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The relative roles of radiative and nonradiative processes and the polarization field on the light

emission from blue (�425 nm) InGaN light emitting diodes (LEDs) have been studied. Single and

multiple double heterostructure (DH) designs have been investigated with multiple DH structures

showing improved efficiencies. Experimental results supported by numerical simulations of injection

dependent electron and hole wavefunction overlap and the corresponding radiative recombination

coefficients suggest that increasing the effective active region thickness by employing multiple

InGaN DH structures separated by thin and low barriers is promising for LEDs with high efficiency

retention at high injection. The use of thin and low barriers is crucial to enhance carrier transport

across the active region. Although increasing the single DH thickness from 3 to 6 nm improves the

peak external quantum efficiency (EQE) by nearly 3.6 times due to increased density of states and

increased emitting volume, the internal quantum efficiency (IQE) suffers a loss of nearly 30%. A

further increase in the DH thickness to 9 and 11 nm results in a significantly slower rate of increase

of EQE with current injection and lower peak EQE values presumably due to degradation of the

InGaN material quality and reduced electron-hole spatial overlap. Increasing the number of 3 nm DH

active regions separated by thin (3 nm) In0.06Ga0.94N barriers improves EQE, while maintaining high

IQE (above 95% at a carrier concentration of 1018 cm�3) and showing negligible EQE degradation

up to 550 A=cm2 in 400� 400 lm2 devices due to increased emitting volume and high radiative

recombination coefficients and high IQE. Time-resolved photoluminescence measurements revealed

higher radiative recombination rates with increasing excitation due to screening of the internal field

and enhanced electron and hole overlap at higher injection levels. To shed light on the experimental

observations, the effect of free-carrier screening on the polarization field at different injection levels

and the resulting impact on the quantum efficiency were investigated by numerical simulations.
VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3699199]

I. INTRODUCTION

InGaN-based light-emitting diodes (LEDs) enabled a

wide range of applications including full-color displays,

back-lighting sources for displays, and general lighting.1 The

applications of LEDs, particularly for general lighting utiliz-

ing white LEDs, require further improvements in device per-

formance.2 As LED technology matures, it is highly

desirable for LEDs to emit a high luminous flux while retain-

ing high quantum efficiencies at high injection levels. How-

ever, typical state-of-the-art multiple quantum well (MQW)

InGaN-based LEDs demonstrate maximum quantum effi-

ciency at a drive current density as low as 10 A=cm2 in some

reported cases, which degrades to as little as half of its maxi-

mum value at current densities above 100 A=cm2. To retain

the quantum efficiency at high current levels a straightfor-

ward approach would be to increase the number of quantum

wells (QWs) in the active region. However, due to the poor

hole transport, light is emitted mainly from the QWs closest

to the p-GaN in typical c-plane InGaN=GaN LEDs.3–5 An al-

ternative approach is to utilize double heterostructure (DH)

active regions ensuring uniform carrier spreading across the

active region.6 Among the ramifications of DH are the loss

of InGaN quality and the increased band bending due to the

polarization field. In spite of this, Li et al.7 have demon-

strated 9 nm InGaN-based single DH LEDs exhibiting peak

external quantum efficiency (EQE) approximately 25%

higher than that of a MQW-LED [6 period In0.15Ga0.85N (2

nm)=In0.06Ga0.94N(3 nm)] with low efficiency degradation

(�10%) up to current densities of 600 A=cm2. As expected,

at low injection levels, i.e., below 60 A=cm2, the 9 nm DH-

LEDs exhibit a relatively slower EQE rate of increase with

injection current compared to that of the MQW-LED. This

observation is consistent with the internal quantum effi-

ciency (IQE) measurements we performed, and is caused by

the larger spatial separation of electrons and holes owing to

the stronger effect of the polarization field in thicker active

regions. Essentially this is equivalent to a radiative recombi-

nation coefficient which increases with injection current

before other ailments set in.a)Electronic mail: xli.vcu@gmail.com.
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Very few studies have been carried out on the quantum

efficiency of InGaN-based DH structures.6–8 In this work,

we report that with increasing DH active layer thickness

from 3 to 6 nm the relative EQE increased considerably de-

spite reduction in IQE and the rate of increase of efficiencies

with increasing injection. The relative EQE was enhanced

substantially in dual 3 nm DH and dual 6 nm DH LEDs, sep-

arated by a 3 nm-thick In0.06Ga0.94N barrier. Incorporating

more DH active regions of the same thickness, separated by

thin and low InGaN barriers, results in enhanced emission in-

tensity without any discernible degradation of the active

region quality unlike that observed in thicker single DH

layers due to strain relaxation with increasing InGaN thick-

ness. We find that employment of low and thin InGaN bar-

riers is essential for ameliorating carrier (particularly hole)

transport across the active region. Numerical simulations and

time-resolved photoluminescence (TRPL) measurements

elucidated carrier injection effects on the optical transition

energy and the overlap of the electron and hole spatial

distributions.

