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In this paper, we apply the Poisson, drift-diffusion, and Schrodinger solver coupled with the Monte
Carlo method to study the in-plane carrier dynamics in the InGaN c-plane and nonpolar plane
quantum well light-emitting diode device. Carrier diffusion, scattering, radiative recombination, and
trapping by dislocation defects in the quantum well are studied. The impact of carrier dynamics on
the internal quantum efficiency 共IQE兲 in the quantum well with different indium compositions,
dislocation densities, polarization effect, and interface roughness is studied. Our results show that
共for dislocations densities in typical devices兲 due to the large radiative lifetime from the quantum
confined Stark effect, nonradiative recombination caused by the dislocation defects plays a
dominated role in limiting the IQE. In the nonpolar quantum well, the IQE is much better than in
the c-plane case but is still strongly influenced by dislocation density. Our results show that to
achieve 100% IQE, the dislocation density levels need to be lower than 106 cm−2 and 107 cm−2 for
c-plane and nonpolar plane InGaN quantum well, respectively. Our results are also compared with
published experimental work and have shown a good agreement. © 2010 American Institute of
Physics. 关doi:10.1063/1.3524544兴
I. INTRODUCTION

In recent years, nitride based light-emitting diodes
共LEDs兲 are playing a dominant role in solid state lighting.1–5
It is known that at high power the device efficiency suffers
efficiency droop. The efficiency droop6–9 in InGaN/GaN
quantum well LEDs has been investigated for a while but a
clear reason for the droop problem has not yet been
provided.9–11 It is interesting that in spite of a high dislocation density 共⬎108 cm−2兲, the radiative efficiency is not low,
especially at low current injection with low indium composition. The high performance of the blue or near UV LED
suggests that dislocations may not be of importance in the
LED performance. In most papers discussing the nonradiative effects, the nonradiative lifetime due to dislocation or
defects is assumed to be given by nr = 100– 10 ns for analyzing the internal quantum efficiency 共IQE兲. One may ask
the question: Is the non-radiative lifetime independent of indium compositions? Once in the quantum well how do carriers reach the dislocations and defects?
Dai et al.5 have shown through their experiments that
nonradiative lifetime and IQE are strongly dependent on the
injection carrier density and dislocation spacing in certain
cases. Hence, it is important to make a more complete study
on the lateral transport of free carriers once they are in the
InGaN quantum wells. This transport occurring under very
low electric field is important as it determines how carriers
diffuse toward regions of dislocations or defects before they
recombine radiatively. In order to study this phenomenon, we
a兲
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use the Monte Carlo approach.12 The process allows us to
include interface roughness scattering,13 electron-electron
scattering,14,15 phonon scattering,16 and charged dislocation
scattering17,18 while studying the lateral mobility and diffusion length of carriers in the InGaN quantum wells. We show
that the lateral diffusion length strongly depends on the interface roughness, indium composition, and radiative lifetime. We will show that for the low indium composition, the
dislocation plays a minimal role due to smaller quantum confined Stark effect 共QCSE兲. However, for the higher indium
composition, the dislocation density plays a dominant role in
limiting IQE. The influence of junction temperature, quantum well width, defect trapping center size, and nonpolar
structures have also been studied.
II. METHOD

We examine the LED problem in two related steps. The
vertical transport in which carriers enter the quantum wells
and the lateral transport within the wells which allow the
carriers to sense the defects. The vertical transport involves
carrier injection, band bending and is examined through the
use of Poisson, Schrodinger, and drift-diffusion methods. To
determine the lateral carrier transport in the InGaN quantum
well LED, we apply the Monte Carlo method. Carriers in the
active region, i.e., in the quantum well are quantized in the
vertical direction and the injection carrier density and the
quantum well shape is dependent on the applied bias. We use
the one-dimensional Poisson, Schrodinger, and driftdiffusion equations solver19 to calculate the carrier quantum
confined states, carrier density under bias, and the relation of
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current density to carrier density. The spontaneous recombination rates Rsp共ប兲 共Ref. 20兲 for carriers with different energy is obtained from Fermi-golden rule where:
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In the Monte Carlo method, due to the quantized effect
in the quantum well, we need to use the two-dimensional
共2D兲 scattering formalism in the Monte Carlo method. we
include 2D scattering mechanisms such as the 2D polar optical phonon scattering, acoustic phonon scattering,16 interface roughness scattering,13 alloy scattering,13 charged dislocation scattering,17,18 and electron-electron scattering14,15 to
determine the carrier mobility, diffusion, trapping, and recombination processes. The detail 2D scattering formalisms
can be found in Refs. 13–18. When the injection density is
high, subband states are filled with carriers and final states
for scattering are lowered. Therefore, the Fermi-Dirac distribution function is used to determine if the final scattering
state is occupied or not and if the recombination process will
be activated or not. After obtaining the lateral carrier mobility 共we focus on electrons since the mobility of electron is
much higher than holes to the lower effective mass兲 we calculate the lateral diffusion coefficient using Einstein relation
and then obtain the diffusion length using the following:
D=

