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Abstract
The dispersive properties of short-range surface plasmon polaritons are investigated at the buried interfaces in vacuum/Au/
fused silica and vacuum/Au/SiO2/Si multilayer systems for different gold film thicknesses of up to 50 nm using two-photon 
photoemission electron microscopy. The experimental data agrees excellently with results of transfer matrix method simu-
lations, emphasizing the sensitivity of the plasmonic wave vector to the thickness of the gold film and an ultrathin native 
substrate oxide layer. The results furthermore illustrate the exceptional qualification of low-energy electron photoemission 
techniques in studying electronic excitations at buried interfaces.
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Surface plasmon polaritons (SPPs) are collective excita-
tions of quasi-free electrons near a metal–dielectric interface 
coupled to an electromagnetic wave in the dielectric. They 
are strongly confined to their host interface but can freely 
propagate along it. Among their properties, they have one 
of particular importance: their wave vector for propagation 
along the interface is larger than the wave vector of light 
at the same frequency. Since the wave vector is inversely 
related to how narrowly a wave can be focused, this property 
allows for SPPs to be focused into smaller spaces than light. 
SPPs are therefore capable of bypassing the diffraction limit 
of light [1, 2]. In recent years, a number of studies were 
carried out exploiting this ability of SPPs to be confined 
into nanospaces for numerous applications, such as wave-
length add-drop multiplexers [3], ring resonators and Bragg 
reflectors [4], bends and couplers [5, 6], and mechanically 
flexible nanophotonic waveguides [7]. On top of the all-
optical methods used specifically to analyze performance 
of the devices in the previous works, such diverse meth-
ods as photon-induced near-field electron microscopy [8], 

leakage radiation microscopy [9], scanning near-field optical 
microscopy [10], and photoemission electron microscopy 
(PEEM) [11–14] enabled the investigation of fundamental 
aspects of SPP propagation on the relevant length scales. 
While the previous discussion exclusively dealt with SPPs at 
metal-dielectric interfaces and in metal-dielectric structures, 
recent developments have expanded the scope of plasmonics 
to more exotic two-dimensional materials such as graphene 
[15–17] and black phosphorus [18]. The works showcase 
potential applications, namely highly tunable field-effect 
transistors [15] and metamaterials based on split-ring reso-
nators [17], in the few THz regime, a frequency range known 
as the “THz gap” above the operation speed of electronics 
but below the speed of photonics.

A common sample design used for the study of SPPs con-
sists of a metal film that is carried on a dielectric substrate. 
For simplicity’s sake, we will limit the discussion to such 
cases where the metal surface is in contact with vacuum, 
leading to a sample system consisting of two interfaces: one 
between vacuum and metal and one between metal and sub-
strate. Most commonly, the vacuum-metal interface and the 
SPP it can host are the focus of investigation. However, in 
general, it is also possible to excite SPPs at the buried metal-
substrate interface. A typical sample for plasmonic studies 
therefore can house not only one but two SPP modes simul-
taneously. If the metal film becomes sufficiently thin, these 
modes influence the properties of each other. In such cases, 
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they are referred to as long-range SPP (LR-SPP) and short-
range SPP (SR-SPP), owing mostly to the difference in their 
attenuation that affords the LR-SPP a higher propagation dis-
tance along its interface. Except in the case of a symmetric 
dielectric environment, which results in the full hybridiza-
tion of LR- and SR-SPP [19], the LR-SPP is localized at the 
metal-vacuum interface while the SR-SPP is localized at the 
buried metal-substrate interface. Due to this fact and their 
higher attenuation, SR-SPPs are typically more difficult to 
detect and there exist only few studies detecting both LR- and 
SR-SPP modes simultaneously [19–22]. Both types of SPP 
hold properties that are of interest for potential applications. 
On one hand, the LR-SPP innately has a higher propagation 
length than its SR-SPP counterpart. A number of theoreti-
cal and experimental studies concentrating on tailoring the 
LR-SPP to push this propagation length to the extreme can 
be found in [23–26]. On the other hand, if an appropriate 
substrate is used, the SR-SPP possesses a significantly higher 
wave vector than the LR-SPP and can therefore be confined 
into smaller spaces than the LR-SPP, bypassing the diffrac-
tion limit of light by an even higher margin. This property 
has for instance been used to fabricate highly integrated 
sensors [27, 28]. However, direct microscopic imaging of 
SR-SPP on metal films has become possible only recently: 
in a two-photon PEEM (2P-PEEM) experiment, providing 
a lateral resolution in the 10-nm range, Frank et al. experi-
mentally demonstrated an SR-SPP sensitivity and confirmed 
the SR-SPP focusing capability associated with a high wave 
vector [20]. In their study, the authors used samples made 
of monocrystalline 20-nm-thick Au flakes on top of Si sub-
strates with a 2.5-nm-thick native layer of  SiO2.

