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Current Spreading in Back-Contacted GaInP/GaAs
Light-Emitting Diodes
Antti Myllynen, Toufik Sadi, and Jani Oksanen

Abstract—The recently proposed diffusion-driven charge
transport (DDCT) method can allow a paradigm shift in the
design of optoelectronic devices, by changing both the current
injection principle and the device structure. The DDCT injection
technique is based on the bipolar electron and hole diffusion
currents that are used to electrically inject charge carriers into an
active region (AR) located outside the p-n junction. In this article,
we study an interdigitated back-contacted DDCT–light-emitting
diode (LED) based on a GaInP/GaAs double heterojunction
(DHJ) structure consisting of lateral heterojunctions (LHJs)
located above a uniform AR. The structure uses single-sided
electrical injection and is suitable for large-area applications and
thin-film devices with near-surface ARs. Our analysis, based on
charge transport simulations, suggests that the structure permits
more efficient current spreading and lower surface recombination
than conventional structures, leading to a very high internal
quantum efficiency (IQE) and injection efficiency exceeding 99%.
Particularly, we investigate the implications of using the new
structure for improving the efficiency of LEDs, bringing them
closer to the threshold of electroluminescent cooling (ELC).
The results predict an above-unity internal power conversion
efficiency for the DDCT–LEDs, substantially exceeding the ef-
ficiency of conventional reference devices, highlighting the new
possibilities that DDCT devices offer especially for high-power
ELC at room temperature.

Index Terms—Current spreading, diffusion-driven charge
transport (DDCT), lateral heterojunction (LHJ), light-emitting
diodes (LEDs).

I. INTRODUCTION

THE performance of light-emitting diodes (LEDs) has
increased significantly over the past few decades [1].

In terms of the external quantum efficiency (EQE), the best
devices have already reached efficiencies of 81% for III-N
materials [2], and 68% for III-As materials [3]. Despite the
enormous progress of the technology, there is still room for
improvements especially for high-power lighting applications
and emerging new possibilities such as thermophotonic or
electroluminescent cooling (ELC) [4]. Achieving ELC is a
timely challenge requiring extremely high LED EQEs. Al-
though internal quantum efficiencies (IQEs) nearing 100%
have been reported for certain III-As devices [5], LED EQEs
are currently limited by several factors, including efficiency
droop, resistive losses, current crowding, and poor light ex-
traction [1].
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In a traditional double heterojunction (DHJ) structure, the
active region (AR) of the device is sandwiched between the p-
and n-doped cladding layers. In this design, the electrons and
holes are injected into the AR from opposite sides as illustrated
with the solid lines in Fig. 1(a), showing a specific example
of a flip-chip (FC) LED that constitutes the emitter part of a
thermophotonic device prototype [6], [7]. The efficiencies of
this specific design and other conventional FC–LEDs [2], [8],
[9] are typically limited by the current spreading resistance in
the n-type CSL, and the potentially strong surface recombina-
tion channels at the mesa edges, as illustrated with the dashed
lines in Fig. 1(a). These channels are present in practically
all ARs embedded within a p-n junction, either at the device
edges and/or the contact vias through the AR, as required to
fabricate the n-contacts. This also applies to the thin-film (TF)
LEDs [3], [10] where the lateral current spreading is improved
by fabricating contacts on both sides of the device. This limits
surface recombination to the device edges, but also leads to
shading by the light-blocking top contacts.

