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Surface Plasmon Enhanced Light-Emitting Diode

Jelena Vékovic, Marko Lortar, and Axel Scherer

Abstract—A method for enhancing the emission properties TABLE |
of light-emitting diodes, by coupling to surface plasmons, is LAYERS OF THEGROWN WAFER
analyzed both theoretically and experimentally. The analyzed
structure consists of a semiconductor emitter layer thinner than layer thickness [nm]
A/2 sandwiched between two metal films. If a periodic pattern 8 p-GaAs cap 10
is defined in the top semitransparent metal layer by lithography, 7 p-Al,Gai_zAs, £ < 0.3 20
it is possible to efficiently couple out the light emitted from the 6 undoped GaAs 10
semiconductor and to simultaneously enhance the spontaneous 5 indoped IngGaggAs QW g
emission rate. For the analyzed designs, we theoretically estimate 1 undoped GaAs 10
extraction efficiencies as high as 37% and Purcell factors of up to 3 0-AlLGay_As, £ <03 50
4.5. We have experimentally measured photoluminescence inten- 3 1-GaAs cap 10
sities of up to 46 times higher in fabricated structures compared T [ undoped AlAs (sacrificial Tayer) 100
to unprocessed wafers. The increased light emission is due to an 0 Joned GaAs sub .

‘ undoped GaAs substrate

increase in the efficiency and an increase in the pumping intensity
resulting from trapping of pump photons within the microcavity.
Index  Terms—Finite-difference  time-domain  methods,
light-emitting diodes, optics at surfaces, spontaneous emis- gther hand, Barnes [10] recently discussed a potentially highly
sion, surface plasmons. efficient LED consisting of a metal clad dielectric microcavity
with periodic texturing of one of metal layers. He noted that
|. INTRODUCTION coupling to surface plasmon modes could improve light emis-
sion properties of the device. Our work, presented in this paper,

ORYyears, a S|gn|f|caqt amou_nt of scientific yvork hg; be‘?e the first experimental demonstration of this novel method for
focused on ways of improving the extraction eﬁ'c'en%nhancing the light emission from LEDs

of light-emitting diodes (LEDs). Many interesting approaches In Section Il of this article, we describe the procedure that we

have been propased to accomplish this, such as the use of ﬁ]é(}eloped for fabricating metal clad semiconductor microcav-

light-emitting layers with surface texturing [1], resonant ca ities with periodic texturing of the top, semitransparent metal

ities [2], photon recycling [3], or output coupling through surp, o |1y Section I, we present the theoretical analysis of their

face plasmons excited at corrugated metal surfaces [4]. Exterg d structures, electromagnetic fields, external and extraction

i i i 0 i - . . .
guantum efficiencies of 31% were reported _by employing I&tficiencies, Purcell factors, as well as the calculated transmis-
flection from a bottom metal mirror together with a textured toBion of pump power through the top surface and the increase in

semiconductor surface [5]. . . the pumping intensity resulting from trapping of pump photons
Apar t from efforts t'o ex'trgct as much light as possible fro.m ithlian thr()e rgicrocavig/. Finally(fJ in Secti(l;)rl? I\% WeppreZepnt and

a s_em'lconductqr qu'Ce’ 't. Is also possple to enhanpe the “%}(ﬂécuss results of photoluminescence (PL) measurements from

emission rate within a semiconductor. This approach s basedfggricated structures.

Purcell's prediction in 1946 that the radiation rate of an atom

placed within a wavelength-sized cavity can be changed [6].

A fivefold enhancement of spontaneous emission was recently

measured in a semiconductor optical microcavity at low tem- Design of the grown wafer is shown in Table I. Wafer was

peratures [7], and Yablonovitch and coworkers demonstratdesigned for fabrication of electrically pumped devices and

[8] that Purcell factors of about 55 can be achieved whenpa and n-doped layers were included. Layers 2-8 form the

InGaN/GaN quantum well (QW) is positioned close to a thimembrane that will be lifted off and sandwiched between two

silver layer. metal layers. The total membrane thickness is approximately
In order to build an ideal, highly efficient light-emitting diode90 nm. The emission from the InGaAs/GaAs QW is centered

(LED), itis desirable to improve the extraction efficiency and st 986 nm, which corresponds to conduction-to-heavy hole

multaneously enhance the spontaneous emission rate. A 15-fwdehd transitions (C-HH). There is also a peak at 930 nm, corre-

emission intensity enhancement, with Purcell fa¢fpe= 2was sponding to conduction-to-light hole band transitions (C-LH),

observed in 2-D periodic thin film photonic crystals [9]. On thevhich becomes more prominent at high pumping levels. C-HH

transitions couple to electric fields polarized in the QW plane
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Fig. 1. Fabrication procedure: (a) thick silver layer deposition; (b) epitaxial liftoff; (c) Van der Waals bonding onto silver coated silicates@ythin silver
layer deposition; () PMMA deposition and patterning using e-beam lithography; (f) pattern transfer to thin silver layer tisiog willing; and (g) PMMA
removal.

while C-LH transitions are represented with both parallel ar(@olymethylmethacrylate) is then spun on top of the thin metal
perpendicular dipoles, weighted by factors 1gf3 and 2/3, layer and subsequently baked on a hot plate at“IS@or 20
respectively. min. A desired pattern is beamwritten on the PMMA by electron
The fabrication procedure is described in Fig. 1. Firsheam lithography in a Hitachi S-4500 electron microscope
we deposit a thick silver mirrord( > 1.5um) on top of [step (e)]. The resulting patterns are approximately 50
the grown wafer [step (a)]. This metal layer is also used 50 xm in size, and the exposed PMMA is developed in a
as a mechanical support during the membrane liftoff. The®;7 solution of 2-ethoxyethanol:methanol for 30 s. Then, the
we remove the membrane from its substrate by dissolvipgttern is transferred into the top semitransparent metal layer
the sacrificial AlAs layer in 8.2% hydrofluoric acid (HF)using Art ion milling at a beam voltage of 1500 V [step (f)].
diluted in water [step (b)]. HF attacks AlAs very selectivelyFinally, the remaining PMMA may be dissolved in acetone
over Al,Ga,_,As for z < 0.4 [12]. The lifted-off membrane [step (g)]. A corresponding SEM picture, showing the top
(layers 2-8) with the thick silver layer on top is then Vawiew of a fully processed wafer, is given in Fig. 2, where
der Waals bonded [12] onto a silver coated silicon wafer afight areas correspond to regions where silver was removed.
the silver on the lift-off film bonds to the silver coated on The structure shown in Fig. 1.1 is the unprocessed wafer and
the silicon support wafer [step (c)]. Another 20—40-nm-thicthe one in Fig. 1.4 is referred to as the half-processed wafer.
silver layer is then deposited on top of theGaAs cap [step Fig. 1.5 represents the unpatterned metal clad microcavity, and
(d)]. A 100-nm-thick film of high molecular weight PMMA finally, the structure shown in Fig. 1.8 is the fully processed one.
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Fig. 2. Fabricated pattern in the top silver layer. Light areas correspond to
regions where silver was removed during the"Aon milling process.
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I1l. THEORY

