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Modification of the spontaneous emission rate of Etf ions embedded
within a dielectric layer above a silver mirror
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We investigate the spontaneous emission rate of" Hans in an asymmetric microcavity. The cavity
consists of a thin dielectric layer bounded on one side by silver and on the other by air. Samples were
constructed using the Langmuir-Blodgett technique, the emitters being incorporated as a single monolayer
within the microcavity. This technique allowed both the cavity thickness and the position of the emitters within
it to be controlled to one monolay€r=2.6 nn). Measurements are presented of the spontaneous emission
decay rate as a function of both the dielectric layer thickness and the position of the emitters within the layer.
We find good agreement between our data and a classical model. The model allows us to investigate the role
of the electromagnetic modes of the microcavity in controlling the spontaneous emission decay rate of the
emitters. In particular, we are able to evaluate the contribution each of the modes makes to the decay. We
discuss the implication these results may have in increasing the photoluminescence efficiency from microcavity
based emissive devicgss51050-294{®9)03501-5

PACS numbgs): 42.50—p, 42.55.Sa, 73.20.Mf, 42.79.Gn

I. INTRODUCTION by the emitter-mirror separation. It has been noted that to

. .__._achieve the best agreement between the experimental results
It is now commonly accepted that spontaneous EMISSION 4 the CPS model the second interfédielectric-ai) must

(SpB is not an imm“ta,b'e property of the emitter, ratr_]er, it be incorporated within the modet]. The need to include the
depends on the photonic mode den¢RyID) at the location  ttect of this interface may appear somewhat surprising

of the emitter. This was originally noted by Purddll andis  iven its low reflectivity, especially when compared to that
embodied in Fermi's golden rulg2]. The photonic mode of the metallic-dielectric interface.
density is easily modified by changing the electromagnetic The focus of several previous studies has been to investi-
(EM) boundary conditions and perhaps the simplest systerjate the role of the mirror. Drexhage and othfs$ have
showing significant changes to the PMD is the single planareported lifetime measurements above metals, while other
mirror. Drexhage[3] examined the spontaneous emissioninvestigators have studied semiconductor mirfés How-
rate of EG' ions as a function of their separation from a ever, as noted above, the second interface also plays an im-
metallic mirror. This was the first experimental demonstra-portant role. In particular, the presence of the second inter-
tion that the SpE rate was dependent on PMD in the opticalace may lead to the structure supporting waveguide modes.
regime. Drexhage found that the lifetime of the®Edons ~ Waveguide modes associated with symmetrical cavities
showed a damped oscillatory dependence on the emitter miformed from two highly reflecting mirror¢e.g., two metal
ror separationdy,) for separations greater than 100 nm, segMirrors) have been extensively investiga{&d. As the thick-
Fig. 1, while quenching associated with nonradiative transfeP€ss of these cavities is increased new waveguide modes
to the metal dominated fapy< 100 nm. may be supported by the cavity. The introduction of these
The sample geometry used by Drexhage comprised a
monolayer containing EXi ions separated from the metallic
mirror by transparent organic monolayers. This geometry is
shown in the inset of Fig. 1; notice that in addition to the
metallic mirror a second reflective interface is present, be-
tween the dielectric and the semi-infinite air half space
above. A model that considers the emitters to be forced,
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damped electric dipole oscillators was developed by Chance, 0.4 ' E“3.+ ‘d
Prock, and SilbeyCPS [4] and was used to model the data Dislectric bot
of Drexhage. The model considers the dipole forcing term to J Silver

arise from the reflection of the dipole field brought about by 0.0 566260300 400500

the presence of an interface. The oscillation in the SpE life-
time as a function of the emitter-metal separatioly,f is
therefore due to the retardation of the reflected field, caused FiG. 1. Spontaneous emission lifetime of*tions located in
the top monolayer of a thin dielectric layer above an opaque silver
mirror, as a function of the Edi-mirror separatiord,,. The dots
*Present address: DERMMalvern), St. Andrews Road, Mal- are the experimental data, the theory, described in the text, is shown
vern, Worcs WR14 3PS, U.K. as a solid line. The inset shows a schematic of the sample structure.

