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Abstract: A solar cell based on a hot electron plasmon protection effect is
proposed and made plausible by simulations, non-local modeling of the
response, and quantum mechanical calculations. In this cell, a thin-film,
plasmonic metamaterial structure acts as both an efficient photon absorber
in the visible frequency range and a plasmonic resonator in the IR range, the
latter of which absorbs and protects against phonon emission the free
energy of the hot electrons in an adjacent semiconductor junction. We show
that in this structure, electron—plasmon scattering is much more efficient
than electron—phonon scattering in cooling-off hot electrons, and the
plasmon-stored energy is recoverable as an additional cell voltage. The
proposed structure could become a prototype of a new generation of high
efficiency solar cells.
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1. Introduction

Charge carriers in semiconductors having excess energy (i.e. above the conduction band
minimum for electrons and below the valence band maximum for holes) are referred to as
“hot”. For example, electrons photoexcited from a valence band deep into a conduction band
are considered hot electrons. Effects of hot electrons have been studied and utilized for more
than half a century in a variety of electronic devices, from Gunn diodes to integrated circuits
[1-11]. In conventional solar cells, hot electrons rapidly and irreversibly lose their excess
energy (defined as the difference between the energies of their occupied states and that of the
bottom of the conduction band, with a similar relationship for holes and the valence band) to
phonons (heat) [2], which leads to the Shockley-Queisser limit for single junction cell
efficiency [12]. The amount of the energy lost to heat in a conventional cell often exceeds that
harvested in the form of electricity. For example, commercially available, high efficiency
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crystalline silicon solar cells convert 20-25% of absorbed sunlight into electricity, but more
than 30% into heat via hot electrons. Many concepts have been proposed to harvest or convert
this hot electron energy into usable form, but none have been experimentally verified or
demonstrated to date [13].

Recently, a scheme was proposed to reduce the number of irreversibly dissipative electron
-phonon scattering events in a solar cell, by providing an energy-dissipation channel into
plasmons in an adjacent or embedded plasmonic structure [14]. In this scheme, the hot
electron free energy remains reversibly “protected” in a collective electronic degree of
freedom. This hot electron plasmon protection (HELPP) mechanism, which relies on electron-
plasmon scattering occurring on a time scale sufficiently smaller than phonon emission by
either plasmons or hot electrons, was theoretically supported by a simple model calculation
[14]. The effect is somewhat similar to the Forster resonance energy transfer (FRET) known
in molecular physics, describing non-radiative (dipole-dipole) energy transfer between an
excited electronic state of a donor molecule and single electron excitation of a nearby
acceptor molecule [15]. It is distinct from schemes in which subgap photons are absorbed by a
plasmonic metal followed by energy transfer to a semiconductor [16—18], as well as from up-
conversion mechanisms [19]. HELPP can also be viewed as an inverse of plasmon resonance
energy transfer (PRET) [20], where localized plasmon oscillations in metallic nanoparticles
non-radiatively excite electrons in adjacent (a few nanometers away) molecules.

Here, we confirm by detailed simulations that the HELPP mechanism can be achieved in
an ultrathin metamaterial structure, which acts simultaneously as a plasmonic resonator in the
infrared (IR) and a broad-band visible absorber. Electrically disconnecting the two could lead
to a tandem hot electron photovoltaic device in which the absorber acts as a conventional
solar cell, and the plasmonic resonator (which stores the hot electron energy) could be made a
part of a Schottky cell, yielding an additional voltage originating from the hot electron energy.

