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Alternative types of artificial cooling techniques are of large interest for multiple applications. Here,
we develop a framework for studying the role of electro-optical coupling in the analysis of solid-state
refrigerators based on electroluminescent cooling (ELC) by combining device measurements with optical
simulations. The studied device consists of a light-emitting diode (LED) epitaxially connected to a pho-
todetector (PD) in a double-diode structure (DDS). Previous results of the DDS have indicated that the
LED side already operates at conditions corresponding to ELC, but Ohmic losses and imperfect photode-
tection of the LED light in the PD have prevented observing the effect directly. Here, to break down the
detection losses of the DDS, we report on the electro-optical response of the LED and the PD in detail,
as well as the role of the spectral coupling from the LED to the PD. We present a detailed framework for
combining measurements and simulations of the DDS to gain quantitative insight of the electro-optical
response of the LED and PD, as well as the coupling between them, including the analysis of effects that
are not directly accessible by standard measurements. The developed approach allows identifying the dif-
ferent photodetection loss mechanisms from the current-voltage and electroluminescence measurements
and thereby gives guidance for designs toward a direct demonstration of ELC at practically relevant cool-
ing powers. Somewhat surprisingly, the results show that an imperfect spectral absorption efficiency of
the PD, in addition to its below unity quantum efficiency, are together required to explain the previously
observed low photodetection efficiency of the DDS even for several microns thick PD structures. In com-
parison, the LED top mirror introduces only a minuscule drop in photodetection efficiency. Put in plain
numbers, our analysis reveals that in the current DDS designs, there is headroom by 14% in the spectral
matching between the LED and the PD, 5% in the charge collection efficiency of the PD, and 4% in the
efficiency at which photons emitted from the LED reach the PD.

DOI: 10.1103/PhysRevApplied.19.064054

I. INTRODUCTION

Light-emitting diodes (LEDs) have revolutionized gen-
eral lighting during the last decade, and overall, they
represent one of the core enabling technologies behind the
rapidly growing field of photonics [1–3]. However, not
only are LEDs efficient light emitters, but they can be
more broadly seen as thermodynamic engines capable of
near-reversible conversion between electrical, thermal, and
optical energy [4]. Accordingly, an LED generally feeds
on both electrical and thermal energy while emitting light,
giving rise to the possibility of electroluminescent cool-
ing (ELC). The physics behind ELC has been postulated
already decades ago [5–8], but demonstrations of it at a
practical level are still in the making.

*nicklas.anttu@abo.fi
†These authors contributed equally.

The basic principle of ELC starts from boosting the
thermal radiation of a semiconductor through an exter-
nally applied bias voltage, giving rise to a nonzero photon
chemical potential in the semiconductor [9]. This allows
amplifying the thermal band-to-band light emission expo-
nentially. Meanwhile, using a bias voltage smaller than the
band-gap energy ensures that the average electrical energy
of the injected electron-hole pairs is lower than the average
energy of the emitted photons. In practice, this means that
between injection and recombination events, the electron-
hole pairs gain extra energy by thermalizing to the lattice
temperature through phonon absorption. Once the exter-
nal quantum efficiency (EQE) of light emission is high,
most of the recombination events end up generating pho-
tons that remove heat out of the device. ELC shares most
of its basic physics with laser cooling [10–12], but perhaps
the largest practical difference is that in ELC, the average
energy of the input quanta (e-h pairs) may be consider-
ably lower than the band-gap energy. This allows much
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more leeway in the required EQE of the emission as com-
pared to laser cooling. ELC can also be regarded as a
subfield of the much broader research area concerning the
thermodynamics of light in solids and related applications
[13–22], where thermophotovoltaics is perhaps the most
well-known topic [18–22].

It is clear that a practical demonstration of ELC would
have inherent scientific value, as it would showcase a fun-
damental physical effect postulated already decades ago.
But perhaps even more importantly, such a successful
demonstration would also naturally present the question
of whether ELC could have added value on top of other
cooling technologies available today. Shortly comparing
its potential with only the two most dominant ones, ELC
could first of all outperform thermoelectric coolers in effi-
ciency [23], as well as extend the attainable temperatures
towards the high-T superconductor regime [4]. Even as
compared to the ubiquitous mechanical heat pumps, ELC
could match their efficiency and additionally enable getting
rid of all the moving parts.

To date, ELC has been indirectly observed only at
extremely small cooling powers [24]. The concept has also
been demonstrated to thermally enhance the efficiency of
visible LEDs [25], and the closely related phenomenon
of negative luminescence cooling has also been directly
observed in near-field coupled nanocalorimetric experi-
ments [17]. Therefore, one can say that the field is now
calling for an irrefutable demonstration of cooling at typ-
ical LED operating regimes on the order of W/cm2 in
cooling power density in mm-scale devices. To this end,
our previous work has introduced a prototype structure
known as a double-diode structure (DDS), integrating an
LED and a photodetector (PD) as a single semiconduc-
tor device. In the DDS, we (1) inject electrical current to
the LED to generate light and (2) detect absorption of the
generated photons as photocurrent in the PD. These stud-
ies indicate that optical cooling takes place already locally
inside the device, once the effect of losses taking place out-
side the active region of the LED is accounted for [26].
Thus, it appears that what prevents the actual cooling from
being directly observed is a combination of different fac-
tors, including inner and outer electrical resistances, cur-
rent crowding, and optical losses. The contribution of all
of these factors should be quantified separately to lead the
way towards direct demonstration of ELC, e.g., by devel-
oping optically invisible thermal insulators in the form
of vacuum nanogaps between the emitter and absorber
elements of the DDS [4].