Eu®* silver separation (nm)
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modes has been observed to cause significant, sharp changes 600 -
in the SpE rate of emitters located in these higlbavities as

the cavity thickness was changed]. The role of such modes

in dictating the SpE rate has been thoroughly investigated
[9]. However, less attention has been paid to the role of the
waveguide modes in the asymmetric type of cavity shown in
the inset of Fig. 1. Most previous experimental work in this
area has concentrated on looking at changes in the intensity
of the emission[10], typically normal to the microcavity.
Here we focus our attention on the SpE rate of the emitters
because such measurements, in conjunction with a theoreti-
cal model, allow us to quantify the contribution of the vari-
ous modes of the structure to the SpE rate.

The asymmetric microcavity studied here shows a differ-
ent behavior when compared to that of the more familiar — - Rt . I
symmetric microcavity. This difference arises because the 00 04 08 120123
reflectivity of a dielectric-air interface has a strong angular () In-plane wave vector, u (1.61x10’m")Rate (a.u.)
dependence; ranging from weakly reflecting at normal inci-
dence to perfectly reflecting at angles greater than the critical 600
angle associated with total internal reflection. It is the inves-
tigation of the role of the EM modes of the asymmetric mi-
crocavity in determining the SpE rate of emitters located
within it that forms the subject of the work reported here.
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II. OUTLINE OF THE INVESTIGATION

We used the Langmuir-Blodgett technique to embed a
monolayer containing Eii ions within a thin dielectric layer
above a planar metal mirror. This technique allowed us to
achieve nanometer precision of both the emitter-mirror sepa-
ration (dy,) and the emitter-air separation(,). We have
measured the SpE lifetime of the emitters embedded at vari- b ‘
ous positions within the dielectric film for a variety of film 0.0 '0_4 ' 08 12
thicknesses. As we shall see, the comparison of our data with
a theoretical model allows us to examine the role of the
different modes of these asymmetric microcavities in con- FIG. 2 h | ofL) f )
trolling spontaneous emission. Our investigation comprises o (a} Shows a gray scale map (9) or a symmetric

metal clad microcavity as a function of the in-plane wave veator
three parts. and the dielectric thicknes (b) is for the metal-dielectric-air

(1) Initially we investigated the effect on the SpE lifetime otal®

f the ai . . for diff | i asymmetric microcavity. The dipoles are chosen to be located such
of the air-emitter separatioty,, for different values olpot  thatq, —0.4xd,,. The gray scale is chosen such that the dark

thus showing the Importa_nce of the top 'n_terface' . regions represent large contributions to the SpE decay rate and the

_(2) Second, we investigated how placing the emitter alscaje ysed is logarithmic. The plot on the right-hand side shows the
different positions within a fixed thickness film modifies the integration ofl (u) over all values ofi for each value of the dielec-
SpE rate. This highlights the importance of the position Oftric thickness; it thus shows the decay rate as a function of the total
the emitters in determining the coupling to the different EM dielectric thickness. Fofa) this plot is characteristic of the decay
modes of the structure. rate for an emitter in a hig) metallic microcavity.

(3) Finally, we varied the total dielectric thickness while
maintaining the emitters at a fixed distance from the silverculate the dispersion of the modes, and which, in addition,
mirror. By choosing appropriate cavity thicknesses we wereallows us to evaluate the contribution each mode makes to
able to span the transition of the first TE waveguide modehe SpE decay rate.
from being radiative in nature to that of a well-guided one,
see Fig. Pa). We shall see that although there is no signifi- Ill. THEORETICAL MODEL
cant modification to the SpE rate when this transition occurs,
modeling shows that there is a change in the contributions The theory developed by CH8] is well established for
the different decay channels make to the decay of the emitnodeling the modification to the spontaneous emission rate
ter. of an emitter due to the presence of infinite planar interfaces.
The nature of the modes associated with the symmetridhe theory considers the emitter to be an oscillating electric

and asymmetric microcavities, and in particular the differ-dipole, which is damped owing to the fact that it radiates.
ences between them, are readily discussed by looking at thEhe presence of the interface is incorporated by allowing the
dispersion of the modes in the two structures. In the nexteflected dipole field to act as a driving field; the dipole is
section we outline a theoretical model that allows us to calthus forced. The modification in the decay rate for an isotro-
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pic distribution of dipole orientations(,,) can then be writ-  function ofu and the thickness of the dielectric layer for the
ten as symmetric and asymmetric microcavity. Here the position of

the emitters is chosen such tlit,= Zd,., in the dielectric
is0 1 o layer. Black regions represent a large contribution to the SpE
b—0=(1—q)+q 5 Im fo I(u)du, (D rate, thus indicating the presence of a decay channel.

