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Strong optical coupling is a carrier extraction method for hot-carrier solar cells, where carriers are
extracted as photons from an absorber material and then reabsorbed by a conventional photovoltaic (PV)
cell. The design and working principle of this kind of optically coupled device is investigated using a
relaxation-time model with practical operating conditions. This investigation is performed in the so-
called “down-conversion” configuration, where the band gap of the absorber material is the same as that
in the final photovoltaic cell. In this configuration, carrier impact ionization rates that are faster than
thermalization rates by at least 50 times are needed to effectively down-convert the hot carriers’ energy
to the electronic band edge. Photon emission through radiative recombination must be enhanced by
more than 500 times through photonic engineering in order to reduce Auger loss during carrier
extraction. The strong luminescence from the PV cell feeding back to the absorber material will further
limit the optical extraction in the near-field coupled structure, reducing the overall conversion efficiency
to be lower than the ideal expectation reported previously. The strong similarity between the hot-carrier
down-conversion and carrier multiplication also suggests the possible application of such optical
extraction for multiple-exciton-generation solar cells, making it potentially a general carrier extraction
approach for third-generation solar cells.
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I. INTRODUCTION

Conventional single-junction photovoltaic devices suffer
from several fundamental energy-loss mechanisms such
that their conversion efficiency cannot exceed the
Shockley-Queisser limit. One of these losses occurs when
the device is illuminated by the broadband solar spectrum,
where most of the kinetic energy contained in the photo-
excited carriers will be dissipated to the lattice as heat
during carrier relaxation to the respective band edges. This
thermalization loss is caused by inelastic carrier scattering
and has a typical time scale of several picoseconds. Hot-
carrier solar cells (HCSCs) with energy-selective contacts
(ESCs) are designed to extract hot carriers before they are
fully thermalized and, therefore, reduce the energy dis-
sipation to the lattice [1,2]. The predicted limit to the
efficiency can be as high as 85.4% [1], which is essentially
the black-body limit for photovoltaic conversion [3].
However, inelastic scattering during electronic transport
and the finite width of the energy-extraction window
dramatically increase the energy loss inside an ESC
structure [4,5]. Nanostructured absorbers will also likely
suffer from reduced electrical conductivity and defect-
assisted nonradiative recombination in both the all-optical
and conventional hot-carrier [6–9] solar-cell approaches.
These restrictions make it challenging to fabricate HCSC
devices with ideal electrical performance.

Recently, an optical carrier extraction strategy has been
proposed [10]. In this approach, the radiative recombina-
tion of hot carriers at specific energy levels in the absorber
is artificially enhanced using a photonic structure, leading
to an optical energy-selective contact (OESC). The emitted
photons will be reabsorbed by a near-field coupled conven-
tional photovoltaic (PV) cell that has a band gap matching
exactly with the photon energy. Solely from a thermody-
namic point of view, no extra entropy is produced within
this photonic operation as long as the radiative energy
transfer is reversible, which requires an infinitesimal
extraction window with infinite available optical modes
[11]. This optical approach can also be understood as a
carrier-induced spectrum up- or down-conversion [12–14]
and shows significant potential for application to conven-
tional PV cells. Attractive results with efficiency figures
over 60% have been predicted in the first estimation [10].
However, the effects of thermalization and carrier recom-
bination losses have not yet been explored in detail, and
these mechanisms are known to have a significant impact
on the device performance.
In order to consider this optically coupled PV device in

more detail, a relaxation-time model (RTM) [15] with
experimentally achievable material parameters is used to
predict device performance with optical carrier extraction.
In the RTM, the final steady state of the system is
determined by iterations in the time domain; therefore,
the energy loss due to nonideal factors can be considered*jianfeng.yang@student.unsw.edu.au
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through the competition between different carrier evolution
mechanisms. The conditions required for an effective
optical extraction and device efficiency enhancements
can be shown considering practical working parameters.
A precisely engineered photonic structure is placed
between the hot-carrier absorber and a PV cell to act as
an OESC. This structure can be a Purcell cavity. The optical
modes supported by a Purcell cavity increase the local
optical density of states between the absorber and PV cell
near the resonant frequency, therefore, accelerating the
radiative recombination of electron-hole pairs [16,17]. The
enlarged optical density of states can also strongly con-
centrate the electromagnetic field in a near-field region and
enhance the photon absorption of the PV cell [18].