The recently proposed diffusion-driven charge transport
(DDCT) method [11]–[14] was suggested to reduce the current
spreading limitations of conventional GaN-based FC–LED
structures. The DDCT injection utilizes bipolar electron and
hole diffusion currents to inject charge carriers into ARs
located outside the p-n junction. This is possible via lateral
heterojunctions (LHJs) [15]–[18] located above a uniform
AR as illustrated in Figs. 1(b) and 1(c) for the GaInP/GaAs
DDCT–LED studied in this work. The main current paths are
illustrated in Fig. 1(c) with solid lines. Some surface recombi-
nation is expected also for the DDCT–LED, as illustrated with
the dashed lines in Fig. 1(b) and 1(c). However, the surface
channels of the DDCT–LED are almost negligible compared
to the FC–LED of Fig. 1(a), due to the lateral doping and
the modified structure as indicated by the results of this work.
Generally, the DDCT–LEDs can enable novel devices if the
substrate is removed with e.g., an epitaxial lift-off (ELO)
process [19], [20]. For example, fabrication of back-contacted
TF LEDs and near surface active regions should be possible.
Also, with the ELO, one surface of the device would be
completely free for further processing such as surface texturing
[21], anti-reflection, or surface plasmon coatings [22], [23] that
could be used to improve the light extraction from the DDCT–
LEDs.

One possible application where the benefits offered by the
DDCT–LEDs can be particularly attractive is ELC [7], [10],
[24]–[27], where the large non-radiative lifetimes of III-As
materials [28] are a clear advantage over III-N materials. In
ELC, the lattice heat absorption accompanying the sponta-
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Fig. 1. (a) Schematic example of a conventional FC–LED. Electron (red) and
hole (blue) current paths are illustrated for the main current (solid line) and the
surface current (dashed line). (b) Interdigitated back-contacted DDCT–LED.
(c) Single period of the device with a LW of 5 µm. Doping concentration of
3 × 1017cm−3 and 1 × 1018cm−3 were used for n- and p-doped regions,
respectively. Also, the main and surface current paths are illustrated with solid
and dashed lines, respectively. In addition, cut-lines (black dashed arrows) to
be used in Fig. 4 for plotting the band diagrams are shown.

neous emission of light can lead to a new solid-state cooling
effect in highly efficient devices [29]–[31], if the voltage and
surface recombination losses can be eliminated [7]. Up until
now, ELC has been demonstrated at very low powers [26],
[27] and indirect evidence of possible internal cooling at high
powers has recently been reported [6].

In this paper, we study the emerging possibilities of a very
recently proposed laterally-doped GaInP/GaAs DHJ LED [32],
using the DDCT concept and modulation doping (MD) [33],
[34]. We use charge transport simulations to establish the
practical requirements and limits of the new structure, and ex-
plore the effects of the lateral dimensions on device operation,
especially lateral current spreading. Our results suggest that the
GaInP/GaAs DDCT–LEDs might facilitate developing high-
power ELC applications, such as thermophotonic heat pumps
(THPs) [4] and double diode structures (DDSs) [7], [24]. In
particular, we show how DDCT injection can be adapted for
efficient high-power III-As LEDs that can be integrated in the
DDS devices.

II. DEVICE STRUCTURE AND SIMULATIONS

Fig. 1 schematically illustrates the structures simulated in
this work. The structure of Fig. 1(a) represents a reference
FC–LED where surface recombination only takes place at
the mesa edges. Fig. 1(b) equivalently shows the structure
of a laterally-doped back-contacted DDCT–LED consisting
of several periods of lateral diodes on top of a uniform AR

adding up to a 1 mm effective device width. The distance L
between the edge of the mesa and the last period of the lateral
diodes can additionally be freely adjusted. Fig. 1(c) shows the
periodic DDCT unit in more detail and illustrates different
current paths present in the device. The base structure of the
device is a p-GaInP/i-GaAs/n-GaInP DHJ (200/300/300 nm)
grown on a p-GaAs substrate, followed by a 100 nm thick
n-AlGaAs layer and a 20 nm thick n-GaAs contact layer. The
LHJs can be fabricated with a selective-area doping method,
such as diffusion doping [35], [36] or ion-implantation [37],
to form p-doped regions in the n-doped layers above the AR.
The p-regions extend ideally from the p-contact metal to the
edge of the AR in the vertical direction. Also, the GaAs
contact layer between the n- and p-contacts is considered
to be removed, e.g., with a selective wet etching process,
to minimize surface recombination at the free GaAs surface,
and to eliminate the parasitic small bandgap diode that would
otherwise be formed within the contact layer. The lateral
dimension of the n- and p-contacts, and the un-contacted area
between the contacts are varied between 1 µm and 20 µm
to provide insight on the trade-offs between the fabrication
linewidth (LW) and device performance, within the limits of
optical lithography.

