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Based on a quantum modeling of the electronic transport, this work shows that ultra-thin solar cells can
exhibit an improved open-circuit voltage V., without current reduction. This improvement is obtained
when an energy-selective contact is considered between the absorber and the reservoir, and is
attributed to a hot-carrier effect. While extraction with a non-selective contact does not generate hot-
carriers, the use of energy-selective contact induces an increase of carrier temperature up to 130 Kand a
corresponding V,,. enhancement of 41 meV, considering an InGaAs absorber. This enhancement agrees
with a simple and general expression formulated in the quantum thermal machine field. Concerning the
current, we show that current through an energy-selective contact is of the same order of magnitude as
the one obtained without selectivity. This remarkable behavior, which is explained by the hybridation of
states in the absorber with the state of the contact, requires a quantum confinement and thus an ultra-
thin absorber.



I INTRODUCTION

The hot-carrier solar cell (HCSC) is an elegant concept! allowing, in theory, to exceed the limit of
Shockley-Queisser (5SQ)2. The idea, as shown in Fig. 1, is that the carriers remain hot in the absorber
where they have been photo-generated by a hot source (the sun). Extracting these carriers through
energy-selective contacts (for instance at given energies E;, and E,, for electrons and holes respectively)
we can theoretically recover this excess of thermal energy in the form of voltage in the reservoirs. The
open-circuit voltage can be formally obtained by a simple expression by assuming two different local
thermal equilibriums for the reservoirs and the absorber, and sharp energy filters between these
equilibriums. To do so, we consider the entropy balance? of the transfer of an electron at energy E,, from
the absorber (with a Fermi level pu,, and a temperature T,) to the n-reservoir (with a Fermi level p,, and
at lattice temperature T;)
Ep— Ep—

AS = ——"T:‘"a + ”T—L“" (1)
The perfect energy selectivity enables an isentropic transfer with AS= 0. In this case Eq.(1) shows that
both electronic distributions in the absorber and in the n-reservoir must have the same value at the
transfer energy E,,.> Doing the same analysis for holes at the transfer energy Ep, and summing the two
expressions, we finally get®*

T T
Voc = (1 - T_:) Eexe + AuaT_:: (2)

with V¢ = Wy, — 1, the open-circuit voltage, Egye = Ey, — Ep and A, = Wypq — Hpg- This expression was
derived in the context of quantum thermal machine® and extrapolated to the solar cell field“*®. This
equation shows that if T, = T, (no hot-carriers), we obtain V. = Ap, = Ay, i.e. the Fermi level splitting
when the carriers in the absorber are at the lattice temperature. In this case, which corresponds to a
conventional solar cell, V. is directly related to the rate of the radiative generation and recombination in
the absorber and therefore, to its energy bandgap E,, leading to the SQ limit. On the other hand, if T, >
T, and if electrons and holes are close to equilibrium (for example due to impact ionization)’, we then
have Ay, = 0 and consequently V,. = E,,;. It is then possible to consider a material for the absorber
with a small Eg, to have an significant short circuit current, while considering a contact offering a large
Eext, to have a large V.. We are therefore freed from the trade-off on E at the origin of the SQ limit.
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Figure 1. Schematic representation of a hot-carrier solar cell. In the absorber the electron- and hole-distributions are defined by
the Fermi levels pyq and p,, and by the temperature T,. In both reservoirs the temperature is given by the lattice temperature
T,. The electron-distribution in n-reservoir is defined by u, while the hole-distribution in p-reservoir is defined by w,. Carriers can
transit from the absorber into the reservoirs through contacts at energies E,, and E,, for electrons and holes, respectively.