II. EXPERIMENTAL DETAILS

The c-plane InGaN LED structures, emitting at �425 nm,

were grown on �3.7 lm-thick n-type GaN templates on sap-

phire in a vertical low-pressure metalorganic chemical vapor

deposition (MOCVD) system. The active regions contained

either one or more (dual, quad, hex) In0.15Ga0.85N DH active

regions separated by 3 nm In0.06Ga0.94N barriers. Fig. 1 shows

the conduction band diagram for dual DH structures where

flat bands are shown for simplicity. All the structures incorpo-

rate a staircase electron injector (SEI) layer for efficient ther-

malization of hot carriers prior to injection into the active

region, and a 60 nm Si-doped (2� 1018 cm�3) In0.01Ga0.99N

underlying layer for improving the quality of overgrown

layers. The SEI consists of two 5 nm InGaN layers (two-layer

SEI) with step-increased In compositions of 4% and 8%,

inserted in the given order below the active region. A continu-

ously graded InGaN structure, which is a very efficient elec-

tron cooler, can be used as the electron injector as well. The

SEI steps have conduction band potential energy drop equal

to or more than one LO phonon energy (92 meV for GaN)

and enhanced electron thermalization through LO phonon

emission. The LED structures were completed with 100 nm

thick Mg-doped p-GaN layers having 4� 1017=cm3 hole

density, as determined by Hall measurements on a separate

calibration sample. For devices, square mesa patterns

(400� 400 lm2) were formed by conventional lithography

and chlorine-based inductively coupled plasma (ICP) etching.

Ti=Al=Ni=Au (30=100=40=50 nm) metallization annealed at

800 �C for 60 s was used for n-type ohmic contacts, and

5 nm=5 nm Ni=Au electrodes served as the semi-transparent

p-contact. Finally, 40=50 nm Ni=Au electrodes were depos-

ited on part of the mesas for contact pads.

III. RESULTS AND DISCUSSION

IQE and EQE values for all LED structures were meas-

ured at different injection levels and the effects of the active

region design and the resulting polarization fields and band

structures were investigated. For determination of the IQE

from optical measurements, injection dependent radiative

recombination coefficients obtained from numerical simula-

tions of the band structures and electron and hole distribu-

tions were used. IQE values and the effects of the

polarization fields were also deduced from excitation density

dependent measurements of recombination dynamics.

A. IQE of single and multi active layer DH structures

In the realm of Fermi’s Golden Rule, the spontaneous

transition rate from a group of initial states i in the conduc-

tion band to a group of final states f in the valence band sepa-

rated by a transition energy �hx can be expressed as

Ti!f ¼
2p
�h
jHfij2qrð�hxÞFð�hxÞ; (1)

where qrð�hxÞ is the reduced density of states, �hx is the tran-

sition energy, F ¼ fcð1� fvÞ is the Fermi factor given in

terms of the Fermi functions for the conduction (fc) and va-

lence bands (fv), and Hfi is the transition matrix element

given by

Hfi ¼ hWf jHjWii ¼
ð

W�f ðrÞHðrÞWiðrÞd3r: (2)

For a system with confinement along the z-direction (growth

direction), the wavefunctions can be expressed using the en-

velope functions as WðrÞ ¼ wðzÞ/ðrxyÞ. If the physical inter-

action operator is independent of the variable z, the matrix

element can be simplified to9

Hfi ¼
eA0

2m0

� �
M

ð
w�f ðzÞwiðzÞdz; (3)

where A0 is the magnitude of the sinusoidal local vector

potential, e is the electron charge, m0 is the free electron

mass, and M is the in-plane momentum matrix element. The

spontaneous transition rate in Eq. (1) can then be written as

Ti!f ¼
2p
�h

eA0

2m0

� �2

jMj2j
ð

w�f ðzÞwiðzÞdzj2qrð�hxÞFð�hxÞ: (4)

Equation (4) indicates that a necessary condition for efficient

recombination is the spatial overlap between the electron

and hole wavefunctions (we and wh) and the radiativeFIG. 1. Conduction band diagram for dual DH LED structures.

