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22 providing an attractive platform for studying electroluminescent (EL) cooling
23 under high bias conditions. We show that current spreading in4he,common n-type
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25 optical coupling between the diodes, as the coupling enables aphoto-generated
current through the PD. This reduces the current in the DDS CSLiand enables
26 studying EL cooling using structures that are not limited by the conventional light
27 extraction challenges encountered in normal LEDs. The current spreading in the
28 structures is studied using optical imaging techniques; electrical measurements,
2 simulations, as well as simple equivalent circuit médels déveloped¥or this purpose.
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Electroluminescent (EL) refrigeration was theoret-
ically anticipated almost 60 years ago [1,2], but ex-
perimentally it still remains more of a curiosity rathers
than a well acknowledged possibility. Fundamentally,
EL cooling is based on simple thermodynamics of light
emitting diodes (LEDs), allowing a diode to emit a
photon with an energy larger than the bandgap of the
semiconductor material the LED is made of. This ap-o
plies even when the bias voltage of the LED is arbi-
trarily small [3-5].

As in the case of photoluminescent (PL) cooling,
the ‘missing’ energy is extracted from heat obtained
from the phonons in the crystal lattice [6]. For aus
sufficiently high external quantum efficiency (EQE) or
low bias voltage the absorbed heat can overcome the
internal heat generation, resulting in refrigeration of
the LED [4,6-8].

In the last years, the interest in the EL coolingso
has started to increase and the field has gained
wider and more systematic attention [7,9-12]. Up
to date, however, there are no firm experimental
demonstrations of EL cooling beyond the small bias
regime, where the LED bias is only a small fractionss
of the voltage corresponding to the materials’ bandgap
and the EQE and cooling power are extremely small
[4,8]. Under the high bias condition where the EQE is
high and the bias is only slightly below the voltage
corresponding to the semiconductor bandgap, it ise
still necessary to further improve the light emission
efficiency to reach the cooling regime.

One of the most obvious obstacles that strongly
contributes to the efficiency of LEDs and the challenge
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Figure 1. Vertical cross-section of the DDS (bottom left), and

the two types of metalization’ schemes used for the top LED

contact (top){ The equivalent circuits EC1 and EC2 (bottom

right) approximate the‘electrical response of the DDS mesa.

EC1 describes the system in cylindrical coordinates extendinggg
from the mesa centersto the mesa edge as illustrated by the

dashed/lines while £C2 further simplifies the circuit into discrete

components.

of observing EL cooling at high current injection
condition is the generally inefficient light extraction
and associated optical losses. The need for electrical
injection also introduces several additional non-
idealities as compared to the PL coeling: These
include the additional optical losses introduced by the
electrical contacts as well as the challenges, related o
efficient excitation of the active region. In particular,
in typical devices the current tends(to crowd close to
the metal electrode reducing the efficiencyof the device
regions located further from thé ¢entact also,limiting
the device size.

To eliminate some ofnthe key “challenges in
demonstrating EL coolings=we reeently proposed the
double diode structure (DDS) framework for studying
selected aspects of EL refrigeration mechanisms [13].
As shown in Fig, 1, wthe ADDS is formed of
two p-n junction§, opefating as an LED and a
photodiode (PD), emnclosed/ in a single epitaxially
grown semiconductor structure with an effectively
homogeneous refractive, index. While this specific
configuration vebviously ‘lacks the thermal insulation
needed beétween the/LLED and the PD in practical
applications, “ithnevertheless offers many intriguing
propeérties making it an interesting intermediate
research prototype [14]. Once the technical challenges
are better, wnderstood, it will also be possible
tor improve the thermal resistance by introducing
e.g. | vacuum nanogaps or other thermally insulating
materials with matched refractive indices within the
structure as in the thermophotonic heatpump (THP)
configuration [10].

In addition to essentially eliminating the need
for light extraction and the directly associated optical
losses due to the light trapping in conventional LEDs,
the DDS structure has also another significant benefit
as it includes a built-in PD which allows an easy way
to measure photon and energy transport within the
structure. Furthermore, in this letter it is argued
that the DDS can even eliminate the adverse effects of
limited material conductivity and current crowding in
high efficiency devices due to carrier generation in the
PD, allowing to fabricate large devices where the light
can be efficiently collected by the absorber. In parallel
we also demonstrate how current spreading affects light
emission uniformity in large area DDSs, and how the
current crowding issues gradually disappear as the
efficiency of the structure increases.