A. FDTD Analysis of Metallic Structures at Optical Fig. 3. A metal clad microcavity analyzed using the FDTD method. The
Frequencies structure is infinite in thex direction. Mur’s absorbing boundary conditions

o ) . ) . are applied to boundaries in tlyedirection and Bloch boundary conditions are
The finite-difference time-domain (FDTD) method is used tapplied to boundaries in the direction.

theoretically analyze electromagnetic fields within metal clad
microcavities. In order to accurately model metals at optical fre- .

SR re used. We have performed 2-D analyses to design our struc-
quencies, itis necessary to make some changes [13], [14] to u%s with discretization steps of 3 nm (unless noted otherwise)
standard Yee’s FDTD scheme [15]. Electromagnetic fields in° " P '
metals are described by adding a current tefmto Maxwell’'s

curl equations (Drude model) B. Electromagnetic Fields and Band Diagrams of Unpatterned

Metal Clad Microcavities

CxH= eooa_E 7 1) First, we analyze the band diagram of the metal clad mi-
at . crocavity shown in Fig. 3. Parameters of the analyzed struc-
A oH 5 ture are chosen so that they correspond to geometries which
X E=ho ot @ we have fabricated and measured. The semiconductor mem-
aJ o - brane was 90 nm thick, with a refractive indexwof= 3.5.
o T vl = cowp B () The top semitransparent silver layer was 40 nm thick, and the

i . bottom silver layer was 200 nm thick. Absorption losses in silver
wherew,, is the plasma frequency of a metal anis the corre- \qre not included in any of the band diagram calculations, since
sponding damping rate. We assume that the metal is silver wifh,e ands are too lossy, it is difficult to recover them from
parameterdw, = 8.8 eV (i.e., A, = 140 nm), fus = 0.05 eV, spectra obtained in FDTD analyses. In the wavelength range of
ande, = €o- In part of our FDTD calculations, we n(_aglectour interest (986 nm), the imaginary part of the silver dielec-
metal absorption losses by applying= 0. Nonmetallic régions i constant is still much smaller than its real part, and posi-

are described with standard Maxwell curl equations tions of bands can be determined approximately by assuming

L oF thatr = 0. The analyzed structure is surrounded by air on top
VxH= c(F)a— (4) and bottom and the slab is infinite in the horizontal plane. We
t M 13 1 AT H T M
of assume that the structure is “periodic” in thalirection with
VxE= —Ho— (5) an artificial periodicity of 50 nm and analyze only one unit cell.

Mur’'s ABC are applied to boundaries in tyedirection, while

The FDTD method consists, basically, of the discretization &loch boundary conditions are applied to boundaries inzthe
(1)—(5) in space and time [16]. The reader is referred to [1d]rection.

for the detailed description of the FDTD calculation of band P-polarized (TM) light has: andy components of the elec-
diagrams and filtering of electromagnetic fields for a mode dfic field and thex component of the magnetic field, whitepo-
interest. Depending on the problem, different boundary cond&rized (TE) light has: andy components of the magnetic field
tions are applied to boundaries of the computational domaand thez component of electric field. The band diagram for the
such as the Mur’s absorbing boundary conditions (Mur’'s AB&tructure shown in Fig. 3 is shown in Fig. 4. The discretiza-
[18]) or Bloch boundary conditions. The spatial discretizatiotion step used in the FDTD calculation is equal to 1 nm. We
step is critical in this case, keeping in mind that the penetratiobserved that the increase in the discretization step (to 3 nm)
depth of the electromagnetic field into metals can be of the ordafluenced only the Tl band: the band shifted upwards in fre-
of only tens of nanometers. This implies that large amounts gfiency at large:,. values. The splitting between the long- and
memory are required for computation unless variable cell sizgisort-range coupled SPP branches [10] of the top silver layer
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Fig. 4. Band diagram of the unpatterned (flat) metal clad microcavity. Silver ® >
layers are 40 and 200 nm thick and the semiconductor core thickness is 90 nm.

Absorption losses in silver were not included.

|B.|

was not observed for the semitransparent silver layer thickness
used in FDTD calculations (40 nm) and for the used frequency
resolution of2.3 - 1073, /. Let us analyze electromagnetic
fields in the middle of the membrane, where the QW is located in ——— = Thinsilver
real structures. The TM, mode has a very weak parallgt..) m Se;fUCO“du"mf
and a strong perpendiculéE, ) electric field component there, aver
as shown in Fig. 5. It follows that perpendicular dipoles posi-
tioned in the QW couple strongly to this mode. On the other
hand, the TM mode has a strong parallgt..) and a weak per-
pendICUIar(Ey) electric fleld_cor.nponen'g in the middle of theFi . 5. Intensities of electric and magnetic field components for the TM
membrane, as can be seen in Fig. 6. (Fig. 6 represents the Tr{\gde, withA, /A = 0.084 andk, = 0.0157 nm~'. The analyzed structure
mode at cutoff where it is degenerate to the, TBode and the has the same parameters as the one whose band diagram is shown in Fig.4.
» component of its electric field is equal to zero.) Furthermore,
the TE mode has only its parall¢[E ) component of.electnc dipole transitions are in plane and they can couple tg aid
field not equal to zero. Therefore, parallel dipoles in the QVA(M

o modes.
couple strongly to TN and Tk modes.

