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Abstract: We observe more than a 200-fold increase in the photoexcited phosphorescent emission of
PtOEP (2,3,7,8,12,13,17,18-octaethyl-21 H,23 H-porphyrin platinum 1) in a polystyrene film on nanotextured
silver surfaces, coincident with a reduction in the triplet state lifetime by a factor of 5. The large enhancement
results in films with apparent luminescence quantum yields much greater than unity and can be understood
in terms of increased radiative rates due to interactions between the molecules and the electron plasma in
nearby silver nanoparticles. We study the photoluminescence efficiency, excitation spectrum, and decay
dynamics as a function of film thickness and silver density. We use a model of the photophysics to
decompose the phosphorescent enhancement into contributions from increases in absorption, emissive
rate, and quenching. Quenching increases in importance for very thin films, and we conclude that ~3 nm
spacing between metal and chromophore leads to the largest photoluminescence enhancement.

It would be desirable to exploit electromagnetic enhancement
OIphenomena by plasmons for biomolecular sensing or for
fabrication of improved emissive devices, such as lasers or
organic light-emitting diodes (OLEDs). In the context of
biomolecular sensing, it may be possible to endow essentially
nonemissive molecules of importance with good fluorescence
fquantum yield or to improve fluorescent tags that already have
near unit quantum yields by effectively enhancing their absorp-

Introduction

Radiative processes in molecules can be dramatically altere
when they are near rough metallic surfaces. The collective
response of electrons in metal nanoparticles to optical fields,
so-called plasmon resonant®, strongly affects the spectros-
copy of nearby molecules® Modifications of radiative rates
can be understood in terms of local field enhancements nea
the metal particles or in a picture where the molecule borrows . ) " .
oscillator strength from the huge transition dipole of the plasmon tion cros;-secnons. T,he latter str.ate.gy has the add|t|.on'a| benefit
resonancé Very large enhancements of molecular fluorescence of reducing the excited-state lifetime due to radiative rate

and Raman scattering have been observed since local fields Car.(?nhancement, thereby red.ucing excited-state rejac.tions th.at result
be increased by more than 3 orders of magnitude under ideal” permanent photobleachidgln the arena of emissive devices,

circumstanced: 10 Therefore, optical processes linear in light SuUch @s OLEDs, it would be highly desirable to choose

intensity, such as absorption and emission, can in principle be molecules on the bagis of theilr stapility under current flow or

accelerated by more than 6 orders of magnitude. Ramanperh{aps on the basis of their emission spectrum with less
processes that involve both incident and scattered fields can becnsideration of whether they have high luminescence quantum
enhanced by 12 orders of magnitude, the underlying basis for vield. In particular, enhancement of triplet emission would have

the recent discovery of single molecule Raman scattefirig. high impact. since spir.l statistics favor recombination to the
molecular triplet state in OLEDY. Speeding up phosphores-

cence in triplet-based OLERs?2C is also desirable to avoid-
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saturation of emissive sites at high current, triplgiplet Experimental Section

annihilation, and triplet quenching by,O ) - )
L . A detailed description of our substrate cleaning procedure can be
A number of examples of emissive enhancement near silver ¢y ,nq elsewherd We chose the Tollens “mirror” reaction to apply

surfaces have been docume#te?f in a wide variety of systems  sjiver to glass substrates prior to spin casting polystyrene/PtOEP films
varying from DNA?7 to erbium complexe&8 to CdSe quantum  on them. The Tollens reaction produces bare silver and can be adjusted
dots30 There is also theoretical work considering how molecular to produce nanometer scale texture optimal for electromagnetic field
emission is affected near silver nanopartiélé&vertheless, the  concentration. Briefly, concentrated ammonium hydroxide was added
experimental observations are complicated by excited-stateto 30 mL of silver _ni_trate (_0.1 M) while stirring. After the initially
quenching processes such as electron transfer and dissipativ&®'med brown precipitate dissolved, 15 mL of 0.8 M KOH was added

. and additional concentrated ammonium hydroxide was added slowly
energy transfer that are also introduced when molecules are, . o . .
. to dissolve the precipitates. For nanotextured silver nanoparticle growth,
placed near metals. Moreover, one expects radiative rate

. AL “~equal amounts of the above solution and 0.5 M dextrose were mixed
enhancement for both absorption and emission to play a role inggether and immediately drop cast on a clean glass substrate. Optically
increasing photoluminescence. For applications like enhance-thick films form in 5 min under these conditions at room temperature.
ment of OLED emitters, it is important to separate these The density of the silver film was controlled by regulating reaction
contributions since absorption enhancement is irrelevant whentime. Exposure times were betweg s and 2 min. We found that using
excited states are created by charge recombination. Previoustarting solutions that had been stored in a refrigerator-&t°C)

work, however, has not adequately disentangled effects Ofipcreased the observe_d luminescence enhancements relative to that of
absorption and emission enhancement on the observed lumi-IiMs Made from solutions stored at 2C. _
nescence. Many other important fundamental questions also '0luéne solutions with 0.05% PtOEP (0.48 mmoliL, porphyrin
remain unanswered, such as how the metallic plasmon resonanc8/°dUct Frontier Scientific, MW= 727.84) codissolved with polysty-

rene (MW= 44 000, Aldrich Chemical) were used for film preparation

affects the molecular absorption and emission spectra and hOWWhere the film thickness is well controlled by adjusting the polymer

the molecule should be situated with respect to the surface 0concentration and spin casting speed to get desired film thickness.