2. Theoretical model

In general, the scattering rate of an electron excited in a semiconductor from a state Ex to
states Ex +4, due to single particle and collective (plasmon) excitations (with wave vectors ¢),
is given by [21-23]

Vi = —%I(;quf[nB (Ex = Eirg ) =1 (~Eing +ﬂ)}1m[Vef- [q,(Em _Ek)/h:|:|’ (1

where np and nr are the Bose-Einstein and Fermi-Dirac distribution functions, respectively, u
is the chemical potential, and V(g ) is the dressed combined interaction. This latter term
can be written as a simple (but exact) sum of the Coulomb and phonon (Fréhlich) terms [23],

q
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where ¢(g,0) is the longitudinal dielectric function of the medium, g, is the matrix element, ¥,
is the bare Coulomb interaction, and €, is the longitudinal phonon frequency (plasma
frequency of the ionic “plasma”). Equation (2) is written in the random phase approximation
for electrons (1st term), and the point-ion, long wavelength approximation for ions (2nd
term). The simple, additive form of Eq. (2) allows one to write the total scattering rate as
Y = Yap + Yu_m» Where y,_is given by Eq. (1) with V,, (g,®) given by only the first
(Coulomb) term in Eq. (2), and y,_,, given by only the second (Frohlich) term. Here, the

subscripts e/, ph, and pl refer to electron, phonon and plasmon, respectively. Since y,,_, for
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systems of interest here has been studied in detail elsewhere [24,25], we focus on calculating
only Yoropi-

Clearly, this calculation requires knowledge of the effective dielectric function of a given
structure. In Ref [14], a simple model structure was considered in which a semiconductor film
was assumed to be coupled so strongly to a metallic, plasmonic resonator that the system
could be described as an “effective medium” with an effective relative dielectric function of
the general form:

a)2

) =6t Y 17, )X v

where it was assumed for simplicity that M = 1 (only one, dominant plasmon resonance), and
the self-energy Z(g) and the electron-phonon scattering rate in the metal vanish (Z(g) = 0 and

Vetepi —0").Here, each plasmon resonance, indexed by mode m, is characterized by a modal

plasma frequency w,, and a localized plasmon modal resonance frequency ®,, within the
Drude-Lorentz model and ¢, is the core or bound electron dielectric constant. When Eq. (3) is
inserted into Egs. (1) and (2), calculations [14] showed that plasmon emission by a hot

electron in a semiconductor could occur at the rate of 7, ,, = 10"s™", which is faster than the

typical phonon emission rate in the semiconductor, ¥, ,, = 10”s™". In such a case, the hot

electron “cools down” to the bottom of the conduction band by emitting plasmons in the
collector/plasmon resonator, rather than by emitting phonons in the semiconductor medium.
However, this is a necessary but not sufficient condition for the HELPP effect to occur. In
addition, one must arrange for the plasmons in the metal to decay into phonons sufficiently
slowly. This indeed is expected to be the case, since typical plasmon-phonon scattering rates

in metals are y,_, = 7,_, ~10%s™".
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Fig. 1. (a) Schematic of a unit cell (300 nm x 300 nm) of a square array of plasmonic
resonators in a HELPP solar cell structure. The thickness of each layer is: macroscopically-
thick Ag bottom electrode, 10 nm a-Si absorber, and 40 nm Ag top plasmonic resonator (200
nm x 200 nm). (b) Simulated absorbance spectrum of the structure, showing two plasmon
resonances in the infrared. For the purposes of this paper, this scale for the resonance peaks
near 0.3 and 0.8 eV refers to energies above (below) a semiconductor absorber’s conduction
(valence) band edge. (c) Electric field distribution (scaled to the incident field magnitude) in a
cross-section of the unit cell (through the unit center, parallel to the unit side), at the
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frequencies of the main plasmon resonance peaks at 0.3 and 0.8 eV. Field enhancements up to
E/Es~30 (i.e. intensity gain ~30? ~1,000) are realized within the photovoltaic absorber.

It is clear that HELPP depends on strong interactions between the semiconductor, where
the electron transitions occur, and the plasmonic resonator. This depends on, among other
things, their relative proximity. PRET studies [20] have shown that one needs distances of the
order of 10 nm to achieve strong coupling. Therefore, the semiconductor film, e.g. the active
region of a solar cell, must be very thin, on a similar 10 nm scale. Solar cells of such thickness
are indeed feasible; highly-efficient light trapping in active media of the order of 10 nm
thickness has been demonstrated with plasmonic metamaterial schemes [26-28]. Here, we
propose a solar cell based on such a scheme, modified to assure also a contribution from
HELPP.