In this micro-spectroscopy study, we exploit the high sen-
sitivity of 2P-PEEM to the plasmonic electric fields at and 
near the metal surface in combination with the high mean 
free path of low energy electrons to systematically investi-
gate SR-SPP dispersion relations as a function of gold film 
thickness and for different substrates. Notably, even for poly-
crystalline gold and a film thickness of up to 50 nm, a high 
signal amplitude of the SR-SPP is observed. This becomes 
possible in part due to the usage of a novel rear-illumination 
operation mode of the used PEEM system [21]. An interpre-
tation of the SR-SPP data is achieved through comparison 
with numerical simulations proving the high sensitivity of 
the SR-SPP wave vector to subtle changes in the dielectric 
environment.

Experimental Setup and Simulations

The micro-spectroscopy experiments were conducted using 
a photoemission electron microscope (IS PEEM, Focus 
GmbH) [29] mounted in an ultrahigh vacuum (UHV) µ-metal 
chamber and providing a lateral resolution of 40 nm. Two 

different experimental schemes were used: in the first experi-
mental scheme, the sample was excited under a fixed angle 
of incidence of 0° toward the sample surface normal by 
transform-limited laser pulses (< 100-fs pulse width) from a 
Ti:Sapphire oscillator which is operated at a repetition rate 
of 80 MHz (Tsunami, Spectra Physics) (see Fig. 1a). Excita-
tion is carried out by illumination from the rear side through 
the transparent sample substrate utilizing a special focusing 
setup [21]. In this case, the sample (sample 1) is a 50-nm-
thick gold film fabricated by magnetron sputtering on top 
of a 1-mm-thick fused silica  (SiO2) wafer. The sputtering 
process exhibits no constraints on crystal growth, leading to 
the formation of a polycrystalline film with arbitrary grain 
orientation. Due to an excellent agreement of our current and 
past experimental findings (e.g., [30]) if permittivity data 
for evaporated gold from [31] is used, we expect a morphol-
ogy similar to the one discussed by Olmon and coworkers 
in that publication. In the second experimental scheme, the 
sample was excited from the front side under a fixed angle 
of incidence of 65° toward the sample surface normal by 