In this paper, we study and analyze in detail the electro-
optical coupling taking place between the LED and the
PD in the DDS to lay ground for more direct demon-
stration and technical applications of the ELC effect. Our
study reveals which processes limit the performance and
enables a design approach for future improvements for
the DDS. We present a detailed framework for combining

measurements and simulations of the DDS to gain quan-
titative understanding of the electro-optical response of
the LED and PD, as well as the coupling between them,
including the analysis of effects that are not directly acces-
sible by standard measurements. In a broader sense, our
framework should be straightforward to adapt also for the
analysis of the coupling and losses in other closely related,
emerging photonic power conversion devices, such as laser
power converters [27,28].

In our analysis approach, the photodetection efficiency
in the DDS is split into three multiplicative efficiencies as
ξ = ηoptical ηmatching ηCCE. Here, ηoptical is the efficiency at
which the photons generated by the LED are transported
to the PD, ηmatching represents the spectral matching (effi-
ciency) between the PD and LED to absorb the transported
light and convert it into electron-hole pairs, and ηCCE is the
charge collection efficiency of the PD, that is, the efficiency
at which the PD collects the photogenerated electron-hole
pairs to generate the photocurrent. To extract these three
factors, we use a combination of electrical and optical
measurements and simulations.

The paper is organized as follows. In Sec. II A, we intro-
duce the three DDSs that we study, in Sec. II B we present
the measurements and simulation methods used for ana-
lyzing the electro-optical coupling in the DDS, in Sec. III
we show the results from the analysis, in Sec. IV we dis-
cuss the implication of our results on achieving ELC, and
in Sec. V we conclude and summarize the main findings of
our study.

II. METHODS

A. DDS samples

Three DDSs based on 1-mm-diameter circular mesas
are studied (Fig. 1 and Table I). The main difference
between the three DDSs is the type of PD, as well as the
presence (HJ-1), or lack thereof (HJ-2, DHJ-1), of an omni-
directional reflector (ODR) on the top side of the LED.
The devices have three separate 20-nm-thick GaAs con-
tact layers—one top contact above the LED, one middle
contact between the LED and the PD, and one bottom
contact under the PD. These three contacts allow separate
electrical access to the LED and PD in the electrical char-
acterization of the DDS [see Fig. 1(a) for a schematic of
electrical contacting]. A listing of all the device layers is
given in Ref. [29].

All three DDSs have a similar LED region with a
nominally undoped 300-nm-thick GaAs active region sur-
rounded by larger band-gap (Ga, In)P barriers, in a double
heterojunction (DHJ) configuration. Two of the samples,
called HJ-1 and HJ-2, have a homojunction, n-p type
GaAs PD, with HJ-1 grown by molecular beam epitaxy
(MBE), similarly as in Ref. [26], and HJ-2 with metalor-
ganic vapor-phase epitaxy (MOVPE). The third sample,
called DHJ-1, is MOVPE grown and has a DHJ GaAs PD.
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(a) (b)

(d)(c)

FIG. 1. (a) Cross section and top view of the DDS with a 360-nm SiNx ODR layer (sample HJ-1); (b) the DDS without SiNx (samples
HJ-2 and DHJ-1). The corresponding PD-only devices obtained during the same processing procedure are illustrated in (c) for HJ-1
with 360 nm homogeneous SiNx coating and in (d) for HJ-2 and DHJ-1.

The growth details for the MOVPE samples are given in
Ref. [30].

HJ-2 and DHJ-1 have a continuous GaAs top contact.
In contrast, 93% of the HJ-1 surface is covered by a 360-
nm-thick SiNx ODR with the remaining 7% covered by the
GaAs top contact. All three DDS structures have a AuZn
contacting layer furthest on the top side of the LED.

In order to study the optical response of the PD sepa-
rately, a dedicated mask design is used during the process-
ing to define, through etching of the LED layers, PD-only
mesas next to the full DDS mesas. For HJ-1, the PD is,
similarly as the ODR in the full DDS, coated with a SiNx
layer [see Fig. 1(c) for the schematic of the PD-only device
with the ODR and Fig. 1(d) for the PD-only device without
the ODR].

B. Characterization of DDS response

In the analysis, we use a combination of measurements
and optics simulations as summarized in Table IV in
Appendix A. With this framework, the electrical response
of the system is extracted from measurements. For the
optics simulations, we need as input the refractive index
and thickness of the constituent layers. This is in contrast

TABLE I. Summary of the main differences between the three
DDSs used in this study.