3. Simulation and calculation of scattering rates

We consider first a version of the solar cell which enables highly efficient light absorption and
HELPP action, but not yet having optimized electronic recovery of the hot electron energy. A
schematic of this basic HELPP structure is shown in Fig. 1(a), which is a unit cell of a
periodic square array with lattice constant 300 nm. It consists of a metallic (Ag) back
electrode, an active semiconductor layer (ultrathin a-Si p-i-n junction) of total thickness 10
nm, and a top, square metallic (Ag) plasmonic resonator with thickness 40 nm and side width
200 nm. The absorption spectrum of this structure, calculated by using the FDTD method
[29-32] and intrinsic a-Si as the absorber, is shown in Fig. 1(b). It has a broad band in the
visible frequency range that assures high photon absorption. This is the signature of the
structure’s metamaterial action, similar to that reported in Refs [26-28]. The spectrum has
also two sharp absorbance peaks in the infrared, near 0.3 eV and 0.8 eV; these are the
plasmon resonances that enable the HELPP effect. The corresponding electric field
distribution, calculated at the frequencies of those main plasmonic peaks, is shown in Fig.
I(c). Strong concentration of the field (intensity enhancement over incident value
(E/E,)*~30°~10%) within the semiconductor film is clearly visible. These plasmon resonances
are designed to be excited by hot electrons, and the excitation rate can be calculated from Eq.
(1). However, photons from the IR tail of the solar spectrum could also directly excite these
resonances, further improving the efficiency of a tandem configuration discussed below. We
have also simulated the effect of positioning a point dipole directly in the absorber layer, and
found that, as expected, this also excites the plasmon resonances in the IR, with comparable
efficiency.

To calculate the various scattering rates in this structure, we need to obtain its
aforementioned effective dielectric function. To achieve this, we first model the system as a
three-layer problem: a semi-infinite Ag substrate, an effective coating of total thickness d, and
vacuum. Such a model has been shown [33] to be a good approximation for the optical
response of thin discontinuous films, provided that the effective dielectric function of the film
is extended into the nonlocal domain, as discussed and applied below. The effective coating,
which consists of the absorber and Ag nanostructures of Fig. 1(a), is described in the IR via a
single effective dielectric function ¢(w) of the form of Eq. (3) with two Lorentzian terms (M =
2), associated with the two HELPP-enabling plasmon resonances of Fig. 1(b). The parameters
of this Lorentzian expansion are chosen so that the reflectance R of the model three-layer
system [34] closely fits that obtained from the simulation in Fig. 1(b),

R =|r|2 =|(1_\/E)—(1+\/E)6Xp(i47[nd/ﬂ)|2
|(1+\/E)+(l—x/g)exp(i4fmd/l)| '

“4)

Note that the simulated reflectance R = 1 — A4 can be immediately obtained from the
absorbance 4 in Fig. 1(b). The resulting fit is shown in Fig. 2(a) above, comparing well with
calculations from the model.
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Before using it to calculate the scattering rate, the local effective dielectric function &(w)
obtained from the fit must be extended into the non-local domain, i.e. it must be made
dependent on the wavevector g. This is because while the optical response is limited to only
very small momenta, much less than the Fermi momentum (¢ << kr), the plasmon scattering
of hot electrons involves both small and large momentum transfers (g of order kr). The most
efficient way to accomplish this analytical extension is to use the D-function formalism of
Feibelman [35, 36]. This combines the simplicity of the Fresnel analysis with a rigorous
quantum mechanical treatment by introducing surface response functions D(w), which have
been systematically calculated for various metals [37, 38]. Liebsch [39] has shown that the
self-energy in Eq. (3) can be expressed in terms of the Feibelman D as:

3q) =|q| D(@)@} =|q| D(@,)e, (5)
o, =, /\J1+Re(g,), (6)

where ®; is the surface plasmon frequency, and Eq. (5) is inserted into Eq. (3) to yield the
non-locally extended dielectric function, which subsequently is inserted into Egs. (1) and (2)
to yield Yerp, shown in Fig. 2(b). Due to the simplicity of the Lorentzian formula, part of Eq.
(1) can be done analytically. One result shown (in red, marked “min”) could be considered a
worst-case scenario, using the largest possible value of the only adjustable parameter, &, = 10,
which assumes that g, equals the maximum bulk value in silver [40]. We also show a more
realistic scenario range (in blue, marked “max”) which uses a bulk vacuum-weighted
background dielectric constant of g, = 3.

