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We use coupled optical and electronic simulations to investigate design trade-offs in electrically
pumped photonic-crystal-based light-emitting diodes. A finite-difference frequency-domain
electromagnetic solver is used to calculate the spontaneous emission enhancement factor and the
extraction efficiency as a function of frequency and of position of the emitting source. The
calculated enhancement factor is fed into an electronic simulator, which solves the coupled
continuity equations for electrons and holes and Poisson’s equation. We simulate a two-dimensional
structure consisting of a photonic-crystal slab with a single-defect cavity and investigate different
electrical pumping geometries for such a cavity. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1848194g

I. INTRODUCTION

Recently, photonic crystals have shown the potential to
dramatically improve the performance of several active op-
toelectronic devices, such as light-emitting diodessLEDsd
and lasers. It has been suggested that a thin slab of two-
dimensional photonic crystal in a LED can drastically en-
hance the light extraction efficiency.1 The enhancement of
light extraction in photonic-crystal slabs has been verified in
several experiments.2–9 In addition, it has been shown both
theoretically and experimentally that by introducing a single
defect on a two-dimensional photonic-crystal slab, it is pos-
sible to obtain a wavelength-sized microcavity with a high-
quality factor Q. Such a small-volume high-Q cavity is a
potential candidate for a thresholdless laser.10–19

Experimental efforts on photonic-crystal-based LEDs
and lasers are based on either optical pumping2,4,5,10,11,13–18

or electrical pumping.3,7–9,12,19To realize electrically pumped
photonic-crystal optoelectronic devices, issues such as the
device doping profile and placement of electrodes for carrier
injection have to be addressed. In this work, we use two-
dimensional coupled optical and electronic simulations to
study theoretically different electrical pumping geometries.
The simulated device consists of a photonic-crystal slab,
which is the basis for most photonic-crystal active optoelec-
tronic devices.1,4,10,11,13–19A defect is introduced in the pho-
tonic crystal to form a cavity. We examine several different
configurations for pumping the device electrically. Carrier
injection pipes are placed below the slab and electrodes are
placed on top of the photonic-crystal grating. We investigate
their effect on the light output of the cavity. We also inves-
tigate the effect of the doping profile.

This paper is organized as follows. The coupled optical

and electronic simulation models are described in Sec. II.
The results obtained using these models for the various
pumping geometries are presented in Sec. III. Finally, our
conclusions are summarized in Sec. IV.

II. MODEL DESCRIPTION

We solve the continuity equations for the electron and
hole densitiesn and p, and Poisson’s equation for the elec-
trostatic potentialf over the device structure20

¹ · j n + Urad
sp + USRH+ UAug = 0, s1d

¹ · j p + Urad
sp + USRH+ UAug = 0, s2d

− ¹ · s« ¹ fd + qsn − p − ND
+ + NA

−d = 0, s3d

whereND
+ andNA

− are the densities of the ionized donors and
acceptors,j n and j p are the electron and hole fluxes, and
Urad

sp ,USRH, andUAug are the rates for spontaneous emission
sradiative recombination processd, Shockley-Read-Hall, and
Auger recombination snonradiative recombination pro-
cessesd, respectively. In the bulk regions of the device, car-
rier densities are calculated using Fermi–Dirac statistics,
while in the quantum-well region they are obtained based on
a k ·p band-structure calculation.21

In the bulk region, nonradiative recombination processes
are more important than spontaneous emission.22 Thus, spon-
taneous emission in the bulk region is treated with the simple
expression

Urad
sp = Bsnp− n0p0d, s4d

whereB is the spontaneous emission coefficient andn0p0 is
the equilibrium product of electrons and holes. The sponta-
neous emission rate in the quantum-well region is given by22adElectronic mail: shanhui@stanford.edu
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Urad
sp =E

0

`

DsEdrspsEddE, s5d

whereDsEd is the density of photon states, andrspsEd is the
spontaneous emission coefficient, which is determined by the
k ·p band-structure calculation.

