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Resonance effects in the radiation transfer of thin-film intracavity devices

Pyry Kivisaari∗ and Jani Oksanen
Engineered Nanosystems Group, Aalto University, P.O. Box 13500, FI-00076 Aalto, Finland

A great deal of interest has been recently directed at exploring how the performance of photovoltaic
and thermophotovoltaic systems can benefit from the use of ultra-thin layers and near-field effects.
Related questions on how radiation transfer is modified if both the source and sink of the radiation
are located within an optical cavity have, however, received far less attention. This question is
nevertheless particularly relevant in the field of electroluminescence-driven thermophotonics, which
could substantially benefit from the possibility to boost the energy transfer by making use of optical
cavities. To gain insight into this possibility, we deploy fluctuational electrodynamics and study
the fundamental resonance effects in structures where the emitter and absorber layers are separated
by a vacuum nanogap and bordered by high-efficiency mirrors. We obtain the expected result that
resonance effects can strongly enhance the interactions at specific wavelengths and propagation
angles. Moreover, we find that even after integrating over wavelength and propagation angle, (1)
the total power emitted can be tuned by adjusting the cavity thickness and the optical cavity mode
structure, and (2) thinning the active layer enhances its emission in the cavity, causing a sublinear
dependence between the active layer thickness and its overall emission. In plain numbers, adjusting
the cavity thickness produces non-monotonous changes of over 50 % in the total emission of thin
layers. These observations apply also to absorption, which can become remarkably efficient even for
an extremely thin absorber layer thanks to cavity effects.

The presently ubiquitous light-emitting diodes (LEDs)
can be seen as thermodynamic engines capable of sustain-
ing near-reversible conversion between electrical, thermal
and optical energy [1–5]. In concrete terms, the under-
lying phenomenon of electroluminescence (EL) can thus
in principle be utilized both to cool down an LED struc-
ture [6] and even to turn it into a heat engine [7]. While
the basic understanding of these effects is becoming more
mature, they still lack a direct experimental demonstra-
tion at practical operating powers. One of the recent
approaches to achieve this has been the use of a double-
diode structure (DDS), where the emitter and absorber
are placed within the same semiconductor heterostruc-
ture to promote efficient optical transfer [8]. As the asso-
ciated experimental studies related to the different ther-
modynamic operating modes of the devices are gathering
pace [9–19], it is of importance to also study the funda-
mental performance limits of such structures. One of the
obvious questions is, does the optical power transfer of
a DDS depend on cavity resonances and in what magni-
tude?

In the more established photovoltaics research field,
recent studies have shown that light trapping can lead
to efficient absorption even when the absorbing layers
are thinned down to a few hundred nanometers [20–23].
Such thin films are also known to modify the spontaneous
emission rate due to changes in the optical environment
[24], and this has been partly touched upon in the photo-
voltaics context with regards to photon recycling. More
broadly, however, overall conclusions for the total angle-
and energy-integrated emission rates of ultra-thin films
and optical cavities are still somewhat incomplete, espe-
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FIG. 1: The double-sided full cavity structure studied in this
paper with mirrors on both sides. The GaAs layers are always
centered in the cavities formed by the nanogap and each of
the mirrors.

cially in the context of EL, where emission is generally
possible in all directions. In other words, even if emis-
sion is well-known to be enhanced in specific directions
and wavelengths in optical cavities, the resulting effect
in the total emission rates is not fully established. In
the thermophotonics context considered here, it would
be particularly important to understand how the emis-
sion and absorption behave when the emitter and ab-
sorber are separated by a vacuum nanogap (necessary
for sustaining a temperature difference) and placed in an
intracavity structure with high-efficiency mirrors on both
sides, as in Fig. 1. In particular, we are interested in the
existence of fundamental resonance effects in the overall
energy transfer (here generally meaning variations in the
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FIG. 2: (a) Rrad(z) averaged over the emitting GaAs layer and (b) Rrad(z) integrated over the emitting GaAs layer, both as
a function of cavity thickness and GaAs layer thickness. In other words, (a) gives the optical power emitted by a unit volume
and (b) the optical power emitted by a unit area. The white color in the upper left corner corresponds to the unfeasible case
of the GaAs layers and vacuum gap together having a larger thickness than the complete cavity. The slight staircase pattern
at the border is caused by the 10 nm step size between different thicknesses.

spontaneous emission rate and energy transfer caused by
modifications in the optical cavity), when both the cavity
and the emitter and absorber layers are shrunk towards
and even well below the emission wavelength, and when
all directions and wavelengths are accounted for.

