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Enhancement of spontaneous recombination rate in a quantum well
by resonant surface plasmon coupling

Arup Neogi} Chang-Won Lee, and Henry O. Everitt
Department of Physics, Duke University, Durham, North Carolina 27708

Takamasa Kuroda and Atsushi Tackeuchi
Department of Applied Physics, Waseda University, Okubo 3-4-1, Shinjuku, Tokyo 169-8555, Japan

Eli Yablonovitch
Department of Electrical Engineering, University of California, Los Angeles, California 90095
(Received 28 June 2002; published 4 October 2002

Using time-resolved photoluminescence measurements, the recombination rate ig,&wlgpN/GaN
guantum well(QW) is shown to be greatly enhanced when spontaneous emission is resonantly coupled to a
silver surface plasmon. The rate of enhanced spontaneous emission into the surface plasmon was as much as
92 times faster than QW spontaneous emission into free space. A calculation, based on Fermi's golden rule,
reveals that the enhancement is very sensitive to silver thickness and indicates even greater enhancements are
possible for QW’s placed closer to the surface metal coating.
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The spontaneous emissid8E) decay constant for ra-  conductors whose emission wavelength is coincident with
diating dipoles at, is given by Fermi’s golden rule Esp- In this report, time-resolved photoluminescence
(TRPL) measurements of a partially silver-coated InGaN/
GaN QW directly demonstrate the SP-mediated resonant en-
hancement of the recombination rate in a semiconductor QW.

An InGaN/GaN QW was used in these experiments,
where p(fiw) is the photon density of state®OS) and  grown by metal-organic chemical vapor deposition on sap-
<f|d-|§(re)|i> is the dipole emission matrix element. As phire substraté® Over a 1.5um Si-doped GaN buffer layer
pointed out by Purcell, SE may be enhanced by altering thevas grown a 28-nm WuGay o\ reference layer, a 6-nm
photon DOS' For example, the ratio of enhanced to free GaN layer, and the 3-nm §ngGa, s N QW as shown in Fig.
space emissiofthe Purcell factolF) has been measured to 1. Above the QW was a 12-nm Si-doped GaN cap layer,
be as large as 5 in an atomic system by placing the radiatinglacing the QW within the fringing field depth of the SP. A
atoms in a highQ, low volume cavity>® A Purcell factor of  layer of silver, ~8 nm thick, was deposited by electron
up to 6 has been observed from quantum WE&W) and  beam evaporation on one half of the sample surface. The
quantum dot emitters in vertical cavity surface emitting laserother half was left bare to facilitate direct comparison of the
structures, while an enhancement of 15 has been observailvered and unsilvered results.
from quantum dots in a microdisk cavity.Photonic crystals The bulk plasmon energy of silver is 3.76 eV, but the SP
and distributed Bragg gratings have also been used to emnergy of Ag is lowered by the GaN dielectric constHnt.
hance the SE rate by as much as a factor of®2®5Such

1 2=« N
—= ST (fld-E(roli) 2p(ho), &

enhanced SE rates, achieved by increasing the photonic DOS ';c ,'" ' '
in a small cavity, permit lower threshold, higher modulation o ;) ¢t 1
frequency lasers as well as more efficient light emitting ; Normal
diodes. 5| N

The SE rate can also be modified when semiconductor or Tangential
dye emitters are coupled to a surface plasr(®® of a me- = Ag (8nm)
tallic film.>~*2A single QW can experience strong quantum £, GaNSi (120m)
electrodynamic coupling to a SP mode if placed within the g In,;Ga N (3nm)
SP fringing field penetration depth. An electron-hole pair in GaN (6nm)
the QW recombines and emits a photon into a SP mode 1 In04Gs6N Si (28nm)
instead of into free space. The degree of SE rate modification GalN:8i (1 5um)
for a given wavelength depends on the SP DOS at that wave- Sapphire substrate
length. The strongest enhancement occurs near the 1] m L 0 40

asymptotic limit of the SP dispersion branch, the SP “reso-
nance” energyEg,, where the SP DOS is very high. Non-

resonant, SP-mediated SE enhancements as large as 6 haver|g. 1
tangential

been observed from GaAs QW's near thin Ag fillhEven

20
fik (eVic)

