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Elimination of lateral resistance and current crowding in large-area LEDs by

composition grading and diffusion-driven charge transport
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Finland and 3Division of Solid State Physics and NanoLund,
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Gallium nitride based light-emitting diodes (LEDs) are presently fundamentally transforming
the lighting industry, but limitations in the materials and fabrication methods of LEDs introduce
substantial challenges to their future development. Among the remaining key bottlenecks of GaN
LEDs are the resistive losses and current crowding that strongly increase the heat generation at
high powers. In this work we show how a new design paradigm based on diffusion-driven charge
transport (DDCT) and selective-area growth (SAG) of GaN could be used to reduce the resistive
losses of LEDs below the level achievable with presently available structures. We carry out full
device simulations and demonstrate SAG of both n- and p-doped GaN on device templates with
InGaN quantum wells that can be excited using DDCT. Our results indicate that especially when
combined with material composition grading, the new approach offers the possibility to substantially
reduce the resistive heating in high-power LEDs.

—Preprint of the article published in Advanced Electronic Materials, p. 1700103, Apr. 2017
http://doi.wiley.com/10.1002/aelm.201700103—

After two decades of very successful technology devel-
opment, white light-emitting diodes (LEDs) are quickly
replacing traditional light sources and enabling substan-
tial reductions in global energy consumption [1]. Despite
the progress, however, LEDs still have plenty of room
for improvement especially in high-power lighting appli-
cations. The most well-known scientific and technolog-
ical challenge for gallium nitride (GaN) based LEDs is
without a doubt the strong reduction of the quantum ef-
ficiency, i.e. the efficiency droop, at high input powers
[2, 3]. A less widely studied but technologically an al-
most equally important related performance limitation
is introduced by the resistive loss, current crowding and
Joule heating especially in the n-type current-spreading
layer (CSL) of conventional LEDs at high input powers
[4–7]. These limitations fundamentally arise from the
resistance of the CSL, and they also reduce the effec-
tive area of the ohmic contacts and further aggravate the
droop.

To mitigate the effects of the resistive losses, Hurni et
al. recently showed that increasing the thickness of the
n-type CSL leads to significantly less pronounced current
crowding and improves the wall-plug efficiency of LEDs
at large currents [8]. However, this approach still neces-
sitates using expensive bulk GaN substrates and a part
of the active region (AR) needs to be cut out to deposit
n-type contacts, exposing the edges of the AR to surface
recombination. The basic structure of Hurni’s low resis-
tance LEDs as well as essentially all conventional LEDs
relies on a double heterojunction (DHJ) design, where
electrons and holes are injected to the AR from n- and
p-doped regions located on the opposite sides of the AR.
This sets evident limitations to designing the structures
so that the contacts do not substantially decrease the to-
tal AR area or increase the free surface area susceptible

to surface recombination. To avoid some of the limita-
tions of conventional DHJ structures related to device
scaling, resistive losses and electrical excitation in gen-
eral, diffusion-driven charge transport (DDCT) was very
recently introduced as an alternative way to electrically
excite the AR of LEDs [9–12]. In DDCT, the pn junc-
tion is partly separated from the AR, and in contrast with
conventional solutions it relies on transporting electrons
and holes to the AR from the same side by bipolar diffu-
sion, enabling additional degrees of freedom for designing
new devices.

For practical reasons, the previous works on DDCT
have mainly focused on structures containing vertically
formed pn-homojunctions, which entail potential barri-
ers and lead to suboptimal device performance. In this
paper, however, we show that the electrical inefficiencies
observed earlier can be fully eliminated by adapting the
DDCT concept to realize laterally doped heterojunction
(LHJ) structures (see Fig. 1), and that the selective area
growth (SAG) techniques needed to realize such LHJ de-
vices do not compromise the internal quantum efficiency
of the AR. Furthermore, our results show that the LHJ
structures can be further engineered using appropriate
material composition gradings, that can reduce the re-
sistive heating of the devices even below the limit set by
ideal conventional DHJ devices.

