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Light emission through a corrugated metal film: The role of cross-coupled surface
plasmon polaritons
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We examine the phenomenon of light emission through a thin metal film that takes place via surface plasmon
polaritons. Surface plasmon polariton cross coupling has recently been invoked to explain sharp features
observed in the angle dependent emission spectra obtained from surface-eftiitbogh cathodeorganic
light-emitting diode structures. We investigated whether such a cross-coupling process is needed to explain
such observations. We undertook measurements on samples for a variety of metal film thicknesses. Our results
are consistent with the mechanism of surface plasmon polariton cross coupling but also show that the processes
underlying the emission from such structures can be rather subtle.
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[. INTRODUCTION nanostructured metallic films received renewed interest fol-
lowing the report in 1998 by Ebbesen and co-workecd
There is continuing interest in the emission of light from enhanced transmission through metallic films perforated with
surface-emitting organic light-emitting diodg®©LEDs)»?  periodic arrays of subwavelength holes. In the context of the
since such devices might be integrated onto opaque subvork reported here the question of whether such enhanced
strates, for example, in actively addressed display applicaransmission requires an array of holes or can be accom-
tions. In common with the more usual substrate-emittingplished with just a periodically modulated film is of particu-
OLED, not all of the light emitted in the organic layer lar interest* Several authors have explored the possibility of
emerges since much of it is trapped by guided modes of thasing periodically modulated metal films to extract light
OLED structure, including surface plasmon-polari{@PB  from surface plasmon polariton mod&s2°though only Gif-
modes associated with the cathode/organic inteddadari-  ford and Halt?! have so far reported experimental results
ous strategies have been adopted to recover some of this losecifically to look at surface plasmon polariton cross cou-
power in substrate-emitting OLEDs so as to improve deviceling as a means of extracting light from such structures.
efficiency, among them the use of wavelength scale periodic In a surface-emitting OLED light has to traverse the thin
microstructure to scatter guided modes to radiation. metallic cathode in order to emerge into the far field, as
Surface-emitting OLEDs have similar problems that are arshown in the inset to Fig.(&). In such structures the cathode
guably even more complex since the thin metallic cathodegs bound on one side by the emissive organic layer, and on
used in these devices support two SPP modes. Emitters in tliee other by air. Consequently two distinct SPP modes may
organic layer may couple to these modes; one mode is assbe supported by the structure, one associated with each
ciated with the cathode/organic interface, the other is associmetal/dielectric interface. Figurgd shows a schematic dis-
ated with the cathodef/air interface. Gifford and Bladicently  persion diagram, angular frequen@ys in-plane wave vec-
discussed the use of microstructure to recover these SRBr k; (here in-plane refers to the plane defined by the inter-
modes through a surface plasmon polariton cross-couplinfaces of the structure and, where it refers to emisskgiis
process in which the microstructure is first used to couple thalso in the plane containing the emission directitmm a thin
SPP modes associated with the two interfaces together, thanar metal film bounded on one side by an organic layer
same microstructure is then also used to provide coupling odind on the other by air. The shaded area in Hig) it the air
the SPP modes to light. Here we report the results of atight-cone, it represents those combinations of frequency and
investigation on a range of similar structures designed tdan-plane wavevector applicable to freely propagating photons
explore this cross-coupling process in more detail. in the air half space. As can be seen in Figp)lthe wave
Surface plasmon polariton cross coupling was first revectors of the two SPP modes are always greater than that of
ported by Pockrand in 197&Ref. [7]) through the use of a photon of the same frequency in air, reflecting the nonra-
reflectivity measurements on thin corrugated metal filmsdiative nature of SPPZ.If nothing is done to recover the
SPP cross-coupling was discussed theoretically by Webernergy in these modes they represent an unwanted loss
and Mills® and there followed a number of further mechanism.
reports?19 Ushioda et all' invoked roughness mediated  As noted above, one method of recovering some of this
cross-coupling to explain some of their results on light emit-energy is to corrugate the metal surface on the scale of the
ting tunnel junctions but it was Gruhlket al?> who first  emission wavelength with periad,, as shown in the inset to
reported the emission of light generated by molecular fluoFig. 1(b). The momentumwave vectoy of the SPPs may
rescence through a corrugated metal film mediated by SPthen be augmented or reduced by grating scattering off the
cross coupling in 1986. The transmission of light throughperiodic structure according to the relation
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(a) angular frequency (w) k’SPP: kSPPi nkg (1)