. The calculated surface plasmon dispersion relation for
and normal modes. Inset: The structure of the sample

greater enhancements are possible for wide band-gap semstudied.
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FIG. 2. (a) TRPL decay of the
unsilvered and silvered InGaN
QW for a 25-nm-wide wavelength
detection window(2.79-2.96 eV,
with pump energy of 3.14 e\(b)
Comparison of the time-integrated
PL and the TRPL-measured re-
combination rate constant{) of
the unsilvered InGaN QW. The
dashed curve is the estimation
. ; : : : given by Eg. (4 with o,
Time (ns) w28 Ezh7ergy (ez'\?f) 2 =2.8eV andhiAw=0.16 eV.
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The SP dispersion relation is derived, using Maxwell's equacomparing the temporal decay of the unsilvered and silvered
tions, from the known dielectric properties of Ag and GEN. QW PL for a 25-nm-wide wavelength band. The lumines-
Considering a silver film of thicknegsand permittivity e, cence decay constants from the silvered and unsilvered sides
sandwiched between GaN and air with permittivittgsand ~ were independently derived from exponential fits to the data
€4 respectively, the boundary condition gives the SP dispert5 or 10 nm windows and then compared under identical

sion relation pump and detector parameters. The uncertainty in fitted rate
constants for a 10 nm window is 2%—-5% at wavelengths
Y1 Y2\ vs V2 yioov2\[vs Y2| o near the peak cw PL emissidR.75 e\j and rises to as much
8—+— —t |-l |]e =0 as 10%-16% at longer and shorter wavelength extremes
1 €2/\&3 & €1 &2/\&3 &

(2) where the emission is weaker.

On the unsilvered side, the QW exhibited a long single
wherey,=k?—¢;0%/c?, i=1,2,3, andk=27/\ is the wave exponential decay whose decay constantvas the slowest
vector. The SP dispersion contains tangential and normal-mo=25 ns) at wavelengths near the peak PL emis§2on6
mode branchefFig. 1), indicating the dominant direction of eV) [Fig. 2b)]. This very long decay constant, and the cor-
current flow in the silver film. For silver films witht respondingly high PL intensity, indicates a high internal
=8 nm, the tangential SP branch asymptotically approacheguantum efficiency and insignificant nonradiative processes
Esp=2.85 eV (\s,=436 nm), the SP “resonance” energy. compared to radiative recombination ftd+ 1/7, +1/7,

Because the photon DOS is proportionaldk/dw, the SP =1/7,).'%'" Away from the peak PL emission wavelength,
DOS and SE enhancement will be greatest at the SP resthe recombination rate accelerateg€4—-5 ns) at the long-
nance. est and shortest wavelengths measured. The wavelength de-

The resonant enhancement is measured by comparing tipendence of InGaN QW emission has been studied
luminescence decay rate from the photoexcited QW on thereviously;’ and has been found to differ markedly from the
silvered and unsilvered sides. Room-temperature TRPL me&E rate of a dipole radiat¢dipole moment) in a dielectric
surements were performed using a 100-MHz Kerr-lengmedium(index of refractionn)
mode-locked, frequency-doubled Ti:sapphi(€i:S) laser
with average incident pump power of 10 mW 1 4nd?e3
(~13 wJd/en?). The pump excitation energ®.14 eV or 395 m - W ©)
nm) was chosen to be below the band gap of the InGaN
reference layer and GaN layers so electron-hole pairs werespecially at low frequency where shallow level traps, impu-
generated only in the QW. However, defects in the Si:GaNities, and quantum-dot-like structures in the QW contribute
may also emit. The luminescence signal was dispersed in @ recombination. A phenomenological estimate is a Lorent-
grating spectrometef600 g/mm) and measured simulta- zian
neously across three wavelength barid$5-2.68, 2.71—

2.87, and 2.79-2.96 e\Wsing a Hamamatsu streak camera 1 1 1 Aw?