II. THEORETICAL MODEL

It is of interest to explore this down-conversion con-
figuration further, where the absorber and PV cell share the
same band gap, since an ultrahigh conversion efficiency has
been predicted for this design. Different from the traditional
HCSC concept, where the difference in the extraction
energies for electrons and holes is larger than the band
gap, the PV cell discussed here is working at its band edge.
Therefore, in order to acquire an increased conversion
efficiency, the actual photon flux absorbed by the PV cell
must be increased, which requires a gain in the photon’s
number during the initial absorption and fast radiative
reemission process. This particle gain can be provided only
by the impact ionization of hot carriers in the absorber, as
illustrated in Fig. 1. As assumed in Ref. [10], the hot-carrier
gas has ideal zero thermalization loss and other non-
radiative recombination loss in the absorber. Energy
conversion at an energy below the carriers’ average energy
(the band gap of material) naturally leads the carrier
multiplication. That the carriers have zero chemical poten-
tial provided by infinitely fast impact ionization and Auger
recombination (AI), also gives the largest freedom to
change the number of carriers to balance energy fluxes.
This condition is responsible for the effective carrier
multiplication in previous work. In the thermodynamic
view, the carrier multiplication can also utilize the extra
kinetic energy of hot carriers and reduce the thermalization
loss, which is very similar to the multiple-exciton-gener-
ation (MEG) concept [19,20]. However, in a practical
situation, inevitably thermalization loss will reduce the
total amount of energy that could be converted by impact
ionization. The reciprocal Auger recombination process
will also consume newly created carriers at the band edge
that might become photons flowing to the PV cell.
The modeling process is centered on the evaluation

of the carrier distribution in the photon absorber. A
nonequilibrium carrier distribution will relax to the
corresponding equilibrium distribution exponentially
within the relaxation time. Therefore, the transition
increment for electrons in the photon absorber

ΔnðtÞ=Δt at electron energy level εe above the band
edge can be represented as

Δnðt; εeÞ
Δt

¼ − nðεe; tÞ − neq-eeðεeÞ
τee

− nðεe; tÞ − neq-ehðεeÞ
τeh

− nðεe; tÞ − neq-thðεeÞ
τth

− nðεe; tÞ − neq-AIðεeÞ
τAI

þ GSunðεeÞ þGPVðεeÞ − RfðεeÞ − EopðεeÞ:
ð1Þ

In Eq. (1), τee, τeh, τth, τAI are the relaxation times for
electron-electron scattering, electron-hole scattering, ther-
malization, and Auger recombination and impact ionization
(AI), respectively. The neq-X in Eq. (1) represents the
corresponding thermodynamic equilibrium distributions
for every kind of carrier process, which are determined
by the same method used in Ref. [15]. A similar equation
holds for the distribution of holes. Auger recombination
and impact ionization have the same relaxation time τAI,
and the overall effect of these two reciprocal processes
drives the electrochemical potential of electron-hole pairs
to zero [2]. GSunðεeÞ, GPVðεeÞ, RfðεeÞ, and EopðεeÞ are
the rates of photon generation by the incident photons from

FIG. 1. Schematic illustration of the optically coupled hot-
carrier solar cell in the down-conversion configuration. GSun,
GPV, Rf, and Eop represent photon generation by the incident
light from the Sun, photon generation by the luminescence from
the PV cell, photons returned to the Sun, and optical extraction to
the PV cell, respectively. The photon absorber absorbs the
incident light and pumps the photons to a PV cell with an
identically matching band gap. An OESC provides a selective
optical coupling between the photon absorber and PV cell at the
band edge and inhibits the photon exchange at other frequencies
in an ideal case. Both the thermalization and Auger recombina-
tion will cause energy loss in the down-conversion configuration,
while impact ionization can be seen as a gain mechanism to the
final conversion efficiency. All these carrier processes will
compete with each other in real time to determine the final output.
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the Sun, photon generation by the luminescence from the
PV cell, photons returned to the Sun, and optical extraction
to the PV cell, respectively, as shown in Fig. 1. The incident
photons are assumed to be absorbed completely by the
photon absorber with a thickness d of 50 nm, the same as in
previous work [5,15,21], and the photon-generation rate
from the carrier concentration is given by Eq. (2). The
concentration ratio Rc is set to 1000 to ensure that there
is enough hot-carrier excitation [22], and the term
jSun½Eg þ ð1þm�

h=m
�
eÞεe� represents the one-sun photon

flux spectrum written in terms of the electron energies. The
term Eg þ ð1þm�

h=m
�
eÞεe in the square bracket empha-

sizes that the photon flux is calculated by the corresponding
photon’s energy level, starting from the band gap Eg.