Fig. 1  Scheme of illumination and detection geometry. (a) Sample 1 
illuminated by the laser under normal incidence from the sample rear 
side. Relevant sample parameters are indicated. (b) Sample 2 (sample 
3) illuminated by the laser under oblique incidence from the sample 
front side. Relevant sample parameters are indicated. In both images, 
the gaps in the gold films indicate the 4-µm-wide slits fabricated 
through FIB and providing coupling edges for SPP excitation using 
NIR laser pulses
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the same transform-limited laser pulses (see Fig. 1b). In this 
case, the samples are a 25 nm (sample 2) and a 40 nm (sam-
ple 3) thick polycrystalline gold film fabricated as before 
on top of a 0.5-mm-thick silicon wafer. The surface of the 
silicon wafer is covered by a native oxide layer of a few nm 
thickness. As will be discussed below, an accurate deter-
mination of the layer thickness becomes possible from the 
analysis of the experimental data from samples 2 and 3. In 
both cases, the transversal magnetic (TM) component of the 
incident transversal electromagnetic (TEM) light wave has to 
be aligned with the transversal magnetic field of the purely 
TM SPP wave in order to achieve an excitation of the SPP. 
For normal incidence, both transversal components of the 
TEM light wave are in the sample surface. In this case, the 
magnetic field has to be aligned perpendicular to the propaga-
tion direction of the SPP wave (see Fig. 2a). For an angle of 
incidence of 65°, we differentiate between two polarization 
cases: one where the transversal electric component of the 
incident TEM light wave is parallel to the plane given by 
the propagation direction of light and the surface normal (p 
polarization) and one where it is perpendicular to this plane 

(s polarization). The magnetic component of the TEM light 
wave is only aligned to the TM SPP wave if we have p polari-
zation (see Fig. 2b). In the experiments, the near-infrared 
(NIR) central laser wavelength was continuously tunable 
between 710 and 890 nm (hν = 1.4–1.7 eV) and it was meas-
ured using a calibrated fiber optic spectrometer (USB4000, 
Ocean Optics) in front of the UHV chamber entrance win-
dow. Prior to the photoemission measurements, the samples 
were covered with a small amount of cesium (coverage << 1 
monolayer) by in situ treatment using a well-degassed get-
ter source (Cs dispenser, SAES Getters). This treatment is 
required to lower the work function in order to facilitate a 
two-photon photoemission (2PPE) process with the near-
infrared laser pulses. SPP propagation (real and imaginary 
part of the SPP wave vector) is not affected in the applied 
coverage regime within the resolution of our experiment [30]. 
PEEM image analysis was done using the software Fiji [32]. 
The software used to control the CCD camera of the experi-
mental setup is µManager [33]. Reference sample images 
were taken in conventional threshold PEEM (T-PEEM) and 
helium ion microscopy (HIM). For T-PEEM, the excitation 
source was a Hg discharge lamp (hν = 4.9 eV). HIM was 
carried out by an Orion NanoFab helium ion microscope 
(Carl Zeiss) at 25-keV beam energy, with a probe current 
ranging from 0.5 to 1.1 pA. In order to preserve the sample 
surface information, no conductive coatings were applied 
to the samples prior to imaging [34]. The same instrument 
operated at a beam energy of 30 kV and a beam current of 
approximately 70 pA was used to fabricate 4 µm wide slits 
via gallium-focused ion beam lithography (FIB) providing 
defined edges for excitation of LR- and SR-SPP [35]. These 
slits are indicated as gaps in the gold coating in the schemes 
presented in Fig. 1. Additionally, periodic structures consist-
ing of an array of 2 µm wide slits with 3-µm separation were 
milled into the gold film for length calibration.

Simulations of LR- and SR-SPP dispersion relations in 
the different sample systems were carried out using a trans-
fer matrix method. This method allows for the calculation of 
a matrix relating the incoming and outgoing electromagnetic 
waves—so incident, reflected and transmitted waves—in the 
semi-infinite media above and below a stack of an arbitrary 
number of finite-thickness layers to one another. From this 
matrix, one can obtain the Fresnel coefficient of reflection 
for the entire stack. Surface modes, such as the SPP, cause 
anomalies in the value of this coefficient, leading to zeros or 
poles [36]. In our approach, we calculate the reflection coef-
ficient for a wide range of input wave vectors and determine 
the wave vectors corresponding to a surface mode by find-
ing local extrema in the calculated values of the coefficient. 
These extrema are caused by the anomalies. This approach 
allows the determination of the sought wave vectors on a 
current generation office computer with computation times 
of a few hours. Before we discuss detailed parameters used 

