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ABSTRACT

We study the resonant modes of nanoscale disk resonators sustaining metal-insulator-metal (MIM) plasmons and demonstrate the versatility
of these cavities to achieve ultrasmall cavity mode volume. Ag/SiO2/Ag MIM structures were made by thin-film deposition and focused ion
beam milling with cavity diameters that ranged from d ) 65-2000 nm. High-resolution two-dimensional cavity-mode field distributions were
determined using cathodoluminescence imaging spectroscopy and are in good agreement with boundary element calculations. For the smallest
cavities (d ) 65-140 nm), the lowest order mode (m ) 1, n ) 1) is observed in the visible spectral range. This mode is of similar nature as
the one in plasmonic particle dimers, establishing a natural connection between localized and traveling plasmon cavities. A cavity quality
factor of Q ) 16 is observed for the 105 nm diameter cavity, accompanied by a mode volume as small as 0.00033λ0

3. The corresponding
Purcell factor is 900, making these ultrasmall disk resonators ideal candidates for studies of enhanced spontaneous emission and lasing.

Optical microcavities have been central in enabling control
of the light emission in LEDs and lasers for application in
quantum optics and telecommunication.1-3 These applications
rely on the effective confinement of light in a small cavity
mode volume. While most of the cavity designs so far are
based on dielectric material assemblies, the confinement of
light using metallic nanostructures has recently become a
topic of great interest. In these structures, the optical fields
are dominated by surface plasmon polaritons (SPPs), elec-
tromagnetic waves bound to the interface between a metal
and a dielectric.4 Particularly strong confinement of light can
be achieved in metal-insulator-metal (MIM) geometries
in which a 10-100 nm thick insulator layer is sandwiched
between two metal films and the lateral extent of the optical
fields is thus limited to only tens of nanometers.5-7

Even though the one-dimensional propagation of MIM
plasmons has been well characterized,8,9 the confinement of
MIM plasmons in resonator structures has not been explored
in much detail so far. The combination of ultrathin MIM
geometries with the lateral confinement of resonator struc-
tures can yield cavities with much smaller mode volumes
than what can be achieved with dielectric cavities.

In this letter, we study the plasmonic modes and field
confinement of disk-shaped cavities composed of a MIM
waveguide core. We use cathodoluminescence (CL) imaging
spectroscopy to acquire the resonance spectra and image the

modes inside the resonators. For large disks, we find
resonator modes that can be characterized in a way similar
to dielectric disk resonator modes. For disks with diameters
much smaller than the wavelength, we find a single mode,
which is essentially electrostatic in nature. The cavity mode
volume is derived and is 2-3 orders of magnitudes smaller
than in photonic crystal and dielectric cavities. The experi-
mentally measured quality factor for these cavities is Q )
16 resulting in a Purcell factor of FP ) 900.

The MIM samples were prepared using physical vapor
deposition from a thermal evaporation source onto a cleaned
silicon substrate. The layer stack consisted of subsequent
layers of 10 nm chromium, 100 nm silver, 10 or 50 nm SiO2,
100 nm silver, and 10 nm chromium. The chromium layers
were deposited to damp out SPPs that would otherwise
propagate at the Ag/air and Ag/Si interfaces. We used the
30 keV Ga+ beam of a focused ion beam (FIB) system to
carve disk resonator structures into the MIM stack by etching
away a 1 µm wide ring. The focused ion beam (beam current
48 nA) etched through the entire layer stack and ap-
proximately 200 nm into the underlying silicon substrate. A
schematic drawing of the studied structure is presented in
Figure 1a. Figure 1b shows a scanning electron micrograph
(SEM) image of a disk resonator with a diameter of 2000
nm, imaged under an angle of 52° off the surface normal.

We used spatially resolved cathodoluminescence imaging
spectroscopy10 to excite plasmon modes in the MIM resona-
tors and measure the emission in the far field. The samples
were excited by the 30 keV electron beam of an SEM, which
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was focused to a 10 nm spot onto the sample surface.
Because of electron scattering in the upper metal layers, the
beam diameter is increased to approximately 50 nm as it
penetrates into the silica layer. A parabolic mirror (acceptance
angle 1.4π sr) placed above the sample collects the light
emitted from the sample and guides it to a spectrometer in
which the light is spectrally resolved and detected using a
liquid-nitrogen-cooled charge-coupled device array. The
measured spectra were corrected for system response by
measuring the transition radiation spectrum for a known gold
sample and normalizing it to the calculated transition
radiation spectrum.10

Figure 2a shows the measured CL emission as a function
of free-space wavelength and electron beam position for a
line scan across the center of a disk resonator with a diameter
of 2000 nm (running from A to B in Figure 1a). We observe
an oscillatory pattern of the CL intensity as a function of
wavelength and position of the electron beam. Additionally,
five spectral bands of increased emission are observed at
wavelengths of 670, 720, 770, 840, and 940 nm. The intensity

of these bands decreases for shorter wavelengths due to
ohmic losses and absorption the silica.