For the metal-dielectric-metal symmetric cavity, Figa)2
whereq is quantum efficiency of the dipole ar is radia- the .mod(.as can be classified by their asymptotic value at large
tive decay rate, in the absence of any interfaces. The functiof@Vvity thickness. The two modes that converge at a value of
I(u) is a measure of the power lost as a function of theU=1.08 are the coupled surface plasmon polarit@®h of
in-plane wave vectof4]. It depends upon the location and the metal clad cavity16]. The asymptotic value ofi for
the Fresnel reflection coefficients of the planar interfaces if@rge dial for these SPP modes agrees well with the values
the microcavity. The parameteris the component of the €Xpected for a single dielectric metal interfacer]. The
wave vector in the plane of the interfaces, normalized withmodes which have an asymptotic value1 correspond to
respect to the wave vector of the radiation in the far field. Itthe waveguide modes of the microcavity. Note that each
is well known that a dipole near a surface can couple tgvaveguide mode has a clearly defined cutoff thickness, be-
modes having wave vectors greater than that available to tHW which it does not exist. Above the cutoff thickness the
far field of the dipolg[11]. This is due to higher wave vector dispersion of the mode has a smooth continuous nature with
components being present in the near field of the dipoleincreasing thickness. If we now compare this to the asym-
therefore the integration in Eq1) must be performed over Metric casémetal-dielectric-air, Fig. 2b), the presence of a
all positive values ofi. single metal-dielectric interface dictates that there is only one

A number of parameters are required for this model; thes®PP mode, again asymptotic at lardg, with u=1.08.
include the dielectric constants of the silver, the air, and theé\ISo seen are the waveguide modes; they have an asymptotic
dielectric cavity materialthese allow the Fresnel reflection value ofu=1.0 at larged;y, but in contrast to the sym-
coefficients to be evaluatedrhe dielectric constant of silver Mmetrical case these modes are not well defined for all values
was taken to be = —16.0+ 0.6/, consistent with other mea- Of U less than 1. For values af<0.634, total internal reflec-
surements of evaporated filnj42]. In the model it is as- tion no longer occurs at the dielectric-air interface and the
sumed that the monolayers used as the transparent spad¢gpdes are no longer confined to the cavity. In this regime,
layers are optically isotropic. This is known to be an approxi-the modes are frequently referred to as leaky in order to
mation[13], although previous work has shown that the usedescribe their radiative nature.
of an average isotropic value for the permittivity = 2.49 The insets, to the right of Figs(@ and 2b), show the
+0.0) gives an excellent approximation for the type of result of integratind (u), over all positive values ofi, for
work considered hergl4]. The thickness of each monolayer the different values ofl,, and thus show the modification
was taken to be approximately 2.6 i and a small varia- Of the SpE rate, see Eql). We note that for the metal-
tion (~2%) was allowed in fitting the theory to the data to dielectric-metal clad system the introduction of a new wave-
account for variations in deposition conditions. The emissiveduide mode is accompanied by a sharp feature in the SpE
monolayer was assumed to have the same dielectric constdi@€. For the metal-dielectric-air SpE rate there are no such
and thickness as one transparent spacer monolayer, with ti§garp features.
dipole emitter centrally located within it. We have seen above that the emitters embedded within

