakdown of energy flows as a function of bar-
rier height in a thermionic barrier HCSC under the particle
conservation model, operating at MPP under 1000 Suns. The
band gap is set to 1 eV, resulting in a constant below-band-gap
transmission loss across all barrier heights. The dependence of
the efficiency on the barrier height is not as significant as in
the impact ionization model. The dashed line shows the single-
junction efficiency for the same band gap and concentration. The
HCSC surpasses this limit only for barriers below ~1.2 eV. (b)
A QFLS allows for high voltages with low barriers and tem-
peratures, and suppression of radiative recombination for high
barriers and temperatures.

high barriers, even though the temperature is high, the light
emission does not increase dramatically due to a lower
QFLS, resulting in more energy being available for con-
duction than is the case in the impact ionization model. The
resulting advantage is also clearly seen as a mostly con-
stant, low irreversibility of the contact regardless of Eey.
The optimal operation for a 1-eV-band-gap absorber using
particle conservation occurs at a significantly lower bar-
rier height. It is less than 0.5 eV, compared to 1.6 eV for
the impact ionization case. At this point the efficiency is
boosted by the presence of the elevated carrier temperature
but only slightly beyond the single-junction limit for the
same band gap, as shown by the dashed line in Fig. 6(a).
Note that the maximum possible efficiency for a single-
junction cell is achieved with a band gap of 1.16 eV, giving
~1% absolute higher efficiency than with £, =1 eV.
Remarkably, the optimal barrier height corresponds to tem-
peratures less than 200 K above the ambient, significantly
lower compared to the temperature elevation of ~1000 K
in the impact ionization model shown in Fig. 4. While high
carrier temperatures and voltages are considered hallmarks
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FIG. 7. Temperature-voltage characteristics of a thermionic

barrier HCSC under the particle conservation model, operating
under 1000 Suns with barrier height set to 0.35 eV. Similar to the
impact ionization model, the temperature and QFLS are largely
unchanged for small applied biases. However, a reduction in tem-
perature is seen at high biases, in contrast to the trend in Fig. 5,
compensated by an increase in the QFLS.

of HCSCs, they may not necessarily correspond to efficient
operation, as highlighted by this result, obtained while
neglecting electron cooling due to interactions with the
lattice.

The temperature-voltage characteristics at the optimal
barrier height are shown in Fig. 7. For high biases, the
net current approaches zero and the emitted photon flux
is high. This stems from a growing QFLS, but must be
accompanied by a reduction in temperature to also sat-
isfy energy conservation. This reduction in temperature is
in contrast to the trend observed in the impact ionization
model (Fig. 5).

VI. DISCUSSION

Any photovoltaic cell operates by creating a potential
difference between the electron and hole contacts, such
that power can be extracted from photogenerated current.
In a conventional single-junction cell, this is achieved via
a QFLS in the absorber which is in (quasi)equilibrium
with the contacts. This QFLS is determined by the bal-
ance between generation and recombination. The highest
achievable QFLS (and hence V) is determined by the
band gap.

In an HCSC (under the impact ionization model), the
potential difference between the contacts is generated via a

temperature gradient between the absorber and contacts,
which results from photon absorption by carriers in the
absorber. By partially limiting carrier extraction via an
energy-selective barrier, the elevated temperature can be
maintained and converted to an electrochemical potential
difference across the contacts.

An HCSC with a band gap can also additionally harness
energy via a QFLS in the absorber (as shown in the particle
conservation model results). The results in Fig. 6 show that
the availability of this free energy can significantly lower
the temperature required for optimal operation. Impor-
tantly, the thermal contribution to energy generation means
that the V. limit of an HCSC is determined not by the band
gap, but rather by the extraction energy.

The band gap and extraction energy therefore play anal-
ogous roles in single-junction and hot-carrier solar cells
respectively: they determine the extent of loss mechanisms
that significantly affect device operations and efficiency.
In this work we have studied the tradeoff between energy
flows that results in an optimal extraction energy for
HCSCs, which we now compare to the equivalent com-
promise single-junction cells. For this comparison, we
consider a zero-band-gap HCSC absorber (impact ioniza-
tion model) with no phonon coupling and with nonideal
contacts.