The epiwafers for the DDSs were grown by
metal-organic vapor phase epitaxy (MOVPE) and
subsequently processed to define coupled LED and PD
mesas with diameters between 100 — 1000 pm. The
fabrication procedure consists of several consecutive
steps of standard optical lithography and selective
wet chemical etching steps using thin AlAs layers
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as etch stop layers. The fabrication process is
described in more detail in our previous publication
[13]. Here we will just briefly mention the differences:s
as compared to the previously published process for
conciseness. To be able to optically study the
spatial distribution of light emission, we fabricated
two types of devices: devices with fully metalized top
mesa contacts performing as the reference to ensures
that the samples are comparable based on the IV
measurements, and devices with top mesa contacts
having regularly distributed small circular openings as
illustrated in Fig. 1 to sample the optical emission
within the device. As compared to the previouslyss
studied molecular-beam epitaxy (MBE) grown devices
[13] the epistructure was the same but in present it
does not include omnidirectional reflectors (ODR) on
the LEDs top contact. The key device layers in the
structure include the 300 nm GaAs LED active regionso
and the n-type CSL with a thickness of 1600 nm within
the LED mesa and 700 nm outside the mesa. The other
layer dimensions and material compositions are given
in our previous publication [13].

The DDSs were analyzed both electrically andss
optically. In general, the DDS is a three terminal
device formed of two diodes, with cathodes that are
connected together as a common ground terminal as
illustrated in Fig.1 (EC2). It should be mentioned
that the cathode thickness (~1 wpm) is much smallerrn
than the mesa diameter (100-1000 pm). Measuring/the
currents through the top (LEDs) and bottom (PDs)
terminals allows to determine simultaneously both
LED and PD voltages and currents. One of the most
obvious parameters quantifying the energy transfeis
between the emitter and absorber is the coupling
quantum efficiency (CQE), which approximates the
efficiency of photon transfer between LED and PD.
While we define the CQE as n = ILyfly, where I
is the current injected through the/LED and wly iseo
the photocurrent generated by the PD under short
circuit conditions, the electrical Behavioutrofdhe PD
is expected to change very slowly mear(the short-
circuit condition. Because the PD eurrent also includes
e.g. recombination losses in the absorber, the CQHRss
represents a lower bound of pheton transport efficiency
between emitter and absorbers Due to the definition
of the CQE it is also,affected by, LED efficiency and
its dependence on the bias. For imaging the spatial
distribution of thé light genération in the DDS withoo
the perforated top contact{a standard CMOS camera
was used.

To better understand the electronic behavior
of the intracavity <onfiguration, we also simulate
the devices wsing the drift-diffusion (DD) equationss
for eleéctronic charge transport coupled to a first
order | photon transport model. The DD framework

numerically solves for the coupled DD current and
continuity equations for charge carriers, by calculating
the distributions of the electrostatic potential and
the quasi-Fermi levels for electrons and holes in the
structure [15].  Electron-hole recombination rates
are included using the well-known parameterized
formulas for radiative, Shockley-Read=Hall (SRH),
Auger recombination [16], and surface andinterface
non-radiative recombination [17]. We use a radiative
recombination constant B & 2 x 10539 (ém3s~1)
[18] and an Auger recombindtion constant C' =
10730 (emSs~1) [19]. The combinedyeffect of SSRH,
surface and interface nomnrradiative recombination
parameters are device dependent, and are extracted
from measurements forfeach device.»r The LED and
the photodiode are optically coupled using the Beer-
Lambert law [20] bagéd absorption rate in the PD, with
an effective absorption coefficient of ¢ =10* (cm™!)
[21] and an optical ‘¢oupling factor of 90%. Further
details about thefull 3D simulation model can be found
elsewhere [14,16,22].

The full BD model can additionally be approxi-
mated by@much simpler equivalent circuit model EC1
of Fig./'1 described by the drift and current conti-
nuitylequations dU (r)/dr = pI(r)/r and dI(r)/dr =
qr[R(r) = G(r)] = qr(l —n)R(r), where U(r) is the
voltage aover ghe distributed LED, I(r) is the cylin-
drical current towards the mesa center in the cur-
rent| spreading layer (CSL), p is the effective sheet
resistivity of the CSL, and the cylindrical symmetry
ofsthe structure is accounted for by the specific in-
clusion of the radial coordinate r. The recombina-
tion in the LED follows the simplified exponential law
R = RoedV/FT and the generation G(r) in the PD
is coupled to the recombination by the factor n cor-
responding here to CQE. With the boundary condi-
tions at the mesa center I(0) = 0, the solution of these
equations is I(r) = I(L)r?/ [oI(L)(L* — r?) + L?] and
R(r) = dI(r)/[gr(1 — n)dr], where the current I(L) at
the mesa edge is I(L) = I;(1 — n), I is the total cur-
rent injected to the LED through the top contact and
o = qp/(4kyT). To obtain a better understanding of
the resulting nonuniformity of the recombination, we
can use the analytical solutions to calculate the quan-
tity R(L)/R(0), i.e. the ratio of the recombination rate
at the mesa edge to the recombination rate at the mesa
center. This results in R(L)/R(0) = [oI1(1 —n) + 1]?,
showing that the recombination is most uniform for
small currents or near unity CQE. The spatial char-
acteristics of the recombination will be investigated in
more detail in the context of Fig. 4 towards the end of
the paper.