The fundamental difference between the DHJ and LHJ
structures is the placement and geometry of the doped
p- and n-GaN charge injection regions, which are ex-
pected to mainly affect charge transport and injection
efficiency of the structures. To illustrate the possibilities
offered by DDCT in improving the performance of high
power LEDs, we carry out full-device simulations of the
electrical properties of selected variants of the DHJ and
LHJ structures shown in Fig. 1. The figure shows the



2

p-doped
AlGaAs

(b) LHJ(a) DHJ

p-contact n-contact

p-contactd /2=5/50 m
p

n-contact

(c) Ideal vertical LED

n-GaN p-GaN

InGaN QW

i-GaN or graded

InGaN/GaN

d /2=5 mp

di

di

FIG. 1: Schematic illustration of the finger structure in (a)
conventional planar DHJ InGaN/GaN QW LED where n-type
contacts are fabricated by piercing through the active region,
typically occupying ca. 10 % of the chip area. (b) Lateral
heterojunction (LHJ) diffusion-driven LED, where the doped
regions are created by selective-area growth of a repeating
array of 3 µm wide n-GaN and 10 µm wide p-GaN stripes. (c)
Ideal vertical LED with perfect contacts covering both p- and
n-surfaces so that the device is essentially 1-dimensional and
lateral current spreading is not present. The structures in (a)
and (b) only show one half of the structure; the full structure
is obtained by mirroring with respect to the leftmost sidewall.

schematic cross-section of (a) a conventional planar DHJ-
based LED, where the n-contacts are realized as contact
fingers piercing through the AR, and where light is ex-
tracted through the substrate (not shown) [13], (b) an
LHJ structure, where narrow p- and n-doped regions are
fabricated side by side on one side of the AR using SAG,
so that electrons and holes can flow to the AR through
bipolar diffusion, and (c) the ideal vertical DHJ LED
structure where perfect (transparent) contacts cover both
the bottom and the top of the essentially 1-dimensional
structure that provides an ideal reference structure where
no lateral current transport or lateral losses take place.
This structure also well corresponds to the limit, where
the width of the DHJ structure in Fig. 1(a) approaches
zero when surface recombination is not considered, and
will therefore be denoted as structure DHJ-0 in the fol-
lowing.

In addition to studying the piecewise homogeneous
structures, we also compare them to structures where
the GaN interlayer (thickness di) blocking Mg diffusion
to the QW during growth [14] has been replaced by a
100 nm thick linearly graded In7.5Ga92.5N-GaN material
layer where the n-type polarization doping [15] is fully
neutralized by an equivalent p-type impurity doping. For
simplicity, the AR consists of a single In15Ga85N QW in
all the structures, the contact separation between the n-
and p-type contacts is set to 1 µm and the total width
of the n-contact fingers of the DHJ structures is 10 % of
the p-contact width dp. In the LHJ structures, the n-
and p-GaN layer widths are dn = 3 and dp = 10 µm,
respectively. The n- and p-layer thickness in all the LHJ
structures is 150 nm, and the same thicknesses are also

TABLE I: Main parameters defining the simulated structures
analyzed in Figs. 2-4. In the graded structure (denoted with
the postfix G) the In7.5Ga92.5N to GaN grading takes place
over a 100 nm thick polarization doping compensated layer
above the QW. Structures marked with parentheses have also
been simulated, but their main features are only discussed in
the text to keep the figures more tractable.