When the DDCT–LED is forward-biased, the charge carriers
are electrically injected into the lateral p-n junctions. The
applied bias voltage of the LED will nevertheless also excite
the GaAs AR, having a bandgap energy (Eg) of 1.42 eV at
room temperature. Since the bandgap of GaAs is significantly
lower compared to Al0.3Ga0.7As (1.88 eV) and Ga0.51In0.49P
(1.8 eV), the electrons and holes will preferentially diffuse
into the AR where they spread, via drifting and/or diffusion,
and recombine with each other. Since the maximum value of
the applied bias (∼1.42 V) is justifiably limited to around
the bandgap voltage of GaAs, the current leakage through the
lateral p-n junctions in the horizontal direction is negligible as
confirmed by our simulations.

The structure of the reference FC–LED [see Fig. 1(a)] is
a circular 1 mm diameter mesa consisting of a GaInP/GaAs
DHJ structure, as part of a DDS device we are studying to
demonstrate ELC [6], [7]. This structure has typically provided
the highest efficiency for the device due to the minimized sur-
face recombination enabled by the reduced surface-to-volume
ratio. In the DDS context, the FC–LED is optically coupled to
a GaAs homojunction photodiode (not shown here) enclosed
within a single semiconductor epistructure. The aim of the
DDS is to facilitate direct observation of high-power ELC by
eliminating the need for light extraction. However, the device
nevertheless suffers from the general challenges of current
spreading and surface recombination seen in conventional
LEDs. In optical terms, however, the DDS does not require
light extraction from the semiconductor in ELC studies, in
contrast to conventional LEDs. Also, the internal optical losses
can be quite low, as a very high top surface reflectivity of the
order of 99% can be achieved, e.g., by depositing a Si3N4

film on the uncontacted areas and forming a Si3N4/metal
omnidirectional reflector (ODR) structure at the contacts [24].

To simulate our structures at room temperature, we use a
numerical transport model that has been extensively calibrated
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against experimental data to accurately describe the behavior
of III-As LEDs and DDSs over wide operation regimes (see
Sadi et al. [7], [38], [39]). The model is based on the well
established drift-diffusion description [40]–[42], coupling the
partial differential equations for the electrostatic potential and
the quasi-Fermi levels for electrons and holes in the 2-D real
space. The recombination rates are calculated using the well-
known ABC model for Shockley-Read-Hall (SRH), radiative,
and Auger recombination [40] which provides a widely used
and accurate description of the carrier recombination for non-
degenerate carrier densities. We use well established literature
values of the material parameters, including the constants
B ∼ 2×10−10 cm3s−1 [43], [44] and C ∼ 1×10−30 cm6s−1

[45] for the radiative and Auger recombination, respectively.
For the SRH recombination, we use a conservative recombi-
nation constant A ∼ 3×105 s−1, as compared to the best
values reported for GaAs [28], as it represents the upper
limit for the experimental model calibration sensitivity with
our DDS device simulations [7]. The non-radiative surface
and interface recombination rates at the free AlGaAs surface
and GaInP/GaAs interfaces, are calculated as discussed by
Kivisaari et al. [41], using surface and interface recombination
velocities of ∼4×105 and 1.5 cm/s [46], respectively. Overall,
our parameters correspond to a relatively high quality device,
probing the potential performance and optimal design of the
DDCT–LEDs, from the current transport point of view.

In analyzing our results, the IQE is defined as the ratio of the
radiative recombination rate to the rate corresponding to the
injection current. Therefore, the definition includes the current
injection efficiency and corresponds to the overall quantum
efficiency of generating photons in the device. Also, in ana-
lyzing the lateral current spreading, we define the uniformity
of the total recombination rate in the AR of the device as the
minimum rate of the recombination, averaged over the vertical
direction, divided by the similarly averaged maximum rate.
We have also defined the internal power conversion efficiency
(IPCE) to correspond to the PCE in the absence of optical
losses. This figure of merit is used to evaluate the electrical
performance of the LEDs, and to estimate the potential of
the DDCT–LEDs for ELC in the DDS context, where light
extraction is essentially not needed. The IPCE is calculated as
IQE × (Eg + kBT )/qV [38], where Eg is the bandgap (and
Eg + kBT ∼ average photon energy), kB is the Boltzmann
constant, T is the temperature, V is the LED bias, and q is
the elementary charge.

