PHYSICAL REVIEW B 70, 205424(2004)

Plasmon emission in photoexcited gold nanoparticles
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Light emission at the particle plasmon frequency is observed in optically excited spherical gold nanopar-
ticles. We find a photoluminescence efficiency of é@vhich is essentially independent of particle size and
four orders of magnitude higher than the efficiencies determined from metal films. Our experimental findings
are explained with a process in which excitdéband holes recombine nonradiatively wisip electrons,
emitting particle plasmons. These plasmons subsequently radiate, giving rise to the photoluminescence ob-
served in the experiment. We determine the quantum efficiencies involved in this process.
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In Refs. 2 and 10, it was argued, based on a phenomeno-

Optically excited metal surfaces show no or very little logical model by Boydet al.'* that the light emission from
luminescence. For instance, smooth gold films have photoluthe radiative recombination afp-band electrons witkl-band
minescencéPL) efficiencies of~1071C following excitation  holes is enhanced by the local field associated with the PP
of electron transitions from thed®o the Gpbandst In other  oscillation. This would imply possibilityb), i.e., an accel-
words, only one photon is emitted per eacht®@lectron- eration of the radiative process. However, in the present pa-
hole pairs excited. One likely reason for this low PL effi- per, we find a PL enhancement inconsistent with the model
ciency is that nonradiative energy relaxation processes abf Refs. 2, 10, and 11. The PL efficiency which we measure
photoexcited carriers in metals, such as Coulomb carrieren near-spherical gold nanoparticles of various sizes is far
carrier scattering, are much faster than radiative electrontoo high to be explained in this way. In contrast, our experi-
hole recombination, thus quenching the photoluminescencanental findings are explained with a process in which ex-

A unique exception from the rule of low PL yields in cited d-band holes recombine nonradiatively wisip elec-
metals arenoble-metal nanoparticled-or instance, PL effi- trons, emitting PPs. These plasmons subsequently radiate,
ciencies on the order of IHhave recently been observed in giving rise to the PL observed in the experiment. We deter-
gold nanorod$.This is a giant enhancement with respect tomine the quantum efficiencies involved in this process.
~10710 efficiency of smooth gold films. The origin of this The experiment is performed as follows: The frequency-
effect is as yet unclear. Conceivably, the enhancement magoubled output3.3 eV photon energyof a Kerr-lens mode-
have two different causes, either of which would shift thelocked titanium-sapphire lase 120 fs pulse duration,
branching ratio of the competing radiative and nonradiative/6 MHz pulse repetition rajeis used to excitel-sp inter-
channelsia) a slowing of the nonradiative relaxatioof ex-  band transitions in the gold nanoparticles. The excitation
cited carriers, ofb) anacceleration of the radiative process beam with a time-averaged power of 17.8 mW is focused
in the nanoparticles as compared to the bulk. The first explainto a cuvette containing size-selected gold nanopatrticles in
nation certainly holds for molecular gold clusters. They showaqueous solution. The diameter of the focused laser beam is
very high PL efficiencies of up to 41%, due to the size-500 um. The luminescence is collected under an angle of
induced opening of gaps in their electronic density of state®0° with respect to the excitation beam, spectrally dispersed
(DOS), which slow down relaxatiok? However, this expla- by a grating spectrometefChromex [1S25§ and subse-
nation cannot apply to nanoparticles of sizes greater thaguently time-resolved in a streak cametdamamatsu C
2 nm, which have DOS sufficiently bulklikeOf the pro- 5680 operating in the 3.2 ps time-resolution regime. The
cesses leading to carrier relaxation in such nanoparticlespectra are corrected for background, for extinction of exci-
carrier-phonon scattering in these nanopatrticles is as fast aation light and luminescence due to nanoparticles outside
in the bulk® Coulomb scattering is even faster in metal nano-the focal volume, and for instrumental response. The size-
particles than in bulk metals, due to size-dependent screenirgglected nanoparticles are stabilized by optically inert citric
effects which accelerate electron-electron scattériagd  acid}? are near spherical in shape and have size dispersions
lead to emission by hot carriers of particle plasm¢RPR39, below 15%. Particles with radR between 1 and 30 nm are
i.e., collective oscillations of the conduction electr8s. studied. Prior to the luminescence measurement, the particle
This implies that the PL enhancement in noble-metal nanosolutions are characterized by measuring their optical densi-
particles cannot be due to a slowing of nonradiative relaxties in a VIS photospectrometer.
ation. The black solid line in Fig. 1 shows the result of the
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FIG. 1. Optical densityOD, black ling of and photolumines- FIG. 2. Spectrally integrated PL intensity from gold nanopar-

