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Abstract: We study the amplitude and phase signals detected in infrared
scattering-type near field optical microscopy (s-SNOM) when probing a
thin sample layer on a substrate. We theoretically describe this situation
by solving the electromagnetic scattering of a dipole near a planar sample
consisting of a substrate covered by thin layers. We perform calculations
to describe the effect of both weakly (Si and SiO 2 ) and strongly (Au)
reflecting substrates on the spectral s-SNOM signal of a thin PMMA layer.
We theoretically predict, and experimentally confirm an enhancement effect
in the polymer vibrational spectrum when placed on strongly reflecting
substrates. We also calculate the scattered fields for a resonant tip-substrate
interaction, obtaining a dramatic enhancement of the signal amplitude
and spectroscopic contrast of the sample layer, together with a change
of the spectral line shape. The enhanced contrast opens the possibility to
perform ultra-sensitive near field infrared spectroscopy of monolayers and
biomolecules.
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1. Introduction
The development of the scattering type near field optical microscopy (s-SNOM) [1, 2] as a
standard tool for visible [3, 4, 5, 6] and infrared [7, 8, 9, 10, 11] microscopy and spectroscopy
of nanostructures allowed for an extensive variety of applications such as mapping materials
and doping concentrations in nanoelectronic circuits [12], studying superlensing [13], infrared
imaging of single nanoparticles [14, 15], or vibrational polymers recognition by near-field infrared fingerprint spectroscopy [16, 17], among others. s-SNOM takes advantage of the confined electromagnetic field of a sharp metal tip for local probing of the optical properties of
a sample, with a resolution of the order of 10 nm-30 nm, even at long mid-infrared wavelengths [18]. Although full electromagnetic calculations are often needed to understand quantitatively all aspects and parameters governing the near-field signals measured with s-SNOM
[19, 20, 21, 14, 22], a simple model of the tip and sample coupling where the system is described as a point dipole (tip) over a semiinfinite medium (sample) has been proven to successfully describe the main features of the s-SNOM signal [23]. This approach has enabled
an understanding of material contrast [18], the correct description of the spectral response of
molecular vibrations [16, 24], and the resonant tip-sample interaction in the infrared [25, 26].
Although near-field microscopy is commonly known to be surface-sensitive, it has been
found that the contrast depends on the vertical composition of the sample [27]. Due to the
finite penetration of the near-fields into the sample, nanoscale resolved subsurface imaging can
be performed, providing the prospect of non-destructive analysis of buried interfaces [28, 29].
Subsurface probing is also relevant in the context of near field optical tomography that could
lead to 3D non-destructive imaging of subsurface samples [30]. For a quantitative description
of the tip-sample interaction, and probing depth, a proper theory that includes the coupling
between the tip and the different sample layers including the substrate is necessary.
Here we perform fully retarded calculations of dipolar near-field coupling through layered
systems to investigate the amplitude and phase signals obtained in s-SNOM when probing thin
sample layers on different substrates. By theoretically varying the thickness of the sample layer,
and changing the dielectric response of the substrate material, we predict that certain substrates
do effectively enhance the sensitivity of s-SNOM to thin sample layers. Experimental spectra of
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Fig. 1. Schematics of the scattering system. An induced dipole located on top of a multilayered system interacts with the incoming plane wave as well as with the layered substrate.
Reflections ri j and transmissions ti j at each layer are labelled in the scheme. zo is the
dipole-sample separation distance, d is the thickness of the first layer (material 2=sample),
and z is the thickness of the second layer (material 3=substrate). involved in the interaction.
Different media i are characterised by their local dielectric response εi .

a PMMA layer on different substrates confirm the predicted enhancement effect. The enhanced
infrared signal amplitude and the enhanced spectral contrast of a PMMA layer in the presence
of a Au substrate compared to a Si substrate leads us to propose the use of highly reflecting
substrates for efficient near field optical spectroscopy of thin organic or molecular layers. We
also investigate theoretically the case of resonant tip-substrate interaction and obtain an even
larger enhancement of the s-SNOM signal from a thin sample layer, along with an increase of
the spectral contrast, although presenting a distortion of the line shape of a single molecular
absorption band [31].
2. Formalism: Dipole model for a layered system
We present in this section the electromagnetic response of a dipole above a multilayered surface
[32], as a model for the light scattering produced by a s-SNOM tip on a layered material over
different substrates. The scheme of the system we will address is shown in Fig. 1, where p
denotes the interacting dipole representing the s-SNOM tip, z o is the distance between the
dipole (tip) and sample, and d and z  are the different material thickness for the sample and
substrate respectively. The angle of incidence of the light is denoted by θ inc , εi is the local
dielectric response of material i, and k = 2π /λ is the modulus of the wavevector.
 The wave
vector k, its modulus k, and the components perpendicular k z and parallel Q =
surfaces, are defined as