wherekspp is the wave vector of the SPP modg, is the
grating wave vectotk,=2m/\gy), Ksppis the in-plane wave
vector of the scattered SPP mode, anis an integer that
defines the order of the scattering process. Through an ap-
propriate choice of grating period, first-order scattering may
allow the SPP modes to be coupled to radiation, i.e.,
: |kspd < ko, Whereky=w/c is the free space wave vector. The
rganic light- 0 . . . . .
emitting material In-plane wavevector (k;) effect of first-order grating scattering is shown on the disper-
sion diagram depicted in Fig(ld). Coupling to far-field light

is possible where scattering has placed a mode within the air
light cone. Using grating coupling in this way opens a route
for light trapped within a surface-emitting OLED device to
be recovered.

An interesting feature associated with the grating scat-
/ tered dispersion curve can be noted in Figp)1For a certain
- w, k; combination the positivelynegatively scattered SPP
metal / organic SPP mode associated with the metal/air interface is degenerate
with the negatively(positively) scattered SPP mode associ-
ated with the metal/organic interface. It is emission corre-
sponding to thisw, k; point that was the subject of the inves-
tigation by Gifford and Half, we will refer to thisw, k; value
In-plane wavevector (k,) as the crossing point. At the wavelength and emission angle
corresponding to the, k; crossing point emission mediated
by the metal/air and metal/organic SPP coincide, one thus
expects emission at this point to be significantly greater than
emission at neighboring wavelengths/angles. For the samples
studied by Gifford and Hall a significant interaction between
these modes was invoked to explain their data. We wished to
further explore the possibility of SPPs cross coupling in the
silver film context of light emitting structures, with a view to probing
the underlying mechanism. We did this by looking at emis-
sion through a number of corrugated thin metal films of dif-
ferent thickness.

Before going further it is useful to review the nature of
the SPP modes associated with a thin metal film. If the metal
film that supports the SPP modes is thin enough then the
fields associated with the modes of each interface may over-
lap. If these two modes also have the same wave végtor
a given angular frequenay, then the two modes are degen-
erate and there is a possibility that they will interact. Such a
situation occurs for the symmetrically clad metal filire.,

FIG. 1. (a) Schematic representation of a dispersion map for athe materials on either side of the metal have the same re-
thin metal film bordered on one side by an organic light-emittingfractive indey; the interaction leads to a lifting of the degen-
material and on the other side by dinse). The shaded region eracy of the two modes to produce two coupled surface plas-
labeled air light-cone represents the frequencies and wave vectorson polariton modes whose fields span across the metal
accessible to light propagating in afb) Schematic representation film.?3-26 In an asymmetric system, such as the structures
of a dispersion map for a corrugated thin metal film bordered orstudied here, in which the media bounding the metal have
one side by an organic light-emitting material and on the other sidejifferent refractive indices, the interaction described above
by air (insed. The area enclosed within the dashed lines representgannot take place because the two single interface SPPs are
the range of frequencies and wave vectors presented in Hiyote o longer degenerate, for any given frequency they always
that for clarity the horizontal s_cale u'_sed(im) not t_he same a&).] have different in-plane wave vectors. Coupling of these
(c). An SEM of the sample with a silver film thickness of 61 nm. modes is now only possible through a scattering process that

The image was obtained by first milling a trench in the sampley ;s this wavevector difference to be overcome, such as
using a focussed ion-beam milling machiffeEl DB2000. The