cence(PL, grey ling spectra from gold nanoparticles of 6 nm ra- ticle_s of different raqliiR. The PL is normaliz_ed to a common
dius. The dashed-dotted line shows an extinction spectrum calcjparticle  concentration — of = 1.66M. Particles from R
lated using Mie theory. The peak positions of all spectra coincide=2-2 "M to 30 nm are congdergd fOf the '!“e fit. The error bars
indicating the plasmonic nature of the PL. The inset shows the peal€flect the width of the particle-size distribution. Inget shows a
positions of OD(triangleg and PL(open circles spectra from gold te_mporally resolved PL_spectrum fr_oRFG nm particles. The peak
nanoparticle solutions of different radii. The solid line representsvidth resembles the time resolution of the streak camera mode
maxima calculated using Mie theory. The peak positions of the PL(3-2 PS. Inset(b) shows the PL fronR=6 nm particles versus ex-
closely follow the particle plasmon resonance position. citation power. The gradient of the fitted line is 1.02.

3.2 ps time resolution of the Streak camera. It is therefore
optical density measurement for a particle radius Rf not possible to determine the decay time of the PP PL with
=6 nm. The PP resonance, which is caused by the collectivghe present setup. We note that for particles less than 6 nm in
oscillation of conduction electrons, is observed as an extincradius we also observe a long lived luminescence emission at
tion peak at a photon energy of 2.37 eV. At higher energiegi40 nm, with a decay time of 10 ns; this emission is prob-
the slope of the peak is less steep than at the low-energy sidably due to surface staté$Because of the large difference
due to the onset of interband transitions between tharwl  in lifetime we can easily correct the PL spectra for this
6sp bands near thé point of the band structu®The grey 440 nm contribution.
line shows a PL spectrum from the same nanoparticle solu- Inset(b) of Fig. 2 shows that the emitted intensity, which
tion, integrated over the first 15 ps after pulsed excitationis spectrally integrated over the PP band, depends linearly on
Except in the interband transition region, the PL spectrum ighe excitation intensity. This precludes supercontinuum gen-
in good agreement with the optical density spectrum. Botleration or two photon excited Ptand thermal radiatid of
spectra also coincide well with the extinction spectrum calthe photoexcited nanoparticles as explanations for the emis-
culated using Mie theoPyfor R=6 nm gold nanoparticles in sion observed here, since both phenomena should depend
aqueous solution as shown by the dashed-dotted line. In panonlinearly on the excitation intensity. The main part of Fig.
ticular, the widths of the experimental and calculated extinc2 shows the PP PL from gold nanopatrticles of different radii
tion peaks are in good agreement, which indicates a lovR. The PL is normalized to a common particle concentration
inhomogeneous broadening consistent with the knowrof 1.66 xM. The emitted intensity is proportional to the par-
particle-size dispersioi<15%). The inset shows the peak ticle volume. This indicates that the emission at the PP fre-
positions determined from the optical density spe¢tra  quency cannot be due to PL involving surface states, since
angles, photoluminescencéopen circley and Mie theory the intensity of such luminescence is expected to depend on
calculations(solid line) as functions ofR. Good agreement the surface area or the surface/volume ratio rather than be
between experimental and calculated positions is found. Thproportional to the volume itself. Instead, the volume depen-
slight redshift of the PP peak positions for larger particledence is easily explained by the fact that the absorption cross
sizes is due to a polaritonic effe€t.The fact that the PL section of noble-metal nanoparticles in the interband absorp-
spectrum and the PP peak position shift alike excludes thtion region is directly proportional to the particle volume.
possibility that the PL spectrum simply reflects the joint den-The average number of radiated photons per photoexcited
sity of states ofl band holes andpband electron&!!If that  electron-hole(e-h) pair, i.e., the PL efficiency, appears to be
was indeed the case, no redshift of the PL spectrum would bessentially independent of the particle size. We determine the
observed when the nanoparticle radius is increased. SimilarliyL efficiency, zen_.pn, quantitatively by comparing the absor-
to our observations, Mohametd al. have shown that for bance and PL intensity of the gold nanoparticles with those
25 nm-sized gold nanospheres and nanorods of two differertf Rhodamine 6-Gen_.ph is plotted in Fig. 3 as a function
aspect ratios the PL spectra peak at the same energy as thieR. Apart from the smallest particle radiuR=1 nm, the
extinction spectrd:® We find no shift of the PL peak posi- PL efficiency is close to 18, independent of the particle
tion when the excitation wavelength is varied. We concludesize. This value is four orders of magnitude higher than the
that the PL peak is associated with the PP resonance. PL efficiency of 10%° observed on smooth gold films.