063112-2 Li et al. J. Appl. Phys. 111, 063112 (2012)
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recombination rate is proportional to the squared overlap in-

tegral when electrons and holes are confined in the z-

direction.

For quantum-confined structures it has been suggested

that low-dimensional equivalents of the bimolecular radia-

tive recombination B coefficient should be introduced to

eliminate the artificial dependence of the radiative recombi-

nation current on size, such as the active region width in

two-dimensional (2D) systems.9 For InGaN quantum wells

with confinement along the z-direction, defining the sponta-

neous transition rate as Tspont ¼ B2Dn2Dp2D , where n2D and

p2D are the 2D electron and hole densities, respectively. The

2D B coefficient can be expressed in terms of the momentum

matrix element in Eq. (4)9

B2D ¼
4pn�h2

e0c3kBT

ð�hxÞ
m�em�h

e

2m0

� �2

� jMj2
����
ð1

0

w�hðzÞweðzÞdz

����
2

qrð�hxÞ; (5)

where n is the refractive index, e0 is the permittivity of free

space, c is the speed of light, �hx is photon energy, kBT is the

thermal energy, and m�e and m�h are the electron and hole

effective masses (obtained using linear interpolation from

the binary values for a given In content), respectively. The

momentum matrix element M can be obtained from the in-

plane interband transition matrix element (for polarization

within the plane), Pcv ¼ 2jMj,10 which has been determined

from the absorption measurements for binaries InN and

GaN.11 Using a value of Pcv ¼ 9.6� 10�20 g cm=s obtained

from linear interpolation for the required composition, the

B2D coefficient was calculated to be 1.8� 10�4 cm2 s�1 for

an In0.15Ga0.85N active region assuming full overlap of elec-

tron and hole wavefunctions. In order to make the transition

from the 2D to the 3D case to be able to employ the conven-

tional 3D rate equation, the 2D B coefficient should be

multiplied by the active region thickness, Lz. To test this

approach and the validity of the 2D approximation, the 3D

limit for the B coefficient for In0.15Ga0.85N was also calcu-

lated from12

B3D ¼
e2n

m2
0c3�h2

2p�h2

kBT

� �3=2

�M2 � 1

ð �mx �my �mzÞ1=2
�hx; (6)

where �mx;y;z ¼ meðx;y;zÞ þ mhðx;y;zÞ. The 3D B coefficient cal-

culated using Eq. (6) is 5� 10�11 cm3 s�1 for In0.15Ga0.85N.

This value is smaller than that obtained using B2DLz even for

the thinnest active region investigated in this study with Lz

¼ 3 nm. Therefore, we assume that all the LED structures

employed here exhibit 3D behavior but with an electric field

along the growth direction reducing the spatial overlap of

charge carriers in the active region. Consequently, the injec-

tion dependent overlap integral of the electron and hole

wavefunctions should be incorporated into the calculation of

the 3D B coefficients using the upper limit for full overlap,

5� 10�11 cm3=s

B ¼ ð5� 10�11Þ½cm3s�1� �
����
ð1

0

w�hðzÞweðzÞdz

����
2

: (7)

In this study, the effects of the active region design and the

resulting polarization-induced field13 on the overlap integral

and the associated spontaneous recombination rates were

investigated at different injection levels. Fig. 2(a) presents

the simulated bimolecular recombination coefficients, B,

which are obtained from the transition matrix element, and

thus the simulated squared overlap integrals of the electron

and hole wavefunctions within the DH active regions. It

should be mentioned that the calculated B coefficients may

vary slightly based on the material parameters used for a

given structure; however, this would not affect the overall

conclusions of this paper. The calculated B coefficients are

also plotted in Fig. 2(b) as a function of supplied electrical

power per unit cross-sectional area, which is the product of

injection current density and applied voltage used in the

FIG. 2. Calculated B coefficients using squared overlap integrals of electron and hole wavefunctions (proportional to radiative recombination rate) within the

active region as a function of (a) current density calculated using Silvaco ATLAS simulations and (b) injection electrical power density (the product of applied

voltages and current densities). (c) IQE values determined from excitation-dependent PL for LEDs with various DH thickness by using injection dependent B
coefficients from (a). (d) IQE values vs photocurrent density converted from carrier concentration using Eq. (8).

