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Palaiseau cedex, France

(Received 10 December 2011; published 24 January 2012)

In this paper, an experimental study of hot spots in gold/dielectric films using photoemission electron

microscopy is reported. This technique allows a characterization of the statistical optical properties with

unprecedented accuracy in the 800- to 1040-nm range. Theoretical predictions of the scaling theory on the number

and intensity wavelength dependences of hot spots in the near-infrared are confirmed. Statistical properties of

the intensity distribution, spectral behavior, and spatial localization of the hot spots are reported.

DOI: 10.1103/PhysRevB.85.045438 PACS number(s): 78.67.−n, 78.68.+m

I. INTRODUCTION

Disordered metallodielectric systems have attracted con-

siderable attention for their unique optical and electrical

properties.1–3 In particular, semicontinuous metallic films

on dielectric surfaces present optical properties that differ

markedly from isolated particles or continuous films.1 Among

these unique properties, let us point out a very large absorption

over a broad spectrum and giant fluctuations of the absorption.

A large number of theoretical studies2,3 have finally converged

to a simple picture to explain these properties. Random systems

sustain localized modes due to coherent multiple scattering in

the random system. In addition, these localized modes can

be further enhanced locally due to the presence of tips or

nanogaps. In the visible, particle plasmon resonances play a

key role, whereas in the IR, the enhancement is only due to

resonant excitation of modes of the disordered system. The

combination of these mechanisms produce highly localized

hot spots (HS) on the nanometer scale.4–8 A remarkable

property of these localized modes is that they are observed

for any frequency as predicted by numerical simulations and

scaling theory. In addition, simple frequency dependence of

the density of HS and their intensity are predicted by scaling

theory in the infrared.3,6 More recently, it has been predicted

that delocalized modes consisting of several HS can exist.9

Let us stress that the theoretical models developed so

far have considered systems with a total size smaller than

the wavelength so that retardation effects are not included.

Hence, experiments with high spatial resolution are needed

to confirm the models. The first generation of experiments

dealt with ensemble absorption measurements, which clearly

demonstrated the spectral broadening in the semicontinuous

regime,1–3 a behavior very different from the absorption

spectra of isolated nanoparticles or continuous films. Images

of the localized enhancements were reported using near-field

microscopy by several groups,10–14 confirming the existence

of localized spots on the nanometer scale. The existence of

delocalized modes has been supported by the observation

of higher-order mode correlations of intensity fluctuations15

and more recently by a detailed study of the statistical

distribution of fluorescent-molecule lifetimes in the visible

range.16 Despite all these contributions, several questions are

still open: (i) As near-field microscopy is easier to operate

in the visible range, no data are available in the IR part of

the spectrum for wavelengths larger than 800 nm. This is a

domain where HS are genuine disorder effects with remarkable

properties predicted by the scaling theory. (ii) It is difficult

to fully assess the perturbation of the tip on the system.

(iii) The spatial distribution of HS over the surface has not

been investigated in detail. Although numerical simulations

suggest that the HS should be preferentially localized on some

specific sites, no experimental evidence is available to confirm

this prediction. To address these issues, we report the first study

of HS in gold/glass nanocomposite films in the near-infrared

range with a photoemission electron microscope (PEEM).

II. EXPERIMENTAL DETAILS

The PEEM technique [Fig. 1(a)] gives access to full-field

images of the near optical field in the near-infrared range

(800–1040 nm) with a spatial resolution of 20 nm. Given the

large amount of data, it is possible to study with unprecedented

accuracy the statistical optical properties of metal dielectric

films under light excitation. The samples are illuminated by

a femtosecond pulsed laser (Ti:sapphire ultrafast oscillator

Chameleon Ultra II, Coherent Inc., repetition rate 80 MHz,

hyperbolic-secant-squared pulse, pulse width 140 ± 20 fs).

The polarization of the laser light can be controlled by a

half-waveplate. The incidence angle is α = 73 ◦ with respect to

the surface normal. The experimental conditions are optimized

to keep constant the intensity, the pulse width and the focus

position of the incident beam during data acquisition. The

PEEM instrument used is a commercial model [Elmitec GmbH

low energy electron emission (LEEM)/PEEM III], which

operates under ultrahigh vacuum conditions. On a flat surface,

lateral spatial resolutions of 10 and 20 nm are routinely

achieved in LEEM- and PEEM-imaging modes, respectively.