with a resolution of 15 ps. The three adjacent 25-nm o(w) = ) :T_ro (0—0g)2+Aw?’ )
(~150 meV)-wide wavelength bands spanned the entire

continuous-wave photoluminescen@av PL) emitted from  whose peak atd;) and linewidthA @ also roughly coincide
the QW. Features narrower than 25 nm were resolved bwith that of the measured cw HEig. 2(b)].

sequentially comparing adjacent 5 or 10 nm data windows By contrast, the weaker PL intensity through the silver-
offset from each other by 1-4 nm steps. Of course, all TRPIcoated surface exhibits a biexponential decay. The slower
traces represent the sum effect of components with waveFRPL relaxation component has a decay constagnj Of
length dependent behavior. However, narrowing the bandbetween 5—-10 ns for emission between 2.61-2.94 eV. The
width of the windows further did not significantly improve decay constant shows no systematic variation with changing
the ability to measure wavelength dependence because of tlenission wavelength and silver thickness. Regarding the lat-
reduced signal-to-noise ratio, especially on the silvered sideer, the degree of coupling to the SP mode will be shown to

An example of a TRPL trace is presented in Figa)2 depend on the thickness of the silver film. Comparison of the

153305-2



BRIEF REPORTS PHYSICAL REVIEW B56, 153305 (2002

® TRPL-P1

1001, 1RPLP2 ~ FIG. 3. (@ The Purcell en-
= = -Theory Bnm thick Ag) 7"\ hancement factor-5,, measured
gof " Theoy (Snmithick Ag) \\ using TRPL windows 10 nnfpo-
;‘ 5 sition P;) and 5 nm(position P,)
\ " wide. Overlaid is the prediction of
4 f the enhancementb) Comparison
‘r.f 4 % of the time-integrated PL emission
E ratios for excitation by HeCd and
- '-,"| A Ti:s lasers(The undulations in the
R R 129- *30 s1 35 B2 57 %8 B 3-0 5 cw PL arise from interference in
Energy (eV) Enaryy {8V} the sample.
relative cw PL intensities of the InGaN reference layers re- 1 20 A dk

veals small variations in the thickness of the silver fi(fhis
thicker at locationP, than atP;.) The fact thatr, is insen-
sitive to these thickness variations suggests that the slowly
decaying emission must arise from sources uncoupled to the _ i|dE(a)|2k% (6)
, . . > ,
surface plasmon mode, such as impurity bound excitons of 3% do
shallow level defect states in GaN layers.
The faster decay component, with decay constantn- ~ where the factor 1/3 comes from spatial averaging of polar-
stead depends sensitively on the thickness of the silver coaization. Inserting measured values #(12 nm andt (8 nm)
ing and therefore corresponds to enhanced recombination iwhile using ther; data to fit ford (24 nm), the calculation
the QW mediated by the SP mode {{#1l/7,+1/r,  predicts thatrg, should be relatively independent of fre-
+ 1/75p5=1/75). The measured,; was observed to vary with quency from 2.6 eV td,,.
sample thickness from 235 ps B, to 512 ps atP;. As The frequency dependence Bf, derives from Eq.(6)
expected, this faster component is strongest i&gr(2.85 and the frequency dependence of the unsilvered QW recom-
eV). However, the SP resonance is fairly broad because it ibination rater [Fig. 2(b)]. For the parameters in this experi-
evident at energies 200 meV lower thEg,, and it decays ment, the frequency dependenceFof, below E, derives
with a time constant almost independent of the emissioprimarily from 7,. Unfortunately, a predictive theory of the
wavelength. To summarize the wavelength dependence of, is not available, so an accurate estimateRgf, is not
the SP enhancement, Fig. 3 plots the Purcell fadtqp€1  possible. However, if Eqg44) and (6) are used as approxi-
+7/7) derived from the measured TRPL decay constantsmations for 7, and 7, respectively, thenFg(w)=1
The data demonstrate a sudden rise at higher energies, a peaky/ 7, may be plottedFig. 3) using the parameters for this
enhancement near 2.8 eV, and weaker enhancement at longample. The predicted frequency peak and widthFgf
energies. The maximum values Bf, were 36(at 2.83 ey  agree well with the measured peaks and widths of the TRPL
and 92(at 2.79 eV at sample position®; andP,, respec- data. The peak value dfg, is a sensitive function of Ag
tively. thickness throughrs,. A reduction oft from 8 to 6 nm
Fermi's golden rule(1) provides insight into the fre- halves the peak value df,, suggesting that the differing
quency dependence of the Purcell factor and reveals the sevalues ofF, observed aP, andP, arise from small varia-
sitivity of F¢, to the silver thicknessand Ag-QW separation tions of the Ag thickness.
a.X First, the electric field of the SP mode at the QW must be Recently,Fs, was measured in a similar sample by means
calculated and used to derive the dipole matrix element. Thef cw PL using a HeCd excitation sourceEd;