optimize the tradeoff between quenching and enhancement.  spectroscopic ellipsometry of films cast as above onto silicon wafers
In the present paper, we address these questions for thewas used to calibrate thickness and typically showed that each percent

molecule PtOEP%16.18-20 gn important phosphorescent emitter  Of polystyrene adds 2.7 nm thickness at a spin casting speed of 4000

in OLED technology that has well characterized spectroscopy "P™

and photophysics. PtOEP luminescence has also been used for Extinction spectra were recorded using a Perkin-Elmer Lambda 19

oxygen pressure sensifigand as a temperature sendkWe UV —vis—NIR spectrometer with 2 nm resolution. Steady-state phos-

. . . horescence excitation spectra were taken with a SPEX Fluorolog-3
measure the absorption, photoluminescence, Iummescenc«%

. . . . uorimeter at 2 nm resolution. Decay dynamics of the phosphorescence
excitation spectra, and excited-state decay dynamics of films o6 recorded with a photomultiplier tube and digital storage oscil-

of PtOEP in a polymer binder that are made by spin casting joscope (Lecroy 9450A). The excitation for the transient measurements
onto nanotextured silver surfaces. In some cases, we observavas with pulsed lasers. FoSS, excitation, we used a 10 Hz frequency
200 times greater enhancements in phosphorescence relative tdoubled Nd:YAG laser (Spectra Physics DCR2, 532 nm, 10 ns pulse
that of analogous films without silver, leading to apparent duration), and for §-S; excitation, we usé a 2 Hznitrogen laser-
quantum yields far exceeding unity. In the case of 200-fold Pumped dye laser (Photochemical F\’_esear(_:h Associ_ates LN1000 and
increase in luminescence, we ascribe it to approximately 40 -N102, 366 nm, 200 ps pulse duration) with 2-(4-biphenylyl)-5-(4-
times absorption enhancement and 5 times enhancement du ertbutylphenyl)-1-3,4-oxadiazole (PBD) dye in 1:1 toluene/ethanol.
. o N Il photoluminescence data were taken with excitation and emission
to mcregsed phpsphqrescent rate with little quenching mtroducedfrom the film side of the substrate.
by the silver. Film thickness dependent measurements suggest
the optimal distance of the chromophores from the silver to be Results and Discussion
around 3 nm, and the spectroscopic data show that the
enhancement factor is linked to the silver plasmon resonance 1. PtOEP Spectroscopy and Photophysic3he absorption
spectrum. spectrum of PtOEP in solution (Figure 1) shows three well-
resolved peak%! The one around 380 nm is attributed to the
(21) Kummerlen, J.; Leitner, A.; Brunner, H.; Aussenegg, F. R.; Workaun, A. So—$; transition (Q2 band), and the one at 530 nm is assigned
Mol. Phys.1993 80, 1031-1046. to the $—S; transition (Q1 band). The small absorption around

22) Enderlein, J."OAppl. Phys. Lett2002 80, 315-317. . LSS . .
Ezgg Sth{kﬁ';‘mmer, ?_‘? Aus;{;f‘negg, E é_; Leitner, A.: Brunner, H.: Hawa, G.: 490 nm is from the vibrational structure associated with carbon

iggmaier, C.; Pittner, FProc. SPIE: Int. Soc. Opt. Eng997 2976 129~ double-bond stretching imSThe emission spectrum of PtOEP
(24) ‘Sokolov, K.; Chumanov, G.; Cotton, T. Mnal. Chem1998 70, 3898- is dominated by a strong red band at 650 nm that originates
(25) Kamk')hampati, D.; Nielsen, P. E.; Knoll, VBiosens. Bioelectror2001, from theT(O’O) trlp|§t Igvel§5 with quam}lm yleld reported to

16, 1109-1118. be about 45% and lifetime around 863537 Due to the heavy
(26) Kramer, A snapesinger, W.; Hecht, B.; Wild, U. Appl. Phys. Leti2002 Pt atom, strong spirorbit coupling leads to intersystem crossing
(27) Lakowicz, J. R.; Shen, B.; Grycznski, Z.; D'Auria, S.; Gryczynski, I.  yields close to 100%, and singlet emission is not observed. The

Biochem. Biophys. Res. Comm@001, 286, 875-879.
(28) Hayakawa, T.; Selvan, S. T.; Nogami Rppl. Phys. Lett1999 74, 1513—
1515