We attribute these observed bright spectral bands in the
spectrum to the excitation of resonant modes inside the disk
resonator. To identify the nature of the modes, we have used
a model to solve for the modes of dielectric disk cavities.11

The cavity was modeled by an effective mode index neff(ω),
derived from the dispersion relation of planar MIM plasmons.
The resonance frequency of the disk modes was then
calculated, as well as their azimuthal and radial mode
numbers m and n, respectively. The free-space wavelengths
corresponding to these modes are indicated by arrows in
Figure 2, together with the corresponding mode numbers.
For the disk geometry in Figure 1a, we find azimuthal mode
numbers of m ) 0, 1, 2 and radial mode numbers n ) 4-7
in the 550-950 nm spectral range. The calculated resonance
wavelengths of the modes agree well with the observed bands
in the experimental data in Figure 2a. The radial mode
numbers indicate the number of antinodes along the radial
direction, and are in excellent agreement with the measured
pattern in Figure 2a.

While the simple dielectric model can predict the fre-
quency of resonant modes and the mode indices, it cannot
yield the spatial field profiles of the cavity modes. To do so,
we have solved Maxwell’s equations for this system using
a boundary-element-method (BEM) for rotationally invariant
structures.12,13 The fields in the BEM calculations can be
separated into azimuthal components with a dependence on
the azimuthal angle φ as ∝ eimφ, where m is the azimuthal
number (note that m and -m modes are degenerate, and
therefore, for simplicity, we refer here to positive values of
m only). We have calculated the angle-dependent emission
for 30 keV electrons incident on the studied structure and
have integrated the emission for azimuthal numbers up to m
) 2 over the mirror collection angles. Note that due to
secondary ion milling the side walls of the resonators are
slightly tilted. The resulting conical shape was included in
the simulations and was shown to broaden the calculated
resonances. The resulting emission distribution as a function
of wavelength is shown in Figure 2(b). The oscillatory spatial
pattern and the wavelengths of the observed bright bands
are in excellent agreement with the experimental data of
Figure 2(a).

In order to further visualize the spatial mode patterns, we
have calculated the contributions to the CL emission orig-
inating from different azimuthal modes. Figure 3 shows the
calculated position-dependent emission intensity at the
wavelengths of the bright spectral bands observed in Figure
2a, resolved into different mode numbers (m, n) and super-
imposed with a cos2(mφ) dependence to emphasize the
azimuthal dependence of the fields. While the azimuthal
mode number is determined by the calculation setting, radial
mode numbers can be determined from the number of radial
antinodes in the emission pattern. We find that within the
experimental spectral range, the BEM-calculated disk reso-
nances are described by radial mode numbers n ) 4-7, in
agreement with the dielectric disk resonator model, thus

Figure 1. (a) Schematic of a MIM disk resonator. A 10-50 nm
thick SiO2 film is embedded between optically thick Ag films. (b)
SEM image of a MIM disk resonator with a diameter of 2000 nm
(50 nm thick SiO2) taken under an angle of 52°.

Figure 2. (a) Cathodoluminescence intensity measured as a function
of electron beam position and free-space wavelength for a line scan
across a Ag/SiO2/Ag MIM disk resonator with 2000 nm diameter
(50 nm SiO2). (b) CL emission map calculated using BEM for the
same structure as in (a). The arrows denote the wavelengths of
disk resonator modes with mode numbers (m, n).
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confirming that the latter model can be applied to derive the
MIM disk cavity mode frequencies.

Because of their large diameter, the disk resonators studied
above host a large number of high-order modes. Next, we
investigate resonators with smaller dimensions to study the
possibility of achieving single-mode cavities with the smallest
possible mode volume. To do so, we have reduced the SiO2

layer thickness from 50 to 10 nm. Using FIB, we have milled
resonators out of a Ag/SiO2/Ag stack with diameters ranging
from 65 to 140 nm. Because of secondary ion milling, the
resonators have a conical shape with a side wall angle of
approximately 7° (see inset in Figure 4).