The functionl (u) is a measure of the contribution to the Microcavities may lose their energy through three different
SpE rate of the emitter as a function of the normalized in-decay channels; radiativéeaky) modes, waveguide modes,
plane component of the wave vector, The normalized in- and the SPP modes. We now examine the relative impor-
plane wave vector associated with the condition for total intance of these decay channels as a function of the emitter
ternal reflection for our dielectric-air interface is=0.634.  location within various structures by comparing the results of
Thus modes with values ofOu<0.634 have propagating experimental measurements with the theory outlined above.
far-field components in the semi-infinite air half space; we
shall refer to these as radiative. Modes with valuesuof
>0.634 have evanescent field components in the semi-
infinite air half space, and are therefore bound to the cavity The experimental technique used here has been discussed
medium. elsewherd14], and is similar to that of the pioneering work

It should be noted that the dispersion of the EM modes obf Drexhage[3]. Therefore, for brevity, only an outline of
the system is only dependent on the optical structure of théhe techniques used to make the microcavity structures will
microcavity. Since we assume that the dipole emitter has thbe described. The mirror was deposited onto a silica sub-
same dielectric constant as the transparent spacer layers thieate by thermal evaporation under vacuum (1Torr) us-
location of the emitter has no influence on the dispersion ofng silver (99.99% purg The upper and lower dielectric
the modes. The location of the emitter does, howeverspacer layers were deposited from 22-tricosenoic acid by the
strongly affect the coupling between the emitter and the varitangmuir-Blodgett(LB) technique[18]. The 22-tricosenoic
ous mode$15]. To compare the dispersion of the modes inacid, in a chloroform solutioriconcentration 0.2 mg mf)
the symmetric (metal-dielectric-metal and asymmetric was introduced onto a pure water subphdseM() resistiv-
(metal-dielectric-air microcavity we can investigatgu) as ity, 18 °C, pH 5.5). The Langmuir film was compressed to a
a function of the cavity thicknessi(,;,). Figures 2a) and  surface pressure of 30 mNthbefore being transferred to
2(b) display I(u), in the form of a gray scale map, as a the silver mirror. The film transfer was performed at a rate of

IV. EXPERIMENT
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TABLE I. The parameters and their uncertainty obtained when

©
_—3 fitting the measured time resolved decay in Fig. 3 to a single and
2 biexponential form.
14
104 X Double exponential Single exponential
Value Uncertainty Value Uncertainty
103 Yo 0.600 0.05 0.698 0.049
g A 24 960 290 26 950 30
3 102 J 71 (M9 0.5609 0.0017 0.5461 0.000 47
O A, 2800 270
; 75 (M9 0.2617 0.0200
10"+ x2 0.741 1.084
100 L————— o i , . : AR
0 1 2345 6 7—%8 separation was 78 nm. For a population of ions with identical
i chemical and physical environments the fluorescence should
Time (ms) have a single exponential time dependence and indeed the

data appear to the eye to agree with a single exponential
decay. However, careful analysis has shown a biexponential
time dependence gives a better fit to the data. A biexponen-
tial decay has the following form:

FIG. 3. The main part of the figure shows the time resolved
evolution of the emission intensity from a Langmuir-Blodgett film
of EL®" ions (symbolg, situated in a structure similar to that shown
in the inset of Fig. 1. The B ion separations from the silver
mirror and the air interface were 104 and 78 nm, respectively. The
line displayed is a best fit of a biexponential decay to the data. The

upper plot shows the residual between the theory and data. The . . .
inset shows a schematic of the Ewhelate molecule. wherel () is the intensity detected;, 7, are the long and
short lifetime components, respectively, afigd and A, are

0.5 mm s onto the vertically oriented sample. the relative st_rengths of the two components. The back-
Europium ions (E&') were chosen as the emissive spe-9round count is represented lyy. The deviation from a
cies due to their near monochromatic emisgiet4 nm, the single exponenua_l is possibly due to contamination of a sec-
predominant electric dipole nature of this transition, and rela®nd chelate species, an unwanted by-product of the chelate
tively long fluorescence lifetimé~1 mg. The EG* ions manufacture, or perhaps dge to ion-ion interactions. Ta_lble'l
were incorporated within a chelate moleculshexadecyl ~ Shows the parameters obtained for the data presented in Fig.
pyrdinium  tetrakis (1,3-diphenyl-1,3-propandiohe eu- 3 and is fit using biexponential and single exponential func-