DHJ DHJ-G LHJ

dp di dp di dp di

µm nm µm nm µm nm

DHJ-0 0 10 DHJ-0G 0 100 LHJ-G 10 100

DHJ-10 10 10 (DHJ-10G) 10 100 LHJ-10 10 10

DHJ-100 100 10 (DHJ-100G) 100 100 LHJ-50 10 50

used for the ideal 1-dimensional DHJ reference structures
to ensure the least amount of resistive losses. In the truly
2-dimensional DHJ structures, the n-layer thickness has
been increased to 2 µm, corresponding to realistic state-
of-the-art LEDs to enable more realistic current spread-
ing. The other details of the simulated structures as well
as the naming convention used to identify the devices and
their dimensions have been presented in Table I.
To investigate and compare the operation of the DHJ

and LHJ structures described in the previous paragraphs,
we solve the standard drift-diffusion model relating the
electrostatic potential φ and the electron and hole current
densities Jn,Jp to the electron and hole densities p and n,
the ionized donor and acceptor densities Nd and Na, the
polarization density Ptot consisting of spontaneous and
piezoelectric polarization and the conduction and valence
band quasi-Fermi levels EFn and EFp as well as the net
recombination rate density R [16]. Quantitatively the
drift-diffusion model is given by

∇ · (−ε∇φ) = e (p− n+Nd −Na)−∇ ·Ptot

∇ · Jn = ∇ · (−eµnn∇φn) = eR

∇ · Jp = ∇ · (−eµpp∇φp) = −eR,

(1)

where ε is the static permittivity, e is the elementary
charge, and µn, µp are the electron and hole mobilities.
The ionized acceptor density is calculated using Fermi-
Dirac distribution with an acceptor ionization energy of
170 meV similarly as in Ref. [11]. The simulations are
carried out as 2D simulations describing the cross-section
of the devices perpendicular to the contact fingers. To
account e.g. for the strong quantum confined Stark ef-
fect in the QWs, we solve the QW envelope wavefunc-
tions from the effective mass Schrödinger equation in the
QW for the lowest-lying confined states based on the QW
electric field given by Poisson’s equation and use them
to calculate the recombination rates. For all recombi-
nation processes, we also follow the scaling proposed in
Ref. [17], meaning that the 2D recombination rate den-
sities are scaled by the overlap integral of the electron
and hole ground states. While considerable uncertainty
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generally surrounds the quantitative description of opti-
cal and electrical properties of III-N QWs (see, e.g., Refs.
[18–20]), such uncertainties do not significantly affect the
main conclusions of this paper due to the comparative
nature of the simulations and since our results mainly
focus on the charge transport in the bulk layers. For
the surface recombination at the edges of the DHJ ac-
tive region we employ the simple surface recombination
model based on Ref. [21] with recombination rate given
by Rs = vs(np − n2

i )/(n + p + 2ni), where ni is the in-
trinsic carrier density of the QW and the surface recom-
bination velocity is vs = 3 × 104cm/s [22]. The donor
and acceptor densities of the n- and p-GaN layers are set
to 5 × 1018 cm−3 and 1 × 1019 cm−3, and the electron
and hole mobilities are 230 cm2/(Vs) and 10 cm2/(Vs)
for the doped layers, respectively, based on our previ-
ous Hall measurements. Electron and hole mobilities in
the unintentionally doped GaN are set to 1000 cm2/(Vs)
and 70 cm2/Vs based on the calculations reported in
Ref. [23]. The recombination parameters were chosen
as A = 107 1/s, B = 5 ·10−17 m3/s and C = 10−42 m6/s,
similar to Ref. [24].

Figure 2(a) shows the bias voltages V needed to drive
selected LEDs of Table I as a function of the current
density. The current densities are calculated by divid-
ing the total current with the total device area to also
account for the n-contact areas of the DHJ structures.
Fig. 2(a) shows that, somewhat unexpectedly, the ide-
alized vertical DHJ structure (DHJ-0) does not provide
the absolute lower limit for the device performance, but
it can be further improved by introducing a suitable ma-
terial grading next to the AR as in the structure LHJ-G.
This is evidenced in the figure by the smaller bias voltage
needed to reach the same current densities as in the DHJ-
0 reference structure. A nearly identical improved JV
behaviour (not shown) is also found for structure DHJ-
0G. In addition, the ungraded LHJ-10 structure performs
nearly as well as the DHJ-0 structure. The other LHJ and
DHJ devices with larger i-GaN spacer layer thicknesses
di or larger DHJ p-contact widths dp, on the other hand,
exhibit substantially larger voltages at high current den-
sities even in the case of the graded DHJ structures.