III. RESULTS AND DISCUSSION

Fig. 2(a) shows the total current density J and the IQE
for the DDCT–LEDs for different LWs and the reference FC–
LED as a function of bias. In the J-V curve of the DDCT–
LEDs, typical LED characteristics are observed, with an SRH-
like recombination dominated region at low biases, and a
radiative recombination dominated region at a bias range of
∼1–1.2 V. At higher voltages and current densities, the current
becomes resistively limited. Generally, the current density
decreases slightly as the LW increases, due to less efficient
carrier diffusion. The J-V characteristics of the reference FC–
LED are rather different due to the approximately 3 orders of
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Fig. 2. Results for the DDCT–LEDs, with a LW of 1, 5, 10, and 20 µm, and
the reference FC–LED, showing (a) the J-V curves (left axis) and the IQE
(right axis) as a function of bias. Also, the recombination uniformity of the
devices is shown as a function of (b) bias and (c) current density.

magnitude higher current density at low biases. This is the
result of a very strong surface recombination that occurs at
the DDS mesa edges, as illustrated in Fig. 1(a). At ∼1 V, the
surface recombination current starts to saturate and the current
density starts to approach that of the DDCT–LEDs.

Fig. 2(a) shows also that the IQE of all structures is
practically zero at low voltages due to the dominant SRH
recombination. Above ∼0.6 V, the IQE of the DDCT–LEDs
starts to increase with the radiative recombination rate. The
IQE of the DDCT devices exceeds 99% at a large bias range
of 1.28–1.5 V peaking at 99.3%–99.4% depending on the LW.
After the peak, the IQE only decreases very slightly. It is
noteworthy that the higher recombination rate observed for
the smallest LW of 1 µm leads to slightly lower IQE at the
bias range of ∼0.6–1.1 V. The IQE of the reference FC–
LED exceeds 97% at biases larger than 1.38 V, peaking at
97.7%. The main differences between the structures originate
from the surface and SRH recombination rates. In the DDCT–
LEDs, most of the non-radiative surface recombination at the
mesa edges can be efficiently suppressed by increasing the
separation L between the edge and the outermost p-contact.
Further analysis indicates that an edge separation L of 200 µm
efficently blocks the electron diffusion to the surface, and is
sufficient for eliminating practically all surface recombination
in the DDCT structure. This is a clear advantage of the new
structure over the reference FC–LED, where similar edge
separation is not useful because the AR is placed between
the p- and n-doped layers that provide a conductive channel
for both charge carriers to the edge, even if the separation
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distance is large. In addition to surface recombination, further
differences in the performance of the structures are attributed
to the SRH recombination, which is reduced in the DDCT
structure at lower biases (0.6 V – 1.1 V) due to more
favourable carrier statistics. In this structure, most of the
SRH recombination occurs in the depletion region that forms
between the effectively n- and p-doped regions in the AR.
Therefore, as opposed to the reference FC–LED where the
depletion region extends throughout the AR, the volume where
SRH recombination occurs is smaller for the DDCT–LED and
consequently the SRH recombination extent is lower.