kB
,
T

lD = 冑Dr ,

共2兲

FIG. 1. 共Color online兲 A Schematic of the interface roughness scattering,
radiative, and nonradiative recombination mechanisms. The diagram also
shows the definition of the scattering potential ⌬Ec in the InGaN quantum
well.

IQE =

Nrad
,
Nrad + Nnonrad

共5兲

where Nrad is total counted number of radiative recombination and Nnonrad is total counted number of nonradiative recombination. Figure 1 also presents the definition of interface roughness length l, width d, and conduction band
discontinuity potential, ⌬Ec. The size of interface roughness
and potential fluctuation ⌬Ec also influence the carrier mobility significantly and limit the diffusion ability. The quantum well width W is assumed to be 3 nm in most cases.
Hence, if the d is close to W, the structure has a very large
interface roughness and the material may be thought of having indium clustering.

共3兲
III. RESULTS

where D is the diffusion coefficient and lD is the diffusion
length. The radiative lifetime r can be by obtained by

r =

n2d
,
兰Rsp共ប兲dប

共4兲

In our model the carriers diffuse laterally till they either recombine radiatively or encounter a defect. In a real device
the defects are random in space and we simulate this by
using a Monte Carlo process to place dislocation defects randomly in the quantum well with different average spacing
共dependent on the dislocation density兲 as shown in Fig. 1. In
the simulation process, the electron will diffuse randomly in
the quantum well for a calculated radiative lifetime. During
the diffusion process, if an electron enters within a cross
section of the location of the dislocation defect, it will be
captured by the dislocation defect and recombine nonradiatively. Otherwise, it will diffuse till it recombines radiatively.
In both of these two conditions, the carriers lost are recorded
for the statistical output. Finally, the IQE can be determined
by

Figure 2 shows the calculated current versus average n2d
with different indium compositions in the six pair multiple
quantum wells using our Poisson, drift-diffusion, and Schrodinger solver. The well width is 3 nm. We find the carriers
will spill over the quantum well when the overall average n2d
in each quantum well is larger than 7 – 9 ⫻ 1012 cm−2. Also,

FIG. 2. 共Color online兲 The calculated current density vs the average n2d in
the six pairs multiple quantum well with different indium compositions. We
observed current overflow in the marked region.
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FIG. 4. 共Color online兲 Estimated maximum efficiency vs indium composition for different roughness size values. The injected carrier density n2d is
8 ⫻ 1012 cm−2. The capture cross section diameter, ␦ is 2 nm.

FIG. 3. 共Color online兲 共a兲 The calculated mobility and radiative lifetime r
vs the indium composition with different interface roughness. The quantum
well width is 3 nm and n2d is 8 ⫻ 1012 cm−2. 共b兲 The estimated diffusion
length vs the indium composition with different interface roughness.