Figure 2(b) shows the specific differential resistances of
the devices as a function of the current density. Broadly
speaking, the differential resistances of the simulated
structures can be divided in two categories: 1) the ’low’
differential resistance group with the resistance decreas-
ing below 2× 10−4 Ωcm2 at the largest current densities
and 2) the ’high’ resistance group with differential resis-
tances that are clearly larger than the resistance of the
DHJ-0 reference structure. The low resistance group in-
cludes all the simulated LHJ structures but only the ide-
alized DHJ structure DHJ-0, suggesting that using the
LHJ structures indeed works as an effective way to re-
duce ohmic heating of the structures. In addition, the
differential resistances of structures DHJ-10 and DHJ-
10G also approach the low differential resistance category
(not shown), but due to considerable surface recombina-

tion losses they are not as efficient as the other structures.
All the performed simulations additionally suggest that
grading only modestly affects the differential resistance.

To illustrate how differences in the lateral current
spreading affect the electrical performance we evalu-
ate the electrical efficiency as ηele = h̄ωR/(UJ) where
h̄ω = 2.85 eV is the average energy released in a re-
combination process and R is the total recombination
rate per unit area within the active region. In essence,
this ratio gives a parametrized figure of merit for the
electrical efficiency; when a current corresponding to an
overall recombination rate R flows to the AR, ηele de-
scribes the ratio of the power dissipated in the active
region to the input power. Figure 2(c) shows the elec-
trical efficiency as a function of current density, indicat-
ing that the electrical efficiency of the graded structure
LHJ-G can be notably larger than in the DHJ-0 struc-
ture because the grading lowers the height of the poten-
tial barriers the carriers encounter when they are trans-
ported to the AR. A similar but slightly less pronounced
effect can also be observed in the ideal vertical DHJ-
0G structure (not shown), which, however, cannot be
straightforwardly realized with presently available con-
tact materials. Also the LHJ-10 structure exhibits only
slightly lower efficiency than the DHJ-0 structure. In
contrast, all studied ungraded conventional DHJ struc-
tures exhibit significantly smaller electrical efficiency due
to larger electrical losses and/or surface recombination.
This indicates that combining DDCT with composition
grading can substantially increase the electrical efficiency
of LEDs at all relevant current densities. In addition,
at small currents the electrical efficiency can increase to
above 100% when the electrons and holes capture energy
from the lattice heat, transferring it to the electrons and
holes at the active region. For sufficiently high efficiency
LEDs the associated heat absorption can be even larger
than the heat generation by all other loss mechanisms
together, leading to the possibility of electroluminescent
cooling [25]. For DHJ-0 the heat absorption can com-
pletely overshadow the resistive heating up to current
densities of the order of 50A/cm2. For structure LHJ-G
the point where resistive losses equal the heat absorption
is moved to four times larger current densities, suggesting
that with further development the LHJ structures could
provide a feasible pathway for extending the convention-
ally narrow operating regime where the bias voltage is in
fact lower than the voltage corresponding to the energy
of the emitted photons, observed e.g. in the IV-curve of
Ref. [8]. Extending this regime to higher current densi-
ties might provide the necessary advances to harness the
thermoelectric cooling effect in developing more efficient
LEDs [26, 27] or even electroluminescent cooling [28, 29].