Inset(a) of Fig. 2 shows a PL trace spectrally integrated In the following, we will discuss the origin of the PL
over the PP resonance, from nanopatrticles with 6 nm radiugnhancement in our gold nanoparticles. El-Sayed and
Rise and decay of the signal appear to be limited by theo-workerg argued that the light emission from the radiative
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! | FIG. 4. Schematic representationaf- spinterband excitation
1 2 4 6 10 20 40 and subsequent hole relaxation close to theoint of the band
particle radius (hm) structure of gold. A photon with 3.3 eV energy promotes electrons
from thed band into thesp band well above the Fermi level. The

FIG. 3. Quantum efficiencies of various processes versus paloles in thed band undergo Auger scattering and hole-phonon scat-

ticle radiusR as discussed in the text. Circles, experimental Pltering. Direct radiative recombination of éband hole with an

efficiency (eh— ph); solid line, fit to the data foR>1 nm. Dashed electron in thesp band below the Fermi surface or emission of a

line, calculated radiative quantum efficiency of the PP according tgarticle plasmonPP) may occur. The PP subsequently decays ei-

Mie theory (PP— ph). Squares, plasmon emission efficiency de-ther radiatively or nonradiatively.

rived from the experimereh— PP. Straight line, fit to the squares

for particle radii>1 nm. Dashed-dotted line, efficiency of resonant

. emission of PPs is possible. Such relaxation of holes within
plasmon emission as deduced from theory.

the d band is known to be extremely fast, with scattering
time of some 10 f§? We thus ascribe the PL observed in our

recombination okp-band electrons witll-band holes is en- experiment to a three-step proce$sg. 4): a photoexcited
hanced by the local field associated with the PP oscillationd_band hole relaxes within the band. then scatters to the

However, we expect no local-field enhancement in the excCizonquction band via emission of a PP, which subsequently

tation process in our experiment, since only interband trandecays radiatively.

sitions and no PP resonance are excited in our spherical |, the following, we will analyze whether this scenario is
nanoparticles at the excitation photon energy of 3.3 eV. Reggngjstent with our experimental results. The overall PL ef-

garding the emission process, the enhancement of the locﬁ&iency of the three-step process may be written as
field associated with the PP of a spherical gold nanoparticle