Fig. 2(b) shows the recombination uniformity of the LEDs
as a function of bias. The uniformity of the DDCT–LEDs
is essentially zero at low biases, due to inefficient electron
spreading in the electron depleted AR. Further analysis indi-
cates that the SRH recombination at low biases is occurring
mainly below the n-doped region, since electrons will recom-
bine before they are able to spread in the AR. The uniformity
starts to increase with the IQE when the electron density in the
AR increases, leading to very uniform radiative recombination
over a relatively large range of biases. For the DDCT–LED
with a LW of 5 µm a maximum uniformity of 99.3% was
achieved at 1.16 V. For the other structures, the maximum
uniformity is observed at ∼1.1–1.35 V, depending on the
LW. The decreasing uniformity after the peak shows rather
distinct characteristic for different LWs. With small linewidths
of ≤5 µm we observe a small amount of conventional current
crowding at large currents where the recombination is focused
under the p-doped region due to the low hole mobility limiting
the current spreading. In contrast to this, the larger linewidths
in excess of 10-µm lead to unconventional current crowding
where the recombination is strongly pronounced under the n-
doped region. This is caused by the diffusion of electrons
remaining less efficient than the transport of holes that is
aided by the MD. The uniformity of the reference FC–LED
structure is essentially 100% at voltages below 0.95 V due
to the uniform electron and hole injection enabled by the
constant doping on the opposite sides of the AR. In contrast
to the DDCT–LEDs, the uniformity of the reference structure
starts to decrease already when the IQE begins to increase
as the very large current density in the n-CSL leads to a very
strong current crowding at the p-contact edge. It is nevertheless
evident that the current crowding effects in the FC–LED
could be significantly reduced by the TF–LED configuration.
However, even in this case, the surface recombination effects
would remain essentially identical, and the contact grid on the
other side of the AR would shade a substantial portion of the
surface and prevent the structures use, e.g., in the selected
thermophotonic applications.

Fig. 2(c) represents the recombination uniformity of the
devices as a function of the current density. The uniformity of
the DDCT–LEDs with a LW of ≤5 µm decreases slowly and
almost linearly as J increases. With larger LWs of ≥10 µm,
the curve exhibits different features where the uniformity
decreases first almost exponentially before reaching a more
linear region. The uniformity of the FC–LED decreases also
exponentially but even more rapidly if compared to the lowest
performing DDCT–LED with a LW of 20 µm. Additionally,
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Fig. 3. IPCE of the DDCT–LEDs and the reference FC–LED as a function
of bias and power density, indicating that ELC should be substantially easier
to observe with the new DDCT designs.

Fig. 2(c) shows the maximum current density of the DDCT–
LEDs, reached at the bias of 1.5 V. The maximum current
significantly reduces with increasing LW due to increased
current spreading resistance in the AR. Overall, these results
suggest that an optimal combination of high uniformity and
IQE is achieved with a LW of 5 µm. For the reference FC–
LED, the maximum bias voltage was limited to the bandgap
energy of GaAs, as higher biases are not interesting in the DDS
context and the uniformity reached very low values already at
this voltage.

Fig. 3 shows a comparison of the IPCE of the devices
as a function of bias voltage and power density. For the
DDCT–LEDs the cooling regime where IPCE exceeds 100%
is reached for a large power range from 0.12 mW/cm2 to
150–270 W/cm2, depending on the LW of the structure. The
peak values of ∼120% are achieved at a power density of
∼0.1 W/cm2 for all DDCT devices. For the reference FC–
LED, cooling regime is observed on a significantly narrower
power range, and also the peak value of ∼105% is noticeably
smaller. This difference originates from the strong surface
recombination that reduces the IQE of the FC–LED. These
results indicate that both designs could achieve ELC from
the electrical point of view. However, with the DDCT–LEDs,
the cooling should be substantially easier to achieve and
become possible already at a light extraction efficiency of
∼80%, as compared to the minimum of ∼95% required with
conventional LED designs.