the Auger effect might happen when the average n2d is at this
range. We find that the efficiency reaches the maximum
when n2d is near 8 ⫻ 1012 cm−2 since the influence of QCSE
is reduced to a minimum by carrier screening. Therefore, in
the results that follow, we set use a maximum n2d equal to
8 ⫻ 1012 cm−2 to study the device characteristics.
To understand the carrier diffusion ability in the quantum well, we remove the defect traps in the beginning to
obtain the carrier mobility and diffusion length. Figure 3共a兲
shows the calculated mobility and radiative lifetime versus
indium composition when n2d is equal to 8 ⫻ 1012 cm−2.
When the interface is perfect without surface roughness, the
mobility of the higher indium composition is larger because
of the smaller effective mass. The alloy scattering prevents
the mobility from increasing too much as the effective mass
decreases. If the interface is not perfect, the mobility drops
rapidly with larger interface roughness especially for higher
indium alloys. As shown in Fig. 3, the mobility decreases
20%–80% with larger interface roughness depending on the
In composition. For example, when the carrier density is
equal to 8 ⫻ 1012 cm−2 and l = 3 nm, the mobility drops 12%
for 10% indium content but drops 62% for 40% indium content if d increases from 1 to 2 nm. In addition, the strong
piezoelectric field will push the carrier toward the interface
so the interface roughness becomes more important. Note
that as In content increases, the interface roughness scattering potential ⌬Ec is larger.
Figure 3共b兲 shows the calculated lateral diffusion length.
We can find that for the 10% indium composition, which is
in the typical UV and blue LED range, the diffusion length is

close to 1 m because of the smaller QCSE and the smaller
radiative lifetime. Therefore, for this composition it is possible to have a good IQE if the dislocation density is below
108 cm−2. This also explains why the IQE is much better in
the blue LED. However, as the indium composition increases
up to more than 20%, which is in the typical green and
yellow emission range, we can find that the radiative lifetime
decreases significantly due to QCSE. Therefore, the overall
diffusion length is larger than 2 m, and the nonradiative
process will dominate the system if the dislocation density is
too large. For example, for the 40% indium case, the diffusion length is up to 10 m without any interface roughness.
Therefore, for this composition dislocation density has to be
smaller than 106 cm−2 to minimize the influence of the noradiative process. In addition, we can find that if the interface
is very rough, i.e., as if there is indium clustering in the
structure, the diffusion length and the nonradiative recombination rate decrease. This partially explains why the device
can emit light with much higher indium composition and
higher dislocation density. However, the IQE will be very
low.
A. The influence of the indium composition, interface
roughness to the IQE

To discuss the IQE, we need to add the nonradiative
recombination mechanism in the Monte Carlo program. As
we mentioned earlier, the larger diffusion length will lead to
a higher carrier capture rate. According to the results shown
in Fig. 3共b兲, the higher In composition should have lower
radiative efficiency due to the larger diffusion length. Figure
4 shows the estimated maximum efficiency versus the indium composition with different roughness when the dislocation density is 108 cm−2. For the 108 cm−2 dislocation
density, an average 1 m dislocation spacing is distributed
randomly in the quantum well as shown in Fig. 1. The dislocation spacing is randomly distributed in the quantum well
with an assumed 1 m average distance and the carrier capture cross section, ␦, is assumed to be 2 nm in the Monte
Carlo simulation. We found the IQE decreases rapidly as the
indium composition increases because of the higher carrier
capture rate. As shown, with a larger interface roughness, the
IQE can be improved by a few percent to 40% 共larger indium
case兲 since the diffusion length is smaller as discussed above.
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FIG. 5. 共Color online兲 Estimated maximum efficiency vs indium composition for different dislocation density values when n2d is 8 ⫻ 1012 cm−2. Also
shown is a comparison with experimental results 共Ref. 21兲. The circles are
the experimental results of EQE and the range bar is the estimated possible
IQE range with an assumption of 70% light extraction efficiency.

B. The influence of the dislocation density

We can expect that the higher dislocation density will
lead to a higher capture rate. In Sec. III A, the diffusion
lengths we have calculated are around 5 – 10 m in most
cases. This implies that to enhance the IQE, we need to have
a lower dislocation or defect density. Figure 5 shows the
estimated IQE versus the indium composition with different
dislocation densities. If the device fabrication quality is improved and the dislocation density or defect density drops to
106 cm−2, the IQE can be improved significantly. For example, the IQE can increase to 90% for 30% In composition
and increase to 70% for 40% In composition if the dislocation or defect density is 106 cm−2. For high performance
green or yellow LEDs, it is necessary to reduce the dislocation density to be below 105 cm−2. The circle points in Fig.
5 are the extracted external quantum efficiency 共EQE兲 from
experimental results.21 The range bar is the estimated possible IQE range with an assumption of 70% light extraction
efficiency. For a typical dislocation density 108 cm−2, our
results show a good agreement if an average 2 nm capture
cross section is assumed. For the higher indium composition,
the lattice mismatch is larger and it is harder to get a good
crystal film even if the substrate is dislocation free. Therefore, it has been suggested that one use a thick InGaN buffer
layer22 to reduce the lattice mismatch in the system. This
could be a possible solution to enhance the device performance.
C. The influence of the defect capture cross section