Sample PD type

SiNx ODR
on top of

LED
Fabrication

method

HJ-1 Homojunction Yes MBE
HJ-2 Homojunction No MOVPE
DHJ-1 Double hetero-

junction
No MOVPE

to full electro-optical simulations [31,32], where we need
several additional input and fitting parameters related to
the electrical properties of each constituent layer [such as
doping concentration, electron and hole mobility, recom-
bination parameters (for example interface, non-radiative,
Auger and radiative recombination), band gap, and band
alignment at interfaces].

1. Electrical characteristics: I-V, CQE, LED IQE, and
PCE

The electrical characteristics of the DDS are measured
using a three-probe arrangement, illustrated in Fig. 1(a),
with a Keithley SMU to apply a bias U1 to the LED and
keeping the PD in short-circuit condition (U2 = 0). When
the injection current is above 10 μA, the measurements
are performed at a low duty cycle with injection pulses
not longer than 5.5 ms spaced 2 s apart to limit the risk
of possible Ohmic heating degradation of the DDS due to
series resistances at high current injection level. Thus, we
measure the current I1 injected into the LED, which gives
rise to emission of light and the related current I2 pho-
togenerated in the PD after absorption of (a fraction of)
those photons. The coupling quantum efficiency, directly
measurable as ηCQE = I2/I1, defines the efficiency of the
double diode structure in converting the LED current I1 to
the photogenerated current I2 in the PD [26]. The internal
quantum efficiency (IQE) of the LED, ηLED is the proba-
bility that an electrically injected electron-hole pair gives
rise to an emitted photon [26]. In the framework of the
DDS, it can therefore be expressed as ηLED = ηCQE/ξ .
The power conversion efficiency for the ELC is defined
as ηPCE = ηLED × (Eph/qU) with U being the internal bias
voltage of the LED (typically, U < U1 due to external
resistances as well as internal spreading resistances) [26],
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q the elementary charge, and Eph ≈ 1.42 eV the energy
of the photons emitted by the LED at the band gap of
GaAs [33] (at room temperature in our experiments). ηPCE
defines the efficiency of transferring energy through radia-
tion from the LED [26]. ηPCE > 1 thus denotes the criterion
for reaching ELC, that is, the LED cooling regime.

2. Electroluminescence (EL) of the LED

The (external) EL spectrum ΦEL(λ) of the LED as a
function of the photon wavelength λ is measured in the
same setup as used for the I -V characterization, with two
probes, biasing the LED with a constant 1 mA current and
measuring the spectrum of the light emitted through the
side of the LED mesa with a fiber spectrometer (Ocean
Optics FLAME-S-XR1-ES). This value of 1 mA for the
current gives a good signal-to-noise ratio, without exhibit-
ing heating effects in the spectral shape, which show up at
higher constant LED current level. We acknowledge that
the EL spectra measured through the LED side could, in
principle, differ from the spectrum internally emitted by
the LED due to wavelength-dependent parasitic absorption
before outcoupling at the side of the mesa. However, we
find good agreement between measured and modeled EL
spectra, indicating that the measurement of the EL through
the side of the sample does not strongly distort the spec-
tral shape of the EL (see Fig. S2 within the Supplemental
Material [34]).

3. EQE of PD-only devices

To elucidate how well the PD performs, η
EQE
PD (λ), the

external quantum efficiency (EQE) of the PD-only devices,
is measured at normal incidence in an industrial EQE
setup (Solar Cell Spectral Response/QE/IPCE Measure-
ment System Model QEX7 from PV Measurements, Inc.
– refered to as QEX7 below); see Ref. [35] for additional
technical details of the EQE measurements. η

EQE
PD (λ) is the

fraction of incident photons at wavelength λ converted to
photocurrent by the PD. An angle-dependent assessment
of the PD EQE would, in principle, be of interest since
in the actual DDS, the LED populates all internal propa-
gation angles. However, such EQE measurements are not

straightforward since with external illumination at a planar
interface between air and GaAs, we have access only to
internal angles less than 20° from normal incidence due to
the high refractive index of GaAs.

4. Reflectance

We measure the reflectance R(λ) of the PD-only
devices to eliminate in our analysis the external reflection
loss, which does not exist between the LED and the PD
in the DDS layout. Reflectance of the PD-only devices is
measured with a FilmTek 200 M setup with a 5× objective
(NA = 0.15, corresponding to 9° half-cone angle) and an
approximately equal to 50 μm spot size. Since the FilmTek
setup collects light only within this cone of approximately
equal to 9° from normal, possible presence of diffuse scat-
tering and reflectance is investigated with total reflectance
measurements in an integrating sphere [36], focusing onto
the sample with a supercontinuum light source, with a
maximum wavelength of 845 nm as limited by its tunable
filter (see Sec. S5 within the Supplemental Material [37]
for details).

5. Coupling from LED to PD

To study in detail the coupling from the LED to the
PD in the DDS, we express the CQE as ηCQE = ξ × ηLED.
As in our previous study, we express the photodetec-
tion efficiency as ξ = I2/Irad with Irad being the radiative
recombination current of the LED [26]. Of note, ξ can-
not be obtained directly from a measurement of CQE
since also ηLED is unknown, and therefore, previously, we
used an ABC-type recombination model to extract Irad.
As discussed in the introduction, to gain further under-
standing of the limiting factors of ξ , here we introduce
an analysis of ξ through three multiplicative factors as
ξ = ηopticalηmatchingηCCE, as detailed below (see also Table
IV in Appendix A for a summary of the quantities involved
in the analysis).