Studying the energy transport in thermophotonic cav-
ity structures in this level of detail requires treatments
where both emission and absorption within the cavity
are fully accounted for. Here, we use a variant of fluc-
tuational electrodynamics (FED) developed in our pre-
vious works [25–27]. Using this framework, we calculate
emission-absorption rates attained in double-sided cav-
ities, studying both total rates (incorporating all wave-
lengths and propagation angles) and the underlying op-
tical mode structures. The results are interpreted with
the help of three guiding questions: (1) how large changes
do cavity effects induce in the total angle- and energy-
integrated rates, (2) how does the total emission rate
of a thin layer depend on the cavity thickness, and
(3) can one boost the emission and absorption rates by
(somewhat counterintuitively) shrinking the active lay-
ers which, while decreasing their nominal emissivity, also
enhances the optical power that can be present in the
cavity?

To answer the questions presented above, we deploy
the FED formulation reported e.g. in Refs. 25 and 26.
The treatment is equivalent to more conventional FED
formulations, but it is geared towards directly produc-
ing quantities familiar to device engineers. This is done
through the use of photon numbers that separate be-
tween the local field strength and collective interference-
corrected interactions as detailed below. Accordingly,
FED is deployed to calculate the position-dependent net

recombination-generation rates per unit volume (here in
units of W/m3) as

Rrad(z) =

∫ ∞
0

dω

∫ ∞
0

dKr(z,K, ω)2πK, (1)

where ω > 0 is the angular frequency of light, K is
the in-plane wave number (essentially fixing the prop-
agation direction), and z is the position coordinate. The
spectral recombination-generation rate r is calculated as
r = ds/dz, where s is the spectral radiance propagating
in the cavity, calculated from the local direction-specific
photon numbers φ as [25]

s(z,K, ω) =
1

2

∑
TE,TM

h̄ωv(z)ρ(z,K, ω)

[φ(z,K, ω) − φ(z,K,−ω)]. (2)

Here, −ω corresponds to modes propagating in the neg-
ative direction, v = c/N (c speed of light in vacuum and
N refractive index) is the speed of light in the medium,
and ρ is the local density of states as defined in Ref. 26.

The photon numbers in Eq. (2) represent a complete
solution to the inhomogeneous Maxwell’s equations and
thereby determine all emission and absorption processes
taking place in the device. Here, they are calculated by
following Ref. 25 and making use of the optical admit-
tance method formulated in Ref. 27. More precisely,
one calculates the full dyadic Green’s function and the
associated local, nonlocal and interference densities of
states (ρ, ρNL and ρIF , respectively), which determine
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the rightward and leftward photon numbers as

φ(z,K,±ω) =
1

ρ(z,K, ω)
× (3)∫ ∞

−∞
[ρNL(z,K, ω, z0) ± ρIF (z,K, ω, z0)] η(z0, ω)dz0,

where η is the source term (describing the equilibrium
photon number that the material would emit when filling
all space) and z0 are the source coordinates. Here, based
on the arguments presented in Ref. 28, η is equal to
the Bose-Einstein distribution with the photon chemical
potential assumed equal to the local quasi-Fermi level
separation ∆EF for frequencies above the band gap and
0 otherwise, i.e.,

η(z, ω) =
1

e(h̄ω−∆EF )/(kBT ) − 1
. (4)