= 780 nm

= 780 nm

(b)

(a)

Fig. 2  Scheme of polarization matching necessary for the excitation 
of plasmons. (a) Polarization scheme used in normal incidence (sam-
ple 1). (b) Polarization scheme used for incidence with an angle of 
65° (samples 2 and 3). On the right-hand side, the vectors (E for elec-
tric field and H for magnetic field) for the transversal components of 
incident light and SPP are given. The PEEM images on the left-hand 
side were taken on sample 1
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in our simulations, we would like to point out that we expect 
to find at least two modes for each interface in a dielectric-
metal-dielectric structure: one corresponds to a mode that 
is able to radiate light on the far side of the inner metal 
layer while the other is evanescent in all media. Both modes 
are evanescent in the dielectric medium directly adjacent to 
the given interface. For more details on this subject and the 
physical interpretation of these modes, please refer to [37, 
38]. Additionally, detailed descriptions of the calculation 
of transfer matrices and how to use them to find electro-
magnetic modes can be found in [38, 39]. In the following, 
we will give the parameters used in our simulations: the 
frequency resolution used in all cases was 0.05 fs−1. In the 
simulations for sample 1, we used permittivity data from 
Ref. [31] for Au (evaporated gold, EV) and data from Ref. 
[40] for fused silica. The used wave vector resolution was 
0.001 µm−1. In the simulations for samples 2 and 3, we again 
used data from Ref. [31] for Au (EV) and data from Ref. 
[41] for Si. To account for the permittivity of the thin native 
oxide layer, we used permittivity data for  SiO2 from [42]. 
Note, however, that this has to be considered as an approxi-
mation as the chemical composition of a native oxide is in 
general complex [43–46]. Reference [47] lists 4 nm as the 
upper bound of the native oxide layer thickness of silicon, 
while Ref. [45] indicates a thickness of 1.2 nm after expo-
sure to ambient conditions for approximately 100 min, a 
time far exceeded for the wafers used in the present experi-
ment. Within this range, the thickness of the native oxide 
layer was set as a free parameter in the simulations to finally 
achieve agreement with the experimental data. In the simula-
tions for samples 2 and 3, two different ranges were used for 
the LR-SPP and SR-SPP simulations in order to achieve a 
higher wave vector resolution. Here, the wave vector resolu-
tion for the LR-SPP was 0.0015 µm−1 and the resolution for 
the SR-SPP was 0.01 µm−1.

Results and Discussion

Figure 3a shows HIM and T-PEEM images of sample 3 near 
the SPP coupling edge. A clear contrast between a dark and a 
light area is visible on the left side of the picture. The dark area 
marks the exposed substrate, where the gold coating (bright 
area) has been milled away by FIB. Figure 3b and c show 
2P-PEEM images of sample 1 and sample 3, respectively, 
recorded upon excitation with 730-nm laser pulses. In Fig. 3b, 
SPP excitation is achieved with the laser pulses incident paral-
lel to the surface normal from the sample rear side. In Fig. 3c, 
the laser pulses hit the front side of the sample from the left 
under an incidence angle of 65° to the surface normal. In both 
cases, we observe periodic signal patterns starting at the SPP 
coupling edge. These patterns originate from the superposi-
tion of the illuminating laser field and the SPP polarization 

field [11, 30]. Their periodicities arise from the wave vector 
mismatch Δk = k

SPP
− k

exc
 between laser and SPP with k

exc
 

being the surface projected wave vector of the excitation laser 
and k

SPP
 being the real part of the wave vector of the SPP. 