We write ξ in terms of a wavelength and propagation
angle integration of the coupling between the LED and the
PD:

ξ =
∑

TE-TM

∫
χPD(λ, θ)χoptical(λ, θ)ΦLED(λ, θ)dλdθ
∑

TE-TM

∫
ΦLED(λ, θ)dλdθ

=
∑

TE-TM

∫
ΦLED-on-PD(λ, θ)dλdθ

∑
TE-TM

∫
ΦLED(λ, θ)dλdθ

∑
TE-TM

∫
χPD(λ, θ)ΦLED-on-PD(λ, θ)dλdθ

ηCCE
∑

TE-TM

∫
ΦLED-on-PD(λ, θ)dλdθ

ηCCE = ηopticalηmatchingηCCE. (1)

Here, θ is the propagation angle (in the (Ga, In)P layers
surrounding the active region of the LED), ΦLED(λ, θ) is
the internal EL spectrum of the LED in the DDS in terms

of number of photons/(m2 s nm), χoptical(λ, θ) is the opti-
cal coupling from the LED to the PD, χPD(λ, θ) is the IQE
of the PD in the DDS, that is, the efficiency for the PD
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in the DDS to give rise to a charge carrier in the PD cur-
rent from an incident photon entering the active region of
the PD, and ηCCE is the charge-collection efficiency (CCE)
of the PD, that is, the probability that a photogenerated
electron-hole pair in the PD gives rise to a charge car-
rier in the external current. ΦLED, χoptical, and χPD show
dependence of the polarization state of light, chosen as
TE and TM polarization here [38], and in Eq. (1), we
perform summing of both polarization states. With this
notation ΦLED-on-PD(λ, θ) = χoptical(λ, θ)ΦLED(λ, θ) in Eq.
(1) is then the spectrum incident on the PD (which is also
TE-TM dependent).

In Eq. (1),

ηoptical =
∑

TE-TM

∫
ΦLED-on-PD(λ, θ)dλdθ

∑
TE-TM

∫
ΦLED(λ, θ)dλdθ

(2)

is the efficiency at which photons emitted from the LED
reach the active region of the PD, and

ηmatching =
∑

TE-TM

∫
χPD(λ, θ)ΦLED-on-PD(λ, θ)dλdθ

ηCCE
∑

TE-TM

∫
ΦLED-on-PD(λ, θ)dλdθ

(3)

is the efficiency, relative to ηCCE, at which the PD converts
to photocurrent the photons reaching it from the LED. That
is, ηmatching is the spectral matching efficiency of the PD.

6. Optics simulations

The details of the internal optical coupling in the DDS,
in terms of χoptical(λ, θ), that is, how well light reaches
the PD from the LED, are not readily measurable. From
optics simulations, with the thickness of the varying lay-
ers in the DDS, together with the refractive indexes of the
constituent materials of each layer [39–47], we can, how-
ever, obtain the reflection, transmission, and absorption in
the varying layers as a function of wavelength, propagation
angle, and polarization state. For these simulations, we use
a one-dimensional version of the Fourier modal method
(FMM) [48], which thus gives equivalent results as the
one-dimensional rigorous coupled-wave analysis (RCWA)
or the transfer matrix method (TMM) (see Sec. S6.1 within
the Supplemental Material [49] for details of the FMM
simulations).

To allow an easy-to-apply analysis, we develop for this
study an approximate, iterative method to model the emis-
sion from the LED in the optical DDS stack, that is, to
calculate χoptical(λ, θ) and ΦLED-on-PD(λ, θ) (see Sec. S6.2
within the Supplemental Material [50] for details). We
divide the DDS into two subsystems, one above the LED
and one below the LED. We include with the above FMM
the interference effects of the emitted light through the
layers of each subsystem, with a noncoherent coupling
between the top and the bottom side. This approximate

coupling is motivated by the fact that the backreflection
from the PD toward the LED tends to be weak. In contrast,
this approach is not applicable, for example, for a case
where the DDS consists of a resonant cavity with an addi-
tional mirror placed below the PD—there, optical cavity
modes would set up inside the DDS due to the interference
effects through the whole DDS, and a more tedious, coher-
ent optics simulation, e.g., Refs. [38,51], of the full DDS
stack is required.

III. RESULTS AND DATA ANALYSIS

A. Electrical measurements: I -V data

The results from the I -V measurements are shown in
Fig. 2(a) as a function of the external voltage on the
LED and in Fig. 2(b) as a function of LED internal bias
as explained below. Figure 2(c) shows the corresponding
CQE, which reaches a peak value of approximately equal
to 70%, similar as in Ref. [26], where the drop from a value
of 1 is largely accredited to optical losses within the DDS.
In Ref. [26], it was indicated that the CQE is mostly lim-
ited by optical photodetection losses, which we investigate
in more detail below.