. (33) Pan, S. L.; Wang, Z. J.; Rothberg, L.MRS Proc.2004 818 M5.19.
(29) Lakowicz, J. R.; Shen, Y.; D'Auria, S.; Malicka, J.; Fang, J.; Grycznski, (34) Darwent, J. R.; Douglas, P.; Harriman, A.; Porter, G.; RichouxCbbrd.
Z.; Gryczynski, I.Anal. Biochem2002 301, 261-277. Chem. Re. 1982 44, 83—126.
(30) Shimizu, K. T.; Woo, W. K.; Fisher, B. R.; Eisler, H. J.; Bawendi, M. G.  (35) Ponterini, G.; Serpone, N.; Bergkamp, M. A.; Netzel, TJLAm. Chem.
Phys. Re. Lett. 2002 89, 117401/117401117401/117404. So0c.1983 105 4639-4645.
)
)

(31) Amao, Y.; Asai, K.; Miyashita, T.; Okura, Anal. Commun1999 36, (36) Mills, A.; Lepre, A.Anal. Chem1997, 69, 4653-4659.
367—369. (37) Higgins, R. W. T.; Monkman, A. P.; Nothofer, H.-G.; Scherf,JJ Appl.
(32) Lupton, J. MAppl. Phys. Lett2002 81, 2478-2480. Phys.2002 91, 99-104.
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10 broad inhomogeneous distribution of plasmon resonance fre-
’ guencies, the increase in the red tail reflecting interactions
2 08 between the plasmons of many particles and the increased
e reflection of the silver film. These interactions are responsible
..“:3 06 for large local electromagnetic field enhancements in “hot spots”
> between particles. The local geometries for these hot spots are
2 04 not well understood but are probably associated with inhomo-
% 0.2k geneous size distribution and discontinuous morphof8gy
o that the plasmon cannot propagate, and the electromagnetic
energy remains confined to a small area. For these particular

o
=)

300 400 Wasool :’0 700 800 surfaces, we have shown that the roughness scales with fractal
velength(nm) dimensionalit§® (D ~ 1.5), allowing for focusing of energy

Figure 1. PtOEP absorptiond) and emission @) spectra in toluene from larger to smaller length scal®s.
solution. Bands are labeled according to the designations of ref 35. A typical . .
extinction spectrum of a nanotextured silver film prepared by the Tollens ~ Each of the samples shown in Figure 2 was coated by a 15

reaction is shown for reference-). nm thick PtOEP/polystyrene film, while the silver formation
reaction times were 5, 15, 30, 60, and 90 s, respectively. AFM

28 topographic and phase images (Supporting Information) after

20 the film is applied on top of silver assemblies indicate that the
8 film surface has changed from stiff to viscoelastic. At the same
£ 15 time, the film is slightly smoother, indicating that the spin cast
2 film is not perfectly conformal. We can use the data of Figure
§ 10 2 to provide an upper limit for the enhancement of PtOEP
< absorption by silver. The PtOEP absorbance in the film without

silver is approximately 0.02 at 380 nm and 0.012 at 535 nm.
y Because much of the extinction is due to scattering by the
00 200 o0 a0 700800 nan.otextured S|!ver and bepause scaf[tered light can subsequently
Wavelength(nm) gxcne PtOEP Wlthogt.creatlng an obvious PtOEP spectral .fea'.[ure
Figure 2. Extinction spectra of substrates coated with nanotextured silver in the absorb-anc-e' Itis not Str-alghtforward o l-Jse the egtlnctlon
and 15 nm PtOEP/polystyrene films. The increasing density of silver near 53'_5 nm m_ Figure 2_t0 estimate the actual increase in PtOEP
particles in the films from samples-b is controlled by the exposure time ~ absorption in films on silver. Nevertheless, we can say that the
to the Tollens reaction, as described in the text. absorption by the PtOEP at 535 nm is certainly less than the
entire observed extinction at 535 nm, corresponding to an
relative sharpness of the bands and minimal vibronic structure apsorbance around 0.75 for film number 4. This leads to an
in the transitions are consequences of the rigidity of the upper limit for the increase in absorption by PtOEP to be a
porphyrin. factor slightly greater than 60 at 535 nm and slightly greater
The extinction spectrum of a typical nanotextured silver film than 25 at 380 nm. These are clearly overestimates but are
prepared by the Tollens reaction on glass is included in Figure nevertheless important because we can use them to prove that
1 for reference. The measured attenuation of light in this case our observed luminescence enhancement data below cannot be
can be ascribed to both absorption and scattering. The silverexplained without invoking enhanced rates for phosphorescence.
spectrum is much broader and less structured than that of 3. Excitation Wavelength Dependence and Absorption
individual silver nanoparticles in solutidfi,and its breadth  Ephancement.Phosphorescence excitation spectra for PtOEP/
reflects an inhomogeneOUS distribution of plasmon frequencies polystyrene films with 15 nm average thickness are reported in
characteristic of interacting nanostructures. The absorption andrigyre 3. Increasing the silver density on the substrate prior to
emission bands of PtOEP are therefore all resonant with partsspin casting the emissive film results in a dramatic increase in
of the plasmon distribution and potentially subject to local field jyminescence followed by a decrease to a value lower than that
enhancement and excited-state quenching if the molecules argptained for films without silver on the substrate. The lumi-

o
)