In the case of a uniform material, the density of photon
states is given by23

DsEd =
8pnr

3E2

h3c3 . s6d

However, in photonic-crystal devices, the density of photon
states is strongly modified and can be either enhanced or
suppressed with respect to the density in a uniform
material.24,25

The enhancement factor of the density of photon states
due to the photonic crystal can be calculated using a classical
electromagnetic model. The enhancement factor is equal to
the ratio of the power radiated by a dipole in the presence of
the device to the power radiated by the same dipole in a
uniform material.26 We use a finite-difference frequency-
domainsFDFDd solver of Maxwell’s equations27 to calculate
the spontaneous emission enhancement factor as a function
of frequency and position of the emitting source. We note
that frequency-domain techniques are much more efficient
than time-domain techniques for such a calculation for the
following reasons. First, the power emitted by a dipole at a
specific frequency is obtained by integrating the Poynting
vector over a surface surrounding the dipole. In the com-
monly used finite-difference time-domainsFDTDd method
the calculated fields on the surface have to be transformed to
the frequency domain. However, this can only be done using
a computationally expensive on-the-fly Fourier transform to
avoid storing all the time samples of the fields over the entire
surface. Second, FDFD results in a sparse system of linear
equations. If a direct sparse matrix method is used to solve
this system, only a singleLU decomposition of the system
matrix is required at each frequency. Once theLU decompo-
sition of the system matrix is obtained, the only additional
cost for the calculation of the enhancement factor for each
different dipole position is one back substitution, which is
typically at least an order of magnitude smaller than the cost
of the LU decomposition.

For emission from a quantum well we assume that the
sources have horizontal orientation.26 We use the FDFD
method to calculate the photon density of statesDsEd as a
function of position and frequencysor equivalently emitted
photon energyd. For each device geometry,DsEd is precalcu-
lated and then fed into Eq.s5d to calculate the spontaneous
emission rateUrad

sp in the quantum-well region. The electronic
eqs s1d–s3d are then solved self-consistently using the
general-purpose partial differential equationsPDEd solver
Prophet.28 The numerical implementation is based on the
finite-difference discretization of the PDEs and the solution
of the resulting nonlinear system of equations using New-
ton’s method.

III. RESULTS

The device used in our simulations is ap-i-n structure
shown in Fig. 1sad. It consists of a single-quantum-well
separate-confinement heterostructuresSCHd.23 The
Al0.3Ga0.7As SCH and the active region, consisting of an
80-Å GaAs quantum wellsQWd, are undoped. This QW
structure has a spontaneous emission spectrum with a maxi-
mum at,850 nm. The SCH is surrounded by Al0.6Ga0.4As
doped to a density of 1018 cm−3 on both thep side and then
side.

A cross-sectional view of the device geometry is shown
in Fig. 1sbd. We assume that the device length is much larger
than its height and widthfFig. 1sbdg and that the structure is
uniform in the third dimension. We note that, even though
we simulate a two-dimensional structure, the model takes
into account both the radiation into free space in the vertical
direction as well as the in-plane photonic band gap. Thus,
from an optical perspective, the model includes the essential
physical characteristics of a more complicated photonic-
crystal slab structure. The device is based on a two-layer
slab, consisting of the doped Al0.6Ga0.4As upper cladding
layer and the intrinsic Al0.3Ga0.7As SCH layer, which also
includes the active QW region. We use a low-index oxide as
the bottom cladding layer of the slab to confine the optical
mode. A one-dimensional photonic-crystal grating is intro-
duced on the top of the slab. To minimize nonradiative sur-
face recombination and to avoid degrading the QW, the grat-
ing does not penetrate into the intrinsic layer.2 Using the MIT