) i . that offered by a grating. When the coupling between the two
image is taken at an angle of 52° from the normal, courtesy of ESPP modes is mediated by the grating in this way the fol-
Devaux and T. Ebbesen, ISIS, Strasbourg, France. lowing Bragg condition must be satisfied

metal / air SPP

metal film

metal / organic

silica substrate SPP

®) angular frequency ()

metal film
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tkspp orgt 2Kg = F Kspp ai (2 [l e o A

\ (a)
0.801
metal/organic SPP

where, kspp org@nd kspp grare the wave vectors associated
with the SPPs at the metal/organic and metal/air interfaces
respectively.

We note that two regimes of cross coupling are possible in
the asymmetric structures considered here; in both cases the
grating may allow energy from the SPP mode on one inter-
face to be transferred to the SPP mode on the second inter-
face. First, the coupling is weak so that the dispersion of the metal/air SPP
individual modes remains unaltered. Second, if conditions 0.01 . . ) . i
were such as to allow a stronger coupling between the SPP 00 05 10 15 20 25 30
modes, e.g., with a deeper grating, then one might expect the Normalized in-plane wavevector (k, / k)
degeneracy of the two modes to be lifted. In this later case
one expects that the dispersion of the modes will be altered,
in particular the interaction should result in an anticrossing
feature in the dispersion diagram at the crossing points of the
two modes’ as we will see, although we find evidence for
cross coupling we did not observe such an anti-crossing fea-
tures and thus conclude that in our structures the first regime
applies.

Summarizing the role of the periodic structure, in the
cross-coupling process the metal/organic SPP is first coupled
to the metal/air SPP by scattering, which in turn is coupled to
radiation, again by scattering. Both of these processes relyon * ;0«15 : : : : . :
scattering from the grating, the first requires second-order 20 30 40 50 e 70 80
scattering(i.e., by Xg) while the coupling of the metal/air Sliver il thickiess; (hin)

SPP to radiation requires first-order scatterikg). As we
will see, this simple view needs to be modified once a bettegC
understanding of the details of the SPP mediated emissiogb nm from the metal surfac@). The large peak at a normalized

process_ has _been _acquwed.. . in-plane wave vector of-1.7 indicates power being lost to the
At this point it is instructive to see how well emitters ota)/0rganic SPP, the inset is a expanded iioear scalg of the

located within the light-emitting layer couple to the two dif- feature associated with the metal/air SPP. The power coupled to the

ferent SPP modes. We made use of a well established thegyetal/organic and metal/air SPP modes as a function of silver film

retical model to undertake such calculatidhd® The emit-  thickness(b).

ters are modeled as damped electric dipole sources,

reflections from the interfaces acting to drive the sources

i i i 6,19,20
thus modifying their emission. Using such a model one canquently been investigated in the past
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FIG. 2. Calculated power dissipation spectrum on a logarithmic
ale for an emitter located in the light-emitting at a distance of

example of such a power d|SS|pat|on_spectrum is shown "\ach mode as a fraction of the total power radiated by the
Fig. 2@. We have chosen an emission wavelength of

- pe s . emitter. We have done this as a function of silver film thick-
550 nm and taken the relative permittivity of the silver to be

Z11.0+0.3 and the silver film thickness to be 30 nifin ness, the results are shown in FigbR The coupling to the

qdii h d the dinole to h ot .metal/organic SPP is largely independent of silver film thick-
acdition we have assume € dipoie o have an ISOropIfia s \yhilst the coupling to the metal/air SPP falls exponen-
orientation, i.e., the dipole moment associated with the emis;

.  liaht | Il directi . i | ially with silver film thickness, much as one might have
sion of fignt samples all directions Iin space on a ime sca eexpected. These calculations will be discussed below when
faster than the luminescence lifetimne.