0.0

situated appropriately. nescence spectrum is essentially unchanged and remains such
2. Silver Spectroscopy and Film Morphology Atomic force as that in Figure 1 with a maximum near 650 nm. Optimal

micrographs of our silver surfaces (Supporting Information) |uminescence is obtained for silver films with optical densities

indicate hard films composed of nanoparticles ©50 nm between 0.4 and 0.7 near the single particle plasmon peak at

regardless of reaction time, presumably limited by the size that 420 nm. For excitation at 535 nm, increases in photolumines-
rapidly precipitates from the suspension. For reaction times of cence of a factor of 75 are observed for 15 nm thick films.
2 min or less, discontinuous silver particle assemblies with Effects of that magnitude cannot be explained by increased
various density can be prepared, and Figure 2 shows thereflectivity or by multiple scattering leading to longer effective
extinction spectra of several with different reaction times used excitation path length. On the basis of the upper limit for
in our experiments. The optical density of the silver films at apsorption enhancement derived in the previous section, the
400 nm varies from around 0.2 up to 2.0 for the substrates used
in our experiments. The spectrum evolves from having more (39) Markel, V. A.; Shalaev, V. M.; Zhang, P.; Huynh, W.; Tay, L.; Haslett, T.
isolated particle plasmon feature around 400 nm to having a L Moskouits, M.Phys. Re. B: Condens. Matter Mater. Phy$999 59,

(40) Wang, Z.; Pan, S.; Krauss, T. D.; Du, H.; Rothberg, [Rréc. Natl. Acad.
(38) Hiramatsu, H.; Osterloh, F. Ehem. Mater2004 16, 2509-2511. Sci. U.S.A2003 100, 8638-8643.
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6 — enhanced by aggregates with redder plasmon emission, as well.
+ [A For this reason, local absorption enhancement at 535 nm is likely
ﬁ to be larger than at 380 nm. Finally, the silver extinction
e % spectrum represents both scattering and absorption, but the part
% 1 due to scattering is more closely related to local field enhance-
] X L‘ ment. Scattering increases in importance relative to absorption
§ T for larger particle sizes whose plasmon absorption is redder.
£ We show below that the excited-state lifetime is independent
§ of excitation wavelength, so that the contribution of increase

o S i . in emission rate cannot explain the relatively larger enhancement

950 400" 450 800 - 860 600 for 535 nm excitation{ 75-fold versus~12.5-fold for 380 nm).

Wavelength (nm) Therefore, the ratio of enhancement at 535 nm to that at 380

nm (~75/12.5= 6 for 15 nm films on surface #4) represents a
lower limit on the contribution of absorption enhancement to
the overall increase in observed photoluminescence for 535 nm
excitation.

4. Distance Dependence of Plasmon Enhancemerithe
largest local field enhancement is expected to be for regions
extremely close to the metal nanoparticles, but charge transfer
guenching of the molecular excited state is very efficient under
these circumstances. Maximum fluorescent enhancement is
therefore observed when there is some distance between the

) . . fluorophore and the silver. Previous experiments on fluorescent
Figure 3. Excitation wavelength dependence of emissive enhancement. . .
(A) Phosphorescence excitation spectra of the 15 nm PtOEP/ponstyreneenhancement that investigated the dependence of the molecule
films on silver whose extinction spectra were presented in Figure 2. The on metal separation have been done using various spacer
emi_'isit_on is mtoniftori{(li it 650_|nm- (sz fl_\llorgh’alllizeol t|0hOhS|0horescetnce designs. Due to the extremely rough topology of typical surfaces
). The emission intensity for 380 nh excitaton fs set 16 unty. | SuPporting enhancement, it is difficult to develop a rigorous
approach to control distance and orientation. In the present work,

photoluminescence enhancement also cannot be explainedV® Study the surface plasmon-enhanced phosphorescence by
without increased emissive yield for the triplet state. The fact changing the PtOEP/polystyrene layer thickness rather than by
that decreases in luminescence can also be observed in thicltt€MPpting to make uniform spacers. The thickness can be well
films (cf. film 5) suggests that discontinuous silver morpholo- controlled by changing the concentration of polystyrene or spin
gies, where plasmons cannot propagate so that optical fielgcasting speed without changing the concentration of PtOEP in