Simulations are carried out for the structure shown in
Fig. 1 for a range of active region and cavity thicknesses
dAR and dcav. The vacuum nanogap has a thickness of 50
nm and a permittivity equal to 1. To calculate the EL of
the emitter, the temperature and quasi-Fermi level sep-
aration there are set to 400 K and 1.3 V, respectively.
To focus on the fundamental resonance effects associ-
ated with EL and energy transfer (instead of quantitative
predictions for device optimization), in the calculations
we neglect the temperature dependence of the band gap
and consider above-bandgap photon energies from 1.41
to 1.65 eV, and K values from 0 to 1.05 × NGaAsk0,
where NGaAs is the refractive index of GaAs and k0 is
the wave number in vacuum, thereby limiting the study
to modes freely propagating in GaAs. Moreover, as this
study focuses on how resonance effects affect the useful
emission from emitter to absorber, the absorber is ini-
tially assumed not to emit light for simplicity. However,
supplementary calculations performed for this study (not
shown) indicate that, e.g., when the absorber is at 300
K and has a bias of 1.2 V (representing a plausible con-
dition for thermophotonic energy harvesting), its above-
bandgap EL is only less than 1 % of the above-bandgap
EL from the emitter at 400 K and 1.3 V (note that thanks
to the perfectly symmetric geometry, this difference is
solely due to the different bias and temperature). Di-
electric functions are taken from Refs. 29–31 with the
exception that the dielectric function of Ag is multiplied
by 100 to decrease mirror losses and thereby set the focus
of the analysis to optical processes taking place inside the
cavity, while still allowing a small amount of mirror loss
to refrain from overtly ideal conditions. The implications
of all these choices are discussed further below.

The optical power radiated by the emitter is illustrated
in Fig. 2 as a function of cavity thickness (dcav) and
GaAs layer thickness (dAR). More specifically, Fig. 2(a)
shows the recombination rate Rrad(z) averaged over the
emitter layer, while Fig. 2(b) shows Rrad(z) integrated
over the emitter layer, thereby giving the total optical
power emitted by the layer per unit area. In general,

Markers: Data

Lines: Spline interpolation

FIG. 3: Information in Fig. 2(b) plotted through the horizon-
tal arrow there: optical power emitted by a 30 nm thick GaAs
layer as a function of cavity thickness. The figure also shows
the optical power absorbed by the GaAs absorber layer.

Fig. 2 answers question (1) of the introduction by clearly
showing that resonance effects do not average out after
performing the integrations over ω and K in Eq. (1).
If resonance effects canceled out, Fig. 2(a) would ex-
hibit roughly constant values and Fig. 2(b) would show
a linear dependence on the GaAs layer thickness (until
notable reabsorption would start taking place) with no
dependence on the cavity thickness. Here, Fig. 2(a) indi-
cates that the thinner the GaAs layer, generally the larger
the Rrad, hence providing a quantitative illustration of
the Purcell effect. Also, Rrad in Fig. 2(a) reaches several
local maxima at certain cavity thicknesses. Figure 2(b)
indicates that after integrating Rrad over the GaAs layer,
thicker GaAs layers still generally emit higher total op-
tical powers. However, an intricate dependence on both
the GaAs layer and the cavity thickness remains also in
Fig. 2(b) that can be studied in more detail through 1D
graphs that give more quantitative insight.

First to explore the effects of cavity thickness, Fig. 3
repeats the information of Fig. 2(b) along the horizontal
line marked in Fig. 2(b), i.e., by keeping the GaAs layer
30 nm thick and varying the cavity thickness. Also the
optical power absorbed by the absorber layer is shown
in the figure (with the difference explained by absorp-
tion by the mirrors). The small fluctuation in the ab-
sorption values at large cavity thicknesses is expected to
result from the numerical integration in Eq. (1), where
integrating with fixed ω and K grids over the shifting
emission/absorption peaks produces such small fluctu-
ations. Figure 3 answers question (2) of the introduc-
tion by demonstrating that the optical power transferred
from emitter to absorber has a major non-monotonous
dependency on the cavity thickness. The maximum val-
ues reached at around 265 nm are roughly 50 % higher
than the minimum values at 370 nm, and there are two
clear local maxima within the cavity thickness range con-
sidered in Fig. 3 (265 and 430 nm). For reference, we
have calculated corresponding values for a GaAs layer
thickness of 300 nm, i.e., the layer thickness in Fig. 3
multiplied by 10, and the highest values we obtain there
are roughly 170 W/cm2 (note that the cavity thickness
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FIG. 4: (a-b) Spectral recombination rate r(z,K, ω) averaged
over the emitter layer, with the cavity and GaAs layer thick-
nesses given in the figures, and (c) emission spectra calculated
by integrating the quantities in (a) and (b) over K. In (a), the
colors run from 0 to 4700 m−2 and in (b), from 0 to 4200 m−2.
The non-intuitive units result in W/m3 after performing the
integrations in Eq. (1).