Using the 1-D finite difference method, we evaluateql th&. Electromagnetic Fields and Band Diagrams of Metal Clad
cutoff frequency of T and TMO modes when gbsorptmn M(ijprocavities with a Patterned Semitransparent Metal Layer
losses in both metal and semiconductor were included, an
concluded that it was positioned a5/A = 0.15 instead of Perpendicular dipoles in metal clad microcavities couple
0.16, as in the lossless band diagram shown in Fig. 4. Absogtrongly to the TM.; mode [19] located below the light
tion losses also reduce the quality factors of modes. Usilige, as shown in the band diagram in Fig. 4. Therefore,
the FDTD method, we evaluateg-factors corresponding to their emission cannot be extracted outside an unpatterned
several(k,, A,/ A) points in the band diagram (including metamicrocavity. Usually, the TM; mode is considered a loss
absorption) and they were in the range between 5—7. Therefaregchanism in metallic structures. However, we can modify
for lossy bands, we cannot talk about an abrupt cutoff #te band diagram and bring parts of the TMbranch above
Ap/A = 0.15. Instead, the cutoff is gradual and extends frorthe light line by patterning of the top semitransparent metal
abouth,/A = 0.131t0 0.15. layer. The introduction of periodicity into one of metallic layers

In normalized units, the C-HH transitions peak at 986 nmiramatically changes the band diagram shown in Fig. 4. The
which corresponds ta,, /A = 0.14. From the previous discus- band diagram is folded back into its first Brillouin zone at
sion, it follows that these transitions couple mostly tq,#8d the edges of which the band gap for surface plasmon waves
TMg modes in the gradual cutoff. Their coupling to the TM appears [10]. This means that bands previously located below
mode is very weak. On the other hand, the C-LH transitions petlile light line can now be brought above it. The effect of the
at 930 nm corresponds tg,/A = 0.15 and this emission cou- periodic patterning can also be analyzed using the 2-D FDTD.
ples strongly to the TM; mode. However, one third of C-LH We introduce a 1-D grating consisting of stripes (infinite in the

<«—— Thick silver
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|B | z X Fig. 7. The structure with a grating defined in the top semitransparent

z layer analyzed using the FDTD method in order to study the effect of metal
patterning. Mur’s absorbing boundary conditions are applied to boundaries in
they direction and Bloch boundary conditions are applied boundaries im the
direction.a denotes the grating periodicity.

unpatterned metal clad microcavity. With the frequency resolu-
. tion of2.3-1073),,/A used in our FDTD calculations, we could
- g —— Thinsilver not detect a band gap & = 0 and),/\ = 0.14 for structures
Semiconductor with periodicities of 650 or 480 nm. What about the TE polar-
laver ization? A band with the cutoff frequency around 0.14 appears
<« Thic;< silver in TE band diagrams for all structures. As we will see from the
electric field distribution, this branch corresponds to the com-
bination of the Tk mode and the mode that resonates in the
gap between silver stripes. For the smaller grating periodicity,
gaps between silver stripes are closer to each other and behave
as coupled cavities. Therefore, this mode can propagate in the
Fig.6. Intensities of the component of the electric field and theomponent  * direction. On the other hand, for the larger grating periodicity
of the magnetic field for the TM mode, withA,/A = 0.16 andk, = 0. (suchas 480 nm), cavities are decoupled, this mode cannot prop-
E, = 0 for this mo_de. The_ analyzeq structure has the same parameters asdb%te, and the Corresponding TE band is flat. For the upper TE
one whose band diagram is shown in Fig. 4. . .
bands, the band gap does not appear at the edges of the Brillouin
zone, meaning that the grating has basically no effect there and
z direction) within the top metal layer. The pattern is formed bthe corresponding mode is simply the TE mode of the unpat-
periodically modulating the top metal layer thickness betweeerned structure.
40-0 nm. When the top layer is modulated between 20—0 nmFirst, we filtered the TM polarized fields with, = 0 and
the results are approximately the same. We analyze thrgg/A = 0.14 for the structure with a periodicity of 250 nm,
structures, with the same parameters as those that we fabricatiedrder to confirm that this metal layer patterning produces
and measured. Their grating periodicities are 250, 480, athe outcoupling of radiation. From the band diagram shown in
650 nm, with a 160-nm-wide gap between silver stripes. Theg. 8, we see that there are two modes in the filtered frequency
schematic diagram of these structures is shown in Fig. 7 arahge. The intensities afandy components of electric field are
the calculated band diagrams for TE and TM polarizations ashown in Fig. 11. By comparison with the fields from Fig. 5,
shown in Figs. 8-10. we see that radiation now escapes from the microcavity, even
The indicator of how strongly the grating changes the barnklough the gap between silver stripes is smaller than a wave-
diagram of an unpatterned metal clad microcavity is the sizelehgth. Moreover, the: component of the electric field is not
the band gap that opens at the edge of the Brillouin zone. Letnegligible in the middle of the membrane. This means that par-
first consider band diagrams for the TM polarization. Clearlgllel dipoles positioned there and oriented in thdirection can
in the frequency range of our interdst, /A = 0.14) only the also couple to this mode. On the other hand,Ehdield is still
grating with a periodicity of 250 nm strongly affects properstrong within the membrane, which means that perpendicular
ties of the structure. We expect that this grating will extract thdipoles still couple to this mode strongly.
emission of perpendicular dipoles, while the other two analyzedThen, we filtered the TM polarized fields with, = 0 and
structures will not show any significant improvement over ak,/A = 0.15, for the structure with a periodicity of 650 nm. The
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Fig. 8. Band diagrams of the patterned structure with a periodicity-0f250 nm: (a) TM-polarization and (b) TE-polarization. The dashed line corresponds to

the light line in air.
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Fig. 9. Band diagrams of the patterned structure with a periodicity-6f480 nm: (a) TM-polarization and (b) TE-polarization. The dashed line corresponds to
the light line in air.

electric field intensity patterns are represented in Fig. 12. Thiaythe gap between silver stripes, and is radiated out of the cavity
look exactly like the TM.; mode withk,, = 67/a of the unpat- through the spacing between stripes. Since the density of these
terned structure, except underneath gaps between silver strigpacings is larger for the structure with a periodicity of 250 nm,
The electromagnetic field intensity outside the microcavity ihe mode will extract the emission out of this cavity more effi-
small. This was expected from the band diagram for the TM poiently.
larization for this structure, shown in Fig. 10, since we could not Therefore, the patterning of the top metal layer has a strong
detect opening of the band gap in the filtered frequency rangeffect on properties of both TE and TM band diagrams. By
We also filtered the TE polarized fields with, = 0 and choosing a grating appropriately, such as in the case of the ana-
Ap/X = 0.14 for the structures with periodicities of 250 andyzed structure with a periodicity of 250 nm, both the emission
480 nm. The corresponding, field distributions are shown in of perpendicular and parallel dipoles can be extracted out of the
Fig. 13. The mode looks like the TEnode that also resonatesmicrocavity.
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Fig. 10. Band diagram of the structure with a grating periodicity of 650 nm
(TM-polarization only). The dashed line corresponds to the light line in air.