063112-3 Li et al. J. Appl. Phys. 111, 063112 (2012)
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simulations. It is apparent from Fig. 2(a) that the B coeffi-

cient, instead of being constant as assumed in Ref. 15,

depends on the injection current density for a given design,14

increasing with injection due to screening of the internal

fields by free carriers. Naturally, the B coefficient tends to

saturate at high injection levels as the nearly flatband condi-

tion is approached.13 It is also evident that thinner active

layers have relatively larger spatial overlap of the electron

and hole wavefunctions. The single 3 nm DH LED shows a

30% higher squared overlap integral value compared to the

single 6 nm DH LED at a current density of �300 A=cm2.

The lower B coefficients in wider active regions are attrib-

uted to the increased spatial separation of electrons and holes

by the larger contribution of the polarization fields. More-

over, while the dual and single DH structures exhibit compa-

rable overlap integrals at low injection levels (below 100

A=cm2), the dual DH structures surpass their single DH

counterparts as the injection current increases. For example,

the dual 3 nm DH LEDs show 15% higher EQEs compared

to the single 3 nm DH LEDs at a current density of 500

A=cm2. Furthermore, the rate of increase for the B coeffi-

cient versus the current density at low injection levels is

reduced with increasing active layer thickness, which is con-

sistent with the experimental IQE and EQE data shown in

Fig. 2(c) and Fig. 3, respectively.

The room temperature IQE values were measured by

resonant optical excitation intensity-dependent photolumi-

nescence (PL),15 but with invoking injection dependent B
coefficients to produce more accurate IQE values versus the

photoinduced carrier concentration. The generation rates in

optical excitation were matched to those calculated from the

electrical injection power density used in the simulations to

account for the carrier density (injection) dependence of the

B coefficients. The excitation wavelength from a frequency

doubled Ti:Sapphire laser was set to 385 nm for photogener-

ation of carriers inside the active region only.16,17 Fig. 2(c)

shows the resulting IQE values versus the carrier

concentration for all the DH structures. The IQE for a single

3 nm DH LED reaches above 95% at a carrier concentration

of 1018 cm�3, which corresponds to a photocurrent density

of 1 A=cm2 as indicated in Fig. 2(d). The photocurrent den-

sities in Fig. 2(d) are obtained from carrier densities using

the rate equation (as resonant excitation ensures no carrier

leakage)7

G ¼ J=JðqdÞðqdÞ ¼ Anþ Bn2 þ Cn3

gIQE ¼
Bn2

G

; (8)

where G is the generation rate, n is the carrier density, q is

the electron charge, d is the thickness of the active layer, J is

the photocurrent density, and gIQE is the IQE. The terms A
and B represent Shockley-Read-Hall (SRH ) nonradiative

recombination and radiative recombination coefficients,

respectively. The Auger coefficient C, which we deem

small,2 is neglected, and the A coefficient is obtained from

the fitting (�105-107 =s). As can be seen, when we insert a

second DH active region separated by a 3 nm thick

In0.06Ga0.94N barrier, which still allows efficient hole trans-

port,7 the IQE rate of increase with photocurrent density is

slower than that for the single 3 nm DH, and a 90% IQE is

reached at a photocurrent density of �5 A=cm2 compared to

0.3 A=cm2 in the single 3 nm DH. However, the IQE values

are very similar for both structures at high injection levels.

Increasing the DH thickness to 6 and 9 nm reduces IQE and

its rate of increase substantially. As shown in Fig. 2(c), IQEs

for both 6 and 9 nm DH LEDs increase relatively slowly

with carrier concentration and reach 70% at around a carrier

density of 4� 1018 cm�3. The dual 6 nm DH essentially has

quite a similar IQE dependence on carrier concentration as

the single 6 nm DH, as shown in Fig. 2(c), whereas the de-

pendence on photocurrent density shows an apparent dis-

crepancy due to increased overall active region thickness (12

nm) and larger B coefficients used in the conversion calcula-

tion from density of photocarriers to photocurrent density

(see Eq. (8)). With increasing DH thickness, the IQE values

degrade and the IQE rate of increase with the carrier concen-

tration becomes slower, the most severely for DH thickness

of 11 nm. These effects in wider active regions can be par-

tially attributed to the stronger polarization field effects and

decreased electron and hole wavefunction overlap and par-

tially to the degraded layer quality with increasing InGaN

thickness, which will increase nonradiative recombination.