FIG. 1. sad The p-i-n device structure. The Al0.3Ga0.7As separate-
confinement heterostructuresSCHd and the active region, consisting of an
80-Å GaAs QW, are undoped. The SCH is surrounded by Al0.6Ga0.4As
doped to a density of 1018 cm−3 on both thep side and then side.sbd The
device geometry. The period of the grating isa=0.214mm. The reference
device structure is characterized bydpipe=1.284mm and delec=1.926mm.
We also show with dashed lines the device area magnified insad.
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photonic bandsMPBd package,29 we design the photonic-
crystal grating to have a sizable photonic band gap. We then
introduce a single defect in the photonic crystal at the center
of the device to create a resonant cavity. The defect width is
chosen to obtain a cavity mode with the resonant frequency
in the middle of the band gap. In addition, the period of the
grating is chosen asa=0.214mm, so that the resonant fre-
quency coincides with the peak of the emission spectrum of
the QW at,850 nm. The number of periods of the photonic-
crystal grating is chosen large enough to eliminate the in-
plane leakage of light in the slab. We note that the quality
factor Q of the cavity mode increases with the number of
periods and eventually saturates, as it is limited by the out-
of-plane leakage of light from the cavity. Since the bottom
cladding layer is a low-index oxide, we introduce doped
Al0.6Ga0.4As pipes for carrier injection to obtain a complete
p-i-n structure.13,4,15,18We found that, if the pipe is placed
directly below the cavity defect, the quality factor of the
resonant mode decreases significantly. Pipes are therefore in-
troduced laterally in the structure, as shown in Fig. 1sbd. The
p-i-n structure is electrically pumped by placing electrodes
on top of the photonic-crystal grating. In addition, the pipes
are connected to a lower electrode through the Al0.6Ga0.4As
doped substratefFig. 1sbdg. We found that the position of the
lower electrode has no significant effect on the device elec-
tronics because the substrate is thick and highly doped. Since
the device emits light primarily through the bottom, as men-
tioned below, the lower electrode is placed laterally to mini-
mize the portion of reflected power.

In Fig. 2sad, we show the electric-field profile when a
dipole is placed in the QW at the center of the cavity defect
and emitting at the resonant frequency of the cavity mode.
The photonic crystal confines the mode laterally so that in-
plane light leakage in the slab is minimal. We also observe
that out-of-plane leakage is much larger through the oxide

cladding than through air due to the smaller refractive index
contrast between the slab and the oxide. Thus, the device
emits light primarily through the bottom. In Fig. 2sbd, we
show the calculated spontaneous emission enhancement fac-
tor as a function of wavelength for the dipole. Spontaneous
emission is strongly enhanced within the cavity mode line-
width centered at,850 nm and suppressed in the bandgap
off resonance.30 In Fig. 2scd, we show the enhancement fac-
tor at the cavity resonant frequency as a function of emitter
position in the QW. As expected, this profile of the enhance-
ment factor on resonance strongly correlates with the profile
of the optical mode.

Our goal is to use the simulation model to investigate
different electrical pumping configurations of the resonant
cavity. More specifically, we study the effect of the position
of the carrier injection pipes and of the upper electrodes de-
posited on top of the photonic crystal. Our standard reference
device structure, shown in Fig. 1sbd, is characterized by
dpipe=1.284mm and delec=1.926mm, wheredpipe and delec

are the distances of the pipes and upper electrodes, respec-
tively, from the cavity centerfFig. 1sbdg. In the following
study, we vary eitherdpipe or delec while keeping the other
parameters the same as in the standard reference structure.
We also study the effect of the doping configuration of the
structure. We will refer to the doping configuration as
p-i-n sn-i-pd if the upper cladding layer isP-doped
sN-dopedd and the carrier injection pipes and substrate are
N-dopedsP-dopedd.

In Figs. 3sad and 3sbd, we show the electron-density pro-
file in the QW for thep-i-n andn-i-p configurations, respec-
tively. Results are shown fordpipe=0.428mm and dpipe

=1.712mm. We observe that in thep-i-n case, the carrier
profile is almost insensitive to the pipes’ position. Only the
densities in the QW regions directly above the pipes are sub-
stantially different. On the contrary, in then-i-p case the

FIG. 2. sad sColord The electric-field profile when a dipole is placed in the QW at the center of the cavity defect and emitting at the resonant frequency of the
cavity mode.sbd The calculated spontaneous emission enhancement factor as a function of wavelength for a dipole placed in the QW at the center of the cavity
defect.scd The calculated enhancement factor at the cavity resonant frequency as a function of emitter position in the QW.
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carrier profile is very sensitive to the position of the pipes.
We found that this difference is due to the substantially lower
hole mobility compared to electron mobility and, conse-
quently, the lower hole diffusion coefficient. The diffusion of
the charged carriers is primarily controlled by the slower
species, i.e., the holes. In then-i-p case the pipe positions
directly affect the injection of holes, while in thep-i-n case
they do not. We also found that, as expected, the opposite
occurs if delec is varied instead ofdpipe, i.e., thep-i-n con-
figuration is sensitive to the variation of the position of the
upper electrodes, while then-i-p is not.