there needs to be more than 650 nm, i.e., the thickness of
the GaAs layers and nanogap combined). This indicates
that thanks to resonance effects, thinning the active layer
to one tenth of such a reference thickness decreases its
emission by only 3-4 times. This effect is analyzed more
in one of the following paragraphs. Note also that in Fig.
3, the 30 nm thick GaAs absorber layer absorbs almost
all the radiation emitted by the emitter, despite being
extremely thin. This would naturally not be the case
without the intracavity structure having mirrors on both
sides, and therefore placing also the detector in a thin-
film cavity points to interesting additional material- and
cost-saving possibilities. This observation would also mo-
tivate a follow-up study focusing on eventual load match-
ing conditions between the emitter and absorber.

For additional insight, next we study the optical mode
structure of the cases that exhibit roughly the largest and
smallest optical powers in Fig. 3. For this, Fig. 4 shows
the spectral recombination rate r(z,K, ω) averaged over

(a)

(b)

Markers: Data
Lines: Spline interpolation

FIG. 5: (a-b) Information in Fig. 2(a-b), respectively, plotted
through the vertical arrow in Fig. 2(a). In other words, the
figure shows the power density and total optical power in a
265 nm thick cavity as a function of the emitting GaAs layer
thickness.

the emitter layer as a function of photon energy and prop-
agation angle (in GaAs) for cavity thicknesses of (a) 265
nm and (b) 370 nm, both with a GaAs layer thickness
of 30 nm. It can be seen that thanks to the cavity, light
is emitted only into rather discrete angles, with two TE
and two TM modes present at both cavity thicknesses.
The locations of these modes are not easily explained,
but they follow from the numerical solution of Maxwell’s
equations. However, we note that we have carried out
the calculations also without the nanogap (results not
shown), and there the TE and TM modes are similarly
discrete but they take place at angles corresponding to
simple cavity resonance conditions. We expect the posi-
tion and thickness of the nanogap and the material sur-
rounding it to have notable consequences on the total
energy transfer, but studying such dependencies is out of
the scope of the present work. Here, referring to the cap-
tion, it is seen that Fig. 4(a) shows larger spectral recom-
bination rates than Fig. 4(b). Furthermore, Fig. 4(c)
shows the emission spectra of the two cases calculated
by integrating Figs. 4(a)-(b) over K. The maximum
value of the structure with dCav = 265 nm is roughly 1.5
times the value for dCav = 370 nm, matching well with
the difference between these cases observed in Fig. 3.
However, it does not seem straightforward to find more
qualitative generalizations for the non-monotonous be-
havior observed in Fig. 3, even if exact relations between
the geometry and optical mode structure are behind it.

Finally to answer question (3) and to study how the
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(c)

(a) d     265 nm, d    20 nmcav AR

(b) d     265 nm, d    60 nmcav AR
0

FIG. 6: (a-b) Spectral recombination rate r(z,K, ω) averaged
over the emitter layer and shown for a selected TE mode, with
the cavity and GaAs layer thicknesses given in the figures.
The emission spectra of the cases considered in (a)-(b) are
shown in (c), calculated by integrating r(z,K, ω) over K. In
(a), the colors run from 0 to 5000 m−2 and in (b), from 0 to
2000 m−2.