We have acquired CL spectra by scanning the electron
beam quickly over the entire resonator area while detecting
the emitted radiation. This procedure was used to prevent
electron beam-induced deformation, which occurs when the
electron beam is scanned more slowly over these ultrasmall
structures. Figure 4a shows the measured CL spectra for five
resonators with different disk diameters. A single prominent
spectral feature is observed for the three largest cavities (d
) 105, 120, 140 nm), that shifts to shorter wavelength for
decreasing diameter. For the two smallest disks, a further
blue-shifted feature is observed despite being strongly
damped. From the dielectric disk resonator model, we can
identify the main peak as (m, n) ) (1, 1) resonance mode in
all five cases.

We have also calculated the CL emission spectra for these
small resonators using BEM. The spectra averaged over
electron-beam positions swapped along the resonator diam-
eter are shown in Figure 4b. The calculated spectra show
only a single peak, as in the experiment, and the resonance
wavelength corresponds well with what is observed in the
measured CL for the different resonator diameters. Note that
for the three largest disks the calculated absolute peak CL
intensity also agrees quite well with what is experimentally
observed.

The experimental cavity quality factor for the 105 nm
diameter disk is Q ) 16, while from the BEM calculations
we obtain a value of Q ) 36. The increased line width for
the experimental spectra is attributed to two factors, (1)
increased plasmon propagation loss due to scattering from
nanoscale roughness of the multilayer structures, and (2) a
reduction in the reflection coefficient at the cavity boundaries
reducing the cavity feedback due to inhomogeneities at the
resonator edges. We observed in calculations that the tilted
side wall profile leads to a decrease in cavity quality factor.
For example, for the above-mentioned cavity the quality
factor decreases from Q ) 45 for straight side walls to the
Q ) 36 for the experimental profile. We note that the quality
factor for these 10 nm thick cavities is larger than what is
observed for the thicker cavities of Figure 2 (e.g., Q ≈ 10
for the cavities in Figure 2, data not shown), which we
attribute to the higher reflectivity of the cavity edges for
thinner dielectric layers, as a result of an increased dielectric
discontinuity due to the higher mode index for thinner MIM
waveguides.

To further investigate the nature of these ultrasmall lowest-
order resonant-plasmonic-nanocavity disk-modes, we have
used BEM to calculate the scattering cross section spectrum
for a resonator with center diameter of 105 nm, using a
p-polarized plane-wave incident along the axis of symmetry.
The result is shown in Figure 5a. For comparison, we have
also plotted the calculated CL emission spectrum (same data
as in Figure 4b). The calculated scattering spectrum agrees
very well with the calculated CL spectrum. We find that the
peak scattering cross section for this resonator is ap-
proximately 5.5 times its geometrical cross section. A two-
dimensional plot of the CL emission is shown as the inset

Figure 3. Calculated two-dimensional CL emission maps for a 30
keV electron beam incident onto a Ag/SiO2/Ag MIM disk resonator
with a diameter of 2000 nm (50 nm SiO2) for different mode
numbers (m, n). The images show the dependence of the emission
intensity on the position of the electron spot. A cos2(mφ) dependence
has been superimposed to the intensity to emphasize the azimuthal
dependence of the fields. The central wavelengths of the modes
are indicated by text insets. The white dashed circle shows the
boundary of the disk.

Figure 4. (a) Measured CL spectra for Ag/SiO2/Ag nanodisk
resonators (10 nm SiO2) with different diameters in the range d )
65-140 nm. (b) Calculated CL spectra for the geometries corre-
sponding to the measurements of (a). Spectra are vertically offset
for clarity. The inset in (a) shows an SEM image of a plasmonic
nanodisk cavity with d ) 65 nm.
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of Figure 5a for the 105 nm diameter disk. It clearly shows
the (m ) 1, n ) 1) nature of the mode. We note that a (m
) 0, n ) 1) plasmonic mode also occurs in the spectral range
of Figure 4 but is not observed in experiment as it does not
couple efficiently to radiation.