energy remains localized, are essential to the enhancéfent. € solution to be spin cast onto the silver substrate. The
The excitation spectrum of the PtOEP without silver is a good thickness of these films is _esnmated US'”Q_ ellipsometric
approximation to the PtOEP absorption spectrum. On silver, measurements of analogous films spun onto silicon substrates.
however, it is significantly changed. For moderate amounts of ~ While atomic force micrographs indicate that we obtain
silver (surfaces 24), the magnitude of the excitation spectrum approximately conformal films, it should be said at the outset
increases at all wavelengths, reflecting overall enhancement ofthat the geometry we enforce, using this procedure, is not well
the phosphorescence. A substantial change in the shape of théharacterized. The silver roughness is substantially greater than
excitation spectrum is also observed, indicating variation in the the film thickness, and the PtOEP is distributed throughout the
amount of absorption enhancement versus excitation wavelengthfilm. Thus, we can only meaningfully speak of average distances
The magnitude of absorption enhancement does not track thePetween chromophore and silver and can only obtain semi-
p|asmon spectra for the undeﬂying silver films. For e)(a_mp]e7 quantitative estimates of optimal distance. Having said that, we
the surface facilitating the highest emission (#4 in Figures 2 believe that our methodology tends to underestimate the
and 3) has about the same value of extinction at 380 and 535magnitude of luminescence enhancement due to plasmons since
nm, yet the relative enhancement in phosphorescence for 535t represents a wide distribution of geometries, including many
nm excitation is over 6-fold as large (Figure 3B). We neverthe- PtOEP molecules that are too close to the silver and are
less believe that local field enhancement due to interaction with quenched. It should be noted, however, that there is some
metal nanostructure plasmons is the root cause of the increasdncrease in surface area due to the roughness of the silver films,
in phosphorescence. The changes in the excitation spectrum d§0 that more PtOEP is accommodated than on a substrate
not directly correlate to the silver film spectrum for several Without silver. On the basis of experiments where we reverse
fundamental reasons. First, the largest field enhancements aré®ur procedure and deposit silver on top of films containing the
near aggregates of silver nanopartide& and these have mucﬁmitter, instead, we estimate this effect to be less than a factor
redder extinction spectra than those of the isolated silver particlesof 2. We also believe that our approach overestimates the
due to interactions between plasmons in different nanoparticlesoptimal spacer thickness since a larger fraction of molecules in
constituting the aggregate. Second, our measurement is biasedhinner films will be lost to quenching because the distance is
toward regions with redder plasmon absorption because we argnot precisely controlled.
collecting luminescence at 650 nm and the vacuum field Table 1 summarizes data like those of Figure 3 for a variety
responsible for spontaneous emission at that wavelength is mosof PtOEP/polystyrene film thicknesses. We report both the

Normalized Luminescence

500 550 600
Wavelength(nm)
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Table 1. PtOEP/Polystyrene Film Thickness Dependence of the

Enhanced Phosphorescence? 810 a: Instrument
p s b: 2nm
ilm 3
thickness 2 08 c:6nm
(nm) g0 rm Is35nm 380 nm(ag) 535 nm(ag) 1380 nm(ag)/ 535 nm(ag) £ d: 47 nm
2 5 1 158 133 1.2 Eo06 e: 47 nm (no Ag)
6 17 3 452 645 0.7 ;
15 40 7 251 272 0.9 ﬁ 04
30 80 15 325 278 1.2 =
65 178 34 376 227 1.7 E 0.2
130 352 66 402 159 25 z°

a Normalized values of PtOEP phosphorescence at 650 nm are reported 15
for various PtOEP film thicknesses when excited at 380 and 535 nm. Time (us)
Phosphorescence for films on nanotextured silver coatings like those of

sample 4 in Figures 2 and 3 having optical density-df0 near 400 nm is o 1.0 B a: Instrument
3 ST T e :
compared to phosphorescence from nominally identical films on substrates c b: 2
without silver coatings. All intensities are normalized to the observed 8 08 : nm
luminescence for 535 nm excitatiori @ 2 nmthick PtOEP/polystyrene ™ c: 6nm
film on glass. £ d: 47 nm
g 0.6 e: 47 nm (no Ag)
values of enhancement relative to the case with no silver and 2 o4
the ratio of 535/380 nm enhancement that we have discussed % e
in the previous section. The largest increase in luminescence £ 02 c d\
with silver as well as the largest increase in ratio between 535 2 b S~
. . . olou_: "s "
and 380 nm occurs for films around 6 nm in thickness, o p o s p P

suggesting optimal spacing between PtOEP and silver of around
3 nm. This is consistent with conclusions of previous work and . : .

. L . Figure 4. Normalized photoluminescence decay dynamics of PtOEP
almost Certa‘”'}’ (.:orrem tc_) within a factor Of 2. Given the modest phosphorescence excited by short laser pulses. (A) At 366 nm dye laser
length scale, it is plausible that well-defined supramolecular excitation. (B) At 532 nm Nd:YAG second harmonic excitation. Data are
structures containing chromophores, silver particles, and spacergresented for several PtOEP/polystyrene films with thickness as indicated

: it i i~ in the figure legend. The nanotextured silver films have optical density
could be made Symhetlca”y that would exhibit giant plasmonic around 1.0 near 400 nm similar to those of sample 4 in Figures 2 and 3.
enhancement of photoluminescence.