In practice, the main difficulty in the development of such solar cells is to obtain a hot-carrier effect,
generating a V. improvement, without degrading the extraction of carriers to preserve the current.
Indeed, in isolated system (without contact), hot-carrier distributions have been observed under light
illumination in steady-states.®% In such systems the carriers are generated at an average energy Egen =
kgTyen strongly larger than kgT;. The carriers cool down in a two-step process: i) they lose energy by
optical-phonon emission, and ii) each optical-phonon splits into two acoustic phonons. Assuming a
reservoir of acoustic-phonons at the lattice temperature T}, generated carriers thermalize at an energy
T, located between Ty, and Ty If the cooling rate is larger than the generation rate, T; is close to T},
while if the generation rate is larger than the cooling rate, T, is close to Ty, ."* The goal is thus to
increase the generation rate with a large power illumination, and to reduce the cooling rate. In case
where the cooling is limited by the optical-acoustic rate, hot-carriers emit optical phonons which are
preferentially reabsorbed by the carriers rather than split into two acoustic phonons. This behavior
seems to be at the origin of hot-carrier in bulk!®!! but could also explains observations made in quantum
wells.’2 Moreover, in quantum well, due to more restrictive selection rules, the carrier-optical phonon
rate can also be reduced. In all cases, these strategies to reduce the cooling rate are called the phonon
bottleneck.

In opposition to an isolated system, we can consider a system in which the absorber is perfectly
connected to a reservoir. This means that electronic states of the absorber are totally delocalized in the
reservoir and vice versa. A priori, the most favorable case is when a generated hot-carrier can ballistically
reach the reservoir, before experiencing an optical phonon emission. However, once in the reservoir,
such an electron cools down. Moreover, at I/, the ballistic carrier is replaced by a cold carrier coming
from the reservoir. Hence, the electronic distribution in the absorber is almost equal to that of the
reservoir and hot-carrier effect cannot be observed.

A practical HCSC has to maintain the carriers hot by isolating the absorber from the cold reservoir, and
on the other hand, it has to enable an efficient extraction of carriers. Those two requirements might be
seen as contradictory, but quantum mechanism can break this paradox. As we have already shown,® if
the absorber is a quantum well, one of the confined states hybridizes with the resonant state in the
energy-selective contact. It results an efficient extraction of the photo-generated carriers than can be
assisted by phonon scattering. This hybridation is equivalent to delocalize the absorber states into the
reservoir, but only at a chosen energy-window. For the other energies, and particularly when the
electronic distribution in the reservoir is larger than that in the absorber (close to the band edge), the
isolation has to be severely preserved.

In this theoretical article, we confirm that the use of an ultra-thin absorber enables to implement the hot
electron strategy. In such a structure, considering an electron selective contact, consisting of a double
barrier and a quantum dot (QD) or a quantum well (QW), our numerical calculations show that V. varies
with the extraction energy E,,. Since such variations of I/, are consistent with equation (2), they are
attributed to the hot-carrier behavior. Moreover, we confirm that the absorption current is preserved by
the energy-selective contact. Advances in the fabrication of ultra-thin solar cells, based both on the
control of contacts and on the photonic environment, could therefore result in HCSC developpment.*



Il. METHODOLOGY

To carry out this study, we model ultra-thin cells with the non-equilibrium Green's functions (NEGF)
formalism in a self-consistent framework with the Poisson equation. This physical model, which includes
the effects of interactions in a picture of quantum transport, is widely used in the field of semiconductor
quantum devices.’> It indeed enables to accurately consider behaviors such as quantum confinement,
tunneling, electron-phonon and electron-photon scatterings and to model the effects of the semi-infinite
reservoirs.

Here, we consider a multi-unidimensional model,*> meaning that we consider a unidimensional potential

along the transport direction, and an invariant potential in transverse plane. In this plane, the dispersions
of electron and hole are reproduced by a discretization of the transverse wave-vector k;. For these
dispersions we assume the effective mass approximation, excepted in QD, where no dispersion is
considered. This approximation is also assumed in the transport direction. At the boundaries of the
devices, in the transport direction, we assume semi-infinite reservoirs meaning that the potential in the
reservoir is invariant on semi-infinite length.

Concerning scatterings, for this study, we consider electron-photon, electron-optical phonon and
electron-acoustic phonon scatterings. For scattering with photons, in order to assume conditions close to
the experimental ones,*® we consider that the cells are illuminated by a 954 nm laser with a power of 1
kW.cm™. On the other hand, the cells can emit photons at any energy, such an emission being due to the
interband radiative recombination. Note that we assume the radiative approximation, i.e. non-radiative
recombinations are neglected.