D. External Efficiency and Extraction Efficiency

Let us denote by /7. the rate at which photons are radiated
outside the cavity, antl/7,, the decay rate corresponding to all
other mechanisms (such as absorption losses or the excitation
of modes that remain trapped within the cavity). The total decay
rate is defined as

Y N

T Tr Tor

[

The external efficiencyre.x: ) can be expressed as [9]
Fig. 11. Intensities of electric field components for the structure with a
periodicity of 250 nm. The filtered frequency range was centered around

1 1 Ap/A = 0.14 andk, = 0.
s = =TT @ _ |
<1 " 1 1 For structures with a patterned top metal layer, external effi-
Tr  Tar T ciencies can be calculated using the 3-D FDTD method, with os-

o . cillating dipole sources modeling atomic transitions. However,

The external efficiency for planar structures without metghis computation would require large amounts of memory, as we
patterning can be evaluated using the method describednifted previously. Instead, we can easily estimate, from our 2-D
[20] and [21]. We calculated the external efficiency for thegpTp simulations, the efficiency of light extraction by coupling
unpatterned metal clad microcavity with a 90-nm-thick semjgy some mode. The extraction efficiengy is the probability
conductor membrane, as a function of the top, semitranspargit 4 photon radiated into some mode escapes the cavity. The
silver layer thickness, and for the collection angles of 80 ate at which the electromagnetic field energy is lost from the
90° with respect to the normal to the surface. The refracti\@avity is described by the radiation quality factr
index used for silver waa = 0.14 + 6.94i. The emitter was
a parallel or a perpendicular dipole positioned in the middle 0, = wolW ®)
of the membrane and oscillating at the wavelength of 986 or ! P,

930 nm. The calculated external efficiencies correspondlr\}\?]erew represents the electromagnetic field energy stored in

to perpendicular dipoles are negligible, while the extern . . ) .
efficiencies of parallel dipoles are shown in Fig. 14. For th%1e cavity,w is the radial frequency of a mode, afil is the

power radiated outside the cavity. On the other hand, the nonra-

unproces_sed wafer,. we calculate thgl, correspondlng to diative quality factor,,. describes the rate at which the stored
parallel dipoles positioned 45 nm from the semiconductor/al

interface is 2% into the 90collection angle, or 0.5% into the eTectromagnenc energy decreases due to mechanisms other than

30° collection angle, both at wavelength of 986 and 930 nr"ﬁhe radiation outside the cavity

Next fOr perpendicular dipoles in the unprocessed wafer is woW
negligible. Qe = P ©)
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Fig. 12. Intensities of electric field components for the structure with a periodicity of 650 nm. The filtered frequency range was centered Akosn@. 15
andk, = 0.

whereP,, represents the power lost through these mechanisraBown in Fig. 8, we can see that the emission in the frequency
The total quality factory is defined as range from 0.14 to 0.15 (in units of,/\) goes into the 30
escape cone, if coupled to TM modes. However, coupling to

1 = 1 ! (10) TE modes does not improve the directionality and the emission
Q @ Qu goes into the 90cone. For the structures with periodicities of
and the radiative and nonradiative photon lifetimes are defin680 or 480 nm, we estimated th@t= 7, while the extraction
as efficiencies corresponding to the folded TM branch were
Q. approximately the same as in the unpatterned cavity case.
Tpr = @ (11)  The calculated extraction efficiency corresponding to the first
Ow TE band (whose field distribution is shown in Fig. 13) in the
Towr = 05 (12)  structure with a periodicity of 480 nm s, = 20%. However,
only dipoles located directly underneath the gap between silver
7. can be expressed as stripes can couple to this mode, which implies that the external
1 efficiency is at least three times smaller than the calculated
p_ 0 The situation is even worse in the structure with a periodicity
Ne = ﬁ = 0. (13) of 650 nm. We conclude that the external efficiencies of the
— + " structures with periodicities of 480 and 650 nm are not expected
Tpr - Tpmr to be better than in the unpatterned structure.

Clearly, n, does not take into account the dependence on theTherefore, for the structure with a periodicity of 250 nm, the
position and orientation of dipole transitions, as well as all posxtraction efficiency of more than 30% can be achieved in the
sible nonradiative mechanisms. presence of a grating. The filtered modes have low quality fac-
We calculatedr, for the structure with a periodicity of tors and overlap with both C-HH and C-LH emission peaks.
250 nm. The only nonradiative loss mechanism in thes&om the field patterns for the TM mode shown in Fig. 11, we
calculations was the absorption in metal. For the folded_TM see that this mode can extract the emission of both perpendicular
mode, whose field distribution is shown in Fig. 11, we caldipoles and parallel dipoles oriented in thelirection. On the
culated@, between 30 and 537 = 6 andr, between 12% other hand, the filtered TE mode extracts the emission of parallel
and 20%. For the TE mode shown in Fig. 13, we calculatetipoles oriented in the direction. Since dipoles located in the
Q, = 15, = 5.5 andn, = 37%. From the band diagram middle of the membrane couple to these modes very strongly,
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Fig. 13. |E.| of the TE mode withk, = 0 andA,/A = 0.14 for structures

with periodicities of: (a) 250 and (b) 480 nm.
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Fig. 15. Calculated decay rate enhancement for the unpatterned metal clad
microcavity, as a function of the top, semitransparent silver layer thickness. The
emitter is a parallel or a perpendicular dipole positioned in the middle of the
90-nm-thick membrane, oscillating at the wavelength of 986 or 930 nm.

One should also note low values @fresulting from a sig-
nificant metal absorption. A reduction in the absorption and a
further increase in the extraction can be achieved by designing
a device that operates at longer wavelengths. As we will see
later, the calculated) values are in the same range as our ex-
perimental results.