While the maximum applied bias U1, as seen in
Fig. 2(a), exceeds 3 V, the internal bias U across the LED
does not exceed the GaAs band-gap bias (1.42 V), when
taking into account the voltage drop across the measure-
ment setup’s external resistance, which is on the order
of several ohms. Figure 2(b) shows the same I -V curve
but now as a function of U, with U extracted from the
PD current I 2 by considering that it is directly (linearly)
proportional to the radiative recombination current of the
LED, and thus can be expressed as I2 = Iα × exp(qU/kT).
Here, Iα is assumed to be a constant prefactor. At low
enough applied biases, the voltage drop due to external
resistance is negligible and U ≈ U1, from which I2 as a
function of U1 can be used to estimate Iα . This Iα can in
turn be used to establish a correspondence between I2, U,
and U1 (see Ref. [26] for more details on this method).

It is worth noticing that the CQE of HJ-1, the MBE
grown sample, seems to be much lower at low currents,
but rises steeply at high currents to even overtake the
CQE of HJ-2 and DHJ-1, which are grown using MOVPE
[see Fig. 2(c)]—the maximum CQE value is ηCQE= 0.707,
0.655, and 0.686 for HJ-1, HJ-2, and DHJ-1, respectively.
Such CQE behavior with increasing current indicates dif-
ferences in the MBE and MOVPE grown structures since
HJ-1 and HJ-2 have nearly identical structure, other than
the presence of the ODR in HJ-1. It is likely that HJ-1 has
a higher defect density or more intrinsic active region, pos-
sibly originating from differing growth technique as well as
conditions in every individual reactor rather than the exact
type of reactor. Higher defect density could result in high
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(a) (b) (c)

FIG. 2. (a) J -V curves for the LED (J 2) as a function of applied LED bias (U1) with the PD in short circuit (U2 = 0). (b) As (a) but
plotted with respect to LED internal bias (U) with ideality factors n = 1 and n = 2 added as guidelines. (c) CQE (ηCQE) as a function
of LED current density.

losses at low currents, but the defect recombination cen-
ters could fill up at high current level, thus saturating the
losses.

B. Optical measurements: PD EQE, PD R, PD IQE,
PD CCE, and LED EL

Figure 3(a) shows the measured EQE, η
EQE
PD (λ), as well

as the reflectance R of the PD-only devices together with
ΦEL(λ), the EL spectrum of the LED. To assess the
efficiency of the PD for the DDS configuration where
the external reflection does not show up, we correct for
the reflection loss in the EQE measurements. Therefore,
Fig. 3(b) shows the reflectance-corrected EQE, ηPD(λ) =
(η

EQE
PD (λ))/(1 − R(λ)), which coincides with the definition

of the (wavelength-dependent) IQE of a conventional
(non-DDS) PD. From Fig. 3(b), we estimate the maxi-
mum value for the PD IQE for HJ-1, HJ-2, and DHJ-1 to
ηPD-max= 86%, 84%, and 93%, respectively.

Furthermore, we see from Fig. 3(b) that ηPD(λ) drops
rapidly at λ ≈ 870 nm, while the EL spectrum peaks there,
as expected due to the room-temperature band gap of
approximately 1.42 eV of GaAs [33], which corresponds to
a wavelength of approximately 870 nm. Due to the use of
the same band-gap material for the LED and PD, the long-
wavelength tail of ΦEL(λ) extends into the region where
ηPD(λ) drops rapidly. It clearly leads to the issue of imper-
fect absorption of the LED light by the PD. Such spectral
mismatch should show up as a drop in ηmatching—this fact
is analyzed in more detail below in Sec. III D.

In Fig. 3(a), we see a difference in the measured
reflectance between HJ-2 and DHJ-1, despite them having
a very similar structure [which also results in a very sim-
ilar modeled reflectance as seen in Fig. S7(b) within the
Supplemental Material [52]]. HJ-2 shows a clearly lower
measured reflectance than DHJ-1. This can be explained
by the fact that the HJ-2 PD-only sample has been used for
another experiment where an Al layer was deposited on the
surface and later etched away, resulting in increased sur-
face roughness. In order to assess whether this reduction in

reflectance is a scattering effect or an antireflection effect,
we measure the reflectance spectra with the integrating
sphere (see Fig. S4 within the Supplemental Material [53]
for the spectra), which confirms the measured reflectance
with the FilmTek setup of all samples within the accuracy
of ±1% (absolute) of the integrating sphere measurements.
Hence, the induced surface roughness on the HJ-2 PD-only
sample only gives rise to an antireflection effect, and the
reflectance measured by the FilmTek setup can be used for
correcting the EQE spectra, as performed for Fig. 3(b).

To estimate the CCE, we simulate the absorption of
externally incident light in the active region of the PD and
compare it to the measured EQE. This analysis indicates
a CCE of ηCCE= 90%, 88%, and 95% for HJ-1, HJ-2, and
DHJ-1, respectively (see Sec. S7 within the Supplemental
Material for details). We use these values for ηCCE in Eqs.
(1) and (3) in the below analysis.