Th ks | h i indicat lost b thwe come to interpreting our experimental dgtdote that in
| N€ peaks In such a spectrum indicate power 10St by INg,qq6 calculations we assumed the quantum efficiency of the
emitter to modes of the structure. It is striking in Figap

that while power coupled to the SPP mode associated witﬁmmer to be unity.
the metal/organic interface is very substantial, that associated
with the metal/air interface is very small, down by over a
factor of 100. This finding is very important since it shows
that if one is to extract the power lost to the SPP modes of We started our investigation by looking at the photolumi-
structures such as those considered here it is the SPP assauéscencé€PL) from structures similar to those shown sche-
ated with the metal/organic interface upon which our attenimatically in the inset to Fig. (b). In the first instance we
tion should be focussed, not the SPP associated with theished to establish the nature of the modes supported by
metal/air interface; it is this latter mode which has more fre-such structures, something that we accomplished by measur-

Il. EXPERIMENTAL
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ing the emission spectra for a range of emission angles so as 10000
to build up a dispersion diagram. Below we describe both the ]
fabrication of our samples and the techniques used to acquire ]
the dispersion data. 1000- S5 .

A. Sample fabrication

Samples were made on corrugated silica substrates, the

Intensity (arb. units)

grating profiles being produced by exposing a silica substrate 1005 — :':xm‘:;f"

coated with a photoresist filgShipley Megaposit SPR 700- - - - Corrugated o = 20°

1.2) approximately 300 nm thick to an interference pattern & | e Corrugated 6 = 26'

produced using a 325 nm He-Cd laser. This pattern was ! T T

chemically developed and then transferred to the silica sub- 450 500 850 600
Wavelength 2 (nm)

strate by reactive-ion etching the samples using a mixture of

CHF; and G, gases; gratings had a pitch of 338 ri#ri nm) FIG. 3. Photoluminescence spectra of light emitted through a

and amplitudes in th_e range 15-40 ’D.ﬂs determined f_rom corrugated 55 nm thick silver film, and a 55 nm thick planar control
scanning electron micrographs—see Fig@)IL A 60 nm thick .

emissive organic layer of tii8-hydroxyquinolingaluminium
(Algz) and a silver film were then sequentially added by o o
thermal evaporation under high-vacuum conditions.ture at agvalayelength of 508 hnm a;‘]\d a;n em|ﬁ3|or|1 angle of 26|
(5x 1077 Torr). A key point of our investigation was to 'St ov;er times stronger than that from the planar contro
probe the effect of the thickness of the silver film on the STrHCtre:

emission process. To do this we made four separate regions

on two samples, the different regions differing only in their A. Identifying the modes in the PL spectra

silver film thickness, ranging from 19+2 nm to 81+2 nm,

measured using a calibrated quartz crystal oscillator. In order to identify the modes responsible for the emis-

sion features observed in data such as those shown in Fig. 3,
) ) a dispersion map was constructed using PL spectra taken
B. Photoluminescence measurement technique over a range of emission angles. These data were converted
To measure the angle-dependent photoluminescencérom intensity as a function of wavelength and emission
samples were mounted on a rotation stage and the @pg  angle (as they were recordg¢do functions of angular fre-
tically pumped through the silica substrate with light from aquency and in-plane wave vector, thus facilitating the assem-
410 nm diode laser. The spectrum of the resulting PL emittedly of an experimentally derived dispersion map. One such
through the silver film was recorded using a spectrometerdispersion map is shown in Fig. 4, where dark regions indi-
CCD combination with a spectral resolution-e2 nm, hav- cate strong emission. Comparing these data, Fig. 4, with the
ing first been passed through a narrow aperture to limit th@rea enclosed within the dashed lines shown in the dispersion
collection angle to 1°. By rotating the sample while keeping
the collection optics stationary, emission spectra could be k, Ik,
recorded for a range of polar emission andlés In order to
keep the optical pumping conditions constant the angle of the
pump beam relative to the sample was fixed throughout each
experiment.

o
=3

0.1 0.2 0.3 04 0.5

e
N

g
)