Note that in the normal incidence excitation geometry, the 
surface projection of the laser wave vector vanishes, yield-
ing the special case k

exc
= 0 and Δk = k

SPP
 . The quantitative 

analysis of the patterns as a function of excitation wavelength 
allows determining the SPP dispersion relation, �

(

k
SPP

)

 . It is 
worth noting that because the observed periodicities arise due 
to Δk , the SPP wave vector in the oblique incidence excitation 
geometry leads to an intensity peak at Δk rather than at k

SPP
 

upon Fourier transform of the measurement signal. Therefore, 
in the case of sample 2 and sample 3, we do not plot the spectra 
against the wave vector k obtained naturally from a Fourier 
transform. Rather, we plot the spectra against (k + k

exc
) . Due 

(a)

(b)

(c)

Fig. 3  Microscopy images of the investigated samples. (a) Refer-
ence HIM and T-PEEM images of sample 3 showing the FIB-created 
slit providing defined edges for SPP excitation with the laser. (b) 
2P-PEEM image showcasing the superposition pattern of LR-SPP 
and SR-SPP observed on sample 1. (c) 2P-PEEM images showcasing 
the LR-SPP signature (left) and SR-SPP signature (right) observed on 
sample 3. The images shown in (b) and (c) were recorded with a laser 
wavelength of 730 nm
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to this, the SPP signal leads to a peak at k
SPP

 , resulting in a 
more intuitive picture.

Figure 4a compares periodic signal patterns emerging from 
the SPP coupling edge for three different excitation wave-
lengths. We observe a clear change of the pattern periodici-
ties, indicative for the dispersive character of the excited SPPs. 
Notably, the signal modulation of the pattern shows some com-
plexity as is readily apparent in the 2PPE intensity profile in 
Fig. 4b, which has been obtained by integration of the top pat-
tern shown in Fig. 4a along the vertical direction. We assign 
the appearance of this unconventional signal modulation to 
multiple wave vector mismatch components Δk superimpos-
ing on one another within the pattern. This is confirmed by 
a Fourier transform of the pattern (see Fig. 4c) that reveals 
three distinct wave vector components being involved in the 

formation of the pattern. The comparison with our simulations 
and results from previous experiments [20, 30] implies that the 
signal peak at k

SPP
 ≈ 8.9 µm−1 is due to the LR-SPP excited at 

the Au/vacuum-interface and that the peak at k
SPP

 ≈ 13.3 µm−1 
is due to the SR-SPP excited at the Au/SiO2-interface. The 
distinct signal of the SR-SPP in the spectra which amounts 
to almost 30% of the LR-SPP amplitude highlights the high 
sensitivity of the experiment even to excitations that are local-
ized at an interface buried below a 50-nm-thick polycrystalline 
gold film. The detection of such a strong signal is potentially 
assisted by the rear side illumination geometry used in this 
experiment [21]: the laser pulses incident from the sample rear 
side hit the buried interface before they are transmitted through 
and partly absorbed by the gold film. This implies a stronger 
and preferential excitation of the SR-SPP over the LR-SPP at 
least partly compensating for a reduced photoemission signal 
due to the finite mean free path of photoexcited electrons in the 
gold film [48]. We finally want to comment on the third peak in 
the Fourier spectrum, ΔSR,LR, which appears at k ≈ 4.4 µm−1. 
The value exactly matches the difference of the SR-SPP and 
LR-SPP wave vector peaks. We assume that this difference 
signal either originates from the non-linearity of the 2PPE 
detection process or alternatively from a residual coupling of 
LR- and SR-SPP [39].

Figure  5a shows a waterfall plot of Fourier spectra 
obtained from 2PPE intensity profiles recorded at different 
excitation wavelengths. We extract the dispersion relations 
for the LR-SPP and the SR-SPP from this data by determin-
ing the values of k

SPP
 from a Gaussian fit to the LR-SPP 

and SR-SPP signal peak for each spectrum. The dispersion 
relations obtained from the analysis of 2P-PEEM data from 
two identical samples (sample 1A and sample 1B) are shown 
in Fig. 5b in comparison to the results of our simulations 
(dashed lines). The very good agreement between measure-
ment and simulations confirms the assignment of the two 
peaks to LR-SPP and SR-SPP and once again highlights the 
exceptional signal quality at which the buried SPP mode can 
be investigated with the used detection geometry.