In contrast to local probe techniques, the imaging principle

makes use of the electron emission at HS through a multipho-

ton light absorption process. Indeed, the commonly accepted

underlying mechanism for the increase of the photoemission

yield observed close to a plasmon energy is an n-step cascade

photon absorption process (in contrast to direct vertical

transitions via simultaneous absorption of n photons).17

The additional momentum transfer associated with indirect
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FIG. 1. (Color online) (a) Principle scheme of the photoemis-

sion electron microscopy experiment and SEM image of Au/glass

nanocomposite film with a gold filling factor (apparent surface

coverage) of f = 0.76, and (b) polarization dependence of the

electron yield of Au disks measured by photoemission.18

transition is presumably due to local defects, i.e., stacking

faults, grain boundaries, impurities acting as momentum

sources. Experimentally, an apparent 3-photon photoemission

regime is observed in the investigated wavelength window

(800–1040 nm). We observe a nonlinearity order n = 3 by

measuring the dependence of the electron yield of Au disks

[see Fig. 1(b)] on the polarization of the incident beam.18

For the Au particles excited at 880 nm (1.41 eV), the data

fitting with a (cosθ )2n function points to a n = 3 apparent

multiphoton process lower than the n = 4 order expected

from a work function of Au film either amorphous19 4.7 eV

(present case) or crystalline 5.3 eV. This lower than expected

value is currently interpreted on a basis of plasmon assisted

multiphoton emission.20–22

In PEEM-imaging mode, the measured brightness in a

given image area is proportional to the electron emission flux

from this area. Integrated PEEM signal is computed in two

steps: (i) CCD background substraction, and (ii) integration

of the pixel values over a representative image area. Further

technical details can be found in Refs. 18, 23, and 24. The

substrate samples correspond to polished high-quality float

glass substrates coated with a thin indium tin oxide (ITO) layer.

Surface resistivity of the ITO coating is lower than 50 ohms/sq,

its thickness corresponds to about 40 nm (CEC050P, Präzisions

Glas & Optik GmbH). Prior to Au deposition, glass substrates

are cleaned with ethanol and acetone successively. Au depo-

sition is carried out in a vacuum chamber equipped with a

thermal evaporator based on the ohmic heating up to fusion

of gold shot (99.9999% Strem Chemicals inc.). The mass

of deposited metal is monitored in situ by a water cooled

quartz microbalance. Typical evaporation parameters are a

flux of 2 Ȧ/min at a substrate temperature slightly above

Au 4 nm Au 4 nm Au 4 nm

Au 8 nm Au 8 nm Au 8 nm

Au 12 nm Au 12 nm Au 12 nm

λ = 930 nm,  Hot Spots Nb = 453

λ = 930 nm,  Hot Spots Nb = 250

λ = 930 nm,  Hot Spots Nb = 562

λ = 800 nm,  Hot Spots Nb = 617

λ = 800 nm,  Hot Spots Nb = 426

λ = 800 nm,  Hot Spots Nb = 672

λ = 970 nm,  Hot Spots Nb = 402

λ = 970 nm,  Hot Spots Nb = 198

λ = 970 nm,  Hot Spots Nb = 485

Au 4 nm,  f = 0.53

Au 8 nm,  f = 0.76

Au 12 nm,           f = 0.86
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FIG. 2. (Color online) Left column, SEM images of the gold/glass films for 4 nm (f = 0.53), 8 nm (f = 0.76), and 12 nm (f = 0.86).

Right, 3D PEEM images corresponding to gold/glass films for three different wavelengths: for 4 nm, the Z axis is zoomed ×3; for 8 nm, ×1;

for 12 nm, ×1.5 at 800 nm and ×1 at 930 and 970 nm. For each PEEM image, the excitation wavelength and the number of HS are indicated.