Figure 3 additionally shows the (a) IQE and (b) WPE
extracted from the simulations for selected structures.
In Fig. 3(a), the IQEs are nearly equal for all other
structures than DHJ-10 with large surface recombina-
tion, suggesting that the AR carrier distributions behave
very similarly as a function of the current density in all of
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FIG. 2: (a) The bias voltage, (b) differential resistance and
(c) electrical efficiency of selected structures as a function of
the current density. The legends are shared between the figure
panels and the dotted line in (c) denotes the unity efficiency.

the structures. On the other hand, Fig. 3(b) shows that
the differences in the electrical performance also lead to
additional differences in the WPEs between the struc-
tures. Due to its smallest overall electrical loss as ob-
served in Fig. 2(c), the LHJ-G structure has the highest
WPE, even higher than that of the ideal vertical DHJ-
0 structure. The LHJ-10 and DHJ-100 structures both
have slightly lower WPEs than the DHJ-0 structure at
large currents due to their larger electrical losses. The
LHJ-50 structure has the lowest WPE due to the diffu-
sion loss in its 50nm thick intrinsic GaN layer, even when
it has an injection efficiency (not shown) of at least 98
% throughout the studied current density range. All the
other structures have injection efficiencies even closer to
unity. Overall, Fig. 3 clearly shows that in addition to
having better electrical performance (Fig. 2) the LHJ
structures have also equal or better optical performance
as the DHJ structures even with the single QW structure
studied here. For MQW structures or thick active region
devices enabling larger current densities with a high IQE,
however, the improvement in the WPE is expected to be-
come more pronounced in the LHJ structures due to their
improved electrical properties at high currents.

To further quantify the inherent differences in the cur-
rent spreading of the devices, we have analyzed the uni-
formity of the recombination in the studied structures. In
general the recombination profile becomes more uniform
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FIG. 3: (a) Internal quantum efficiency and (b) wall-plug
efficiency extracted from the simulations.

as the width of the structures is decreased. In practice,
however, the lower limits for decreasing the widths are set
by the use of optical lithography (LHJ) for fabricating the
devices and the increase of surface recombination (DHJ)
starting to notably reduce the device efficiency below ap-
proximately 100µm stripe widths. Fig. 4 shows the 2-
dimensional recombination rate densities in the best per-
forming DHJ and LHJ devices LHJ-G, LHJ-10 and DHJ-
100 (a) at relatively strong injection around 200 A/cm2

and (b) at very strong injection around 400 A/cm2. The
common x-axis is chosen so that it spans the full width
of the DHJ-100 AR and the n-contact (112 µm), and
the recombination profiles of the more narrow structures
are repeated periodically. The gray background indicates
the n-doped regions of the LHJ structures, and the 1
µm wide openings between the n- and p-regions. The
grading has only a minor effect on the spatial distribu-
tion of recombination, presumably resulting from slight
differences in the vertical carrier density profiles of the
structures and small differences in the exact current den-
sities resulting from the calculation grid. The difference
between the DHJ and the LHJ structures, on the other
hand is very clear. In the LHJ structure the spatial de-
cay of the recombination is governed by the carrier dif-
fusion lengths, which lead to fast decay of the hole pop-
ulation and recombination rate under the n-contacts due
to the small hole mobility and much slower decay under
p-contacts due to the relatively large electron mobility.
In the DHJ structure the decay length is mainly deter-
mined by the resistance of the n-GaN CSL, leading to
slower but strongly current density dependent decay.

A closer inspection of the recombination distribution
of Fig. 4(a) shows that at 200 A/cm2 the spatial averages
of the recombination rate in the LHJ and DHJ structures
are approximately 0.7 and 0.55 of the corresponding peak
values. Since the peak values correspond to the largest
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indicates the n-doped regions of the LHJ structures and the
1 µm wide openings between the n- and p-regions. The zero
recombination in the DHJ structures corresponds to the n-
contact fingers, which pierce the AR.

possible rate for the applied bias voltage and the average
value corresponds to the injected current, this indicates
more efficient charge spreading in the LHJ structure. The
difference between the LHJ and DHJ structures is even
larger in Fig. 4(b), where the same curves are plotted
for current density 400 A/cm2. The spatial averages are
approximately 0.65 of the maximum value for the LHJ
structures and below 0.45 for the DHJ structure. This
clearly also indicates that current spreading in the LHJ
scheme depends much less strongly on the current density
than in the DHJ scheme. In addition, we expect that fur-
ther engineering the contact widths and the properties of
the diffusion layer for the asymmetric properties of elec-
trons and holes can lead to larger average values for the
graded LHJ structures than obtained for the prototype
structures studied here.