Fig. 4 analyzes the carrier densities of the DDCT–LEDs
under the n- and p-contacts in more detail, showing their
values in the vertical direction along the dashed black arrows
illustrated in Fig. 1(c). The results are presented for LWs of
5 and 20 µm at the operation voltages of 1.16 V and 1.12 V,
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Fig. 4. Carrier distribution in vertical direction at the middle of n- and p-contacts, following the cut-lines illustrated in Fig. 1(b), for structures with LW of 5
µm and 20 µm. A modulation doping (MD) channel is observed at the lower GaAs/GaInP interface at maximum of the uniformity reached at 1.16 and 1.12
V for LW of 5 µm and 20 µm, respectively. At maximum bias of 1.5 V the MD channel is significantly smaller, due to higher and almost uniform carrier
density within the AR. This indicates that the effect of MD is decreasing at high biases.

respectively, corresponding to the biases required for the
maximum uniformity, and at the maximum bias of 1.5 V. The
subfigures on the left panel of Fig. 4 show the carrier densities
under the n-contact, where the layer structure resembles a p-
n junction due to the MD. The minority carrier densities in
the p- and n-doped regions remain many orders of magnitude
smaller than the majority carrier densities, indicating that
recombination is negligible outside the AR. Below the p-
contact (on the right panel) electrons are the minority carriers
on both sides of the AR, and their density also remains
small. The results show that the MD is present in a narrow
channel next to the lower GaAs/GaInP interface. Particularly,
this MD channel is observed in both structures and under both
contacts at the operation voltage of maximum uniformity. At
a bias of 1.5 V, the MD channel is much less pronounced
due to the significantly higher carrier concentrations within
the AR. Further analysis indicates that, in the 20-µm LW
structure, the carrier densities in the AR under p-contact are
slightly smaller as compared to n-contact. This reflects the
reduced recombination uniformity, even though this is not
clearly visible in Fig. 4 due to the very large carrier density
range.

In addition to the completely single-sided contacts and fully
scalable structure, the main advantage of the DDCT–LEDs, as
compared to the reference FC–LED, is the strong minimization
of surface recombination at the mesa edge. This advantage is
present without any surface passivation and it is made possible
by the lateral current injection and the unconventional device
structure where all the barrier layers close to the edge are p-

doped. In this structure, the n-doped conductive channel to
the edge is completely absent and electrons have a reduced
access to the edge. As discussed by Sadi et al. [7], surface
passivation could be applied to the reference FC–LED to
improve its performance. However, even with perfect surface
passivation the performance of the FC–LEDs will not reach the
performance of DDCT–LEDs, due to the additionally reduced
SRH recombination of the DDCT structure. In general, the
results presented here showed that the recombination unifor-
mity decreases as the LW of the devices is increased. Similar
findings were reported for GaN DDCT devices by Kivisaari
et al. [15]. However, for the GaN devices a reduction in the
recombination rate under the n-doped region was observed
for all practical device dimensions. This reduction is not
pronounced in our DDCT devices if the LW is 10 µm or
less, highlighting their exceptional recombination uniformity
enabled by the MD from the p-GaInP layer.

The proposed DDCT structure is promising for multiple
applications, such as high-efficiency LEDs and ELC, and
it provides also interesting possibilities for back-contacted
solar cells. Additionally, large-area devices should be easy to
realize by repeating a small DDCT-unit to form large continu-
ous arrays while maintaining excellent device performance.
However, there is still room for further optimizations. For
example, the small amount of unconventional current crowding
that was observed under the n-contact in devices with larger
contact dimensions indicates that the MD level should be
individually optimized for each structure, within the limits
of the epitaxial growth process and the achievable doping
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levels. Also, the results suggest that the uniformity of the larger
devices could be further improved by reducing the doping level
of the p-GaInP MD layer. Overall, the analysis indicates that
the laterally-doped DDCT–LEDs with single-sided electrical
injection may provide clear improvements compared to the
conventional FC–LEDs [6], [7], opening new possibilities for
high-efficiency large-area lighting and high-power solid-state
cooling.

IV. CONCLUSIONS

In conclusion, we have shown that a back-contacted
laterally-doped GaInP/GaAs DDCT–LED with p-type MD
could simultaneously eliminate current crowding, and provide
an excellent IQE exceeding 99%, as enabled by minimized
surface recombination. The results also suggested that the
DDCT–LEDs had a great potential to improve the performance
of the DDSs that were used to study ELC, by providing above-
unity IPCE for a large power density range of 0.12 mW/cm2–
270 W/cm2. Furthermore, our device design was scalable for
large-area applications.
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