A parabolic band structure characterized by the electron’s
and hole’s effective mass (m�

e, m�
h) is used here, and only

the direct absorption transition is considered. Momentum is
conserved when the electron’s energy is converted to the
corresponding photon energy during the intraband carrier
transition. The radiative recombination rate of the carriers
at a particular density back to the Sun follows the
generalized Plank’s law, and both the actual distribution
ðn; hÞ and density of states ðρe; ρhÞ of electrons and holes
are taken into account as shown in Eq. (3):

GSunðεeÞ ¼ RcjSun½Eg þ ð1þm�
h=m

�
eÞεe�=d; ð2Þ

RfðεeÞ ¼
1

d
2π

h3c2
½Eg þ ð1þm�

h=m
�
eÞεe�2

½ρeðεeÞ=nðεeÞ − 1�f½ρhðεem�
h=m

�
eÞ=hðεem�

h=m
�
eÞ − 1�g − 1

. ð3Þ

The photon flux between the absorber and the PV cell
must be enhanced by the OESC structure in order to make
the photonic transport as effective as the electronic one. The
local density of photonic states within the OESC structure
will be enlarged, and, therefore, the internal spontaneous
emission rate of an excited dipole will be accelerated
compared to the rate in a homogenous and isotropic
photonic environment [17]. A rough estimation of the
photon flux through the OESC is given by Eq. (4), where F
represents the enhancement of the photon emission due to
the Purcell cavity, and nr is the refractive index of the
material. The rectangular window function WðεeÞ repre-
sents the simplified frequency selection imposed by the
resonant Purcell cavity, where only a mode with a resonant
wavelength can exist within the cavity and undergo
accelerated spontaneous emission. In this down-conversion
device, the resonant frequency corresponds to the identical
band gap of both the photon absorber and PV cell. The
effective width of the window function taken to be the full
width at half maximum of the resonance peak will be
characterized by the resonant frequency and quality factor
Q of the system. The quality factor describes the energy-
loss rate of the resonant mode, which is related to parasitic
absorption loss and leaking processes,

EopðεeÞ ¼ Fn2rRfðεeÞWðεeÞ; ð4Þ

WðεeÞ ¼
�
1; 0 < εe <

Egm�
h

ðm�
eþm�

hÞQ ;
0; otherwise:

ð5Þ

Similarly, electroluminescence from the PV cell will also
be totally absorbed in the absorber material, and the evenly
distributed photon-generation rate is

GPV ¼ FWðεeÞn2rjBB½Eg þ ð1þm�
h=m

�
eÞεe; 300 K;V�=d:

ð6Þ

The jBB½Eg þ ð1þm�
h=m

�
eÞεe; 300 K;V� term is the

black-body radiation at 300 K with a chemical potential
equal to the working voltage (V) of the cell. The final
conversion efficiency of the overall device under a specific
optical concentration ratio Rc and total input power
PtotalðRcÞ can be further represented as

η ¼ VðEop −GPVÞd
PtotalðRcÞ

: ð7Þ

The calculation is initialized with an equilibrium carrier
distribution in the photon absorber at 300 K. The carrier’s
distribution will be updated according to Eq. (1) until it
reaches a final steady state. Here, the band gap of material
is tuned from 0.4 to 1 eV. The effective mass of electrons
and holes is constant at 0.05m0 and 0.5m0, respectively
(m0 is the intrinsic electron mass). This band gap and
effective mass is similar to many of the potential III-V hot-
carrier absorber materials [23]. The width of the extraction
window is 0.02 eV, which means the quality factor is about
30. This number is the typical value of quality factor for
plasmonic Purcell cavity where a spontaneous emission
acceleration of over 1000 times has been successfully
observed [24,25]. The hot-carrier thermalization time is
assumed to be 100 ps here, which is a typical number
chosen for hot-carrier solar cells [21,22,26,27]. For sim-
plicity, a constant AI relaxation time for both impaction
ionization and Auger recombination is used here, which is
given as a ratio to the thermalization time to denote the
competition between these two mechanisms. The highest
rate of the AI process we consider is 200 fs, which is a
typical time scale for this carrier process in a nanomaterial
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[28–31]. It should be noted that the Auger loss may
possibly be overestimated in this limiting case. A much
slower Auger recombination compared to carrier multipli-
cation has been observed in a large number of experiments
where the lifetime of the Auger recombination is typically
several tens to hundreds of picoseconds [28,30]. However,
this overestimation will not affect the working principle
discussed here.