In the following, we will present the 2P-PEEM data of 
sample 2 and sample 3. The results of our simulations for 
these sample geometries imply a substantially larger differ-
ence in the wave vectors between LR-SPP and SR-SPP than 
for sample 1. Correspondingly, also the 2P-PEEM signal 
periodicity determined by the wave vector mismatch Δk will 
differ considerably. In the experiment, LR-SPP and SR-SPP 
can therefore only be probed separately using different mag-
nification settings of the PEEM instrument. Figure 6a shows 
2P-PEEM data of sample 3 taken at three different wave-
lengths and for two different magnification settings of the 
PEEM optics, matching the pattern periodicity of the LR-SPP 
(left) and the SR-SPP (right). 2PPE intensity profiles of the 
720 nm data (Fig. 6b) confirm that each dataset is governed 
by a single periodicity that we associate with the excitation of 

(a) 2P-PEEM sample 1
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(c) Fourier transform of 2P-PEEM pattern at λ = 730 nm 
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ΔSR,LR
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Fig. 4  Detection and analysis of LR- and SR-SPP signals for sample 
1. (a) 2P-PEEM data near the SPP coupling edge recorded at three 
different excitation wavelengths highlighting the dispersive nature of 
the SPP modes. (b) 2PPE intensity profile as a function of distance x 
from the coupling edge at λ = 730 nm extracted from the 2P-PEEM 
pattern shown in (a). (c) Fourier transform of the 2PPE intensity pat-
tern shown in (b)
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LR-SPP and SR-SPP, respectively. Notably, it is also possible 
to detect the buried interface plasmon in this experimental 
geometry. Note, however, that even though the thickness of 
the gold films is reduced in comparison to sample 1, the rela-
tive signal amplitude from the SR-SPP is now much smaller 
at least for the 40-nm-thick film, amounting to only 10% of 
the signal amplitude from the LR-SPP. This highlights the 
impact of the rear side illumination. For the 25-nm-thick 

coating, the exponential dependence of the evanescent fields 
on thickness takes over, resulting in an SR-SPP amplitude 
that is roughly 50% of the LR-SPP.

Fourier spectra of 2PPE intensity profiles of sample 2 
and sample 3 for different excitation wavelengths and cov-
ering the relevant wave vector range of LR-SPP (left) and 
SR-SPP (right) are plotted in Fig. 7a and b. As for sample 1, 
the dispersion relations are determined from Gaussian fits 
to the spectra. Figure 8 compares the results for sample 2 
and sample 3 with the dispersion relations for the LR-SPP 
shown in Fig. 8a and for the SR-SPP shown in Fig. 8b. Addi-
tionally, the data are overlaid with the results of our simu-
lations (solid lines). For the simulations, we adjusted the 
thickness of the native oxide layer for best agreement with 
the experimental data, yielding a thickness of 2 ± 0.3 nm. 
Clear differences in the dispersion relations as a function of 
film thickness are observed for the SR-SPP, whereas within 

(a)

(b)

Fig. 5  LR-SPP and SR-SPP dispersion relations of sample 1. (a) 
Waterfall plot of Fourier spectra of 2PPE intensity profiles recorded 
upon excitation with different laser wavelength. The three peaks in 
each spectrum represent from left to right the difference signal from 
LR-SPP and SR-SPP (ΔSR,LR), the signal from the LR-SPP mode, and 
the signal from the SR-SPP mode. The baseline of each spectrum is 
aligned by excitation wavelength on the right-hand axis. (b) LR-SPP 
and SR-SPP dispersion relations obtained from measurements of two 
samples (sample 1A and sample 1B) in comparison with results of 
transfer matrix simulations (dashed lines). The systematic error of the 
length calibration as well as the statistical uncertainty of the Gaussian 
fit to the spectra is within the marker size