-
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IIl. RESULTS

Figure 3 shows PL spectra from a corrugated sample with
a silver film thickness of 55 nm for polar emission angles of
15°, 20°, and 26°. A number of sharp emission features may
be observed in these spectrote that these data are pre-
sented using a logarithmic intensity soaléncluding a
marked increase in intensity for an emission angle of 26°, at
which the peak wavelength is 508 nm. It should be noted
that these emission features were only observed when the

emission was collected with a polarizer set to pass TM po- kg, 4. Dispersion map constructed from photoluminescence
larized light and were not evident when the polarizer was sefp) emission spectra for a sample with a 55 nm thick corrugated
to pass TE polarized light. Also shown in Fig. 3 is the emis-silver film. Thez axis represents intensity and is on a log scale with
sion spectrum from a planar control sample, also acquired &fark regions indicating strong emission. The line labeled 26° corre-
an emission angle of 26°. Emission from the corrugatedsponds to the PL emission spectrum measured at a polar emission
sample is seen to be far stronger than that from the planaigle(6) of 26°. In order to see the modal features the intensity at
sample; in particular, the emission from the corrugated structhe crossing-point is overexposed.

P
Wavelength A (nm)

14

Normalized angular frequency w/2rc (um)*

In-plane wavevector k /2r (um)”
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schematic, Fig. (), we see that the sharp peaks in the emis- 120007 @)
sion spectra can be ascribed to the SPP modes associated
with the metal/organic and metal/air interfaces. This conclu- ~ 100001
sion is further supported by the observation that the PL of ‘§ 8000
these modes is TM polarized. 8

There are two aspects of the data shown in Fig. 4 that & 60004
should be noted. First, the region of strongest emission, seen %‘ I
in Fig. 4 at a wavelength of 508 nm and an angle of 26°, § 4000+
corresponds to the crossing point of the scattered SPP modes =
associated with the metal/air and metal/Aigterfaces. Sec- 2000+
ond, one can see that the emission associated with the metal/ 0 i . . .
organic SPP is in general weaker than that associated with 450 500 550 600 650 700
the metal/air SPP. This is very surprising since as we saw Wavelength A (nm)
above(Fig. 2), a far greater fraction of an emitter’s power is
coupled to the metal/organic SPP than the metal/air GPP 120007 T (b)
factor of at least 1QO)1The reason the metal/orgar_uc SPPis - 10000, s Ag 1 Alq, SPP
only weakly seen in the experiment can be described as fol- 2 ——Alq, spectra
lows. There are two ways in which this mode can be scat- S 8000
tered to produce emitted light.First it may be scattered by £
the microstructure at the metal/organic interface. The light > 6000+
will then be attenuated by propagation through the metal 2
before emerging as light into the far field. Second the micro- & 40001
structure at the metal/air boundary may scatter the mode. In~ ~ 2000
this case it is the field associated with the metal/organic SPP
that is attenuated across the metal. In both cases the attenu- 0+—= ——— L L

460 480 500 520 540 560 580

ation is much the same so that these two routes have similar
amplitude, let us call therA3gs ,andASpp 4 Importantly,
recent work has shown that these two routes are out of FIG. 5. Peak value of the photoluminescence emission associ-
phasé? there is thus cancellation, the resulting intensity be-ated with the SPP a#) the Ag/air andb) the Ag/Algg interfaces as
iNg [AZ% o5 A2bp of. This cancellation must be very sub- one tracks the dispersion of each feature. The data shown are for a
stantial since our data, Fig. 4, indicates the intensity of emissample with a silver thickness of 55 nm.
sion mediated by the two SPP modes to be comparable in
intensity whereas the power coupled from the emitters to thegity at the crossing poin.. We can also infer the intensity
metal/air SPP is 100 times weaker than that coupled to themediated by the SPP modes associated with the metal/air and
metal/organic SPP, Fig. 2. metal/organic interfaces would have at the samd point
(Ispp airandlgpp org respectively by fitting a normalized PL
spectrum obtained from a planar Alfim to the background
spectrum in both of the plots shown in Fig. 5. From the data
The emission features seen in Fig. 4 show that SPP meshown in Fig. 5, obtained from a sample with a silver film
diated emission occurs not only at the SPP crossing pointhickness of 55 nMmic, Ispp oy andlspp 5 Were found to be
but over a range of frequencies and emission angles, pr@&0 620(+210), 1175(x100), and 3975+125), respectively.
vided they fall within the Alg emission spectrum. From the At first sight this would seem to imply that the simple
data shown in Fig. 4 it is not obvious whether more than theaddition of the emitted intensity from the two emission
simple addition of the power associated with the scatteredoutes is not sufficient to explain the intensity measured
metal/organic and scattered metal/air SPPs is needed to ext the crossing point since (=10 620 > Igpp org
plain the high value of the PL at the, k; value at which the  +|4,, ,(=5150. However, before such a conclusion can be