The falloff with increasing film thickness is much slower than - For purposes of modeling, we assign a single lifetime that
one would expect in a spacer experiment for two reasons. First,corresponds to the time after which onlyef the integrated
even the small fraction of molecules within a few nanometers |yminescence remains to be emitted. This gives effective
of the silver make a large contribution to the overall film jifetimes of ~30 us for the film without silver (curve e)>25,
luminescence since the plasmonic enhancements are so largeis, and 5us for the 47, 6, and 2 nm films on silver (curves d,
Second, the silver film roughness is on the order of 10 nm and ¢, and b), respectively. The instrument responsé fis) is
is not entirely negligible even for thick films. Molecules can shown by curve a. The observed lifetimes are nearly the same
therefore fill crevices so that the average molecule is much for excitation at 366 or 532 nm, confirming that the differences
closer to metal than would be the case for a strictly planar petween the absorption and excitation spectral shapes (cf.
geometry. Conversely, because the silver surfaces producingrigures 1 and 3) are primarily due to the wavelength dependence
the largest enhancements are discontinuous, it is still possibleof absorption enhancement. It is worth noting that we observe
to observe enhanced emission from molecules that fall between|arge total luminescence enhancement for all observation ang|es
silver particles even when there is no spacer. Hence, our 2 nm(Supporting Information), a result that rules out cavity effects
films still show net enhancement even thOUgh our time-resolved that might have only resulted in a fortuitous angular redistribu-
data show that there is undoubtedly a Iarge amount of quenChing.tion of emission that mimics enhanceméht*2 These data also
We have documented dramatic spatial inhomogeneity of the indicate that scattering from the nanotextured silver that could
enhancement in previous work on luminescent enhancement Ofcause improved Outcoup"ng of the emission Ordinar"y Waveguid_

ruthenium complex emissiof. ed in the substrate is not an important factor in our observed
5. Excited-State Decay Dynamics of Plasmon-Enhanced enhancement.

Emission. Normalized time-resolved photoluminescence data 6. Analysis of Contributions to Overall Luminescence

are presented for several PtOEP/polystyrene film thicknesses|ncrease.Several excellent theoretical treatments of plasmon-

on silver in Figure 4. The decay lifetime decreases substantially enhanced luminescence for molecules near rough metallic

when the PtOEP has been cast onto silver-modified substratessurfaces were presented in the early 1988s%7 Prior experi-

even though the measured luminescence yield increases sub-

stantially. Thus, at least some of the explanation for reduced (41) Schulzgen, A.; Spiegelberg, Ch.; Morrell, M. M.; Mendes, S. B.; Kippelen,

e . .. . B.; Peyghambarian, N.; Nabor, M. F.; Mash, E. A.; Allemand, P Apl.

lifetime must be enhancement of the radiative rate since Phys. Lett1998 72, 269-271.

quenching by the silver could not account for increases in (42) f&i”?éb%‘aaz‘ké%sﬂo“ﬁi Du, H.; Hahn, M. A.; Krauss, T.Appl. Phys.

photoluminescence. The thinnest film, however, has the shortests) weitz, D. A.; Garoff, S.; Gersten, A.: Nitzan, & Chem. Phys1983 78,

lifetime but not the highest quantum yield, so that quenching 44) ngggfi Nitzan, AL Chem. Phys1083 75, 1139-1151,

must also be significant in that case. Not surprisingly, the decays (45) Wokaun, A; Lutz, H. P.; King, A. P.; Wild, U. P.; Ernst, R. R.Chem.

are nonexponential since they represent averaging over mol- ., F[lys:1983 79, 509-513.

. o R . ) Nitzan, A.; Brus, L. EJ. Chem. Phys1981 74, 5321-5322.
ecules with a large distribution of enhancement and quenching.(47) Nitzan, A.; Brus, L. EJ. Chem. Phys1981, 75, 2205-2214.

Time (us)

J. AM. CHEM. SOC. = VOL. 127, NO. 16, 2005 6091



ARTICLES Pan and Rothberg

mental studies of enhanced photoluminescence have generallyp| /p|° = (absorption enhancement)

not attempted to decompose the enhancement by plasmons into (phosphorescence yield enhancemenfuench fraction)
the underlying contributing factors, namely, absorption enhance- @
ment, emissive rate enhancement, and increases in quenching.

Those studies that address experimental data have relied onwhere

specific models of the metal particle shape and dielectric

function to infer some of the necessary parameters required to absorption enhancemelntz(il) (1a)
separate these factol®?®> The approach we have taken to

modeling our data contains the same physics but relies on usingphosphorescence yield enhancerrrenI)PICDPO =

additional measurements such as the excited-state lifetimes and 2 0y, 0.0_ =2 0_ 2

excitation spectra that obviate the need for a model of the Elke et = B )ur = E(h) (ke + kRO)/
complex local geometry. Beyond academic interest, the ability (kyr + E*(2) ke + ko) (1b)
to separate absorption, emissive rate enhancement, and quench-
ing is important for at least two reasons. First, there are and
circumstances under which all three do not contribute to
enhancement where one would like to know how much

enhancement can be expected. Examples of this would be  1g jifetime we observe for PtOEP/polystyrene without silver
emission in organic light-emitting diodes or cathodolumines- 5 ahout a factor of 3 shorter than the literature lifetime for
cence, where absorption enhancement plays no role since th;togp. and we ascribe this to oxygen quenching since we have
relevant emitting states are created via electrical excitation. ot tried to encapsulate our films or regulate their environment.