ropium. The inset of Fig. 3 shows a schematic of this mol-tional forms. The table also contains the standefdalue of
ecule. This molecule allowed a suitable optical pumpingthe fits. By comparing the, components of the biexponen-
mechanism to be employed and also allowed th&"Hans tial anq single exponential fits we nqte_- that thgre is only a
to be deposited by the LB technique thus allowing them to psmall dn‘fgrence be'twgen the two. In fitting the blexpon.enual
precisely located within the microcavity structure. The che-decay an increase ir is found when compared to the single
late molecule was introduced onto the water subphase in s§xPonential fit. This increase is typically less than 5%, a
lution (4:1 mixture of benzene and acetpn&he film was small Shllft compared to.the Iarge changgs observed in the
compressed to a surface pressure of 10 mN before being data of Fig. 1. We havg f|t.ted a biexponential decay to all our
transferred to the sample by a horizontal lift-off technique.dec@y data and the lifetime we quote refers to the longer
Overlayers of 22-tricosenoic acid were subsequently depodifétime componenty, .

ited on top of the E¥" chelate layer, using the verticle depo-

sition outlined above. This method ensured only a single V. RESULTS

monolayer of Ed" was deposited, retaining the nanometer
resolution of the LB technique.

Time resolved luminescence measurements of thef Eu  To highlight the significance of the role played by the
fluorescence were obtained using standard photon countirdjelectric-air interface we have measured the SpE lifetime of
techniques. The sample was photoexcited using 5 ns pulséise EG* ions as a function of the distance between them and
of UV light (337 nm) from a nitrogen laser. The fluorescence the silver surfaced,,, for several different overlayer thick-
was collected via a lens and spectrally isolated by passing itessesd,,,. If the dielectric-air interface were of no conse-
through a spectrometer, set to pass thé"'Ezmission wave- quence we would expect these data to be the same; however,
length. The collected light was then focused onto a photothey are markedly different, see Fig. 4. Modeling of the life-
multiplier (Hamamatsu R955 the output from which was time using the CPS theory is also displayed in Fig. 4 as full
monitored by a standard multichannel photon couf®&an- lines accompanying the experimental data points. We note
ford SR430 under computer control. the excellent agreement between experiment and theory in

Figure 3 shows typical data for the time evolution of thethe regimed,,<130 nm. The data shown in Fig. 4 were
intensity of EG* emission from a LB film. Here the Bli  obtained from a single experimental sample, the different
chelate-silver separation was 104 nm, the’'Enhelate-air  values ofd,,p, being achieved by the subsequent addition of

[(t)=yo+Ae Y1+ Ae V72,

A. The role of the second interface
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FIG. 4. The measured SpE lifetime as a function of the
Ew'-ion—mirror separation for three different overlayer thick-
nessesd,,,=26, 79, and 130 nm. Experimental data points are 3
represented by the symbols and the lines are the associated results
from the CPS model. The figure shows the importance of the
dielectric-air interface.

extra overlayers. This ensures that changes in the measured spp—
decay rate are the result of different optical environments
caused by the location of the dielectric-air interface. ] S b

By comparing the data for the three valuesdgf, shown

Rate (a.u.)

Waveguide

in Fig. 4 we observe a flattening of the first peak that occurs 04 — Radiative ,
at d,o=20 nm, as overlayers are added. At these small 0 40 80 120 160
Eu**-silver separations, coupling to the SPP mode dominates (b) Position (nm)

other coupling mechanisnid 1], see Fig. &). We can at- _

tribute the flattening of the first peak with the increase in FIG- 5. The measured SpE decay rate of Eions embedded
strength of the electric fields associated with the SPP mod¥ithin a sample having a constant dielectric thickn€s, dia

as the overlayer becomes thickad]. Figure 4 also shows a 104 hm andb) dia=156 nm. Thexaxis displays the position of
general reduction in the SpE lifetime as the overlayer thickhe ions within the dlelgctrlc with respect to the metalllnterface. The
ness is increased. This reduction is caused by an increase mbols are the experimental data points and the lines show both

. L Lo the contributions to the decay rate of the modes and the total decay
:EZ 3{;%?2% refractive index sampled by the electric field Ofra’[e, evaluated by the CPS theory. The solid, dashed, dotted, and

dash-dotted lines represent the SPP, first waveguide, radiative, and
) ) o the intrinsic nonradiative contributions, respectively. Note the
B. Fixed dielectric thickness 104-nm thickness(a), is too thin to support a waveguide mode.