1.0} = — .
\ \ e

0.8F

- - - simulation
—— model

0.6

04} ]

Reflectance

0.2+

0.0

Scattering Rate (10" s™)

0.01
0.0 0.5 1.0 1.5 2.0

Energy (eV)

Fig. 2. (a) Reflectance of the structure shown in Fig. 1: simulations (dashed line) and model
three-layer system calculations (solid line). (b) Calculated minimum (red) and maximum (blue)
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ranges of scattering rates for hot electrons with plasmons (corresponding to the upper and
lower limits, respectively, for the background permittivity), and the reported range of scattering
rates [24,25] for hot electrons with phonons (black). Arrows indicate connections between
plasmonic absorbance resonances and enhancements in hot electron-plasmon scattering.

Finally, these ranges can be compared to a range for the electron-phonon scattering rate,
obtained from Refs [24,25]. Figure 2(b) demonstrates that in the typical range of hot electron
energies (say, 0.7 — 2 eV, corresponding to the energy range of solar radiation minus a typical
PV absorber band gap) one has at least ¥,,_, /7,_,, > 1 (though it could reach ~10?, Fig. 2(b)),

broadly confirming the earlier, simple model result. Throughout, we refer to the hot electron
energy Eno as that in excess of the conduction band minimum. The most important feature for
the HELPP effect is the hot-electron relaxation (i.e. complete cooling-off) time, 7°; this is the
time required to cool a hot electron from its initial, high photoexcited energy state down to the
bottom of the conduction band. This time depends on the quantum energy exchanged at each
scattering event. While the typical phonon energy is in the 50 meV range, the plasmon energy
is a few hundred meV, and so about factor of ten larger. Therefore, it takes about 10 times
fewer plasmon scattering events than phonon events to completely cool off a hot electron.
Taking this effect into account, we estimate that for an average hot-electron energy of about 1

eV, which coincides with y, /7, , >>1, the corresponding cooling time ratio is

¢ c
Tel —pl / 7

o <<1.Thus, electron-plasmon scattering dominates carrier relaxation.

4. Application to photovoltaics

With a PV junction representing the semiconductor film, the structure of Fig. 1(a), after
coating with a transparent conductor, is a functioning solar cell, with the periodic, plasmonic
structure also acting as one charge collector of the cell. The HELPP action will lead to an
increased voltage of the cell relative to that without HELPP. To see this, consider a hot
electron generated in the conduction band of the semiconductor, as in Fig. 3(a). In the absence
of HELPP, this electron would first lose its entire free energy to phonon scattering on a
femtosecond time scale, and then, as it drifts towards the collector, would continue to
thermalize with the lattice, as well as with other electrons. With HELPP, the process is
similar, except the initial “cooling” of the electron occurs via plasmon emission, with the
plasmons resonating in the plasmonic collector, Fig. 3(b). Any electron arriving at the
metallic plasmonic collector rejoins the free-energy stored initially in the form of a plasmon.
These plasmons rapidly undergo Landau damping (LD), i.e., they turn into single particle
excitations (electron-hole pairs), such that the plasmon energy turns into the electron-hole pair
energy, Fig. 3(b). This damping is rapid, comparable to that of plasmon-electron scattering
[33, 41], such that the hot electron energy remains in the electronic degree of freedom, i.e. is
protected from phonon emission. Initially photoexcited electrons arriving at the collector
recombine with the hole of this electron-hole pair, Fig. 3(c), and an excited hot-electron in the
collector is the final product of the process, Fig. 3(d). The end result is thus identical to that of
a hot-electron never losing its free energy on its way to the collector.