The proposed lateral DDCT scheme depends on the
ability to fabricate closely spaced lateral n- and p-type
GaN regions. To demonstrate the general feasibility of
the SAG process for this purpose, we fabricated sep-
arately grown n- and p-type GaN layers using met-
alorganic vapor-phase epitaxy (MOVPE) on SiO2 pat-
terned device templates. The templates consist of a
5 um thick unintentionally doped intrinsic GaN (i-GaN)
as the buffer layer on a c-plane sapphire substrate, on
top of which a standard 5 well InGaN/GaN MQW ac-
tive region is grown, followed by a 120 nm i-GaN cap-
ping. The precursors for the growth were trimethyl gal-
lium (TMG), trimethyl indium (TMI), and trimethyl alu-
minium (TMA). A 100 nm thick SiO2 SAG mask was
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FIG. 5: Photoluminescence spectra before and after the SAG
of n-GaN and p-GaN layers on the device templates. The inset
shows a SEM image of the n-type finger pattern fabricated
using SAG. The small shift in the PL peak position is expected
to result from run to run variations between the templates.

subsequently deposited on the templates using PECVD
and patterned using standard lithography techniques to
suppress the growth of GaN elsewhere than in the open-
ings defined in the SiO2 layer [30]. After patterning,
150 nm SAG n-GaN or p-GaN layers were grown on top of
the template. The quality and morphology of the layers
grown by SAG was investigated by scanning electron mi-
croscopy (SEM) and photoluminescence (PL) measure-
ments comparing the PL signal of the templates before
and after SAG growth. Fig. 5 shows the photolumines-
cence (PL) from the samples excited using a pump laser
at 405 nm before and after SAG of p- and n-type GaN.
Based on the PL measurements SAG does not notably
affect the luminescence from the MQW, suggesting that
SAG provides a promising method to fabricate laterally
doped GaN devices. The scanning electron microscope
(SEM) images of the structures additionally show that
the SiO2 mask is able to well define the growth areas.
While the edges of the SAG regions typically grow faster
than the middle parts due to diffusion of the precursor
materials on the surface of SiO2 [31], this is not expected
to present a major problem as long as the MQW quality
is not compromised.
In conclusion, we compared the lateral current spread-

ing and current crowding properties of high power GaN
LEDs based on conventional DHJ structures as well as
LEDs based on the recently introduced DDCT principle.
Our results suggest that laterally doped DDCT LEDs can
clearly outperform conventional DHJ devices, and that
material grading could improve their performance even
beyond the ideal DHJ structures whose fabrication is not
feasible with the presently available materials compati-
ble with GaN. In addition, we showed that the selective-
area growth of GaN needed to realize the studied DDCT
devices in practice does not deteriorate the photolumi-
nescence from the QW templates, indicating that SAG
provides a viable pathway to fabricating the first DDCT
based high power LEDs.
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[25] O. Heikkilä, J. Oksanen and J. Tulkki, J. Appl. Phys.
105, 093119 (2009).

[26] J. Xue, Y. Zhao, S-H Oh, W. F. Herrington, J. S. Speck,
S. P. DenBaars, S. Nakamura, and R. Ram, Appl. Phys.
Lett. 107, 121109 (2015).

[27] J. Oksanen, and J. Tulkki, Nature Photonics 9, 782
(2015).

[28] P. Santhanam, D. Gray, and R. Ram, Phys. Rev. Lett.
108, 097403 (2012).

[29] P. Santhanam, D. Huang, R. J. Ram, M. A. Remen-
nyi, and B. A. Matveev., Appl. Phys. Lett. 103, 183513
(2013).

[30] P. Gibart, Rep. Progress Phys 67, 667–715 (2004).
[31] A. Tanaka, R. Chen, K. L. Jungjohann, and S. A. Dayeh,

Scient. Rep. 5, 17314 (2015).