As mentioned above, the dispersion of the EM modes is
independent of the location of the emitter within a givenis given by the term (% q), as shown in Eq(1). It is inde-
structure. The SpE decay rate for a dipole embedded withipendent of the optical mode density and is a constant for all
the dielectric of such a system is then only dependent on théhe results presented in this paper and is shown by a dash-
coupling strength between it and the different EM modesdotted line in Fig. 5. For Eli -silver separations of less than
[15]. Figures %a) and %b) show the measured SpE decay 20 nm coupling to lossy surface waves begins to contribute
rate for a range of emitter locationd,{,) in two fixed thick-  to the SpE rate. These lossy surface waves occur at very high
ness structuresd,,=104 and 156 nm, respectively. The values ofu, typically u>20[11]. The coupling to these lossy
lines accompanying the data points show the modification tsurface waves accounts for the discrepancy between the SpE
the SpE rate calculated with the CPS model. rate (integrated over all values af) and the sum of the

As previously described, the CPS model can be used tonodal contributions which occurs for small Eumirror
calculate the contribution to the SpE ralt@)), as a function separation. Note that the sample having a dielectric total
of u. To calculate the SpE ratgu) is integrated over all thicknessd,,=104 nm is too thin to support any waveguide
positive values ofl. In doing so, all information concerning modes, therefore the SpE rate is simply the sum of the SPP
the modal contribution is lost. To retain information concern-and the radiative contributions. In contrast, the greater thick-
ing the coupling of the emitter to the different EM modes of ness of the 156-nm-thick sample enables it to support one
the system we have integratbdi) over selected ranges of ~ guided mode, see Fig(l®, which contributes significantly to
corresponding to the different modes. Figurés) mnd 5b) the SpE rate. As expected, the contribution of the SPP in
also display the contribution to the decay rate of the radiaboth cases dominates fai,,<<100 nm, leading to a much
tive, waveguide, and SPP modes calculated this way. In adncreased decay ratshorter lifetim@. In Fig. 5b), for dy
dition there is a contribution to the SpE decay rate that does<100 nm, although there is a large contribution from the
not arise from coupling to EM modé4&1]. This contribution ~SPP mode, the radiative and guided modes also make sig-
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nificant contributions to the SpE rate. The selective integra- 1.9 = 1.2
tion technique we have used here has been used Héfbfe 18] 2wt .
the results shown in Figs.(& and b) show the power of (71" = e 110
this technique in assessing the contribution of the different ] 13
EM modes to the measured decay rate. 16+, 108

We also note that in Fig.(8 there are two sets of sym- S 154 1st Waveguide §
bols (squares and circlgghat correspond to data obtained G P T 1063
from two different sets of experimental samples. Comparison g ] Y E— 1.2
of the two data sets shows that we have obtained good con- e 134 SPP 1048
sistency from sample to sample for our microcavity struc- 124 ko diativéy ““““““““““““““““““““““““““““““““““““ K
tures. In general we have found sample to sample consis- 11] T 0'2§
tency to be limited by the variation in optical parameters of 10] 2nd waveguide * ]| 0.0
the silver films fabricated during different depositions. 100 140 180 220 '

C. Introduction of waveguide modes () Total dielectric thickness, dig (nm)

For high Q microcavities the introduction of waveguide 175 1.0
modes as the cavity thickness increases leads to significant .
sharp features in the spontaneous emission decay rate, Fig. {08~
2(a). The data displayed in Fig. 1 have none of the sharp ;:
featureq see also Fig. ()] that have been observed for high _ log2
Q cavities[7]. In Sec. IVA we saw that for a thickness 2 %
(diota) Of 156 nm there is significant coupling to all of the Y =)
EM modes even if the B ions are located near the 8 1.95.] /SPP T 0'4§
dielectric-air interface. We can therefore conclude that the ' T ©
absence of these sharp features is not a consequence of fixing ] / . 0.2§
the location of the Et ions at the dielectric-air interface, Radiative” . =
the situation that applies for the data of Fig. 1. To further 1.00 2 nd waveguide ~ 0.0