B. EQE of single and multi active layer DH structures

As mentioned previously, uniform electron and hole genera-

tion in the active region can be achieved under resonant opti-

cal excitation, which prevents carrier overflow induced

efficiency degradation observed under electrical injection.

Therefore, LEDs exhibiting the highest IQE values may not

necessarily display the highest EQE values due to possible

electron leakage. To determine the relative EQE, on-wafer

pulsed electroluminescence (EL) measurements were carried

out for all the investigated LEDs with no particular effort to

enhance light extraction. Care was taken to assure the same

light collection geometry among all the chips tested. To

FIG. 3. Relative external quantum efficiencies of DH LEDs as a function of

pulsed injection current density (0.1% duty cycle and 1 kHz frequency). The

inset shows the normalized resonant PL intensity vs the number of 3 nm DH

active regions.

063112-4 Li et al. J. Appl. Phys. 111, 063112 (2012)
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achieve the same light outcoupling efficiency, the same

p-GaN growth conditions were used and all samples were

fabricated together in one run. Moreover, the light emission

intensity showed less than 5% variation among at least five

devices measured on the same wafer. Note that not all the

light emanating from the LED was collected. Fig. 3 shows

the relative EQE values for the LED structures with various

DH thicknesses.

As presented in Figs. 2(c) and 2(d), the 3 nm DH exhib-

its the highest IQE, reaching 97.5% at a low carrier level

�1018 cm�3 (corresponding to 1 A=cm2). Its EQE also

increases at a fast rate with current injection and reaches its

maximum at �30 A=cm2 owing to the greater spatial overlap

of electron and hole wavefunctions. However, the overall

EQE is only 23% that of the single 6 nm DH LED, likely

due to lower density of states within the 3 nm InGaN active

layer (nearly two-dimensional states) as compared to 6 nm

InGaN layer (nearly three-dimensional states) as well as the

smaller active layer volume and thus smaller overall carrier

density. Noticeably, when another 3 nm In0.15Ga0.85N layer

separated by a 3 nm In0.06Ga0.94N barrier is added to the

active region, the EQE value is doubled due to increased

active layer volume, which is consistent with resonant PL

measurements showing a twofold increase in emission inten-

sity for the same excitation power (see the inset of Fig. 3).

The single 6 nm DH LED structure shows the maximum

relative EQE values at current density �41 A=cm2, slightly

higher than that for the 3 nm DH LEDs, indicative of a slower

rate of increase with injection for the 6 nm DH LED. How-

ever, it suffers from a large efficiency droop (reduced by 38%

at 550 A=cm2 with respect to the maxima) with increasing

current density. The dual 6 nm DH LED shows �12% higher

peak EQE values and less efficiency droop percentile

(reduced by �30%) under the same current density. This

implies that the layer quality for dual 6 nm DH is inferior to

the single 6 nm DH, unlike in the 3 nm DH case, which

showed doubled EQE values when the dual active regions

separated by a thin barrier were used. Increasing the individ-

ual layer thickness further to 9 and 11 nm results in deterio-

rated layer quality and the 11 nm single DH LED exhibits

much lower EQE values. We should also note that the dual 6

nm DH shows 20% higher peak EQE than that obtained from

the single 9 nm DH and a much faster increasing rate of EQE

with current injection. It is also observed that the 9 nm DH

LED exhibits lower EQE values at lower injection levels (less

than 125 A=cm2) due to a much slower rise of EQE with

injection although its EQE saturates at higher values with

increasing injection level. At high current densities, e.g., 550

A=cm2, the 9 nm single DH shows 15% and 32% higher EQE

than those for dual 6 nm and single 6 nm DH LEDs, respec-

tively, due to greater efficiency reduction in single and dual 6

nm DHs. Specifics of the degradation mechanisms and meth-

ods to mitigate them are still under investigation.

Promisingly, the EQEs for the single 3 nm and dual 3 nm

DH LEDs show negligible degradation with increasing injec-

tion current density up to 600 A=cm2. According to the IQE

and relative EQE data for single 3 nm and dual 3 nm DH

LEDs, there seems to be a trade-off to achieve both high IQE

and EQE in c-plane InGaN DH LEDs. However, the negligi-

ble droop and rapid initial increase of quantum efficiencies

with injection current in single 3 nm and dual 3 nm DH LEDs

are critical to InGaN LED improvement. In an effort to

enhance the relative EQE of such DH structures further we

have grown LED structures with more (4 and 6) 3 nm thick

active regions separated by the thin In0.06Ga0.94N barriers.