Second, in designing optimized supramolecular structures to\ye can extract the radiative rate for PtOEP phosphorescence
enhance luminescence, one wants to know how quenching.from the literaturé®37 (r = 90 us, ®p = 0.45), giving us

emissive rate enhancement, and absorption enhancement eacsstimates okg = 5 x 10° 5%, kyg = 4.5 x 10%, and 0.15 for
vary independently with distance from metal nanoparticles.  our film’s luminescence quantum yielis° in the absence of

We have developed a quantitative procedure for approxi- silver. Enhancements of a factor of 215 for 6 nm PtOEP/
mately separating the various contributions to the photolumi- polystyrene films excited at 535 nm (Table 1) cannot be
nescence enhancement based on the data in Figures 3 and 4ationalized solely on the basis of emissive rate enhancement
We express the photophysics in terms of five parameters, thesince the phosphorescence per absorbed photon can only
local field enhancements at the absorption and emissionincrease~6.7 (1/0.15) times. The observed increase in photo-
wavelengths E2(11) and E2(1,), the excited-state decay rates luminescence on silver must therefore be at least partly due to
due to quenching through interactions with the méggalother absorption enhancement. _
nonradiative processes that relax the emissive $ateand Using the formalism above and the photoluminescence
the radiative ratekg? in the absence of silver. We have four ©enhancement results from Table 1, we can generate a series of
experimental observations to determine these, the observedfurves representing different possible ways to deconvolute the
increase in photoluminescence with silver (PLIPthe excited- observed photoluminescence enhancement into contributions
state lifetimes with and without silverr (and 79, and the from changes in absorption, phosphorescence rate, and quench-
phosphorescence quantum yield without silvere{). Our ing due to silver. These curves (Figure 5) have been generated
reasoning goes as follows. The valuesda® and<° are used from our mod_el by cr_loosmg a f_ractlon of triplet §tates that are
to determine the radiative and nonradiative rates in the absencéluénched by |nteract_|ons with S'IV% and computing the field
of silver through the standard relationshigé = ®°2° and enhancements required to explain the observed spectroscopy
(knm + k)~ = 79, We assume that nonradiative decay rate and decay dynamics. In constructing these curves, permissible

knr is unaffected by local field enhancement. Our experimentally values _Ofo are constrained by the _foll_owmg requwements. (1)
observed lifetime in the presence of silvethen specifies a set Local field enhancements at the incident and emitted wave-
of possible emissive rate enhancemdif(d,) and quench rates lengths, E%(1,) and EZ(AZ).’ are greater thar_l or equal to unity.
ko that could account for the reduction in lifetime. If we choose (?) The true quantum yiels for PtOE.P n the presence of
a particularkg, then the absorption enhancemeff(;) is silver must be less than or equal to unity (i®g/®¢° < 6.7).
y 1 2 0 .

. . . . . -~ (3) E?(A1), EX(12), and ®p/DE° have positive values. Plots of

g:?)rfn;;re;rﬁz\t/:r"se \t\tgsc:cr)lesse??;i::;Iﬂ:ﬁgvfsgiggirahv?/hez;ntLeethe points satisfying these criteria are illustrated in Figure 5 for

b i h be f dditional ; Ithe 2, 6, and 47 nm films.
absorption enhancement can be from additional experimental Consider the phOtOlumineSCence enhancement of 215 ob.

data. The maximum absorption enhancement can be determine(gerved for 535 nm excitation of the 6 nm thick PtOEP/
by comparing total extinction with and without silver near the polystyrene film. Choosing a quench fractiGn= 0 requires
sharp PtOEP absorption (section 2). The minimum possible it ye have roughly 11 times phosphorescence rate enhance-
absorption enhancement is determined from our photolumines-ynentg2(1,) and almost 40-fold absorption enhancerrt(i.)
cence excitation spectra to be at least the ratio betweeny, account for our observed luminescence and excited-state
enhancement at 535 nm to enhancement at 366 nm since thgfetime. Phosphorescent rate enhancement of 11 times with no
difference between these can only be accounted for by absorp-quenching fo = 0) corresponds to triplet emission probability

quench fractior= fo = kgt (1c)

tion enhancement (section 3). ®p of nearly unity. At the other extreme, we can assume a
The above approach can be condensed into the following setquenching fraction of 0.75 to account for the observed excited-
of formulas: state lifetime reduction and would conclude that there is no
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guenching untikr = EX(12)kr® > kyr. Thus, while quenching
would naturally increase closer to the silver, there would still
be some compensation from increased emissive rate. The same
reasoning would mean that ideal spacings will be larger for
higher quantum yield emitters. In a similar fashion, the theory
predicts that the ideal spacing will depend on the excited-state
lifetime in the absence of silver since short-lived species will
tend to be less affected by quenching processes. The benefits
of proximity to the silver will therefore be more pronounced
for molecules with already short excited-state lifetimes, and
Ez(}bz)10 40 shorter spacers will be helpful in improving emission.