modes coincidgthe crossing point We now examine the drawn a more careful analysis needs to be undertaken.
strength of that emission at the crossing point to see if some

extra mechanism, such as grating assisted SPP cross cou-
pling, is needed to explain the observations.

In order to establish the strength of the PL at the crossing When considering how the light mediated by these SPP
point it was first necessary to determine the strength of thenodes contributes to the emitted intensity at the crossing
direct emission from the individual SPP modes. This wagpoint we need to bear in mind that emission mediated by the
achieved by tracking the features in the emission spectra d&o SPP modes is driven by the same source; the two routes
they evolved with emission angle and recording the pealare thus coherent. In fact, as we noted above, the situation is
intensity and wavelength associated with them. This processven more complex than this since the SPP mode associated
was carried out for the SPP modes associated with both theith the metal/organic interface has two routes by which it
metal/organic and metal/air interfaces; the results are showmay couple to radiation by scattering from the two corruga-
in Fig. 5. From these data we can measure the emitted intertions. There are thus three coherent pathways to consider.

Wavelength 2 (nm)

B. Emission in the crossing region

IV. DISCUSSION
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FIG. 6. The ratio of the observed intensity at the crossing point

I to the expected intensitiy, FIG. 7. TM polarized transmittance data in the form a dispersion

map. The sample had a silver film thickness of 55 nm.

We have already denoted the amplitude resulting from th

tall ic SPP ttered b . t th ¢ /er note that that there appears to be a maximum in the ratio
metaliorganic Sﬁ? ered Dy corrugation at the meta c/lexp for silver film thicknesses around 60 nm. Can SPP
organic interface asAgfs ., and that resulting from the