The typical I — V' curves of the DDS showing
the current through the LED and the PD of a fully
metalized DDS, as a function of the emitter voltage, are



oNOYTULT D WN =

200

205

210

215

AUTHOR SUBMITTED MANUSCRIPT - SST-104476.R1

Influence of photo-generated carriers on the current spreading 4

a) LED IV (experiment)
~ 0.08 PD IV - 220
< (experiment)
= — — fit LED (simulation)
% 0.04 | — — fit PD (simulation)
O
0
102 kb 225
<
£ 107
=)
S
10°®
230
-1 -0.5 0 0.5 1 1.5 2
Voltage (V)
0.08 5) T
0.06 [LEDTV se — 106
< LED IV oc 235
= 104 m
5 o
5 0.04 S
=
O 27 10.2
0.02 full metalization
perforated contact
O * * : 0 240
1 1.2 1.4 1.6 1.8 2
Voltage (V)
Figure 2. Typical experimentally measured I — V curves

showing the current through the LED and PD as a function
of voltage between the LED and common terminals for a DDSg,g
with a 500 pm diameter and full metalization on a linear
(a) and a semilogarithmic scale (b). The dashed lines show
the corresponding results from the simulations. Experimeéntal
dependence of (left axis) the LED current on the voltage between
the LED and common terminals when the PD of the 500 pm
diameter DDS with perforated contact is open (oc) or short (sc
circuited, and (right axis) the corresponding CQE forithe samé
DDSs (c).

presented in Fig. 2a-b. It can be seen that at currents
exceeding ~ 10 mA (on average ~ 5 A /cm?)pelectrical;
characteristics of both diodes are mainly determined
by the internal resistance of the LED. Ideality factors
extracted from the exponential pértiomsofithe I — V
curves are 2 and 1 for LED and PD regpectively. These
values show that at reasonably low/biases, the I — Vj,
behavior of the LED is dominated bysShockley-Read-
Hall (SRH) -like recombinationpwhile the bimolecular
form of the PD current shows that the radiative
recombination in the LED is also of the bimolecular
form. To ensure that the measurements and diodg;
behavior is not significantly affécted by thermal effects
at the higher end of' current densities, we carried
out the measurements both under pulsed (1% duty
cycle) and ¢ontinuousiexCitation conditions. We also
simulated the tempetrature profile in the device using;,
coupled DD and heat diffusion equations, finding that
even at'the highestlinjection currents the temperature
in the device only rises by ~10K at the edge of the top
contact and far/less elsewhere. The dashed lines show

the corresponding results from the full DD simulations.

The DDS with openings in the top contact shows
very similar I — V' behavior with notable differences
only in their ideality factors in the SRH dominated
regime where the LED ideality factor is¢eloser to 1.8.
The most plausible reason for this difference is.that the
removal of the metal contact leads to stromnger Fernii-
level pinning on the surface and thereby makes current
spreading in the opening less efficient. However,
the general behavior of I —V curves as,well as the
CQE, presented in Fig. 2c, are‘essentially unchanged
for the DDS with openings @nd thesreference »DDS
with fully metalized conta¢t., The CQE for both
structures peaks at 63%improving the previously
reported value of 53% By about 10% [13]. Similarity
of the electrical characteristics (as well as any simple
reflectivity estimates) alsonindicates negligible light
extraction out of the hole§fintop contact, which allows
to use the structure’ with /openings for all further
analysis.