(a)

(b)

Fig. 6  Detection and analysis of LR- and SR-SPP signals for sample 
3. (a) LR-SPP signal patterns (left) and SR-SPP signal patterns (right) 
at three different excitation wavelengths highlighting the dispersive 
nature of the SPP modes. (b) 2PPE intensity patterns for LR- and SR-
SPP at λ = 720 nm extracted from the top pictures shown in (a)
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the experimental resolution the dispersion of the LR-SPP 
seems to be not affected by the gold film thickness at all. 
This striking difference between LR-SPP and SR-SPP is a 
direct consequence of the asymmetry in the dielectric envi-
ronment formed by superstrate (vacuum, � = 1 ) and sub-
strate  (SiO2/Si, 𝜀 > 1 ): at any interface the SPP electric field 
components must fulfill continuity conditions. For a purely 
single interface system, this condition can be fulfilled by 
an SPP propagating along the interface and exponentially 
decaying perpendicular to the interface into both adjacent 
mediums. This field configuration is schematically illus-
trated in Fig. 9a. For a three-layer system and a sufficiently 
small metal film thickness, the field configuration of the SPP 
must change to comply with the continuity conditions now 
to be fulfilled at both interfaces. For the LR-SPP, which is 
localized at the vacuum-metal interface, the field decaying 

into the metal eventually encounters the dielectric substrate. 
Since the permittivity of the substrate is higher than that of 
vacuum, the field is no longer evanescent and can instead 
be radiated into the substrate as light. This phenomenon is 
known as “leakage radiation” [49]. The light-like nature of 
the fields in the substrate introduces an additional degree of 
freedom: the emission angle � . The resulting field configu-
ration is schematically depicted in Fig. 9b. The emission 
angle trivializes fulfilling the continuity conditions at the 

(a)

(b)

Fig. 7  Compilation of Fourier transformed data of sample 2 and sam-
ple 3. (a) Waterfall plot of Fourier spectra of the LR-SPP 2PPE inten-
sity pattern (left) and of the SR-SPP 2PPE intensity pattern (right) of 
sample 2. (b) Waterfall plot of Fourier spectra of the LR-SPP 2PPE 
intensity pattern (left) and of the SR-SPP 2PPE intensity pattern 
(right) of sample 3. The baseline of each spectrum is aligned by exci-
tation wavelength on the right-hand axis

(a)

(b)

Fig. 8  Comparison of LR-SPP and SR-SPP dispersion relations of 
sample 2 and sample 3. (a) Experimental dispersion relation for LR-
SPP on the 25 nm gold coating (sample 2, blue triangles) and on the 
40 nm gold coating (sample 3, red circles). Simulated dispersion rela-
tions for both gold film thicknesses are included (solid lines). There 
is no difference between the simulated dispersion relations on a scale 
that is significant for the experiment. (b) Experimental dispersion rela-
tions for the SR-SPP on the 25 nm gold coating (sample 2, blue tri-
angles) and on the 40 nm gold coating (sample 3, red circles). Simu-
lated dispersion relations for both gold film thicknesses are included 
(dashed lines) surrounded by shaded areas (blue for sample 2 and red 
for sample 3) marking the simulated effect of a ± 0.3 nm native oxide 
layer thickness variation. For comparison, the simulated SPP disper-
sion relations in an Au/SiO2/Si-system (black dash-dotted line) and 
at an isolated Au/Si-interface (black dashed line) are added. In both 
graphs, the statistical uncertainty obtained from the fit algorithm is 
smaller than the marker size
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metal-substrate interface. Therefore, the LR-SPP properties 
are mostly defined by the conditions at the vacuum-metal 
interface and do not strongly depend on the metal film thick-
ness. For the SR-SPP, however, the field decaying into the 
metal eventually encounters vacuum due to its localization at 
the metal-substrate interface. Here, leakage radiation cannot 
occur due to the permittivity of vacuum being lower than 
that of the substrate. The field is evanescent in all media and 
no additional degree of freedom can soften the boundary 
conditions. This field configuration is depicted in Fig. 9c. 
The SR-SPP must accommodate both sets of continuity con-
ditions. The critical parameter is the remaining field strength 
at the gold-vacuum interface, which depends exponentially 
on the gold film thickness. This explains the strong thickness 
dependence of the SR-SPP dispersion.