o . cross coupling be used to explain this aspect of the data as
metal/air interface a#ghp o let us further denote the am- 12
plitude of the light mediated by the SPP mode associated |t might be expected that if SPP cross coupling is taking
with the metal/air interface a&spp o We now have to con-  pjace then the interaction between the two SPP modes might
sider the relative phase of these different pathways. Let Ug|so lead to anticrossing in the SPP dispergidimere is no
consider first the metal/air SPP. Coupling from the source t@vyidence for this in the dispersion data based on photolumi-
this SPP mode proceeds via the far field since the wave VegrescenceFig. 4) but as a check we also determined the
tor of this SPP mode is less than that of a photon in thejispersion from transmittance d&faTransmittance mea-
organic layer(the medium in which the emitter resides syrements were taken as a function of both wavelength and
There will thus be a #/2 phase change incurred as the farangle of incidence, converted to transmittance data as a func-
field is scattered by the corrugation to produce an evanescefibn of frequency and in-plane wave vector, and plotted to
wave and another #/2 phase change as this evanescentorm a dispersion diagram, Fig. 7. Comparing this plot with
wave eXCiteS the SPP resonance. Coupling out will inCUr th%e PL dispersion map Shown in F|g 4 for the 55 nm th|ck
same two phase changes so that the net phase changesjger film, it may be seen that the features previously iden-
27(=0m). For the metal/organic SPP, coupling from thetified as being associated with the Ag/air and Ag/ABPP
source proceeds via the near field so that without the need #@odes are also evident in transmission. Examination of Fig.
produce an evanescent wave by scattering there is just A shows no evidence of such anti-crossing where the two
phase change of7/2 needed to excite the SPP resonancemodes intersect. Closer inspection of Fig. 7 shows a small
Coupling out of the SPP resonance incurs a phase change §bp band to be evidefioth in Figs. 4 and jiwhere counter
+7r/2 and Scattering to ||ght anotherr2. In addition, and propagating meta|/organic SPP modes crgas wl2C
as noted in Sec. Il A, when this last scattering step takes 1.7 um andk,/27=0). This stop band arises from the same
place from the metal/organic interface an additional phasecattering process as is required for an interadguricross-
change of +r is incurred®® Taking all three pathways into ing) between the two different SPP modes at their crossing
account the resulting amplitude can thus be written agoint. However, since the anticrossing involves modes from
Aspp aitt (AEp org ASPp org)em/z- We have no way to access opposite sides of the metal we expect this to be a weaker
ASBe organd AShp o Separately; let us simply denote their effect than the stop band which involves modes on the same
difference af\spp oy The expected intensity,, will thus be  side of the metal. Given that the stop band we see is a very
given by small one it is not altogether surprising that we see no evi-
_ dence of an anticrossing in the dispersion data for the cross-
lexp= [Aspp airt Aspp o ™12 = lspp airt Ispp oy (3)  coupled SPP modes. It would be interesting to explore
whether more strongly modulated samples show such anti-
that is, it is given by the simple sum one anticipates in thecrossing can be produced; it would also be fascinating to see
absence of any interference effects. whether such changes might produce stronger emission
In Fig. 6 we show the ratidc/l.,, as a function of silver based on SPP cross coupling.
film thickness. From these data we see that the observed We next wished to explore the reason for the seemingly
intensity at the crossing point exceeds that expected on thgreater effect of cross couplinghigher values ofl ¢/l
basis of the contributions from the individual modes for all for film thicknesses around 60 nm. We found it instructive
but the thinnest silver films. SPP cross coupling seems theo look at the ratios Ispp 4if (Ispp orglspp a)  @nd
most plausible mechanism by which this may occur. We furdspp od (Ispp orgt Ispp ai @S @ function of silver film thick-
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12— Agiair SPP Here coupling between an emitter and this SPP mode pro-

10] ® AgAla,sPP ceeds via the far field of the emitter since the wave vector of

) ,% the metal/air SPP is less than that of a photon in the organic

0.8 ”}‘ + layer. Once excited this SPP mode can be scattered by the
"}' microstructure at the metal/air interface to produce emitted

0.6 & Y light. This latter scattering process is largely independent of
9 el metal film thickness, but the strength of coupling from the

Fractional emission intensity
in individual SPP modes

o4 3 + emitter to this SPP mode falls exponentially with increasing

0.2+ ' *5* metal film thicknesgFig. 2) as one might expect. We thus
- expect that the strength of emission mediated by both SPP

°'°o 10 20 30 40 50 60 70 80 90 routes will fall exponentially with increasing metal film

thickness. The increase in the relative strength of the metal/
air SPP mode for film thicknesses around 60 (fig. 8)

FIG. 8. Relative intensity of the emission seen via the two SPFcannot therefore be explained on the basis of the mechanisms
modes as a function of silver film thickness. considered so far; perhaps cross coupling of the SPPs is re-
sponsible. As noted above, the increase in the relative

ness, the results are shown in Fig. 8. We see that for smallyength of the metal/air SPP mode for film thicknesses

values of the silver film thickness, less than 40 nm, thearound 60 nm is reminiscent of the optimum metal film

strength of the tv.vo' pathwf':lys is roughly the same. As "®thickness in Kretschmann-Raether prism coupling to SPPs
marked above, this is despite the fact that an emissive source