In a single-junction cell, a high-band-gap absorber can
achieve a high V., but the short-circuit current density J.
is low since only a small portion of the incoming pho-
tons are absorbed. Analogously, the highest achievable V,
by an HCSC is determined by the extraction energy Eex.
However, a high Ecy (unlike a high E,) does not prevent
absorption of photons; but it does limit current extrac-
tion, resulting in a large proportion of carriers losing the
absorbed energy via radiative recombination.

A low band gap in a conventional cell results in a lower
Voc because the excess kinetic energy of the carriers is
not exploited and is lost via phonons. In an ideal HCSC
absorber, the excess kinetic energy is not lost to the lattice;
however, low extraction energies result in a higher propor-
tion of carriers losing excess energy as heat to the contacts.
Since the current extracted and the excess heat dissipated
to the contacts are inextricably linked to each other, the
current-voltage compromise (similar to the one that exists
in a single-junction cell) places a limit on heat flow min-
imization. The analogy described above is summarized in
Table 1. Note that considering an HCSC absorber with a
band gap introduces transparency losses, and low band
gaps are advantageous since the excess kinetic energy of
the carriers can be utilized.

For the excess heat flow to be minimal regardless of
the extraction energy (and the corresponding current and
voltage), the extraction should be via an infinitesimally
narrow window to minimally disturb the absorber carrier
population. However, to extract a finite current from an
infinitesimally narrow window, the contact conductivity
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TABLE I. Comparison of loss mechanisms in single-junction
(SJ) and hot-carrier solar cell (HCSC) devices.
Device
type Condition Effect Loss channel
SJ High E, High V. Transparency to
photons
Low Jg
Low E, High J. Thermalization
with lattice
Low V.
HCSC High Eex; High V. Radiative
High 7y emission
Low Jg
Low Eext High J;, Excess heat flow
to contacts
Low V,.
Low T, H

needs to be infinite. This is the ideal ESC limit—in which
the efficiency is independent of the extraction energy.
This limit can asymptotically be approached by nonideal
contacts as shown in Fig. 3.

Measuring carrier temperatures while varying parame-
ters such as the extraction energy and applied electrical
bias can therefore be a way of experimentally probing the
loss mechanisms discussed above, reflecting the ideality
of the contacts. Measurement of these relative tempera-
ture trends in devices could be a more straightforward and
unambiguous way of proving HCSC operation, as reliably
extracting absolute carrier temperatures from spectroscopy
techniques such as photoluminescence can be challeng-
ing [44]. Since large barriers to carrier movement and/or
extraction result in high carrier temperatures, high temper-
atures in spectroscopy of uncontacted materials could be a
sign of inefficient carrier transport, suggesting the need for
spatially resolved measurements for fully understanding
absorber properties [45].

While this work does not consider the effect of carrier
cooling, which may result from electron-phonon interac-
tions, it has been shown that, under the impact ionization
model, heat exchange with the lattice has a severe impact
on HCSC efficiency and barrier optimization [24]. The
optimal barrier height is lower for cooler carrier distri-
butions, and the efficiency is completely diminished if
carriers are cooled to the ambient temperature. On the
other hand, due to lower operating temperatures in the par-
ticle conservation model, the power loss to the lattice is
expected to be lower. Even when carriers have completely
cooled to the ambient temperature, the efficiency does not
go to zero due to the QFLS. This suggests that semiconduc-
tor HCSC absorbers with low impact-Auger rates may be
more robust against energy losses associated with carrier
cooling.

In conclusion, we have demonstrated the importance of
heat flows in hot-carrier solar cells and how they determine
optimal contact parameters. We have shown the charac-
teristics of an HCSC with a thermionic barrier contact
using both the impact ionization and particle conserva-
tion models. By defining a measure of the irreversibility
of the carrier extraction, we have shown how highly con-
ductive QDs with Gaussian transmission functions would
minimize the irreversible component of the heat flow and
enable high efficiencies.
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