HELPP, therefore, is a mechanism that effectively extends the lifetime (or the mean free
path) of a hot electron. In recent work, it was demonstrated that in ultrathin p-i-n a-Si
junctions, hot electrons contributed to small voltage increase to the overall open circuit
voltage [42]. We anticipate a similar but significantly stronger effect to be observable in the
proposed HELPP structure.

The efficiency of this effect can potentially be improved by modifying the structure so that
the plasmonic resonators are electrically separated from the semiconductor. This can be
achieved by placing a very thin dielectric spacer between the semiconductor and the array of
metallic resonators (red layer in the schematic in Fig. 4). This should eliminate any
deleterious, direct electron-electron scattering between the electrons in the semiconductor and
the plasmonic reservoir, making the HELPP effect much stronger. The hot-electron energy
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stored in the plasmonic reservoirs can potentially be detected via small radiation resulting
from the plasmon resonators, or can be directly extracted from the generated LD electron-hole
pairs. These can be spatially separated in a metal-insulator-metal (MIM) structure [43, 44], or
at Schottky barriers formed at the interface of the plasmonic nanostructures and the
semiconductor [41]. In either case, an electron of the LD electron-hole pair is excited above
the asymmetric potential barrier, leaving behind a hole in the nanostructure, and producing a
contact voltage due to separation of the carriers. As such, one could prepare a type of tandem,
high efficiency hot electron cell, as depicted in Fig. 4. The first cell of this tandem is our basic
HELPP cell shown in Fig. 1, but with an insulating spacer between the PV junction and the
Ag plasmonic resonators (thick red layer), as well as ITO. This cell would produce the
conventional photovoltage, as indicated in the band diagram in Fig. 5. The second cell
consists of the plasmonic reservoir array coated with a thin semiconductor (e.g. n-type Si or a-
Si) to form a Schottky barrier with the metal of the reservoir and ITO. This cell produces a
voltage that is directly proportional to the hot electron energy. Connected in series, this
tandem combination would lead to a hot electron solar cell with efficiency exceeding the
Shockley-Queisser limit. Current matching can be achieved simply by controlling the surface
area of each cell in the tandem.

semiconductor ~ Mmetallic
contact

|5) 2 )

e |5

(© (d)

Fig. 3. Schematic of HELPP action. (a) A semiconductor absorbs a photon of energy greater
than the band gap Ec—Eyv, exciting an electron high into the conduction band. (b) Prior to losing
the above-gap excess energy to phonons/heat, this hot electron resonantly exchanges that
excess energy with a plasmon mode in a proximate plasmonic metamaterial structure having
effective Fermi energy Er. This plasmon Landau damps into an electron-hole pair in the metal
(e.g. Ag). (c) The originally photoexcited electron recombines with the plasmon-excited hole at
Ey, leaving behind a high energy electron to be harvested as current, and at higher voltage than
that conventionally determined by the semiconductor band gap. These 3 steps can equivalently
be described by the process in (d).
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Fig. 4. Schematic of a tandem hot electron cell, with a thin plasmonic resonator-embedded
Schottky junction generating voltage H (for hot) separated from an ultrathin solar cell (a-Si
shown) generating voltage U.
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Fig. 5. Band diagram of tandem cell of Fig. 4. IP is inverse photoemission process for hot
electron energy release from plasmonic resonator. LD refers to Landau damping.

5. Conclusion

We have demonstrated via simulation and calculation a solar cell based on hot electron
plasmon protection (HELPP). A thin-film metamaterial structure acts as both an efficient
photon absorber in the visible range and a plasmonic resonator in the IR, the latter of which
absorbs the free energy of the hot electrons in an adjacent semiconductor junction. With a
combination of FDTD simulations, non-local effective medium modeling, and quantum-
mechanical calculations, we show that hot electron — plasmon scattering is much more
efficient in cooling-off these electrons than conventional phonon emission, and that the
plasmon-stored energy is recoverable as an additional cell voltage. The proposed structure
could become a prototype of a high efficiency solar cell.
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