E. Purcell Factor and Decay Rate Enhancement

The Purcell facto£},) is defined as the spontaneous emis-
sion rate enhancement in a microcavity relative to a bulk semi-
conductor. On the other hand, we define the decay rate enhance-
ment (F;) as a ratio of the total decay rate in a microcavity
(1/7) and the spontaneous emission rate in a bulk semicon-
ductor(1/7o)

Iy = (14)

5‘|»—\|~1|»—\

The modulation speed of an LED is proportionalHg. When
analyzing a light-emitting device, we care about the overall ef-
ficiency, defined as a product &f; and the external efficiency

Tlext

1
Fd *Mext = TT7 (15)
o

The efficiency is a measure of how much faster is the rate of

“;l&ht emission outside the cavity than the spontaneous emission

calculatedy.. into the 30 or 9¢° collection angle. The emitter is a parallel rate in a bulk semiconductor.
dipole positioned in the middle of the 90-nm-thick membrane, oscillating at We evaluatedF,; analytically for unpatterned structures

the wavelength of 986 or 930 nm.

using the method described in [20]. The result is shown in
Fig. 15. Subscriptd and L denote parallel and perpendicular

we expect that this structure will have a better external efficiendypoles, respectively. If the excitation of surface plasmon

than the unpatterned structure.

modes is included in the spontaneous emission rate calculation
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70 T f g ' 1 v ' as well as the power transmitted into the semiconductor, by in-

' ' tegrating the Poynting’s vector along a chosen surface. Without
metal on top, the calculated transmission Was 0.7 for both
z-oriented orz-oriented dipole, as expected from Fresnel equa-
tions. However, in the presence of the metallic grating, we cal-
culated?” = 0.5 for an z-oriented dipole and” = 0.24 for a
z-oriented dipole. This means that the average transmission in
the presence of a gratingds= 0.375. By weighting transmis-
sion coefficients for the flat metal layer on top (40 nm thick) and
for the air/semiconductor interface with the filling factor of the
grating, we obtaird” = 0.47.

60+

50F-

40+

30r

Transmitted power [%}

20+

T G. Trapping of Pump Photons Within the Microcavity

o : m s " v m % 0 We can defineV as a factor that measures an increase in the
top silver layer thickness [nm] pumping intensity resulting from the trapping of pump photons
within the microcavityV is proportional to an average number
of times that a pump photon crosses the QW before being ab-
Fig. 16. Percentage of the pump beam intensity transmitted through the tg8gyrhed in it or lost through other nonradiative loss mechanisms.
unpatterned silver layer, as function of its thickness. The trapping of pump photons within the microcavity effec-

] ) tively increases the pumping intensity, since the probability that
for this structure, one obtains thég = I}, for both parallel and 5 yhoton excites an electron transition into an upper band is pro-
perpendicular dipoles located in the middle of the membraneportional to the number of times that it crosses the QW. The

For complicated geometries obtained after the top metal 'aXﬁ{processed wafer hag = 1, since there is no mode within
patterning, it is possible to use the FDTD-based 3-D analy$fs structure that pump photons can couple to and photons not
of Purcell factor proposed in [22]. Howevgr, this requires larg§ysorbed in the QW are lost when they reach the GaAs sub-
amounts of computer memory. Instead, it can be roughly agate. However, in the case of half-processed or fully processed
sumed that decay rate enhancements ano_l Purcell factors of fW!é’fers, the pump power transmitted through the top surface can
processed, patterned structures have their values between t%ﬁnﬁe to ans-polarized guided mode of the structure. For fully

of the half-processed structure and the flat (unpatterned) meﬁ?&cessed wafers, this can be easily seen from the previously

clad microcavity. calculated TE band diagrams (the pump wavelength is equal to
0.17 in units\;,/A). For the half-processed wafer, we performed
the 1-D finite-difference analysis and showed thatsgmolar-
In our experiments, we pump structures optically from toped guided mode existed at the wavelength of 830 nm.
using a semiconductor laser diode emitting at 830 nm. There4_et us denote by (in units [1/cm]) the loss coefficient for
fore, it is important to determine what percentage of 4#fg- the guided mode that pump photons couple to. The angle with
larized pump beam is transmitted into the structure. respect to they axis of this mode’s total internal reflection is
Let us denote by’ the transmission through the top surfacéefined as
at the pump wavelengthi: can be evaluated from Fresnel equa-
tions for an unpatterned top layer. The calculdi&ds a func- 9 — arcs111<ki> (16)
tion of the silver layer thickness, is shown in Fig. 16. The trans- k

mission through the air/semiconductor interface is equal to 70\{%erekx is the wavevector component in the direction of prop-

For structures with metallic grating on top, there is no increag@aﬁon(x) andk is the amplitude of the wavevector. Then, it
in the pump power transmission due to diffraction at the Pa%liows that V is proportional to

terned metal layer, and transmission coefficients can be approx-

F. Pump Power Transmission Through the Top Surface

imated by weighting previously calculated coefficients with the 1 /12 — |2
filling factor of the grating. In order to prove that this is correct, N= dtan(8) = T odk = 17)

we analyzed (using the 2-D FDTD method) the transmission

through the metallic grating sitting on top of a semiconductorhered is the membrane thicknes8! cannot be considered
The metal layer had the same parameters as the previously sitouse the exact value of the increase in the pumping intensity,
lated grating with a periodicity of 250 nm and absorption losseice we arbitrarily chose to evaluate it until the trapped beam
were included. We analyzed one unit cell of the structure aedergy drops to 10% of its initial value. However, it is the in-
applied Mur's ABC to boundaries in the direction and peri- dicator that the trapping happens and how strong it is. We an-
odic boundary conditions (i.e., Bloch boundary conditions witalyze the half-processed wafer and the flat metal clad micro-
k. = 0) to boundaries in the direction. A parallel dipole (ori- cavity using the 1-D finite difference method (absorption losses
ented in ther or z direction) was located 400 nm above thén both metal and semiconductor were included, former being
metal surface, in the air and above the middle of the gap @eminant). From the obtained valuescoéndk, for the guided
tween stripes. The frequency of dipole oscillations matched th& mode at 830 nm, we estimafé. The unpatterned metal
pump frequency. We calculated the power of the dipole sour@tad microcavity hasv = 12, even when the top silver layer
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TABLE 1l