For scattering with phonons, we consider that both optical and acoustic phonons remain at T; =300 K.
Indeed, we only calculate the Green functions of the electrons while phonons are considered at
thermodynamical equilibrium. We are aware that this approximation is a limitation of our model. But,
this limitation reduces the observed hot-carrier effect. Thus, our model cannot overestimate the
conclusions of the present work.

Another substantial approximation is that we do not consider the electron-electron interaction in the
active region. This scattering does not diffuse energy and therefore does not participate to the cooling.
But it favors the transition from an out-of-equilibrium distribution to a Fermi distribution. This
approximation explains why the distribution obtained in the present work are not well described by a
Fermi function. Note that this interaction is intrinsically taken into account in the reservoir in which
Fermi distributions at room temperature are imposed.

Finally, our model allows us to calculate the electronic density and the electronic density-of-states, both
versus position and energy. This enables us to extract the corresponding electronic distribution. We can
also calculate the absorption and recombination currents as functions of the voltage applied between
the two reservoirs, allowing to obtain V.

I1l. RESULTS

Figure 2 represents the band diagrams and the current spectra obtained for three different contacts at a
voltage of 0.7 V (n,=0 eV and u,=0.7 eV). This contact is either a simple tunnel barrier (Fig. 2a), thus non-
selective, or a QD between two tunnel barriers (Fig. 2b and c), thus selective. In Figs. 2b and c the size of
the QD varies, thus modifying the extraction energy E,, (0.94 eV and 1.02 eV respectively). In all three
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cases, we consider an InGaAs absorber, 12 nm thick, with an InP p-reservoir and an InGaP wetting layer.
The n-reservoir is also made of InP but is separated from the absorber by the contact.

Jps=4.30a.u.

Jo=2.42 a.u. 0
Jo=4.84 a.u. Phonon-emission

Energy (eV)

V,=0.715V V,=0.736 V.
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Figure 2. Band diagrams and mapping of the current spectra of the ultrathin InGaAs solar cell (12 nm), a) with a non-selective
contact, b) with a selective contact with E,,=0.94 eV and, c) with E,,=1.02 eV. In all cases the reservoirs are in InP and contacts
between the absorber and the n-reservoir are made with barrier of AIGaAsSb. For the selective contact, we assume a QD between
the two barriers. The Fermi level in p-reservoir is (,=0 eV, while in n-reservoir 1, =0.7 eV.
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Figure 3. Band diagram and mapping of the local density of states of one transverse mode k, calculated in the device presented
Fig. 2c with E,=1.02 eV. Between the two barriers, in the QD, the local density of states shows 2 states. The higher one is due to
the hybridation with the third state in the absorber. The consequence of this hybridation is that electrons on this third state is
delocalized in the reservoir.

As shown in Fig. 2, the absorption currents® ], are 3.94, 4.3 and 4.27 in arbitrary unit, for the cell
without selectivity and for E,,=0.94 eV and 1.02 eV, respectively. In the three cells, the electronic
densities of states in the absorber are similar. The difference in the absorption currents is thus not
attributed to absorption but rather to extraction which is thus pretty more efficient when the contact is
selective. To explain this result, we represent in Fig. 3 the density-of-states in the cell with E;,=1.02 eV.
The third state of the absorber hybridizes with the state in the QD.**An electron on this state is thus
delocalized in the contact and then in the reservoir. Moreover, thanks to the assistance of optical
phonon-emission, this extraction is even more efficient. This phonon-assisted extraction can be seen on
the current-spectra represented in Fig. 2, where in case of non-selective contact the current absorption
(the positive one) is ballistic, while phonons contribute in the cases of selective contacts. Such a
hybridization appears only when electrons are confined in absorber. In case of a bulk absorber, as
considered theoretically?® and experimentally,?! a consequent reduction in current is observed with
selective contact. Concerning the recombination current (the negative contribution on current spectra in



Fig. 2), at a given bias, the amplitude is reduced with the selective contacts. This confirms that the
isolation, at band-edge, is much more efficient with the double-barrier.