is on the order of 1@see, e.g., Ref. )7and decreases with Nehph= Phh * T —pP* PP phs (1)
increasing particle radius due to enhanced radiation ) N ]
damping!® It is not possible that the emitted intensity in a WherePy,_ is the probability of a photoexcited hole to relax
linear process such as photoluminescence could be amplifidg @ d-band state suitable for PP emissiof, _pp is the
by four orders of magnitude by a mere tenfold local-fieldduantum efficiency for resonant PP emission by that hole,
enhancement at the emission frequency. This argument sugnd 7rr_.ph is the radiative efficiency of the PBpp_n can
gests that a different mechanism is responsible for the PPe expressed as 7pp.pn=Cscd wpp)/ Cex(wpp), Where
enhancement in our experiments. Cscd wpp) andCe,(wpp) are the light-scattering and extinction
We propose that the dominant contribution to the PLcross sections at the PP resonance frequency, respeéfively.
originates from PPs emitted by exciteeband holes. It is We use Mie theory/to calculate these two cross sections
known that highly excited carriers in or near metal nanoparfrom the dielectric constant of water and the dielectric func-
ticles may relax nonradiatively by emitting plasm@fs® tion of gold, &.>* & includes an added contribution from sur-
For instance, recent pump-probe experiments on coppdace damping for small particle sizeFhe resulting radiative
nanoparticles have given evidence for emission of PPs bgfficiency is plotted versus the particle radiBsin Fig. 3
Coulomb scattering ofi-band holes into conduction-band (dashed ling 7pp_.,, Shows a size dependence closeRfb
states below the Fermi energ§e2 Furthermore, electron This can be understood considering thagpp..pn
injection studies have shown that tunnelling electrons with= ¥pp_..pn/ (Ypr_ph* Ynonrad» WHEre ypp_ g @nd Ynonrag@re the
sufficient excess energy may relax by emitting interface andadiative and nonradiative decay rates of the PP, respectively.
particle plasmon&®-2:Once the particle plasmons have beenFor spherical gold nanoparticles in the size regime studied
generated, they may decay either radiatively by emittinghere, ypp_.pn< ¥nonrad @nd ')/ppg,phch:g (see, e.g., Ref. 19
photons, or nonradiatively via transformation into excitedand thusnpp_,phocR3/ Ynonrad IN Other words, spherical metal
e-h pairs!” In our experiment, the photoexcited electronsnanoparticles become more efficient radiators with increas-
have an excess energy of no more than 0.9 eV with respettg size, due to an increase of the PP polarizability. In a next
to Er, which means that they cannot emit any 2.4 eV PPs.step, we combine the calculated radiative efficiemgy
In contrast, the photoexcitattband holes have excess ener-and the measured PL efficieny, ., to determine the prod-
gies of up to 3.3 eV. They can therefore relaxddand uct P,_p 7y _pp from Eq. (1). This product, which repre-
states from where an energy- and momentum-conservingents the probabilityPe, .pp that the photoexcitation of an
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e-h pair leads to the emission of a PP, is plotted velRus  originates from PPs resonantly emitted dyband holes,

Fig. 3 (squares Pe, pp Shows aR 3 dependence, except at rather than from direct radiative recombination of interband
the smallest radius studied hef& nm). This dependence eh pairs. The reason for the dominance of the PP-mediated
agrees well with the theoretical prediction of Refs. 8 and 9p|_ gver that from direceh interband recombination lies in

In this model, each excited-band hole polarizes the nano- {he mych greater polarizability and thus radiative decay rate
particle and thus triggers, via the screening motion of thex o pp a5 compared to an individwh interband pair.
conduction electrons, a collective electron oscillation suc_:hl_

that a PP is emitted. The energy required for the PP emissmrﬁhIS FP polarltzaglhlty mcre::ﬁses Wll(th partm;lligametgr ant'dth
is provided by the hole, which scatters to the conductiorf '€refore counterbalances the weakening o emission wi

band; this scattering process is verticakispacé?® (Fig. 4. increasing radius. Itis remarkable that k€ dependence of
The smaller the particle, the more easily it is polarized by théhe PP emission ratey, pp precisely compensates the
hole, resulting in &R~3 dependence of the rate for resonantdependence of the radiative PP decay radg.p, resulting
PP emissiony,, .pp We calculatey, .pp according to Eq. N a size-independent PL efficiency of £0n spherical gold

(12) of Ref. 8 and fromy, _pp the theoretically expected nanoparticles larger than approximately 2 nm. Based on our
(theoy model, still higher PL efficiencies may be expected for metal

plasmon-emission - _efficiency ., _pe= e/ (v pp 2101046 due to their greater polarizabiliper unit volume

* i re)- Here ¥y e is the overall rate of hole scattering g compared to nanospheres. This expectation is confirmed
processes competing with PP emission, such as Auger scafy rgcent experiments on gold nanorods, which have shown
tering, and is assumed to 640 fs)™* for holes at the top of  p| efficiencies between 16 and 103 depending on rod
the d bands of gold? The result of the calculation, which is length® Finally, we note that for plasmon emission by ex-
plotteg versusR in Fig. 3 (dashed-dotted line reproduces cited electrons size dependencies that are significantly dif-
the R™ dependence of the experiment, .pp This agree-  ferent fromR™3 have been predicted theoreticali? We ex-
ment confirms the validity of the model proposed here. Thepect that in cases where the plasmon-emission mechanism
remaining discrepancyapproximately a factor of )indi-  requires clarificatioR52 the size dependence of its effi-

cates that only a portion d?,_.,, =20% of all photoexcited  cjency should allow an identification of the dominant emis-
holes relax to al-band state from where the resonant emis-gion process.

sion of a PP is possibl@=ig. 4). The other 80% presumably
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