to fiber and spectrum analyzer PHOTOLUMINESCENCEMEASURED FROM THEFABRICATED STRUCTURES a IS
THE 1-D GRATING PERIODICITY, WHILE ¢ DENOTES THEGAP BETWEEN SILVER
STRIPES E,,;,(986 Nm)AND Ey,;,(986 nm) DENOTE PHOTOLUMINESCENCE
Lens2 <= ENHANCEMENTS AT 986 NnmOF THE FULLY PROCESSEDWAFER WITH
ens, " RESPECT TO THEUNPROCESSED AND TO THEHALF-PROCESSENVAFER,
RESPECTIVELY. THE LAST Row CORRESPONDS TO ANUNPATTERNED
Top METAL LAYER. ALL TABULATED VALUES ARE AVERAGED
beamsplitter OVER SEVERAL MEASUREMENTS
laser diode TP : -
(830nm) detector a [nm] | g [nm] | E,,(986nm) | Epy(986nm)
250 160 46 2.24
480 160 5.6 -
650 160 6.4 -
Pump 0 0 55 -
Lensl < T Emission
50
455
tested sample d
40+ R
Fig. 17. Experimental setup used for PL measurements. 35- : E

— 80F
thickness varies between 20 and 40 nm. For the half-processeg o5L.
structure, consisting of a lifted-off membrane on top of a thickn_§ b
bottom metal layer, we also estimadé = 12. Therefore, in
both structures, there is an equal increase in the pumping inter  15¢
sity resulting from the pump beam trapping in the microcavity. @
c
5-

a

(e L e

IV. M EASUREMENTS 900 950 1000 1050
A [nm]

The _eXp_enmental setup used for the PL measurementslziI . 18. The measured PL spectra: (a) unprocessed wafer; (b) half-processed
shown in Fig. 17. Samples are mounted on an X-Y-Z stage af#er; (c) pattern witht = 650 nm andy = 160 nm (the unpatterned structure
optically pumped at a 90incident angle. The pump source isand the pattern with = 480 nm andy = 160 nm give very similar signals);

a semiconductor laser diode emitting at 830 nm, pulsed wiiAd (@) pattem witu = 250 nm andg = 160 nm.
a period of 3us and a pulse width of 2.as. A nonpolarizing
cube beamsplitter is used to bring 50% of the pump beamftgly processed wafers, including the unpatterned metal clad mi-
the detector and to measure the external pump power. The ottwercavity, the FWHM is in the range of 60—-110 nm. Therefore,
50% of the beam is focused to a L@A spot on the sample their quality factors are between 10-15. For the half-processed
by using a 100X objective lens (labeled as Lens 1). The samafer, the FWHM is 32 nm. Because of a bulk emission tail at
objective lens is also used to collect the emitted light. THewer wavelengths, a luminescence peak at 930 nm for unpro-
collection angle is 3D with respect to normal. The collectedcessed wafers cannot be clearly resolved. The spectra for unpro-
emission is then focused in Lens 2 and detected using a fileessed, half-processed and fully processed wafers are shown in
coupled spectrum analyzer. Fig. 18. The PL peak of the unprocessed wafer at 986 nm was
We have measured the output from the unprocessed as-grawenmalized to 1. A filter was applied before the detection to cut
wafer, from the half-processed wafer, and from the fully proff wavelengths below 890 nm. A deposition of metal at one or
cessed structures, with a patterned or unpatterned thin metigboth sides of a 90-nm-thin semiconductor membrane does not
layer on top. We fabricated a series of gratings in the top metdem to induce additional strain, since for all measured struc-
layer, that was 25 nm thick (within-210% range). Each grating tures luminescence peaks are located at wavelengths of 986 and
is characterized with a periodicity:) and a gap(g) between 930 nm.
silver stripes. Between stripes, silver was completely removedin order to explain measurement results, we have to take into
by ArT ion milling. During the thin silver layer deposition, partaccount several effects: A) the increase in the pumping inten-
of the sample surface was masked, in order to also prodwgiy resulting from the trapping of pump photons within a mi-
half-processed regions. The measurement results are sumaonaeavity; B) the decay rate enhancement; and C) the change
rized in Table I, where the peak external pump power was 2ir2 the external efficiency. In our explanation, we will use the-
mW. £,,,(986 nm) andEy;, (986 nm) denote the PL enhanceoretical results presented in the previous section of this article.
ments at 986 nm of the fully processed wafer with respect to tfibe spontaneous emission reabsorption is not very efficient be-
unprocessed and half-processed wafers, respectively. Tabulai@ase of the small optical confinement factor in the QW and the
values are raw measured data and have not been rescaled. Fphalton recycling effect can also be neglected [3].
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If P, denotes the external pump power dig; denotes the 45 '
. . 986nm
power emitted from the device, then al 930nm.
Pout
ot E 18 35_
P, =7 (18)
3 -
where~ is defined as =
Te 251
pd
Y= /3 . (f||Fd,||77ext,|| + fJ_Fd,J_next,J_)- (19) :E' ol
&
For patterned structures, the first term should be separated T .l
contributions of parallel dipoles in thedirection and in the:
direction, since they have different,... f; andf, are fractions LR N
of dipole transitions that are in the QW plane or perpendicular ti |
it. Their values at the main peak of 986 nm gije= 1 andf, = ‘ .
— — ¢ L L I I P
0 and at 93Q nmarg, = 1'/3 and:ﬁ = 2_/3. Eurthermore1/2 0 : T T |
of parallel dipoles are oriented in thedirection and the other top silver layer thickness [nm]
half in thez direction. is the equivalent pumping intensity that
can be expressed as Fig. 19. Ratio ofy factors for the unpatterned metal clad microcavity and the

half-processed structure.
pB=1T-N. (20)
half-processed structure for the top silver layer thickness larger
than 25 nm, the stronger pumping of the unpatterned structure
would requirelN/Ny;,, > 10. However, according to Fig. 19 and
for the experimentally observed PL enhancement at 986 nm, this
would imply that(yNy,/m,pN) < 0.025, which is possible

Let us label the half-processed wafer by a subsérptthe
unprocessed wafer using a subsctipt and denote the PL en-
hancement by¥. If the input pump powers are the same (i.e
P, equal), PL enhancements can be expressed as

By, = N 1) only for thicker silver layers (thicker than 35 nm). This not the
RS case in our structure and, therefore, the enhanced peak at 930 nm
B, = o (22) cannot be a result of the strong pumping. In order to prove ex-
P v perimentally that the enhancement of the peak at 930 nm is not

a result of the strong pumping, we measured the PL of the un-
ce- . ; ; .
é)lﬁ%terned microcavity at different pumping levels. The external

mp power was controlled by neutral density filters. The shape

of the increased external efficiency into the collection angle : .
30° (by a factor of 2), the decay rate enhancemertgf = 1.5 ?f;ﬁiezl' spectra did not change when the pumping level was

and the higher pumping intensity resulting from pump pho- Structures with periodicities of 480 or 650 nm have a similar

tons trapping within the structure. Therefore, the pumptrapp"ﬂ)%rformance to the unpatterned metal clad microcavity, as we
factor for the half-processed waferig,, = 7. til_qeoretically predicted ’
P .