The diameters of the PEEM images field are 15 µm (4 nm), 10 µm (8 nm), and 13 µm (12 nm).
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FIG. 3. (Color online) Density of HS versus λ for three filling

factors in the near-infrared range: black squares corresponding to

f = 0.53, red circles to f = 0.76, and blue triangles to f = 0.86.

room temperature (no sample heating). The base pressure

during evaporation is in the low 10−5 mbar and the angle

of incidence of the Au beam is close to the surface normal.

A set of three samples has been prepared corresponding to

equivalent deposited Au thicknesses of 4, 8, and 12 nm,

respectively. The corresponding filling factors are f = 0.53,

0.76, and 0.86, respectively, as determined by SEM. Typical

SEM images of the gold/glass films are presented in the left

column of Fig. 2. It is seen that the system consists of isolated

gold islands for f = 0.53, of interconnected gold clusters for

f = 0.76, and that the system tends to a continuous metallic

film with voids for f = 0.86. It is important to introduce the

percolation threshold fp, which takes the value 0.6825 for a

monodisperse ensemble of disks. The optical properties of the

films are expected to differ markedly for these three regimes

as discussed in Refs. 26– 29.

III. RESULTS AND DISCUSSION

The PEEM images of the three samples excited at three

different wavelengths are shown in Fig. 2 . We plot the cubic

root of the PEEM signal in order to display the intensity.

The signal was not normalized so that it is given in arbitrary

units. At first glance, we observe a large number of HS of

various intensities with a structure very similar to previously

reported numerical simulations. The remarkable resolution of

the instrument and the intrinsic intensity threshold due to

the three-photon absorption process allows imaging the HS

without background noise. We now turn to a quantitative

analysis of the data. For a given filling factor (same line

in Fig. 2), the number of HS decreases when the excitation

wavelength increases. We also note that the peak intensity

increases. This qualitative observation is quantified in Fig. 3,

where we have plotted the density of HS per µm2 as a function

of the excitation wavelength for the three filling factors

investigated. For each sample, we observe a linear decay of

the HS density for wavelengths larger than 880 nm. This is in

agreement with the prediction of the scaling theory3,6,13 valid

in the IR regime for ωp ≫ ω. Upon comparison of the three

samples, we also note that the density of HS increases when

the filling factor f also increases.

A more complete characterization can be obtained by

studying the intensity distribution. We have plotted in Fig. 4

the histograms of the intensities observed in Fig. 2. The

distribution of intensity probability changes significantly when

varying the filling fraction. To analyze the data, we use the

log-normal distribution given by

P (I ) =
A

Iσ
√

2π
exp

[

−
(

(ln I− < ln I >)2

2σ 2

)]

, (1)

where 〈ln I 〉 is the average value of the logarithm of the

intensity I, σ is the standard deviation in terms of ln I , and

A is a constant. Remarkably, the log-normal distribution (red

curve) fits the data for all values of the filling fraction and all

incident wavelengths as seen in Fig. 4. It is clearly seen that for

f = 0.53, in the nonconnected island regime, low intensities

are the most frequent. By contrast, the intensity distribution is

centered around larger values as the filling fraction approaches

or exceeds the percolation threshold. It is also clear that

the distribution broadens significantly as already reported in

Ref. 15 by studying the higher moments of the distribution. An

important result of our study is the observation of very large

values of the intensity at f = 0.76 and for wavelengths larger

than 900 nm not explored previously. Hence, the intensity

distribution displays a long tail. Note that for experimental

reasons, the measurement dynamic range is saturated for the

sample close to the percolation threshold f = 0.76. Hence, the

peak at a value of 16 is thus representative of all the intensities

larger than 16. These values correspond to the large truncated

peaks observed in Fig. 2 for 8-nm film thickness and 930- or

970-nm excitation wavelength.