C. Coupling from LED toward PD

Above, we obtain ηPD(λ), ηCCE, and ΦEL(λ). However,
for analysis of the coupling of radiation from the LED to
the PD, in terms of the photodetection efficiency ξ in Eq.
(1), we need knowledge also of χoptical(λ, θ), the coupling
of light from the LED to the PD inside the DDS, for which
we use modeling.

More specifically, for the calculation of both ηoptical
and ηmatching in Eqs. (2) and (3), we need knowledge of
ΦLED-on-PD(λ, θ) = χoptical(λ, θ)ΦLED(λ, θ). For this anal-
ysis, we assume isotropic emission for the internal
EL, which results in an angle dependence given by
sin(θ)cos(θ) [55] [the cos(θ) term originates from the
projection of the intensity flowing through the transverse
plane of the DDS and the sin(θ) term from the solid-angle
dependence]. Furthermore, we assume that the inherent
emission in the LED is not polarization dependent. We
approximate the inherent emission of the LED by the
externally measured EL spectrum ΦEL(λ). Thus, we use
below ΦLED(λ, θ) = ΦEL(λ)sin(θ)cos(θ) to estimate the
emission into a direction forming an angle θ with direct
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(a) (b)

FIG. 3. (a) Measured EQE (η
EQE
PD ), R, and (normalized) EL spectra (	EL). (b) ηPD(λ) = (η

EQE
PD (λ))/(1 − R(λ)) shown together with

EL.

incidence. We use optics simulations with FMM for cal-
culating χoptical(λ, θ) and ΦLED-on-PD(λ, θ), including their
dependence on the polarization state (see Sec. II B 6
above).

The resulting coupling from the LED to the PD, ηoptical
in Eq. (2), and the accompanying absorption losses are
summarized in Table II for the three DDSs. The samples
without ODRs, that is, HJ-2 and DHJ-1, show ηoptical ≈
91%, mainly limited by absorption of 8% in the top mirror.
By moving to the ODR design in HJ-1, with 93% of the top
surface covered by the ODR and remaining 7% by similar
GaAs top contact as in HJ-2 and DHJ-1, ηoptical increases to
approximately equal to 96%, mainly thanks to a decrease
in the absorption in the top mirror, but partly also thanks to
a decrease in the absorption in the top GaAs contact layer
from approximately equal to 1% to less than 0.1%. Thus, it
appears that the optical coupling from the LED to the PD
is at a rather high level in the ODR device. We note here
that a strong angular dependence is seen in HJ-1 where the
loss to the Au mirror drops rapidly for angles beyond 35°
(see Figs. S6–S8 within the Supplemental Material [56]),
which is the critical angle between the (Ga, In)P layer and
the SiN layer in the ODR.

D. Spectral matching of PD to LED spectrum

For calculating ηmatching in Eq. (3), we use for χPD(λ, θ)

the measured ηPD(λ) for each of the three samples (and
correct it through modeling for the minor <1% absorp-
tion in the middle GaAs contact layer), the ηCCE extracted

from the PD EQE measurements, and ΦLED-on-PD(λ, θ), the
spectrum reaching the PD, which is obtained from the
simulations performed in Sec. III C. We obtain for HJ-1,
HJ-2, and DHJ-1, respectively, ηmatching= 0.845, 0.824, and
0.861. Thus, the HJ and DHJ PDs give rather similar spec-
tral matching to the EL spectrum. This is expected since
(1) the EL spectrum, even after the optical losses during
coupling to the PD, is centered close to the band-gap wave-
length (see Fig. S5 within the Supplemental Material [57]),
(2) the DHJ PD shows a more boxlike EQE, with high
values almost directly below the band-gap wavelength and
low values almost directly above the band-gap wavelength,
while (3) the HJ PDs, on the other hand, show a smoother
transition around the band-gap wavelength, losing some of
the shorter wavelength photons in detection, but gaining
some longer wavelength photons in compensation.

1. Power dependence of PD EQE

The above PD EQE measurements with QEX7 are per-
formed at low excitation power (approximately equal to
0.3 μW) resulting in low photocurrents (approximately
equal to 0.1 μA). However, as seen in Fig. 2(b), the CQE of
our device peaks at much higher currents (approximately
equal to 80–240 mA depending on the device). Therefore,
we address the power dependence of the PD EQE using a
home-made setup based on a supercontinuum laser allow-
ing higher powers to be reached (Fig. 4); see Ref. [35] for
technical details of these EQE measurements.

TABLE II. Simulated efficiency at which light reaches from the LED to the PD for HJ-1, HJ-2, and DHJ-1 together with the three
absorption losses present.

ηoptical Absorption in AuZn mirror Absorption in top pGaAs Absorption in middle nGaAs

HJ-1 (with ODR) 0.963 0.030 0.001 0.007
HJ-2 (no ODR) 0.909 0.079 0.011 0.006
DHJ (no ODR) 0.910 0.079 0.011 0.006
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FIG. 4. EQE dependence on the current photogenerated by
the PD with varied power of the incident light at 844.5-nm
wavelength, which is the longest wavelength accessible in the
home-built supercontinuum-laser-based EQE setup and close to
the EL emission peak wavelength at approximately 870 nm. Note
that the CQE peak in Fig. 2(c) occurs at a current of approxi-
mately equal to 80–240 mA depending on device, while the EQE
characterization in Figs. 2(a) and 2(b) is performed at a current
of approximately equal to 0.1 μA.