Since we are mainly interested in pumping the cavity
resonance, we now focus our attention on the light generated
in the QW through spontaneous emission at the resonant fre-
quency and at the cavity center. As before, we examine al-
ternative pumping configurations. In Figs. 4sad and 4sbd
fFigs. 4scd and 4sddg, we show the electron and hole densities
in the QW at the cavity center as a function ofdpipesdelecd. In
addition, in Figs. 4sad and 4scd fFigs. 4sbd and 4sddg, the
doping configuration isp-i-n sn-i-pd. The results are consis-
tent with the discussion in Fig. 3. Ifdpipe is varied in the
p-i-n case, ordelec in the n-i-p case, the carrier concentra-
tions are almost unaffected. On the contrary, carrier concen-
trations are substantially modified, ifdpipe is varied in the

n-i-p case, ordelec in the p-i-n case. More specifically, as
dpipe sdelecd increases in then-i-p sp-i-nd case, the distance of
the hole injection points from the cavity center increases and
the carrier densities at the center therefore decrease. We also
note that the imbalance of electron and hole densities in the
QW is consistent with previous theoretical and experimental
studies and in our case results from the asymmetric device
geometry of the doped regions.31,32

In Fig. 5sad fFig. 5sbdg, we show the spontaneous emis-
sion enhancement factor at the resonant frequency and at the
cavity center in the QW as a function ofdpipe sdelecd. We
observe that in both cases the enhancement factor decreases
as the distance from the cavity of either the pipes or the
upper electrodes decreases. The energy of the optical reso-
nant mode is concentrated in the vicinity of the defect region
and decays away from itsFig. 2d. Thus, if the pipes or elec-
trodes are placed at large distances from the device center,
the optical mode and its quality factorQ are hardly affected.
However, as the pipes or electrodes are placed closer to the
device center they significantly affect the optical mode and
decrease itsQ. Thus, the enhancement of spontaneous emis-
sion on resonance also decreases.

In Fig. 6, we show the light power generated in the QW
at the cavity center and at the resonance wavelength of

FIG. 3. sad The electron-density profile in the QW for thep-i-n configura-
tion. sbd The electron-density profile in the QW for then-i-p configuration.
Results are shown fordpipe=0.428mm anddpipe=1.712mm. All other pa-
rameters are as in the reference structurefFig. 1sbdg.

FIG. 4. sad andsbd The electron and hole densities in the QW at the cavity
centerfFig. 1sbdg as a function ofdpipe. scd and sdd The electron and hole
densities in the QW at the cavity center as a function ofdelec. In sad andscd
fsbd and sddg, the doping configuration isp-i-n sn-i-pd. Hole densities are
shown with a dashed line. All other parameters are as in the reference
structurefFig. 1sbdg.

FIG. 5. sad The spontaneous emission enhancement factor at the resonant
frequency and at the cavity center in the QWfFig. 1sbdg as a function of
dpipe. sbd The spontaneous emission enhancement factor at the resonant fre-
quency and at the cavity center in the QW as a function ofdelec. All other
parameters are as in the reference structurefFig. 1sbdg.
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,850 nm as the pumping configuration is varied. We also
show the product of the electron and hole densities at the
cavity center and of the enhancement factor at the cavity
center and at the resonance wavelength. We observe that
these two quantities are strongly correlated but not identical.
The difference between the two quantities is due to the fact
that the spontaneous emission rate in the QW is determined
from Eq. s5d, in which the spontaneous emission coefficient
rspsEd is obtained from ak ·p band-structure calculation. On
the other hand, the strong correlation between the two quan-
tities suggests that the effect of device geometry on the light
output of the cavity can be explained based on its effect on
the carrier densities and on the optical resonant mode. Thus,
we observe that, if the carrier densities are insensitive to
device geometry modificationsfas in Figs. 4sad and 4sddg, the
light output of the cavity is primarily determined by the en-
hancement factorfcompare Fig. 5sad with Fig. 6sad, and Fig.
5sbd with Fig. 6sddg. In other cases, such as in Figs. 4sbd and
4scd, there is a trade-off between efficient carrier injection
and high-quality-factor optical mode. Thus, in the cases of
Figs. 4sbd and 4scd, increasing the distance of either the elec-
trodes or the pipes from the device center increases the en-
hancement factorfFigs. 5sad and 5sbdg but at the same time
slightly decreases the carrier densities at the cavityfFigs.
4sbd and 4scdg. Due to such trade-offs, there is an optimal
pipe or electrode position for certain doping configurations,
which maximizes the light output on resonance from the cav-
ity fFigs. 6sbd and 6scdg.