For comparison, we added in Fig. 8b the simulated disper-
sion relation of an SPP in an Au/Si-system with a 2-nm-thick 
native  SiO2 layer at the interface (black dash-dotted line). 
This line marks the decoupled case where an infinite metal 

thickness fully separates the SPP modes. From this compari-
son, it becomes apparent that in the present system, the SR-SPP 
already behaves almost like a decoupled SPP when separated 
from the vacuum-metal interface by a 40-nm-thick Au film.

As a final remark, we would like to emphasize the 
strong effect of the ultrathin native oxide layer of sample 
2 and sample 3 onto the SR-SPP dispersion relation and 
conversely the sensitivity of the SR-SPP to the immediate 
vicinity of the buried interface. Figure 8b includes shaded 
areas near the simulation results (blue for sample 2 and 
red for sample 3) that indicate the change of the simulated 
dispersion upon variation of the native oxide layer thick-
ness by ± 0.3 nm. These areas fully encompass the exper-
imental results, implying that from the experimental data, 
the native oxide layer thickness can be determined at the 
accuracy of state-of-the-art spectroscopic ellipsometry 
techniques [50]. However, such an accuracy can only be 
achieved for bare surfaces in the latter case. In Fig. 8b, we 
also added simulation results of the SPP dispersion rela-
tion for an isolated Au/Si interface (black dashed line). 
Without a native oxide layer, the SR-SPP of the Si/Au/
vacuum systems should closely follow this dispersion. In 
comparison to the experimental data, we observe in the 
probed frequency range an increase of k

SPP
 of up to 50%. 

The effect of the  SiO2 can be further understood when 
comparing these results with the observations on sample 
1. The SR-SPP on sample 1 is in principle the SR-SPP of 
a  SiO2/Au/vacuum system—with some deviation due to 
the differences in permittivity between fused silica and 
native  SiO2. Further increasing the  SiO2-layer thickness 
can therefore in the extreme reduce k

SPP
 to roughly a third 

of the values observed on sample 2 and sample 3.

Conclusions

We presented a systematic PEEM study of the SR-SPP 
dispersion relation at different buried gold-dielectric 
interfaces. We demonstrated the high sensitivity of PEEM 
to plasmonic modes not only at exposed interfaces but 
also at interfaces buried by polycrystalline gold films of 
thicknesses up to 50 nm. This is achieved in part through 
the usage of a rear side illumination setup [21]. We pro-
vided experimental data on how the SR-SPP dispersion 
is affected by the gold film thickness and the substrate 
properties, including very small thickness variations of 
ultrathin native oxide layers. We would like to emphasize 
particularly this last point, as the observed drastic impact 
of such an interlayer with a thickness of only 2 nm could 
lend itself to manipulate the dispersive properties of SR-
SPP to suit ones needs. This potential fine tuning capabil-
ity combined with a wave vector that is larger than that 
of the LR-SPP makes the SR-SPP a potential candidate 

(a)

(b)

(c)

Fig. 9  Schematic illustration of the electric fields of an SPP at a sin-
gle interface (a), an LR-SPP (b), and an SR-SPP (c). The coordinate 
system in the lower left of (a) and the electric field scale bar in the 
top right of (a) are valid for all three graphs

744 Plasmonics (2021) 16:737–746



1 3

for advancements in applications where a large wave vec-
tor is highly critical to push the diffraction limit—and 
thus, imaging resolution—to its extreme, such as plasmon 
microscopy [51].
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