III. RESULTS AND DISCUSSIONS

The conversion efficiency as a function of the band gap is
given in Fig. 2. The conversion efficiency calculated in this
work is much smaller than the previous estimation [10] due
to energy loss. Figure 2 clearly shows that the conversion
efficiency relies on the efficient optical extraction and rapid
AI processes. The highest efficiency, about 29%, occurs
when the band gap is close to 0.7 eV, and both the rate of
the optical extraction and AI process are at their maximum.
The inset in Fig. 2 shows the conversion efficiency of the
device when the thermalization is set to the ideal case while
the AI relaxation time is constant at 200 fs. A significant
improvement of conversion efficiency can be observed
when the thermalization time is increased to nanoseconds.
An efficiency near 70% can be acquired when the thermal-
ization is sufficiently long, which is in accordance with the
prediction in Ref. [10].

As mentioned before, the efficiency enhancement in this
down-conversion device comes from the enlarged photon
flux delivered to the PV cell. Figure 3 shows the photon
gain ratio in the photon absorber under different conditions.
The photon gain ratio is defined as the output photon
number from the absorber to the PV cell over the number of
absorbed photons from the Sun, with the working voltage
of the PV cell is kept at 0 V. Because the absorber and PV
cell have the same band gap, the photon flux absorbed by
the absorber is identical to the input photon current of the
PV cell in the conventional case if an ideal absorption is
assumed in both situations. Therefore, in order to obtain an
increased conversion efficiency, the photon gain ratio must
be larger than 1. Both the fast AI process and effective
optical extraction can enlarge the actual photon flux leaving
the absorber. For a constant carrier multiplication and
extraction, the band gap of the material will modify the
maximum absorbed energy. Similar to the considerations
for MEG solar cells, a narrow band-gap material will have a
higher gain ratio but suffers from a smaller open-circuit (OC)
voltage [20]. Therefore, an optimized efficiency appearswhen
varying the band gap in Fig. 2. This tendency reflects the
trade-off between the output current and voltage in the device.
Additionally, since the carrier gas in the photon absorber
works at a temperature larger than 300 K, the radiative
recombination loss back to the Sun will also be enlarged in
this case. A much larger photon gain ratio is required here to
maintain a high conversion efficiency for the device.
It is worth noticing the nonlinear dependence between F

and the photon gain ratio in Fig. 3, where the actual photon
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FIG. 2. Overall conversion efficiency of the optically coupled
solar cell under different absorbers and PV cells. F is the
emission enhancement factor representing the enhancement of
the radiative lifetime. The thermalization time is constant at
100 ps while relaxation time of the AI process is given as a ratio
to the thermalization time. The inset shows the efficiency when
the thermalization time is sufficiently long and the AI relaxation
lifetime is 200 fs. Over 60% conversion efficiency can be
achieved when the thermalization time is similar to 10 ns.

AI

AI

AI

AI

AI

AI

P
ho

to
n 

ga
in

 r
at

io

Eg (eV)

FIG. 3. Both the fast AI process and effective optical extraction
can enlarge the actual photon flux leaving the absorber.
With increasing absorber band gap, Eg, the net photon gain
reduces and eventually becomes smaller than 1 under all the
configurations.
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gain ratio is smaller than 2 when F is increased from 500 to
1000. According to Eqs. (3) and (4), we calculate the carrier
radiative recombination rate considering the actual distri-
bution of carriers. The reduced photon emission reflects
the nonideal carrier refilling in the photon absorber due to
carrier-carrier scattering and AI processes. In Fig. 3,
the photon gain ratio increases with the τth=τAI when
F is doubled from 500 to 1000 due to the enhanced
down-conversion rate contributing to faster refilling of empty
electron states at the band edge. When τth=τAI ¼ 500, the
actual photon gain ratio shown in Fig. 3 is about 1.25. The
actual photon emission will further affect the VOC of the PV
cell. Therefore, a nonlinear dependence between the con-
version efficiency and F appears in Fig. 2.
A more detailed relationship for the photon gain ratio is

shown in Fig. 4. The absorber’s band gap is set to 0.7 eV
here. It is necessary to emphasize that the gain in photon
number is the result of carrier multiplication in the absorber
by impact ionization as well as effective carrier extraction
by radiative recombination. Hot carriers with elevated
energy could potentially participate in impact ionization
processes, a competing mechanism with thermalization. As
a precondition for effective carrier multiplication, the rate
of impact ionization should be faster than that for thermal-
ization in order to take full advantage of a hot carrier’s
energy before it is thermalized. The ratio between the rates
needs to be at least 50 times, as shown in Fig. 4. Carriers
created by impact ionization may be Auger recombined
without effective radiative recombination. Therefore, only
with an efficient carrier extraction can the impact ionization
dominate over Auger processes in the final steady state and
make the photon gain ratio larger than 1. Otherwise, Auger