The carrier capture cross section size will affect the carrier capture directly. Published TEM results23,24 show that
the threading dislocation has a carrier trapping diameter of
around a few nanometer. In our simulation, we change the
capture cross section diameter within this range and try to
estimate the expected IQE. The simulation results are shown
in Fig. 6. Dislocation density of 108 cm−2 is assumed and the
interface roughness l = 7 nm, d = 3 nm are applied. From the
TEM result, the cross section in different locations is not a
constant value. We try a range from 0.5 to 4 nm. Over this
range, if the n2d is 8 ⫻ 1012 cm−2, we find that the efficiency
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FIG. 6. 共Color online兲 Estimated maximum efficiency vs indium composition for different capture cross section diameters when n2d is 8
⫻ 1012 cm−2. The circle point is the experimental EQE result extracted from
Ref. 21 and the range bar is the estimated possible IQE.

for the 10% indium quantum well will change from 85% to
45%. Also, for the 40% indium, the efficiency of the LED
will decrease from 5% to 1%. To obtain a better fitting, we
compare to the experimental result21 to get a better estimation. Our fitting shows that if the dislocation densities in the
experimental results are around 108 cm−2, we find that ␦
= 2 nm provides the best fit. We note that the dislocation
density in the experimental results for different wavelength
devices is not the same and the fitted ␦ may not present the
exact case for the device. However, the value of ␦ is in a
reasonable range and should be able to explain the trend in
the experiments.
D. The influence of quantum well width and junction
temperature

To study the influence of quantum well width on the
LED performance, we assumed different well width 共3, 4,
and 5 nm兲 in the Poisson, Schrödinger, and drift-diffusion
solver to obtain the carrier information and then calculated
the mobility and diffusion length. The simulation results are
shown in Fig. 7共a兲. We fixed the carrier concentration n3d
equal to 1.3⫻ 1019 cm−3 in each case and the dislocation
density is 108 cm−2. For the wider quantum width, the hole
wave functions and electron wave functions are separated
more, and the Rsp becomes smaller as the electron-hole overlap decreases. Although the carrier screening makes the overlap larger, band bending is still larger for wider quantum well
and the radiative lifetime is much longer. Therefore, the efficiency becomes lower with larger quantum well width as
shown in Fig. 7共a兲. It is to be noted that use of wider quantum well widths to increase the total amount of carriers in the
quantum well is one way to reduce the carrier overflow and
the Auger recombination. However, this also alters the nonradiative process and makes them more dominated.
Nonradiative recombination process will release energy
leading to the heating of the junction. Unless the IQE becomes 100%, the device will heat up due to the energy loss.
Figures 7共b兲 shows the IQE versus temperature with different
values of the interface roughness. When the device is heated
up to 400 K, the IQE drops around 30% to 40% because of
the increase in r. Therefore, the heating effect will make the
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TABLE I. The material parameters 共Ref. 30兲 for InxGa1−xN at 300 K used in
Poisson, Schrödinger, and drift-diffusion solver.
x
Bandgap 共eV兲
 共 ⑀ 0兲
⌬P 共cm−2兲
⌬Ec 共eV兲
me储 共m0兲
me⬜ 共m0兲
mhh 共m0兲

FIG. 7. 共Color online兲 共a兲 Estimated maximum efficiency vs quantum well
width with interface roughness. The value of n2d is fixed at 1.3
⫻ 1019 cm−3. 共b兲 Estimated maximum efficiency vs temperature with interface roughness when the n2d is 8 ⫻ 1012 cm−2. In both cases, the dislocation
density is 1 ⫻ 108 cm−2, and ␦ = 2 nm.