Resonant PL measurements revealed that the PL intensity of

quad 3 nm DH LED is nearly 4 times higher than that for sin-

gle 3 nm DH; however, the PL intensity of the hex 3 nm DH

LED did not scale to 6 times that from the single 3 nm DH

but is very close to that from the quad 3 nm DH LED, which

is shown in the inset of Fig. 3. This behavior can be attributed

to the relaxation of the active regions upon increasing the

number of 3 nm DH layers beyond four. The particular proc-

esses for the above observations are discussed below.

In biaxially strained InGaN=GaN layers, the mismatch

strain induces a polarization field (allowed by the wurtzite-

structure lattice symmetry) along the growth direction.18

This strain induced piezoelectric field and spontaneous polar-

ization field tilts the potential profile, resulting in triangular

quantum wells in the hetero-interfaces of active regions, as

shown in the simulated conduction and valence band edges

of Fig. 4(a) at an injected current density of 1100 A=cm2

FIG. 4. (a) Energy band edge profiles simulated at 3.16 V forward bias (cor-

responding to 1100 A=cm2); (b) peak emission energy shift as a function of

injection current density from EL measurements; (c) peak emission energy

shift as a function of injection current density from Silvaco simulations for

the 6 nm DH structure.

063112-5 Li et al. J. Appl. Phys. 111, 063112 (2012)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

128.172.48.59 On: Fri, 23 Oct 2015 17:57:56



using the commercial Silvaco ATLAS software package.

Consequently, the optical transition energy is reduced.

Therefore, with increasing current injection, a blueshift will

occur and the magnitude of the blueshift depends on the

active layer thickness.19 Fig. 4(b) shows the observed peak

emission energy shift as a function of injection current den-

sity from EL measurements. Upon current injection, the

polarization fields in the strained InGaN DH layer are

screened by free carriers, which weakens the quantum con-

fined Stark effect (QCSE), and then increases the transition

energy resulting in the blueshift in emission. Larger peak

energy shifts were observed with injection when the DH

thickness is increased from 3 to 9 nm, as presented in Fig.

4(b). However, increasing DH thickness further to 11 nm

reduced the shift substantially, most probably due to partial

relaxation of the InGaN active layer, which is not considered

in the simulation software.

Similar to our earlier observations,7 a large portion of

the energy shift occurs at low injection levels (<50 A=cm2)

followed by a slower shift with further increase in injection.

This is attributed to the presence of triangular potential wells

at the interfaces, which are filled rather rapidly even at rela-

tively low injection levels causing the large initial blueshift.

Recombination from the higher lying quasi-continuum states

and 3D states in the DH active region start to contribute to

emission with increased injection, resulting in the slower

blueshift observed.

For single 6 nm, dual 6 nm, and single 9 nm DH LEDs,

a significant 25 meV energy shift was observed with an ini-

tial increase of current density to 40 A=cm2, while only a 8

meV shift is evident for the 3 nm DH LED within the same

current density range. Fig. 4(c) shows the simulated peak

energy shift as a function of current density obtained using

Silvaco ATLAS. The polarization charge densities of

7.7� 1012 cm�2 and 3.8� 1012 cm�2 have been used for the

interfaces between the In0.01Ga0.99N barrier and the

In0.15Ga0.85N active layer, and the In0.15Ga0.85N active layer

and the In0.08Ga0.92N SEI, respectively, which are within the

range of reported values20 and provide energy shifts in the

range comparable to those observed experimentally [Fig.

4(b)]. The tendency is consistent with the experimental

results except for the 11 nm DH structure. The simulated

peak energy shift dependence on injection for the 11 nm DH

LED is very similar to that of the 9 nm DH structure, as with

increasing DH thickness the band profiles become similar.

As alluded to earlier, the observed discrepancy in the experi-

mental data, however, is likely due to the strain-driven mate-

rial quality degradation for 11 nm DH neglected in

simulations. We should also note that varying the polariza-

tion charge in the simulations changes the absolute energy

shift, but does not affect the peak energy shift dependence

on the active layer thickness.