The EC model and simulations suggest that the
photogenerated. carriers in the PD play an important
role in determining the effective conductivity of the
current spreading layer of the DDS. Fig. 2c¢ also
showsthe I — V% characteristics of the LED with
openings under two distinct conditions. In the open-
circuit/(o¢). candition there is no current flow through
the absorber, which emulates a DDS with n = 0. This
forces the photogenerated current to be zero and guides
all the LED current through the common terminal. In
contrast, short-circuiting (sc) the PD will lead to the
largest photogenerated current with a smaller fraction
of the current going to the common CSL. For the sc
conditions the total current through the LED for a
given bias voltage is significantly larger than in the
oc case. This difference can be qualitatively explained
using the simplified equivalent circuit EC2 of Fig 1.
The current in the LED terminal for the sc case can
be expressed as It = Ip + Lcommon = 77[1 + Teommon
where the notation of the currents corresponds to the
notation in Fig. 1. In terms of the voltage loss in the
resistor R in EC2 this implies AU,. = RI;(1 — 7). In
the oc case, where no current flows through the PD,
the voltage drop is similarly AU,. = RI; . This shows
that for the oc conditions the resistive loss in resistor
R is substantially higher than for the sc, suggesting
that the macroscopic I — V' behaviour of the system
changes. To understand the reasons for this we analyze
the spatial distribution of the recombination in DDS
with perforated top contact.

To analyze the distribution of the light generation
over the whole DDS area we made microphotographs
of the LED luminescence through the openings in the
top contact. Fig. 3a shows the distribution of the
LED emission intensity imaged through the openings
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Figure 3. a) Mapping of the LED emission at different

excitation currents for 500 ym DDS size with PD under open-
circuit condition. Temperature values represent peak values
estimated from the simulations within the DD model coupled
with the heat diffusion equation under steady state current®
injection. b) Radial distribution of the recombination rate in
the DDS LED from simulation. Inset: experimental radial
distribution of EL as measured through the contact openings.

as a function of the LED current, also marking thets
estimated peak temperatures occurring under the edge

of p-type contact as obtained from the numerical

simulations for different bias conditions. In' therinset,

the intensity has been further processed to show the

average intensity through each opening as a functios
of the distance from the mesa center. Especially

for the high current densities the EL is net uniform

but exhibits much stronger emission at the edge than

in the center. This is in a good ‘agreement with

simulated radiative recombinationatessshown(in Figss
3b. Also, in analogy with the EC models,-the spatial

distribution of the recombination,rates is affected by

short- or open-circuiting the/PD terminals and for all

studied cases the emissionfis more uniform when the

PD is short-circuited. The dependence of the net rates
of radiative recombination on“the PD bias is simply

caused by plotting thie figures for a fixed total current

leading to different’bias voltagés needed to drive the

current. This leads tof different, LED efficiencies and

different values of\nét radiative recombination ratess
Effectively, this impreved uniformity of the sc case

indicates that radiative recombination will be more

uniform for‘higher DDS efficiencies.

Theé generalpeffect of the changes in the CQE

as obfained from the EC model and DD simulationg®
is summarized /in Fig. 4, which shows the spatial

Distance (Jum)

Figure 4. Comparison of recombination,rates in LED active
region at different CQEs obtained from DD and EC medels for
a total LED current of 50 mA (2514 A /cm?).

distribution of the radiative recombination in the LED
as a function of the radial position'for selected values of
the CQE and total LED curzent’of 50 mA. The results
show a good agreement between the DD simulations
and the analytieaEC model; both predicting that as
the CQE increases the récombination profile becomes
flatter and cempletely evens out at the limit CQE —
1. At this limit there will be no lateral current flowing
in the @GSL. Cembinination of the facts that improved
CQE Jeads to more uniform light emission with the
well known result that homogeneous excitation results
infa larger average efficiency of light emission [23]
indicafes that the current crowding and the CQE
exhibit a mutual dependence where improving one also
improves the other in a coupled fashion. If sufficiently
strong, this dependence may substantially facilitate the
progess of maximizing the DDS CQE.

In conclusion, we analyzed the effect of current
spreading on the spatial uniformity of light emission in
the DDS using simulations and optical imaging tech-
niques while electrically limiting the photogenerated
current passing through the device. We found that
the photogenerated current in the PD substantially
reduces the lateral current in the current spreading
layer and thereby reduces the associated electrical cur-
rent spreading losses, enabling more uniform current
spreading and light emission in the LED. For suffi-
ciently high CQE, this removes one of the bottlenecks
in using large area devices in the study of EL cool-
ing, allowing the design of devices with smaller frac-
tion of nonradiative recombination and uncontrolled
optical emission through the edges of the device. The
studied DDS also demonstrated a 10% improvement
for the CQE, peaking at 63%. In addition, at the limit
of a high CQE the lateral current starts to diminish
quickly, leading to a mutual dependence between the
CQE and light emission distribution. This is expected
to facilitate the remaining steps in optimizing the DDS
towards the performance needed to demonstrate EL
cooling.
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