The unpatterned metal clad microcavity has a sixfold The structure with a periodicity of 250 nm has a 46-fold PL

|nten§|ty increase at 986 nm and the prominent peak at 930 mEnsity enhancement at 986 nm relative to the unprocessed
Relative to the half-processed wafer, PL enhancements %?at

The half-processed wafer has a 21-fold PL intensity enhan
ment at 986 nm relative to the unprocessed wafer. Thisisare

986 and 930 nm are equal to 0.26 and 1.5, respectively. In or erfer' Clearly, we cannot determine exadiand.V factors for

o : e patterned structure, but we can make a rough estimate and
to expla_un_tms_ result, we CaICUIatWN“P/%PN)' The resultis onfirm that there is definitely an increase in the efficiency rel-
shown in in Fig. 19. Parameters without a subscript refer to t

unpatterned metal clad microcavity. We theoretically predict(? lve to the unprocessed wafer. Let us assume thavtrector
. . of the same order as that of the half-processed wafer, and use
thatV = Ny,. For the top silver layer thickness of 27 nm, th% ’

. ) . . he theoretically estimated value of the transmission coefficient
theoretically estimated,,, values agree with the experimen- - L .
tally observed ones Folr this silver layer thickness, we hax(/g = 40%). Then, we estimate that the pumping intensity has
y o y ' Increased 4 times relative to the unprocessed wafer. This means
estimated theoretically; (986 nm) = 0.5, F;; (930 nm) =

4 that there is a 12-fold increase in the efficiency (into the detec-
2.1, Texs, (986 M) = 6% and7jer. (930 NM) = 12% (into ! ! ! iciency

the 30 collection angle). Therefore, the increase in the Pﬁl_on angle of 30) compared to the unprocessed wafer. The PL

intensity has to be a result of an increase in the efficienc,peak at 930 nm is not as large as in the unpatterned top layer
def dy I hich is six fi | than in th dase. The weaker peak at 930 nm can be explained by the fact

€lined asliy - Texe, WNICH IS SIX MES farger than n ethaEthe Purcell enhancement at 930 nm is not as strong as in the
unprocessed wafer at 986 nm. Furthermore, the enhancemerp
. u dpatterned structure.
in the 930-nm peak comes from the Purcell enhancement an
the improved extraction for parallel dipoles.

Is it possible that the enhanced peak at 930 nm is a result

of the unpatterned structure pumped stronger than the half-prowe have theoretically analyzed, fabricated, and measured the
cessed one? Since the transmission coefficleof the unpat- metal clad microcavity with a sub/2 semiconductor mem-

terned structure is at least ten times smaller than the one of brane and a patterned top metal layer. The emitting region is

V. CONCLUSION
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a single QW positioned in the middle of the membrane. At the [7]
same external pump power, we measure PL enhancements of up
to 46 times with respect to the unprocessed wafer. We estimate
that this enhancement is due to at least a 12-fold increase in thg]
efficiency (relative to an unprocessed wafer), and an increase in
the effective pumping intensity resulting from the pump pho-
tons trapping within the microcavity. Interesting modifications [9]
in the PL spectra were also experimentally observed, resulting
from the simultaneous change in the spontaneous emission rate
and the extraction efficiency. [10]

Therefore, we showed that the coupling to surface plasmons
in the patterned metal clad microcavity can be used to improvg
the light extraction and enhance the spontaneous emission rate
in light-emitting devices. One of the advantages of this design i&2]
the small surface recombination rate, since the semiconductor
is not perforated. Furthermore, metallic layers that are alread
included in the design can also be used as contacts for electri d
pumping of the device. Certainly, in order to make good
contacts, more attention has to be paid to the proper choice 4]
metal. Devices presently operate in the 980-nm wavelength
range, where metal absorption losses are significant. Thigs;
reduces quality factors of fully processed structures to values
between 10-15 and broadens their emission. This proble N6l
can be overcome by designing devices that operate at longer
wavelengths. For example, a surface plasmon laser operating[&T]
17 um has been demonstrated recently by researchers in Bell
Labs [23]. [18]

We conclude that metal clad microcavities can be used as
building blocks for highly efficient LEDs. However, in order to
make a practical device, more research and work has to be doneg)
particularly in designing their electrical properties.

(20]

ACKNOWLEDGMENT [21]
[22]
The authors would like to thank O. Painter for the help with

measurements and T. Yoshie for many useful suggestions.

(23]

REFERENCES

[1] 1. Schnitzer, E. Yablonovitch, C. Caneau, T. J. Gmitter, and A. Scherer,
“30% external quantum efficiency from surface textured, thin film light-
emitting diodes, Appl. Phys. Letf.vol. 63, no. 16, pp. 2174-2176, Oct.
1993.

E. F. Schubert, N. E. J. Hunt, M. Micovic, R. J. Malik, D. L. Sivco, A.

Y. Cho, and G. J. Zydzik, “Highly efficient light-emitting diodes with

microcavities,"Sciencevol. 265, pp. 943-945, Aug. 1994.

[3] T.Baba, R. Watanabe, K. Asano, F. Koyama, and K. Iga, “Theoretic|
and experimental estimations of photon recycling effect in light emittin|
devices with a metal mirror,dpn. J. Appl. Physvol. 35, pp. 97-100,
Jan. 1996.

[4] A.Kock, E. Gornik, M. Hauser, and W. Beinstingl, “Strongly directional

emission from AlGaAs/GaAs light-emitting diode#ppl. Phys. Lett.

vol. 57, no. 22, pp. 2327-2329, 1990.