In Fig. 4, HJ-1 and HJ-2 show an increase by approxi-
mately 7% (rel.) in PD EQE with increasing power of the
incident light, while DHJ-1 does not show any significant
change over the measured nearly 5 orders of magnitude in
power increase. Note that the power dependence is shown
for up to 2 mA in photocurrent, limited by the available
laser power, which is still some 40–120 times lower than
the peak CQE current. However, HJ-1 shows a tendency
toward saturation in EQE already at that 2 mA in Fig. 4,
which makes us believe that the 7% (rel.) EQE increase
for the HJ PDs is a good approximation for the value at
the CQE peak. Thus, we expect ηPD-max of HJ-1 and HJ-2
to increase by 7% (rel.) compared to the values extracted
above with QEX-7. The above 7% relative increase for
HJ-1 and HJ-2 brings their ηPD-max to 0.92 and 0.90, respec-
tively, comparable to the power independent ηPD-max of
0.93 for the DHJ PD.

We expect that the optical properties of the materials in
the PDs are rather independent of the illumination intensity

over the range considered in Fig. 4. Therefore, we assign
the increase in ηPD-max of HJ-1 and HJ-2 to an increase
in their CCE. We might be observing saturation of inter-
face recombination around the active region in the HJ PDs
with increasing power of the incident light, that is, increas-
ing photogeneration rate [58]. With the above 7% (rel.)
increase for HJ-1 and HJ-2 assigned to the CCE, we end
up with ηCCE= 96%, 94%, and 95% for HJ-1, HJ-2, and
DHJ-1, respectively.

IV. DISCUSSION OF OPTICAL COUPLING AND
ITS EFFECT TOWARD ACHIEVING ELC

The main extracted values are summarized in Table III.
For the IQE of the LED, we obtain for the three samples
values in the range of 0.90–0.93. The lower value for the
MBE-grown sample corresponds well with the observa-
tions made in Fig. 2 with possibly higher defect density.
However, such an estimate for the LED IQE should be
taken with caution due to the multiple steps and approx-
imations, combining varying measurements and modeling,
in the analysis. All three devices show PCE > 1, indicat-
ing that internal cooling of the LED is already present in
the devices (see Fig. S8 within the Supplemental Mate-
rial [59]). In this paper’s context, however, the more useful
(and reliable) information relates to the coupling of radia-
tion from the LED to the PD, in terms of the photodetection
efficiency ξ , and breaking it down to its constituents ηoptical,
ηmatching, and ηCCE [see also Eq. (1)].

In this way, we identify three main aspects for improve-
ment in the photodetection efficiency ξ in the DDS: (1)
The ODR structure increases the optical coupling from the
LED to the PD, that is, ηoptical, by approximately 5% (abso-
lute)—see Table III. However, the current ODR design
still leaves space for further 4% (absolute) improvement
in ηoptical. These losses occur predominantly in the AuZn
mirror. Therefore, a more dedicated ODR design could fur-
ther boost ξ . (2) We find in ηCCE room for improvement by
approximately equal to 5% (absolute), which calls for a
more dedicated electrical design of the PD. (3) There is an
approximately equal to 14% boost awaiting with optimiza-
tion of ηmatching, which is limited by the transmission loss
through the PD in the vicinity of the bandgap of the GaAs
active region of the PD.

TABLE III. Summary of the efficiencies for each studied device. The reported ηCCE, and consecutively also the ξ =
ηopticalηmatchingηCCE, includes for HJ-1 and HJ-2 the 7% relative increase found in Fig. 4 at high illumination power. The IQE of
the LED is extracted as ηLED = ηCQE/ξ , and for details of ηPCE, the PCE of the ELC, see Fig. S8 within the Supplemental Material
[59]. The confidence in the reported values is the highest in the columns further to the left.

Sample Peak ηCQE ηCCE ηoptical ηmatching ξ ηLED Peak ηPCE

HJ-1 0.707 0.96 0.962 0.845 0.78 0.90 1.04
HJ-2 0.655 0.94 0.909 0.824 0.70 0.93 1.02
DHJ-1 0.686 0.95 0.910 0.861 0.74 0.93 1.02
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FIG. 5. Shifting of the LED EL spectrum by 30 meV with
respect to η

EQE
PD (λ)/(1 − R) for DHJ-1.

To increase ηmatching, the transmission losses in the PD
could be decreased either by making a thicker active region
layer or by making a thin-film device with the whole DDS
within a mirror cavity with a mirror underneath the PD
[51]. Alternatively, the transmission loss in the PD can be
circumvented if the LED spectrum is blueshifted into the
region of high IQE of the PD. Figure 5 illustrates for DHJ-1
DDS the effect of blue- and redshifting the emission spec-
trum of the LED by just 30 meV (from room-temperature
value). With the blueshift, ηmatching increases to 0.97 from
0.86, while the redshift causes a drop to 0.39. It is worth
noting, that such a blueshift could occur in a device with
thermal insulation between the LED and PD if the LED
cools down to at least 230 K in operation, in which case
the GaAs LED emission blueshifts by 30 meV due to the
band-gap decrease in GaAs with decreasing temperature
[33].