such as an Algexciton in the light-emitting layer couples to gsing attenuateq total reflection: let us explore this possibil-
the SPP associated with the metal/organic interface with gy in more detail. . .
probability that is more than 100 times that of coupling to the !N the cross-coupling scheme the SPP mode associated
SPP mode associated with the metal/air interface. For thicke¥ith the metal/organic interface can couple to the SPP mode
films, around 60 nm, there is a marked difference in the rela@ssociated with the metal/air interface when scattering off the
tive strength of the emission associated with the two SPnicrostructure is such as to allow their wave vector mis-
modes, that associated with the metal/air SPP being signifinatch to be overcomisee Eq(1)]. The field associated with
cantly stronger. Finally, for the thickest film measured,the metal/organic SPP falls exponentialt least to a first
80 nm, the intensities are once again similar. The observatio@pproximation across the metal film where it can be scat-
that the metal/air SPP dominates for silver films aroundered by the microstructure so as to couple to the metal/air
60 nm thickness is reminiscent of the optimum film thick- SPP. A phase change af/2 is incurred as the evanescent
ness found for coupling incident plane waves to SPP at #ield of the metal/organic SPP excites the metal/air SPP.
metal/air interface using the Kretschmann-Raétherism  The reverse process can also occur, that is, the SPP associ-
coupling arrangement; we now investigate this possibilityated with the metal/air SP@#hat has been generated by scat-
further. tering of the metal/organic SPRan in turn be scattered so
We can identify two factors that need to be consideredas to couple to the metal/organic SPP. This return route in-
when trying to understand the change in PL emission inteneurs anothetr/2 phase change so that the original SPP field
sity mediated by the two SPP modes that occurs with varyingnd that generated by this return route are out of phase. If the
metal thickness. We need to consider how the emitteramplitude of this return field could be made equal to the
couple to the two SPP modes and we need to look at hownitial source field then we have cancellation. One might
these modes are in turn coupled to emitted light. think that such a thing cannot be accomplished since the field
First let us consider the SPP associated with the metaltill suffer exponential decay on both passages through the
organic interface. Emissive sources couple strongly to thisnetal film. However, by exciting the SPP associated with the
mode via their near field and the strength of this coupling ismetal/air interface the amplitude of the field is enhar¢ed
largely independent of the metal film thickness, see Fig. 2that the amplitude of the return field can indeed equal that of
For the thinnest metal films there is a small change in theéhe source, provided the thickness of the film is chosen so
probability that an emitter will lose its energy to this mode that the field enhancement is balanced by exponential decay
since the nature of such a mode changes as the metal filof the field across the metal. When the resulting cancellation
thickness is reducetf,and the field associated with the mode occurs power will have been effectively transferred from the
samples the air half space. As discussed above, there are tweetal/organic SPP to the metal/air SPP. This line of reason-
routes by which this mode can be scattered to produce emitAg is at least consistent with the observatigkgy. 8) and
ted light; they suffer similar attenuation in getting through provides further support for the idea that SPP cross coupling
the metal and are out of phase with each other. The nes taking place.
consequence is that emission via the metal/organic SPP In summary, we have investigated the emission of light
mode will both be weakcompared to the power coupled to through a metal film, focussing particularly on the role of the
the modg, and is expected to fall exponentially with increas- two SPP modes associated with metal/organic and metal/air
ing metal film thickness. interfaces of such structures. We have shown that when
Second let us consider the SPP mode associated with tlmission mediated by both of these modes emerges in the
metal/air interface; for this mode things are rather differentsame direction and at the same wavelength there are a

Silver film thickness, d M(nm)
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number of subtle effects that come into play, notably theplore some of the subtle physics associated with surface plas-
interference of different emission pathways. By consideringnon polaritons.

these possibilities we have established that our experimental

data are at least consistent with the idea of SPP cross cou-

pling. However we have also shown that such cross coupling ACKNOWLEDGMENTS
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