C. IQE of DH structures from recombination dynamics

In order to better understand the recombination dynam-

ics for DH LEDs, excitation density dependent TRPL meas-

urements were performed using 385 nm wavelength

excitation from a frequency-doubled Ti:Sapphire laser. The

photoluminescence was collected using an optical fiber and

focused into a spectrometer attached to a 30 ps resolution

Hamamatsu streak camera. Fig. 5 shows TRPL data for the 3

nm, dual 3 nm, 6 nm, and dual 6 nm DH LEDs at different

excitation power densities: 0.08, 0.20, and1.25 kW=cm2. All

of the DH LED structures investigated here (9 and 11 nm

DH not shown) exhibit similar excitation intensity depend-

ence behavior. The analysis of transient PL in a variety of

InGaN heterostructures, single quantum wells,21 multiple

quantum wells,22 and double heterostructures,23 have been

performed using multiple24 or stretched exponential25 decay

functions representing different radiative and nonradiative

relaxation pathways. In a recent study, Kim et al.26 proposed

a method by which the radiative and nonradiative decay

times and IQE values can be deduced from the TRPL data.

The transients were fitted using biexponential decays

A1e�t=si þ A2e�t=sf , where the fast and slow decay compo-

nents are represented using initial (si) and final (sf ) decay

times, respectively. Based on the carrier rate equation,26

radiative and nonradiative decay times can be approximately

estimated using sR � 2sisf=ðsf � siÞ and sNR � 2sf , respec-

tively. The initial (fast) decay of the TRPL spectrum is influ-

enced by both radiative and nonradiative recombination

rates, whereas the final (slow) decay is only dependent on

nonradiative recombination.

The corresponding radiative and nonradiative decay

times extracted from the biexponential fits to the TRPL data

from the LEDs investigated here are listed in Table I. As

shown in Fig. 5, the initial decay time has a strong depend-

ence on optical excitation power density, decreasing with

increasing power, while the final decay time remains nearly

constant for the range of excitation power densities used.

FIG. 5. TRPL results for 3 nm, dual 3 nm, 6 nm, and dual 6 nm DH LEDs

for different excitation power densities, 0.08, 0.20, and 1.25 kW=cm2. TRPL

data are fitted with biexponential decay functions A1e�t=si þ A2e�t=sf to find

initial (si) and final (sf ) decay times, which are also indicated.
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The decrease of radiative recombination time, sR, with

increasing excitation power density is attributed to increased

electron and hole wavefunction overlap resulting in efficient

radiative recombination, which correlates well with the sim-

ulation results presented in Fig. 2(a) and is consistent with

earlier observations in single InGaN quantum wells.27 Fur-

thermore, the final decay rate, which depends on the nonra-

diative recombination only, is excitation intensity

independent as the nonradiative recombination centers are

fully saturated at high excitation power densities. In addition,

as can be seen from the increasing amplitude fractions

(A1=A2) of the initial and final decay components with

increasing excitation density, the contribution of radiative

recombination to carrier decay is larger at higher excitation

power densities. The 3 nm and dual 3 nm DH LEDs exhibit

faster radiative decays than the other LEDs due to better

electron and hole wavefunction overlap, which is consistent

with the IQE measurements and the simulation results dis-

cussed above (see Fig. 2). Also, the initial PL decays at low-

est excitation density for 3 nm and dual 3 nm DHs are more

apparent compared to those of other DH LEDs even at low

excitation densities, indicating a higher radiative efficiency

(Fig. 5).

The IQE values calculated from the measured radiative

and nonradiative decay constants using gint ¼ sNR=ðsNR � sRÞ
(Ref. 26) are also listed in Table I. Although these IQE values

differ from those shown in Fig. 2 obtained using optical exci-

tation intensity dependent PL measurements (values at the

same carrier densities are compared in Table I), they show the

same tendency with increasing DH thickness. The differences

between the two sets of IQE values are most likely due to the

inaccuracy of the materials parameters used, particularly the

absolute values of the B coefficients obtained from simula-

tions, which neglect any strain relaxation and material degra-

dation with increasing InGaN thickness, and the estimated

corresponding carrier densities.

The specific limitations of the methods used, such as

neglecting different relaxation channels in the biexponential

decay model of the TRPL data, are beyond the scope of this

paper. However, the trends observed with increasing LED

active region thickness and increased injection are fully con-

sistent. Overall, the TRPL data also point out the higher effi-

ciency in thinner (3 nm) DH LEDs, and suggest that

increasing the number of 3 nm active regions separated by

thin and low barriers would help enhance EQE while main-

taining high IQE by increasing the radiating volume.

IV. CONCLUSIONS

Bearing efficiency loss=retention arguments at high cur-

rent levels in mind, we investigated the quantum efficiencies

of DH LED structures with different active region designs.