Concerning the open-circuit voltage, V;,; nym, We obtain 0.695 V (non-selective), 0.715 V (E;, = 0.94 eV)
and 0.736 V (E,, = 1.02 eV). We see that the non-selective contact cell offers the weakest V. ,,,,, and
that I, num increases with the extraction energy E;,. We then calculate the electronic distribution in the
absorber and in the n-reservoir. These distributions are plotted as a function of the energy on Fig. 4 for
the three devices of Fig. 2. As expected, the distribution in the three n-reservoirs is exactly equal to the
Fermi function with 1,,=0.7 eV and T=300 K. When considering a simple tunnel barrier (Fig. 4a), the
distribution in the absorber is almost equal to this distribution, i.e. no hot-carrier effect is observed. With
a selective contact (Fig. 4b and c), the distributions in the absorber are unusual and correspond to out-
of-equilibrium electrons. We first see that they depict peaks. Observation of the distribution for each
transverse wave-vector k; shows that these peaks are related to the optical phonon, since they are
spaced apart by the energy of the optical phonon. Independently of these peaks, we propose to fit
(insets of Fig. 4) these two distributions by a Fermi function. We obtain p,,=0.62 eV and T,=430 K for
E,=0.94 eV and ,,,=0.6 eV and T,=430 K for E,;=1.02 eV. Even though we cannot rigorously consider an
equilibrium and thus a temperature, this result shows that such selective contacts isolate well enough
the absorber, from the reservoirs, to allow the electrons in the absorber to maintain a hot pseudo-
equilibrium. This result also shows that a hot equilibrium can be obtained although optical phonons are
at lattice temperature. Considering hot phonons should increase the electronic temperature.
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Figure 4. Natural logarithm of the electronic distribution, versus energy, of cells presented in Fig. 2, in absorber (blue line) and in
n-reservoir (yellow line). We also represent, in red, the fit of the distribution in the absorber obtained with a Fermi function. To
obtain easily this fit we represent fit=log(1/distribution-1) versus the energy. The corresponding curves are in inset.

To confirm the link between V. and this hot pseudo-equilibrium distribution, we modify equation (2) in
order to consider the holes are at T;. Indeed, as expected (very strong hole-optical phonon scattering
and no contact for the p-reservoir) there is no hot holes. We then obtain this new equation for V. 4, (an
for analytical):

T T
Voc_an = ( - T_i) E, + p—naT_z — Hp- (3)

By applying this expression to the two cells with E};,=0.94 eV and 1.02 eV, and by considering the
corresponding W,, and T,, we find respectively V. 4,=0.717 V and 0.727 V (versus V,; nym=0.715V and
0.736 V obtained by simulations). These values should be compared to 0.695 V, the numerical V..
obtained without hot-carriers. The agreement between the numerical and the analytical values confirms
that the improvement of V. ., With the selectivity of contact is due to a hot-carriers effect.



We also conducted calculations for a semi-selective contact considering a quantum well (QW) rather
than a QD. In this case, with E};;=1.02 eV, we obtain numerically V;,; 1,3,,,=0.728 V, 1,,,=0.62 eV and
T;=400 K, which gives V. ,,=0.720 V. Even in the case with QW, the numerical and analytical values are
in good agreement. Compared to the case with the QD contact having the same E,;, all the criteria show
that the carriers are less hot. A selective contact is necessary for optimal operation, but, despite the
semi-selectivity, the effect of hot-carriers is significant. Since it is much easier to fabricate a semi-
selective contact, this result is very encouraging for a future experimental demonstration of HCSC.