) ) I i It is worth pointing out that our model of the photophysics
Figure 5. Possible ways to deconvolute the contributions of absorption .
enhancemenE2(1;) and emissive rate enhancem&a(i,) to the experi- and silver enhancement does not account for heavy atom effects

mentally observed PtOEP phosphorescence increases on nanotextured silveAssociated with silver that might affect phosphorescent and
The slanted lines represent the valuesEéfil;) and E¥(12) derived from nonradiative decay rates for the triplet state. The theoretical

the theory described in the text given a fraction of triplets that are quenched, ;| e . g .
f, for the range of possible choicesfef Solid lines represent the results justification for this is that heavy atom effects are quite short

for 535 nm excitation and dotted ones for 380 nm. The maximum and 'ange since they require wave function overlap. Effects of the
minimum possible values ofg consistent with the observed overall — silver are likely to be much smaller than those of the Pt atom

enhancement are labeled at the ends of the lines. Excited-state "fetimesembedded in the porphyrin. Experimentally, we can rule out

are derived from the results of Figure 4, and the total enhancements asth . t f th ffect . d t ob
excited at 380 and 535 nm are from the results in Table 1. The shaded "€ IMportance or these eliects since we do not observe

region between the two arrows along the vertical axis indicates the possible @nhancement on uniform evaporated silver films nor on films
range of absorption enhancement contributions to the total phosphorescenthat become essentially continuous, as for the thickest films in
enhancement as excited at 535 nm. These are estimated as described in tkﬁigure 2
text. The circular region outlined on the plot indicates the set of values '

deemed most likely for our 2 and 6 nm films excited at 535 nm, as explained .
in the text. Conclusions and Future Prospects

phosphorescent rate enhancement but over 400-fold absorption We have shown that very large enhancements of photolumi-

enhancement. We think that the former assumpfigny 0, is nescence can be observed in films of the phosphorescent emitter
probably close to the truth. If we were to assume sizable PtOEP when they are put onto nanotextured discontinuous silver

quenching for the 6 nm film, it would lead to the unphysical substrates. The mechanism is that local enhancement of the
conclusion that the absorption enhancement factor in the 6 nmincident electromagnetic field causing absorption and of the
film is larger than that for the 2 nm film (cf. Figure 5). ltwould ~ vacuum field causing spontaneous emission leads to increased
also be necessary to exceed our conservative estimate of théadiative rates for molecules near the silver. This picture is
maximum absorption enhancement of around 60 (cf. section 2) equivalent to coupling of the molecular transition dipole to that
that was based on the assumption that all of the extinction atof the nanotextured silver plasmons, so that the molecular
535 nm is due to silver particle scattering and results in PtOEP transitions effectively borrow oscillator strength from that of
absorption. the electron plasma in the silver. We have estimated the relative

The opposite reasoning applies to the likely quenching contributions of absorption enhancement, phosphorescent rate
fraction for the 2 nm films. In that case, the average local field enhancement, and quenching to the overall increase in photo-
enhancements are almost certainly greater than those for 6 nnluminescence using a simple model of the photophysics.
films, and Figure 5 indicates that this can only be the cafg if ~Phosphorescent rate enhancement is responsible for reducing
is quite large ¢ 0.8). Such efficient quenching is quite plausible the excited-state lifetimes substantially, and for the case of
for average distances of PtOEP from silver of around 1 nm, PtOEP, we believe that the fraction of triplet states that emit in
half the film thickness. At the high end of the quench fraction our most enhanced case is close to unity. There are obvious
scale {g = 0.99), absorption enhancement would need to be potential applications of this increase in luminescence efficiency
around 70 and phosphorescent rate enhancement around 17 4@ low threshold photopumped organic film lasers or organic
535 nm to explain the data. Modeling results of the 47 nm film light-emitting diodes. Absorption enhancement has an even
in Figure 5 following the same theory are less meaningful in larger effect on photoluminescence enhancement than do
that we believe that a large fraction of the PtOEP molecules emissive rate increases in our experiments. This may, in part,
are too far from silver to see substantial radiative enhancementbe due to the fact that there is an upper limit on emissive
and a uniform treatment is no longer a reasonable approximation.enhancement for a material such as PtOEP with reasonably high
However, there is still significant enhancement due to the quantum yield and in part due to the placement of the PtOEP
irregular texture of the silver. Given that the best enhancementabsorption with respect to the silver plasmon resonance.
was obtained from the 6 nm thick PtOEP/polystyrene film, we Quenching appears to play little role even for films as thin as
conclude that approximately 3 nm spacing between metal and6 nm, and we have concluded tha® nm spacing between metal
chromophore is optimal for photoluminescence enhancementand chromophore leads to the largest photoluminescence
in PtOEP. enhancement.

We note that the ideal spacing will be different for molecules  As with the present study, work on silver plasmon enhance-
with higher or lower emissive quantum yield. For low quantum ment of molecular spectroscopy has largely relied on placing
yield species, reducing distance from silver would increase the molecules in random orientation on disordered silver substrates.
fraction of states that decay radiatively in the absence of This generally results in poorly defined geometries where the
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8 . ) . . covered silver surfaces. Angular dependence of photolumines-
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