DH LEDs with 3 nm-thick active regions reached very high

IQE (97%) at 1018 cm�3 carrier density and exhibited negli-

gible efficiency droop with increasing injection. Increasing

DH thickness from 3 to 6 nm resulted in a decrease in IQE;

however, the peak EQE increased, although the rate of

increase in EQE with injection slowed down slightly. Further

increase of the DH active region thickness to 9 nm improved

EQE only at very high injection levels, while 11 nm thick

DH showed significantly lower EQE due to relaxation and

the degradation of the InGaN material. To increase EQE

while maintaining high IQE multiple 3 nm-thick DH active

regions separated by 3 nm thick In0.06Ga0.94N barriers were

employed. The dual 3 and 6 nm DH structures were found to

be superior to the single DH structures considering both IQE

and EQE results comprehensively. In dual 3 nm DH LEDs,

the IQE reached above 95% and the EQE doubled compared

to the single 3 nm DH LED. Both single and dual 3 nm DH

LEDs exhibited negligible droop up to current densities

above 500 A=cm2. Furthermore, LEDs incorporating quad 3

nm DH active regions were observed to improve the

TABLE I. The radiative and nonradiative decay times and amplitude ratios extracted from the fitted biexponential decay parameters and IQE values for the

3 nm, dual 3 nm, 6 nm, dual 6 nm, and 11 nm DH LED structures.

DH LED sR[ns] sNR[ns] A1

A2

IQE

(from Fig. 2)

IQE (from TRPL using

the approach in Ref. 26)

0.08 kW=cm2 excitation power density

3 nm 1.77 6.26 1.84 0.96 0.78

Dual 3 nm 2.81 6.48 0.70 0.76 0.70

6 nm 5.16 7.50 0.22 0.31 0.59

Dual 6 nm – 6.32 – 0.18 –

11 nm – 5.86 – 0.15 –

0.20 kW=cm2 excitation power density

3 nm 1.80 6.26 1.83 0.97 0.78

Dual 3 nm 2.23 6.48 2.09 0.84 0.74

6 nm 3.28 7.50 1.57 0.46 0.70

Dual 6 nm 2.76 6.32 0.88 0.32 0.70

11 nm 3.32 5.86 1.37 0.27 0.64

1.25 kW=cm2 excitation power density

3 nm 1.45 6.26 3.82 0.99 0.81

Dual 3 nm 1.56 6.48 5.04 0.93 0.81

6 nm 1.40 7.50 9.68 0.72 0.84

Dual 6 nm 1.86 6.32 3.03 0.62 0.77

11 nm 1.67 5.86 9.71 0.57 0.78
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emission further with slight reduction when six DH active

regions were employed (hex 3 nm DH). Similarly, by incor-

porating two 6 nm DH active regions separated by a 3 nm

In0.06Ga0.94N barrier into a single LED, the highest peak

EQE values were achieved: 12% and 19% higher than those

provided by 6 nm DH and 9 nm DH, respectively. Moreover,

both the single and dual 6 nm DH LEDs showed similar IQE

values, implying that the layer quality does not degrade with

the inclusion of a second 6 nm DH active region, unlike the

significant degradation observed when a single 11 nm-thick

DH was used.

Numerical simulations of band structures and radiative

recombination are in agreement with experimental results,

suggesting better electron hole wavefunction overlap, i.e.,

high radiative efficiency for thinner active regions and dual

DH structures and a general trend of increased overlap with

increased injection level. Excitation power intensity depend-

ent TRPL measurements revealed larger radiative recombi-

nation rates at higher excitation levels, consistent with

simulations. The larger polarization field effects within the

thicker DH active regions must be taken into consideration

since the electron and hole wavefunction overlap will be

reduced considerably, resulting in a slower increase in the

quantum efficiency with injection and lower radiative recom-

bination rate. The data in aggregate suggest that the dual or

more DH active regions substituting a single layer thick DH

active region should be employed for optimum LED designs

for high IQE and high EQE with negligible droop, which has

its origins in electron leakage and degradation of material

quality. Further efforts should be focused on enhancing hole

concentration and hole injection efficiency to mitigate or

completely eliminate, if possible, the efficiency droop at

higher injection levels for the multi-DH active region LEDs.
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1H. Morkoç, Handbook of Nitride Semiconductors and Devices (Wiley-

VCH, 2008), Vol. 3, Chap. 1.
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