0.1
3.13
10.713
8.9⫻ 1012
0.179
0.154
0.182
1.420

0.2
2.864
11.146
1.85⫻ 1013
0.361
0.125
0.167
1.441

0.3
2.594
11.579
2.86⫻ 1013
0.544
0.105
0.154
1.462

0.4
2.324
12.12
3.94⫻ 1013
0.727
0.091
0.143
1.484

the nonpolar case with higher indium is due to the smaller
effective mass and the larger mobility, which leads to the
decrease in IQE as the indium composition increases. Therefore, the carrier diffuses much faster in the higher indium
composition in the nonpolar case. However, even with nonpolar structure, we still find the efficiency would not be
100% if the dislocation density is high. It does improve a lot
in the long wave range compared to the c-plane one but low
dislocation and defect density conditions are still needed.
Thus improvements in growth technology are needed to suppress defects beyond the current values.
If we assume the dislocation density to be 3
⫻ 108 cm−2, our simulation results show a good agreement
with the experimental results21 in low indium compositions
as shown in Fig. 8共b兲. At higher indium composition, the
experimental result shows lower IQE than we expect from

nonradiative process even more dominant and may lead to or
worsen the droop effect at higher current density. It may
appear that pulse measurement can completely remove the
heating effect. However, the local heating effect at the active
layer may not be avoided. In our previous studies we have
studied the transient heating in the GaN heterojunction field
effect transistor 共HFET兲 devices25 and found that the heat up
time of the device in the active layer is only a few nanoseconds so that a very short pulse is needed.
E. Nonpolar structures

To achieve a better IQE it has been suggested to reduce
the radiative lifetime by using the nonpolar26,27 or
semipolar28,29 structures. Therefore, to investigate the influence of the nonpolar structure where there is no QCSE, we
assumed the polarization charge difference at the heterointerface are zero in our Poisson, Schrödinger, and driftdiffusion solver and calculated the radiative lifetime 共Table
I兲. We then use the Monte Carlo method to estimate the
radiative efficiency. Figure 8共a兲 shows the estimated IQE of
nonpolar and c-plane InGaN quantum wells versus the indium composition when the dislocation densities are 107,
108, and 109 cm−2. The red 共solid兲 lines are for nonpolar
structure and the black 共dashed兲 lines are for c-plane structure. As we expected, the radiative lifetime becomes much
smaller due to the larger spontaneous emission rate 共Rsp兲. As
shown in Fig. 8共a兲, the efficiency decreases rapidly with the
indium composition in the c-plane structure due to the QCSE
but IQE decreases only slightly with indium composition in
the nonpolar structure. The reason for the slight decrease in

FIG. 8. 共Color online兲 共a兲 Estimated efficiency vs indium composition when
the dislocation densities are 107, 108, and 109 cm−2. The solid lines are for
a nonpolar structure and the dashed lines are for a c-plane structure. 共b兲
Estimated efficiency vs indium composition with different dislocation densities. Also presented is a comparison with the experimental EQE results
共Ref. 21兲 and the range bar is the estimated possible IQE range with an
assumption 70% light extraction efficiency. Here ␦ is assumed to be 2 nm.
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our simulations. We think that this is due to the difficulty of
growing high quality samples at high In composition. If we
want to fabricate yellow or green LEDs with higher IQE, low
dislocation density, and reduced QCSE by nonpolar growth
are both necessary.
IV. CONCLUSION

In conclusion, we have analyzed lateral dynamics of free
carriers in the InGaN/GaN quantum wells using Monte Carlo
methods. This has allowed us to examine lateral mobility,
diffusion, and IQE. Our calculation shows the diffusion
length is much longer than the dislocation spacing in current
devices where typical dislocation density values are about
共108 cm−2兲. As the indium composition in the well increases,
the diffusion length increases. As a result, carriers are
trapped by dislocation defects and subsequently recombine
nonradiatively. The most important reason for this unfavorable phenomenon is the long radiative lifetime resulting from
the strong QCSE. From the simulation results, the IQE of
10% indium quantum well is about 60% but for 40% indium
is only few percent if the dislocation density is 108 cm−2.
Since the IQE is not 100% in most cases, it is necessary to
include the thermal effect in the studies. Our calculation also
shows that the higher temperature leads to the decrease in
IQE due to longer radiative lifetime and shorter nonradiative
lifetime. Thus the heating effect will further reduce the IQE
and contribute to the droop effect. We also have discussed
how factors such as dislocation density, trapping cross section diameter, quantum well width, and use of nonpolar
structures influence the IQE. Our studies show that with the
nonpolar structure, the IQE does improve significantly but it
will still not reach the 100% value if the dislocation density
is high. Even with a nonpolar structure, the dislocation density levels need to be below 107 cm−2 if the IQE is to reach
100%.
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