120 160 200 240

investigate the lack of sharp features we have measured the
decay rate for emitters embedded within our asymmetric mi-

(b)

Total dielectric thickness, d,.;, (nm)

crocavity system for different total thicknessek,{,) of the
dielectric layer, spanning the transition from a nonguiding FIG. 6. The measured SpE decay rate as a function of the total
structure to a guiding one. dielectric thickness for B\ ions located at a fixed distance from
We concentrated our study on dielectric layers in thethe metal,(@) dye=104 nm and(b) dpo=130 nm. The points rep-
range associated with the introduction of the first two guidedesent the experimental data and the line accompanying them dis-
modes. Figures(@) and &b) show the measured SpE rate for plays the rate calculated using the CPS theory, plotted using the
structures in whiclty,, is increased andy is fixed at 104 left- hanq ax!s. Thg modal contributions are plotted using. the right-
and 130 nm, respectively. The experimental data are pré1ano_l axis with sol{d, dashed, _dotted, _an_d dash-dotted lines repre-
sented together with the accompanying CPS theory. The daﬁ?m'”g the SPP, first v_vavegwde, radlatl\_/e, _and the second wave-
sets are plotted as a function of the total dielectric thicknes§uide mode, respectively. The contribution of the  second
(dwra). This has been chosen in preferencelig as we are waveguide is shown as a dlamonq point for clarity(an, as it is
concerned with the introduction of the guided modes whos%)r:ilztglose to the maximum total thicknez30 nm that this mode
dispersion depends on the valuedyf;,. Also displayed in '
the figures is the calculated contribution of the different EM ) ) S ]
modes. Here for clarity the contribution to the decay rate byt the embedded emitters using the selective integration
the intrinsic nonradiative term has been omitted. Note thd€chnique outlined above. Our results have demonstrated that
introduction of the guided modes at thicknesses of approxith® SPE rate of an emitter is sensitive to relatively small
mately 110 and 220 nm. Figuregaband &b) clearly show changes in its Ioca[ optical environment as thg latter controls
that as coupling to the guided modes becomes importaﬁh_e EM mo_des_ avqubIe to the emitter. An emitter embedded
there is an associated reduction in coupling to the radiativd/ithin a thin dielectric layer above a metal mirror may lose
modes. This tradeoff between the different types of moddtS €nergy to the following EM modes:(1) Radiative (in-

accounts for the fact that there is no significant modificatior!uding leaky modes,(2) bound waveguide modes, a@)
in the SpE rate as a function of., for this microcavity the SPP mode. The data presented above have been ob-

structure. tained from structures spanning a large range of dielectric
thicknessesd;q,) With the emissive layer located at various
positions within the microcavity. Over this range of micro-
cavity structures, the EM mode that provides the dominant
We have obtained an extensive set of experimental data afecay channel for the SpE rate changes. For small
the SpE rate for a range of samples, and for each we haveu’*-silver separationsdy,.) the SPP mode dominates, due
obtained a good match between the CPS theory and our dat®. the surface mode nature of the SPP and the strong electric
This allows us to be confident in our use of the CPS theory tdields associated with it. This is clearly shown by the fixed
assess the contribution of all the EM modes on the SpE ratdielectric thickness datdSec. IV B. Depending on the

VI. DISCUSSION



PRA 59 MODIFICATION OF THE SPONTANEOUS EMISSIA . .. 871

thickness of the sample, either radiative or waveguide modetimes more power is emitted into the guided modes sup-
may dominate for larger values of the Eusilver separa- ported by the structure than is emitted as radiation. This is
tions, a point we shall return to below. considerably different from our results, e.g., those listed