The field distribution of the resonant mode was calculated
by exciting the resonator (diameter 105 nm, (1,1) resonance
at 660 nm) using a dipole source placed in the center of
the silica layer at a radius of r ) 40 nm. By subtracting the
dipole field from the calculated local field, we obtain the
mode field distribution as is shown in Figure 5b. Similarly,
the near field was calculated for a cavity excited by an
incoming p-polarized plane wave, as shown in Figure 5c.
Both in (b) and (c) we observe a near-field pattern that is
very much confined to the silica disk between the two metal
particles with the field strongly localized near the cavity
edges, which is in agreement with the calculated CL pattern
shown as inset in Figure 5a. This is in agreement with what
was found for studies of stacked thin metal platelets.14-16

We note that these very small lowest-order single-mode
cavities are identical in nature to the plasmonic hot-spot

geometries that are observed in particle dimers.17,18 Our work
thus brings a natural connection between between localized
and traveling plasmon cavities.

Next, we study the possibilities for emission control of
emitters placed inside the cavity similar to nonresonant
metal-dielectric-metal structures.19,20 From the near-field,
we have calculated the mode volume for the resonator,21

which is found to be 0.00013λ0
3 or 0.0091λSPP

3 with λ0 and
λSPP the free-space and plasmon wavelengths, respectively.
The mode volume is 100 times smaller than for typical
photonic crystal cavities22 and more than 1000 times smaller
than for typical dielectric disk cavities.23 Taking into account
the theoretical quality factor of Q ) 36, we find a Purcell
enhancement factor of FP ) 2020. Using the quality factor
Q ) 16 observed in experiments, a Purcell factor of FP )
900 is expected. This high Purcell factor and the possibility
of easily placing emitters in the dielectric layer make these
cavities an ideal platform for studies of Purcell-enhanced
spontaneous emission and lasing. The Purcell enhancement
is observed over a relatively large bandwidth (Q ) 16),
which is a large advantage of these plasmonic cavities over
dielectric ones (typically Q ) 104-108).

For applications the average Purcell factor for emitters
distributed homogeneously inside the dielectric layer might
be of interest. We have calculated the average Purcell factor
by determining a correction factor from the average of the
field inside the SiO2 layer compared to the maxmium field.24

We find average Purcell factors of FP ) 534 and FP ) 238
for calculation and experiment, respectively.

Finally, we have quantified the effect of the chromium
layers on the resonator by calculating the scattering cross-
section of a resonator only consisting of the Ag/SiO2/Ag disk,
without chromium. The resulting spectrum, also shown in
Figure 5a, displays only a slight shift of ∼10 nm toward
longer wavelengths, at the same Q. This confirms that the
presence of the Cr layer has only a minor effect on the cavity
resonance.

In conclusion, we have investigated the resonant modes
of metal-insulator-metal disk cavities. We have shown that
large resonators (diameter 2000 nm, thickness 50 nm) show
a broad range of resonances that can be described using a
dielectric resonator model using an effective mode index
derived from the plasmon dispersion relation. Radial and
azimuthal modes are observed and found to be in good
agreement with the calculations. Boundary-element simula-
tions reveal the radial and azimuthal mode field distributions.
By reducing the resonators diameter to the 65-140 nm range,
the lowest-order resonant mode is found in the visible
spectral range. A cavity quality factor of Q ) 16 is found
for the 105 nm diameter cavity. The corresponding mode
volume is 0.00013λ0

3, which is 100 times smaller than the
smallest mode volume found in photonic crystal cavities and
over 1000 times smaller than for dielectric cavities. The
resulting Purcell factor is FP ) 900 and occurs over a
relatively large bandwidth. The high field enhancement inside
these MIM disk cavities and their small mode volume makes
these ultrasmall disk resonators ideally suited for studies on
Purcell-enhanced spontaneous emission and lasing.

Figure 5. (a) Calculated CL emission spectrum (blue line) for a
nanodisk resonator, compared to the calculated scattering cross
section of p-polarized light for a nanodisk resonator with (red) and
without (gray) chromium capping layers. The cross section is
normalized to the projected area of the SiO2 disk. The inset shows
the calculated Ez distribution for the m ) 1 mode of the 105 nm
diameter disk. (b) Calculated electric near-field intensity for a Ag/
SiO2/Ag nanodisk resonator with a central diameter of 105 nm at
a wavelength of 660 nm, imaged on a plane containing the
symmetry axis of the resonator. The resonator was excited using a
dipole positioned in the silica layer at a radius r ) 40 nm. (c) Same
as (b) but with the resonator excited by a p-polarized plane wave
incident along the axial direction, instead of a dipole. In this case,
the substrate is not included in the parametrized geometry. The
maximum light intensity inside the cavity is 104 times the incident
light intensity.
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