2k

=T ka2 .
Tsplw)  f |3 (2m)? d(hw)

SP electric field varies only in thedirection, so the normal- =3.82 eV, A¢,=325 nm)! A ratio of the PL emission for
ization of E(z) to a half quantum of zero-point fluctuation in the unsilvered to silvered sides was measured as a function
the dispersive medium becomes of wavelength, and a peak enhancement factor of 55 was
estimated from the data. Those measurements were repeated
s % w2 here, and although the measured enhancement factors were
a’=—= , (5)  similar to and consistent with the TRPL data, the energy of
A A(" dz’?("’s(“"z)) IE(2)|2 maximum enhancement in both cw PL measurements was
87 ) - Jw blue shifted fronEg,. When time-integrated PL is measured

using the Ti:S laser instead, this blueshift disappérset,
whereE(z) is the un-normalized electric field at a distarzce Fig. 3). Note that the HeCd laser excites all layers of the
from the Ag-GaN interfacdoE(a)|? is the normalized elec- sample while the Ti:S laser only excites the QW and GaN
tric field at QW deptha, A is the quantization area, and defects. Therefore, any cw PL ratio measured using a HeCd
e(w,2) is the dielectric function of the GaN, Ag, or air. The laser must be understood to represegf convolved with
enhanced recombination rate £14) can then be estimated in other excitation-dependent effectparticularly in the cap
the QW under the influence of the local electric field fromlayer, while the TRPL data measures onffy,. Further-
the tangential SP mode more, the role of nonradiative recombination was ignored in
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FIG. 4. (a) CalculatedFg, for
various Ag thicknesses with
Ag-QW separatiorma=12 nm. In-
set: MaximumF, values for a
givent with a=12 nm. (b) Calcu-
lated Fg, for various Ag-QW
separationsa with Ag thicknesst
=8 nm. Inset: Maximunt, val-
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Energy (eV)

2.4 25

that work, leading to an overly simiplistic estimate f,
based on Eq(3). The phenomenological estimatd) in-
cludes both radiative and nonradiative effects.

Using Egs.(4) and (6) to estimateFs,, even larger en-

. s . ues for a givera with t=8 nm.
26 27 29
Energy (eV)

predicted for QW's only 4 nm below the surface. These pre-
dicted enhancements may actually be conservative because
the synergistic “back action” coupling between dipole emit-
ters and SP field, which increasesasdecreases, is not in-

hancements are predicted over narrower frequency band@l_uded in this calculation. A more ComprehenSive calculation

For a prominent resonance f,, Fig. 4 indicates that it is
necessary for the Ag film to possess a thickregsnm for a

QW 12 nm from the surface. In support of the earlier deduc

tion that the Ag film is slightly thicker aP, than P4, the
value of F, is predicted to increase with increasing film
thickness and asymptotically approaches 422 for
=26 nm @=12 nm).

The strength and frequency dependencé-gf are even

of this enhancement factor, including the necessary radiation
reaction effects, is beyond the scope of this paper. Neverthe-
less, the enhancement will likely remain broad because inho-
mogeneous broadening: A w;,,,=100 meV) will probably
limit w./Aw<30.
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