The modal contribution to the SpE decay rate thus deabove, where only three times more power is coupled to the
pends on two factors, first, the sample geometry which conbound modes of the microcavity than is emitted as radiation.
trols the dispersion of the EM modes of the microcavity The difference in these ratios is due to the different structures
system, and second, the coupling of the emitter to the modemxamined. The relatively high fraction of power radiated
is dependent on the magnitude of the electric field of thdrom our structures is due primarily to the reduced number of
mode at the location of the emitter. This in turn is controlledguided mode supported by our thinner microcavity.
by the position of the emitter within the microcavity. We  Sullivan and Hal[21] have also used a selective integra-
investigated these two factors by taking advantage of th&ion technique in their study of a fluorescence biosensing
nanometer resolution in both the cavity thickness and thescheme. They examined the emission from a laser dye sepa-
location of the emissive layer that our fabrication techniquerated from a silver mirror by a thin layer of LiF. They found
afforded. a significant enhancement in the emitted intensity to a

We have also shown that the selective integration techfactor of 450 when compared to a sample without a silver
nigue can be used to determine the probability that an emittemirror. The enhancement could only be accounted for by
will lose its energy to a specific decay channel. The impor-assuming the power lost by the laser dye to the bound modes
tance of this technique arises from the difficulty of directly of the system underwent secondary coupling. This occurred
measuring the power coupled to the nonradiative EM modesas a result of the bound EM modes scattering off the intrinsic
The major difficulty is that although the spatial distribution roughness of the LiF to produce radiation. In devices such as
of the emitted radiatiorfradiative modescan be measured the microcavity light-emitting diodéLED) the photolumi-
directly, a mechanism to couple guided modes to radiativenescence yield may be limited by coupling to bound EM
ones must be provided before the former can be measurethodes22]. As we have demonstrated, the selective integra-
Two common coupling mechanisms are gratii®] and tion technique can be used to assess the extent of this cou-
prism coupling[20]. Measuring the power coupled out in pling. It can thus be used to estimate by how much the pho-
this way may not give an accurate measure of the modabluminescence yield could be enhanced if the bound modes
contribution to the SpE decay. Such inaccuracies may beere to be coupled to radiation, for example, through grating
caused by a combination of incomplete coupling and theoupling.
presence of intrinsic absorption which will act to dissipate
the modes before significant coupling occurs. A further dif- VIl. SUMMARY
ficulty with intensity based studies occurs if photoexcitation
is used because enhancement and inhibition of the absorptio
of the pump radiation by the emitter due to the microcavity
[20] complicate the comparison of different microcavity
structures. These difficulties are not present when measurin

the SpE rate, since it is not dependent on any of these sec: lectric-air interf h (anificant effect on th ¢
ondary processes. Thus, although an indirect measure of t clectric-air intertace has a signiiicant efiect on the sponta-
eous decay rate of the Euions. Further, we have recog-

modal contribution, the selective integration technique can d that the silver-dielectric-air struct is in fact
be a powerful tool in the design of emissive microc:avitynlze at the silver-dieiectric-air structure 1s in fact an

devices asymmetrical microcavity. By finding good agreement be-

As an example we can reexamine one structure reportefV6€N OUr SpE rate data and predictions based on a well-
in Sec. V C. We choose the sample willy,=234 nm, a established classical theory, we have been able to calculate
thickness that allows the structure to support two Waveguid%he contrlbunon of the various decay channels to the overall
modes. Further, the emissive layer is located suchdpat ecay rate.

=104 nm. Using selective integration we find the contribu-m \élVe fOICUS?r? trc:ur dattentlorn on thi rctJrI]e i?]?thvavegl;'?ﬁ
tions to the SpE rate are odes play e decay process. As the thickness of the

dielectric layer is increased the modes change in character
from radiative to fully guided. We have shown that as this

Experimental results for the SpE rate of*Etions embed-
ed within a dielectric planar layer above a silver mirror
have been presented, both as a function of the thickness of
e dielectric layer and the location of the ions embedded
lithin it. We have demonstrated that the presence of the

Radiative modes 18% s . .

) o, lransition takes place there is no corresponding abrupt
2nd wavegL_ude mode 3% change in the SpE rate, as has been seen for the more com-
1st waveguide mode 26% monly studied symmetric microcavity. Rather, as the transi-
SPP mode 27% tion takes place, there is a redistribution of the fraction of
Intrinsic nonradiative (% q) 26%  power dissipated between the radiative and guided modes.
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