GaAs layer thickness affects the total emission rates, Fig.
5 repeats the information of Fig. 2 along the vertical line
shown in Fig. 2(a), i.e., by fixing the cavity thickness
and varying the GaAs layer thickness. Figure 5(a) shows
in more quantitative terms how Rrad decreases with the
increasing GaAs layer thickness, essentially due to the
increasing reabsorption of the emitted power elsewhere
in the emitter layer. As with Fig. 3, the small abrupt
changes in the datapoints are expected to result from
carrying out the integrations numerically over gradually
shifting and broadening emission/absorption peaks. In
Fig. 5(b), on the other hand, we see that while the total
optical power integrated over the GaAs layer increases
with the layer thickness, the increase is sublinear and
starts to saturate rather early as a function of the GaAs
layer thickness. For example, tripling the GaAs layer
thickness from 20 to 60 nm only roughly doubles the op-
tical power. This is explored shortly with help of the
optical modes in Fig. 6, which shows r(z,K, ω) averaged
over the emitter layer for a selected TE mode with the
GaAs layer thicknesses (a) 20 nm and (b) 60 nm as a
function of photon energy and propagation angle. Here,
we see that by increasing the GaAs layer thickness from
20 to 60 nm, r(z,K, ω) both reaches a smaller maximum
value (see caption) and exhibits a larger angular spread.
The other modes are not shown for brevity, but also they
show similar broadening when increasing the GaAs layer
thickness from 20 to 60 nm. The spectra in Fig. 6(c) con-
firm that this effect persists even after integrating overK,
which explains the decrease observed in Fig. 5(a) and the

sublinear behavior in Fig. 5(b). In other words, a thin-
ner layer emits more strongly and with a smaller angular
spread to its discrete modes, and this enhancement effect
persists after integrating over K and ω. Furthermore,
based on Fig. 5(a), decreasing the GaAs layer thickness
might lead to an increasing internal quantum efficiency,
if the bulk nonradiative recombination rate densities are
assumed to remain constant.

This work provided insight into emission and absorp-
tion enhancement of thermal and superluminescent ra-
diation in thin layers and optical cavities, but some im-
portant topics were left to future studies. For example,
the effect of below-bandgap photons and their role in heat
transfer was not considered in detail in this study, as mo-
tivated by a simple calculation: Stefan-Boltzmann law
suggests that pure thermal emission would only amount
to roughly 0.15 W/cm2 at 400 K, and 1.5 W/cm2 even
when the refractive index of AlGaAs is factored into the
calculation (note that this corresponds to ideal emis-
sivity and accounts for all photon energies; near-field
heat transfer can increase these numbers due to sur-
face phonon polaritons, but their study and possible op-
timization is out of the scope of this work). In-plane
wave numbers above 1.05 × NGaAsk0 would also need
to be considered to properly understand e.g. additional
near-field mirror losses and the above-mentioned near-
field heat exchange effects across the nanogap. Also,
to get quantitative predictions e.g. for device optimiza-
tion, temperature-adjusted accurate dielectric functions
should be used for the semiconductor layers and mirrors,
also extending the photon energy grid to smaller values
to accurately account for subbandgap absorption. We
note that spectral matching between the emitter and ab-
sorber layer could then be achieved by properly chosen
AlGaAs or InGaAs alloys, and the increased Ag mirror
losses could be reduced, e.g., by instead deploying care-
fully designed distributed Bragg reflectors.

In conclusion, we carried out fluctuational electrody-
namics calculations of intracavity structures to study how
the radiation transfer between emitter and absorber lay-
ers separated by a vacuum nanogap and bordered by
high-efficiency mirrors is modified by resonance effects.
It was found that even after integrating over wavelength
and energy, the total optical power present in the cavity
has a strong dependency on both the cavity thickness and
the active layer thickness thanks to interference and emis-
sion enhancement effects. The results provide a quanti-
tative starting point for further energy transfer studies,
where e.g. the proper load matching conditions between
the absorber and emitter, the different thermophotonic
operation modes, as well as the effect of mirrors are op-
timized.
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