We now address the issue of the spatial distribution of the

hot spots. It has been suggested by numerical simulations that

HS appear preferentially at some particular locations (hereafter

called sites) such as tips or nanogaps. An example of such a

correlation between the position of a HS and the existence

of a nanogap has been shown in Ref. 30. If this correlation

is a general feature, resonances should be observed at the

same site for different frequencies. On the contrary, if the

presence of a HS is only due to the existence of a mode of

the disordered system independently of some specific feature

of a particular realization, no correlation of the resonance

positions for different frequencies are expected. To investigate

this issue, we have studied the location of the resonances

observed in a given area A for several frequencies in the range

of 800–1040 nm. From the analysis of the spectrum of all the

pixels displaying at least one HS in a given area ASa of the

sample, we have identified N different resonances distributed

among M′ different sites. Hereafter, we call pixel a group of

pixels of area Api chosen to match the spatial resolution of

the instrument. The total number of independent pixels in the

sample is thus M = ASa/Api. We have found that some pixels

can host up to six resonances in the spectral interval but most

of the pixels never host a resonance. A characteristic example

of a PEEM resonance spectrum recorded at one fixed site is

plotted in Fig. 5. At the considered site, four distinct resonances

with an average full-width at half-maximum of ∼18 nm are

observed in the 780- to 920-nm wavelength range.

045438-3



AWADA, BARBILLON, CHARRA, DOUILLARD, AND GREFFET PHYSICAL REVIEW B 85, 045438 (2012)

(a) (b) (c) 

(d) (e) (f) 

(g) (h) 

(i) 

λ = 800 nm

λ = 930 nm

λ = 970 nmλ = 930 nm

λ = 930 nm

λ = 970 nm

λ = 970 nmλ = 800 nm

λ = 800 nm

Au 4 nm

Au 8 nm

Au 12 nm

Au 4 nm

Au 8 nm

Au 12 nm

Au 4 nm

Au 8 nm

Au 12 nm

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

FIG. 4. (Color online) Log-normal distribution P (I ) of intensity probability at different wavelengths for three filling factors: the blue bars

represent the experimental data, and in red, the log-normal data fit. On each distribution, the filling factor and the incident wavelength are

indicated. Error bars correspond to the square root of the standard deviation of the histogram bar populations.

.

.

.
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.

FIG. 5. (Color online) Characteristic high-resolution PEEM in-

tensity spectrum recorded at one fixed site.

We present in Fig. 6 a histogram classifying the pixels

according to their number of resonances in the range 800–

1040 nm. Figures 6(a), 6(c), and 6(e) represent the probability

of having N resonances for an arbitrary pixel in the observed

area. The red curve shows the probability assuming a Poisson

process such as the HS would be equally distributed over

all possible pixels on the surface. The probability is then

given by

P (N = k) =
(γASa)k

k!
exp(−γASa). (2)

Clearly, the Poissonian process does not fit the data,

indicating that the HS are not uniformly distributed over

all possible pixels. Instead, they are distributed among some

specific sites. We now investigate the distribution of HS among

the M ′ sites. Figures 6(b), 6(d), and 6(f) show the probability

of having N resonances on a given site. It is seen that the

probability is exponential and hardly depends on the filling
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FIG. 6. (Color online) Statistical analysis of the distribution of HS among the pixels. Panels (a), (c), and (e) show P (N ), the probability to

observe N resonances on a pixel. The red line is the Poisson law. Panels (b), (d), and (f) show P ′(N ), the probability to observe N resonances

in a site. The dashed red line is the exponential law.

fraction of the surface. To our knowledge, this exponential

distribution had not been reported previously.

IV. CONCLUSIONS

In this paper, the statistical intensity distributions of the
HS characteristic of gold/glass films under light excitation
were measured by photoemission electron microscopy in the

800- to 1040-nm range by spectral steps of 10 nm and a 20-nm
spatial resolution. This imaging technique gives background-
free images with an excellent accuracy without the perturbative

interactions of a SNOM tip. The statistical distributions,

density of HS, and 3D PEEM images confirm the predictions

of the scaling theory in the near-infrared region. We further

find that the statistical distribution of spot intensities follows

a log-normal law. We have observed in particular a long tail
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distribution for large intensities close to the percolation thresh-

old. An analysis of the spatial distribution of the HS shows

that HS appearing at different frequencies are preferentially

located on some specific sites of the semicontinuous film and

that the probability of observing N resonances on a given site

at different frequencies decays exponentially with N .
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