The light output of the device depends on the generated
optical power in the QW and also on the extraction efficiency
of light. The photonic-crystal grating on top of the device
increases dramatically the extraction efficiency of the device
by eliminating the in-plane guided modes in the slab. As
mentioned above, in-plane light leakage is minimal in the
device shown in Fig. 1 and light is emitted primarily through

the bottomsFig. 2d. We also investigate the effect of the
pumping configuration on the extraction efficiency of the
device, defined as the fraction of emitted flux through the top
and bottom surfaces of the two-layer slabsFig. 1d to the total
emitted flux.1 In Fig. 7sad fFig. 7sbdg, we show the extraction
efficiency, calculated with FDFD, for a dipole source at the
resonant frequency and at the cavity center in the QW as a
function of dpipe sdelecd. We observe that the extraction effi-
ciency increases asdpipe decreases. If the pipes are placed
closer to the device center, a portion of the emitted power is
extracted through the pipes, thus increasing the extraction
efficiency. However, as mentioned above, placing the pipes
closer to the center substantially decreases the enhancement
of spontaneous emissionfFig. 5sadg. On the contrary,delec

has only a minimal effect on the extraction efficiency. The
upper electrodes deposited on top of the grating cover only a
small area of the device, so they do not reflect a significant
portion of the emitted power. We also found that the fraction
of extracted light power emitted through the bottom surface
ranges from 88% to 94%, depending on the pumping con-
figuration.

The pumping configuration has a significant effect on the
light output of the cavity on resonance. Although the cavity
defect can be designed to maximize the quality factor of the
optical mode, the placement of pipes and electrodes for car-
rier injection may affect dramatically the light output of the
cavity on resonancesFig. 6d. On the contrary, the total light
output of the device over all wavelengths does not vary dras-
tically with the pumping configuration. As an example, in
Fig. 8 we show the total light output power extracted from
the device as a function of the input electrical power for two
different values ofdpipe. The difference between the two
cases is small. We found that, in general, the pumping con-
figuration does not significantly affect the overall light output
of the device. Although spontaneous emission is substan-
tially enhanced on resonance, it is suppressed off resonance,
as mentioned above. We actually found that for any pumping
configuration the enhancement factor averaged over all
wavelengths and emitter positions is close to unity.

IV. SUMMARY AND DISCUSSION

We used coupled optical and electronic simulations to
model electrically pumped photonic-crystal-based light-
emitting diodes. The FDFD method was used to calculate the

FIG. 6. sad andsbd The light power generated in the QW at the cavity center
fFig. 1sbdg and at the resonance wavelength of,850 nm as a function of
dpipe. scd and sdd The light power generated in the QW at the cavity center
and at the resonance wavelength as a function ofdelec. In sad andscd fsbd and
sddg, the doping configuration isp-i-n sn-i-pd. We also show with a dashed
line the product of the electron and hole densities at the cavity center and of
the enhancement factor at the cavity center and at the resonance wavelength.
All other parameters are as in the reference structurefFig. 1sbdg. All quan-
tities are normalized with respect to their maximum value.

FIG. 7. sad The extraction efficiency at the resonant frequency and at the
cavity center in the QWfFig. 1sbdg as a function ofdpipe. sbd The extraction
efficiency at the resonant frequency and at the cavity center in the QW as a
function of delec. All other parameters are as in the reference structurefFig.
1sbdg.
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spontaneous emission enhancement factor and the extraction
efficiency. The calculated enhancement factor was fed into
the electronic device equations which were solved self-
consistently. We simulated a device consisting of a photonic-
crystal slab with a single-defect cavity. Electrically, the de-
vice was a single-quantum-wellp-i-n diode. The period of
the photonic-crystal grating was chosen so that the resonant
frequency of the cavity coincides with the peak of the emis-
sion spectrum of the QW at,850 nm. We introduced doped
pipes for carrier injection connected to a lower electrode
through the substrate and electrodes on top of the photonic-
crystal grating. We investigated the effect of the pipe and
electrode positions and of the doping configuration. We
found that the pumping geometry can affect dramatically the
light output of the cavity on resonance. The total light output
of the device over all wavelengths has a weak dependence on
the pumping configuration.
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