However, in our current DDS configuration, as well as
in devices where cooling is intended for small tempera-
ture differences, a shift of LED and/or PD band gap would
still be required for the PD to efficiently absorb the light
from the LED. Furthermore, if the DDS is, instead of cool-
ing applications, used for waste-heat-recovery applications
[60,61], the LED operates at a much higher temperature
than the PD, and the temperature difference induces a rel-
ative redshift of the LED spectrum. Then, a careful choice
of the materials and their band gaps for the LED and
PD active regions to efficiently match the LED emission
spectrum to the region of high PD EQE would be cru-
cial, as suggested also in Refs. [60,62]. In contrast to
the cooling applications where a poor spectral matching
will primarily just reduce the coefficient of performance
(COP) of the cooling, in the waste-heat energy-harvesting
applications a sufficient spectral match is crucial for the
energy-harvesting itself.

V. CONCLUSION

We study the coupling of emitted light from the LED
to the PD in the DDS with a combination of measure-
ments and optics simulations. The performance of the PD
is assessed by measuring the EQE of dedicated PD-only
devices, correcting for measured external reflection losses.
Furthermore, we measure the external EL of the LED to
approximate the internal emission spectrum. However, the
transport of light from the LED to the PD is not readily
measurable, and we turn to optics simulations. The simu-
lation of the coupling of internal emission from the active
region in the LED toward the PD is performed with an
iterative approach, developed for this study.

Our analysis approach allows decomposition of the
internal coupling in the DDS to three multiplicative effi-
ciency factors: ηoptical, ηmatching, and ηCCE. The analysis
revealed that the largest room for improvement, with 14%
(absolute), lies in ηmatching, which is the efficiency (normal-
ized to ηCCE) at which the PD manages to take advantage
of the spectrum incident on it from the LED. This large
drop in efficiency occurs due to the transmission losses
through the PD when using a GaAs PD for a GaAs LED.
We note that in a DDS device that efficiently cools the LED
through ELC, with thermal insulation to the PD, this effi-
ciency ought to increase due to the relative blueshift of the
LED emission to the region of high IQE of the PD. Alterna-
tively, we offer as a solution band-gap-tuning by materials
choice for the LED and/or PD to give rise to such a rela-
tive spectral shift between them. The second largest room
for improvement, with 5% (absolute) lies in ηCCE. To boost
ηCCE, a careful optimization of the electrical design of the
PD is needed. Finally, when an ODR is used at the top side
of the LED, there is still 4% (absolute) room for improve-
ment in ηoptical, the efficiency at which the emission from
the LED reaches the PD. Here, we recommend an even
more dedicated ODR design to boost ηoptical.
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APPENDIX A: QUANTITIES USED IN THE
ANALYSIS

A list of the quantities used in the analysis is given in
Table IV.
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TABLE IV. Summary of the quantities used in the electro-optical analysis in this paper and how they are extracted.

Quantity Expression Extraction Defined in Sec.

ELC PCE ηPCE = ηCQE
ξ

× Eph
qU =

ηLED × Eph
qU

From ηCQE, ξ , and U II B 1

Internal voltage bias of LED U From I -V measurements II B 1
LED IQE ηLED = ηCQE

ξ
From ηCQE and ξ II B 1

Coupling quantum efficiency ηCQE = I2
I1

From I2, measured current
from PD, and I1,
measured current to LED

II B 1

Photodetection efficiency in
DDS

ξ = ηopticalηmatchingηCCE From ηoptical, ηmatching, and
ηCCE

II B 5

Efficiency at which photons
emitted from the LED reach
the PD

ηoptical From ΦLED and ΦLED-on-PD II B 5

Spectral matching efficiency of
the PD (relative to incident
LED light)

ηmatching From χPD and ΦLED-on-PD II B 5

CCE of PD ηCCE From η
EQE
PD (λ) with optics

simulations
II B 5

PD IQE in DDS χPD(λ, θ) From ηPD, with correction
from optics simulations
for minor, <0.5%,
absorption in the middle
GaAs layer.

II B 5

Optical coupling from LED to
PD in DDS

χoptical(λ, θ) From optics simulations II B 5

Internal EL spectrum of the
LED in the DDS

ΦLED(λ, θ) Estimated from ΦEL II B 5

Spectrum incident on the PD in
the DDS

ΦLED-on-PD(λ, θ) =
χoptical(λ, θ)ΦLED(λ, θ)

From χoptical and ΦLED II B 5

External EL spectrum of LED ΦEL(λ) Measured II B 2
EQE of PD-only devices η

EQE
PD (λ) Measured II B 3

Reflectance of PD-only devices R(λ) Measured II B 4
IQE of PD-only devices ηPD(λ) =

η
EQE
PD (λ)/[1 − R(λ)]

From η
EQE
PD and R III B
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