R. Windisch, P. Heremans, A. Knobloch, P. Kiesel, G. H. Dohle

B. Dutta, and G. Borghs, “Light-emitting diodes with 31% externa

guantum efficiency by outcoupling of lateral waveguide modégpl.

Phys. Lett.vol. 74, no. 16, pp. 2256-2258, Apr. 1999.

(2

(3]

[6]
cies,”Phys. Rey.vol. 69, pp. 681-681, 1946.

1143

J. Gerard, B. Sermage, B. Gayral, B. Legrand, E. Costard, and V. Tierry-
Mieg, “Enhanced spontaneous emission by quantum boxes in a mono-
litic optical microcavity,”Phys. Rev. Lettvol. 91, no. 5, pp. 1110-1113,
1998.

|. Gontijo, M. Boroditsky, E. Yablonovitch, S. Keller, U. K. Mishra,
and S. P. DenBaars, “Coupling of InGaN quantum-well photolumines-
cence to silver surface plasmon®hys. Rev. Bvol. 60, no. 16, pp.
11564-11567, Oct. 1999.

M. Boroditsky, R. Vrijen, T. F. Krauss, R. Coccioli, R. Bhat, and E.
Yablonovitch, “Spontaneous emission extraction and purcell enhance-
ment from thin-film 2-D photonic crystals,J. Lightwave Technqglvol.

17, pp. 2096-2112, Nov. 1999.

W. L. Barnes, “Electromagnetic crystals for surface plasmon polaritons
and the extraction of light from emissive devicesl’ Lightwave
Technol, vol. 17, pp. 2170-2182, Nov. 1999.

L. A. Coldren and S. W. Corzin®iode Lasers and Photonic Integrated
Circuits.  New York: Wiley, 1995.

E. Yablonovitch, D. M. Hwang, T. J. Gmitter, L. T. Florez, and J. P.
Harbison, “Van der Waals bonding of GaAs epitaxial liftoff films onto
arbitrary substratesAppl. Phys. Lett.vol. 56, no. 24, pp. 2419-2421,
June 1990.

S. A. Cummer, “An analysis of new and existing FDTD methods for
isotropic cold plasma and a method for improving their accurdBfE
Trans. Antennas Propagatol. 45, pp. 392—-400, Mar. 1997.

J. B. Judkins and R. W. Ziolkowski, “Finite-difference time-domain
modeling of nonperfectly conducting metallic thin-film gratings,”
Opt. Soc. Amer. Brol. 12, no. 9, pp. 1974-1983, 1995.

K. S. Yee, “Numerical solution to initial boundary value problems in-
volving Maxwell’'s equations in isotropic medid EEE Trans. Antennas
Propagat, vol. AP-14, pp. 302-307, May 1966.

A. Taflove, Computational Electrodynamics—The Finite-Difference
Time-Domain Method Norwood, MA: Artech House, 1995.

O. Painter, J. Vkovic, and A. Scherer, “Defect modes of a two-dimen-
sional photonic crystal in an optically thin dielectric slaB,"Opt. Soc.
Amer. B vol. 16, no. 2, pp. 275-285, Feb. 1999.

G. Mur, “Absorbing boundary conditions for the finite-difference
approximation of the time-domain electromagnetic-field equa-
tions,” IEEE Trans. Electromagn. Compa¥ol. EMC-23, pp. 377-382,
Nov. 1981.

S. C. Kitson, W. L. Barnes, and J. R. Sambles, “Photonic band gaps in
metallic microcavities,’J. Appl. Phys.vol. 84, no. 5, pp. 2399-2403,
1998.

J. A. E. Wasey and W. L. Barnes, “Efficiency of spontaneous emission
from planar microcavities,J. Mod. Opt, vol. 47, no. 4, pp. 725-741,
2000.

M. S. Tomd& and Z. Lenac, “Damping of a dipole in planar microcavi-
ties,” Opt. Commun.vol. 100, no. 1-4, pp. 259-267, 1993.

Y. Xu, J. S. Vigkovic, R. K. Lee, O. J. Painter, A. Scherer, and A.
Yariv, “Finite-difference time-domain calculation of spontaneous emis-
sion lifetime in a microcavity,’J. Opt. Soc. Amer. Brol. 16, no. 3, pp.
465-474, 1999.

A. Tredicucci, C. Gmachl, F. Capasso, and A. L. Hutchinson,
“Single-mode surface-plasmon laseifipl. Phys. Lett.vol. 76, no. 16,

pp. 2164-2166, 2000.

Jelena ViEkovic was born in N8, Yugoslavia, in
1971. She received the Dipl.Ing. degree from the
Faculty of Electronic Engineering, University of
Ni8, Yugoslavia, in 1993. In 1997, she received
the M.S. degree in electrical engineering from the
California Institute of Technology, Pasadena, where
she is currently working toward the Ph.D. degree.
From 1994 to 1995, she was with the University of
Ni$ as an Assistant, and during 1996, she was with
the School of Electrical Engineering, University of
Sydney, Australia, as a Researcher. Her research in-

E. M. Purcell, “Spontaneous emission probabilities at radio frequeterests include the design and fabrication of optical microcavities and photonic
crystal-based optical devices.



1144

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 36, NO. 10, OCTOBER 2000

Marko Lon €ar was born in Dubrovnik, Croatia,
in 1974. He has received the Dipl.Ing. degree frong
the Faculty of Electrical Engineering, University of &
Belgrade, Yugoslavia, in 1997, and the M.S. degre
in electrical engineering from the California Institute
of Technology, Pasadena, in 1998. Currently, h@&
is working toward the Ph.D. degree in electricalf$
engineering at the California Institute of Technology &=

His research interests include design and fabrice
tion of photonic crystal devices and ultrasmall device
processing techniques.

Axel Scherer received the B.S., M.S., and Ph.D.
degrees from the New Mexico Institute of Mining
and Technology,Socorro, in 1981, 1982, and 1985,
respectively.

From 1985 until 1993, he worked in the Quantum
Device Fabrication group at Bellcore. Currently
he is Professor of Electrical Engineering, Applied
Physics, and Physics at the California Institute of
Technology, Pasadena, specializing in device micro-
fabrication. His research interests include design and
fabrication of functional photonic, nanomagnetic,

and microfluidic devices.