IV. DISCUSSION

In this chapter we propose a discussion based on a simple rate-model which is schematically represented
Fig. 5. We consider three electronic states numbered 1, 2 and 3 at energies E; < E, < E5 (E,, = hw(n —
1) with Aw the phonon energy) and with the distributions f;, f, and f5. By emission or absorption of
phonon, electrons can change of state with the respective rates t,,,and 7. Supposing n > m, the
electrons flux between the states n and m is given by Ty fu (1 — fin) — Tapfin(fn — 1). We also
consider a radiative generation flux G, corresponding to the laser excitation, arriving into the top state 3.
This involves a recombination flux from each state n given by Rf;,, withG = R(f; + f5 + f3) at V.. In
stationary regime the net flux on any state equals zero and we can calculate f; and f; versus f, and the
other parameters

c—f1
f — Gf1+f2"’f3-'-Temf2 (4)
1 Tabt/f2(Tem—Tap)

f1+f2
G +Tabf2
f3 _ _fatfa+f3 (5)

" Tem—f2(Tem=Tap)’
Fig. 5a shows result obtain for f, = 10™%, with G = 0, at the thermodynamical equilibrium. We assume
Tap = MN,and 7,,,, = M(1 4+ N) with M the scattering matrix element and N the number of optical
phonons which is given by the Bose distribution at 300 K. In this case the resulting distribution f,, , which
does not depend on M, exhibits the shape of a Boltzmann distribution at 300 K. This simple rate-model
enables thus to describe electrons at the equilibrium with the phonons.

G=M 10*
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Fig. 5. Schematic representation of the rate-model and of the resulting distribution a) at the thermodynamical equilibrium, and
b) with a radiative generation on the top state 3. The surfaces of the disk n are proportional to the corresponding distributions f,.
For both calculations f, is imposed to 10 and the number of phonons is unchanged (phonons stay cool).



We present in Fig. 5b the resulting f,, when G = M 10™*. As suggested in the two equations (4) and (5),
with a generation G at the top state E3, the distribution at high energy increases while it is reduced at
low energy E;. The electrons are no more at the equilibrium (f,, does not exhibit an exponential shape)
but the corresponding average temperature (800 K) is larger than the room temperature and increases
with G. We thus obtain a pseudo hot equilibrium simply by generating electrons at higher energy than
the average energy of the corresponding recombination. This result is in agreement with the numerical
calculation presented in this work and shows that, even with cold phonons, in an isolated absorber it is
possible to obtain a pseudo hot equilibrium. For that, G, compared to the scattering rates, has to be
large enough.

We now consider that this pseudo hot distribution is an absorber connected to the cold distribution,
which is the reservoir. Fig. 6a shows when an isentropic extraction is considered, meaning with a
selective contact whose energy E,, is located such that the hot and cold distributions are equal. In this
case, at V., the hot distribution is not disturbed by the contact. On the other hand, Fig. 6b shows when a
non-selective contact is considered. Such a contact reduces the distribution of the absorber at high
energy while it increases it at low energy. In other words, such a contact cools down the electrons in the
absorber. These results are also in agreement with the numerical calculations conducted in the present
work.

a)\ b)\
. @ ® @ | o
(1 (1
. ® @ = @

(1 (1
/‘ ‘ /.’3‘

Fig. 6. Schematic representation of a hot absorber connected to a cold reservoir at V,. with a) a selective contact allowing an
isentropic extraction, and b) with a non-selective contact. While the isentropic extraction does not modify the electronic
distribution in the absorber, the non-selective contact cools down the electrons in the absorber.
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IV. CONCLUSION

This article shows that, under powerful laser illumination, an ultra-thin solar cell associated with energy-
selective contact exhibits a larger V. without current degradation. In spite of the selective contact our
guantum model shows that the current is not degraded thanks to a hybridization behavior. The
improvement of V. is related to a hot-carrier effect which can be explained by a simple rate model. Such
an effect increases with the selectivity but still exists in realistic design such as contact made with QW.
This result should be more visible by considering hot phonons and should not be reduced by the carrier-
carrier scattering. This behavior could be experimentally demonstrated by the V. comparison of ultra-
thin solar cells with a simple barrier and with a double-barrier as contact. If the current is not degraded
by the selectivity, as shown by our results, such a measurement would be a demonstration of a hot-
carrier solar cell operation.



Moreover, an interesting result shown in this article is that, assuming a sophisticated numerical model
including realistic materials under illumination, we confirm the validity of the very general expression of
Ve (eq. (2)), in both QD and QW geometries.

In the future, a study concerning the design of the contact would be interesting to better understand the
impact of hybridation and selectivity in cell under a concentrated solar spectrum.
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