recombination will cause severe particle loss. In this work,
the required optical emission enhancement must be larger
than about 500 times. This enhancement times is a major
requirement for the OESC in this down-conversion con-
figuration. Even when the impact ionization is not com-
petitive with thermalization, where τth=τAI < 50, a rapid
optical extraction rate can also reduce the Auger loss
because of a reduced dwell time of newly created carriers
at the band edge as well as the possibility for Auger
recombination. In an extreme situation, if the carriers at the
band edge are continuously depleted by extraction and
carrier-carrier scattering is not quick enough to replenish
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FIG. 4. The photon gain ratio under different emission enhance-
ment and AI process rates. The lifetime of the AI process is
presented as a ratio of the thermalization time of hot carriers. To
get the photon gain, the required emission enhancement ratio
should be larger than 500 times, and the AI process should be
faster than carrier cooling by 50 times at least.
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FIG. 5. I-V curve of a complete all-optical hot-carrier solar cell
where the PV cell is closely attached to the top absorber, and a
photonic structure is employed to provide spontaneous emission
enhancement at a designated frequency. The band gap is 0.7 eV
here. Two cases with an emission enhancement factor of
500 times (a) and 1000 times (b) are considered. Both figures
show that a rapid AI process will increase the short-circuit current
under a small working voltage but decrease the open-circuit
voltage due to changes from AI processes.
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them, rapid optical extraction can trigger more effective
impact ionization in order to balance the thermal distribu-
tion of the charge carrier gas.
When the PV cell starts to generate current, the actual

photon gain in the absorber will be smaller than when the
PV cell is not biased. This decrease is reflected by the I-V
curve of PV cell in the Fig. 5. When AI processes are rapid,
the short-circuit current of the cell is significantly increased
due to effective carrier multiplication. However, a decrease
in the PV cell’s open-circuit voltage is evident at the same
time. Since the recombination loss of the PV cell is not
changed, this drop of VOC reflects the decrease in photon
flux from the absorber material, which further indicates
increased Auger recombination loss. In fact, the electrolu-
minescence emitted by the PV cell will also excite carriers
to the position just above the band edge of the photon
absorber. This feedback electroluminescence through the
same energy levels provided by the OESC will reduce the
actual photon flux leaving the photon absorber to the PV
cell. Therefore, the effective residence time of carriers at the
band edge and the amount of Auger recombination is
increased. From a carrier dynamics point of view, these
carriers injected at the band edge will quench the hot-carrier
distribution in the absorber and lead to unfavorable con-
ditions for impact ionization. When the working voltage of
the PV cell is close to VOC, this feedback electrolumines-
cence will strongly reduce the yield from carrier multipli-
cation in the absorber. This mechanism further limits the
actual enlargement of the overall conversion efficiency as
calculated in Fig. 2 compared to the photon gain ratio
showed in Fig. 3 where the PV cell is in the short-circuit
condition.

IV. CONCLUSIONS

In this paper, the working principle of the down-
conversion optically coupled hot-carrier solar cell is
demonstrated in some detail. Based on the RTM method,
the competition between dynamical carrier processes is
assessed and energy loss caused by thermalization and
Auger recombination is explicitly taken into account. The
optical coupling concept still shows potential when sub-
jected to a more practical estimation of its performance.
The operation of this down-conversion hot-carrier device
almost relies entirely on carrier multiplication through
impact ionization, which strongly resembles a MEG solar
cell. The competition between carrier thermalization and
multiplication has been addressed in highly efficient MEG
materials recently [32,33]. Effective optical extraction can
also reduce the loss of newly created carriers at the band
edge due to Auger recombination and other nonradiative
recombination processes. Therefore, a similar device per-
formance is predicted in an “optically coupled MEG solar
cell.” This similarity suggests a widespread potential
application of this optical extraction approach in third-
generation PV concepts, and only the extraction energy

level would be tuned for a specific situation. Importantly,
most of the third-generation PV materials are based on
nanocrystals. Using optical extraction may possibly avoid
problems caused by poor electronic transport and improve
device performance. An asymmetric relaxation time for
different phases of AI processes can be considered by
introducing a carrier concentration and energy-dependent
relaxation time τAIðn; h; εÞ in future modeling in order to
provide an increasingly accurate result. Considering the
modified photonic environment in the Purcell cavity, a
more detailed optical calculation would also be useful to
better estimate the actual photon flux flowing to the PV
cell. Both of these aspects are the subject of future work.
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