kzi = k2 εi − Q2
Re{kz } > 0
k = ω /c
√
i
k = (Q, kz sign(z))
Im{kz } > 0
k = k εi

kx2 + ky2 to the

(1)
with h̄ω the energy associated with a certain wavelength λ
To calculate the fields from the dipole on top of this multilayered system, we first calculate
the self-interacting dipole p driven by the external incoming plane wave in the presence of the
#90017 - $15.00 USD
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multilayered system. Once we calculate the resulting dipole, we obtain the radiation probability of this dipole considering that the radiation occurs in the presence of the layered system. In
this way, we can obtain information on the amplitude s and phase ϕ of the radiation backscattered by the dipole. A similar approach based on an electrostatic extended dipole model, with
Fresnel coefficients for the multilayers included, gives identical results [33]. Experimentally,
there is additional light scattering from other parts of the tip and the sample which have to be
suppressed by a pseudoheterodyne interferometric detection scheme [34] in combination with
a demodulation procedure. In this technique, the tip sample-distance is modulated sinusoidally
at a frequency Ω, and the signals from the detector are evaluated at the frequency nΩ with
n = 2 or n = 3. Thus, theoretically demodulated n-th order amplitude s n and phase ϕn are the
magnitudes to be compared with the experiments later on.
2.1. Dipole on a surface
The dipolar moment p of an object with polarizability α in an external field E 0 in the proximity
of a surface can be expressed as:
p = α E0 + α Gp

(2)

The dipole polarizability α depends on the material and shape. In our case, the dipole polarε −1
izability is assumed to be α = a 3 εtip
, corresponding to a sphere of radius a and dielectric
tip +2

response εtip . E0 is the external field at the dipole position (after considering the reflections and
refractions at the multilayered system), and G is the dipole interaction with the multilayered
system at the dipole position, produced by the dipole itself. The latter involves the response
of the multilayered surface, sometimes called mirror dipole. This self-interacting dipole can be
expressed as
α E0
.
(3)
p=
1 − αG
The external field at the dipole E 0 and the dipole interaction G need to be evaluated including
all the reflections and transmissions of the different layers at the substrate, as depicted in the
inset. These coefficients, explicitly defined in the Appendix, will be used to calculate both the
external field E0 , and the dipole interaction G in the following sections.
2.2. External field at the dipole
The external field at the point dipole E 0 is a result of the direct external field coming from the
external plane wave E d0 plus the reflected field from the multilayered surface E r0 :
E 0 = Ed0 + Er0 ,

(4)

which can be expressed as:
(1)

E 0 = Ed0 + Rei2kz

zo

(1)

Ed0 = (1 + Rei2kz

zo

)Ed0 ,

(5)

with R being the reflection coefficient of the entire multilayered system. The expression for this
coefficient is addressed in the Appendix.
2.3. Dipole interaction
The field of the dipole is reflected by the surface and acts back on the dipole itself. Translational
invariance of the surface makes it convenient to express the field of the dipole as a combination
of plane waves that are reflected by the surface according to the plane-wave reflection coefficients [appendix]. This strategy was pioneered by Weyl [35] and was latter further developed
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by Ford and Weber [36]. The reflected field times the dipole can be understood as a dipolesurface interaction G, which we can write as the sum (integral) over all parallel momentum
components (i.e., over all plane waves into which the dipole field is decomposed). We find the
following expression for the reflected field produced by the dipole itself [37]:
Edip
r

=



(1)
d 2 Q iQR
1
(1)
− (1)− i2kz zo
e
(2
π
i)
[R
ε̂
α
+
R
ε̂
α
]e
,
s
p
s
s
p
p
(1)
(2π )2
kz

where

1
(−Qy , Qx , 0),
Q

(7)

1
(±kz Qx , ±kz Qy , −Q2 ),
ki Q

(8)

ε̂s =
and

ε̂ pi± =

(6)

are unit vectors along s and p polarization directions,
k2
(−px Qy + py Qx ),
Q

(9)

k2
[±kz (Qx px + Qy py ) − Q2 pz ].
ki Q

(10)

αs =
and

α pi± =

are the coefficients of such reflected waves, i is referred to the propagation medium, vacuum in
this case (i = 1), R is the dipole position vector parallel to the multilayered surfaces (R = 0 in
this case), and px , py , and pz are the components of the point dipole p. Due to the polarization
of elongated tips, being dominant in the z direction, we assume a dipole oriented only in the z
direction. It is important to note that the integral of Eq. (6) extends not only over propagating
plane waves (Q < ω /c), but also over evanescent waves (Q > ω /c). These evanescent waves
can make a substantial contribution, and they are actually dominant in the non-retarded limit in
which G = eiQ|z−z0 | (ε − 1)/(ε + 1) for a homogeneous surface.
The dipole self-interaction is then simply given by the action of the reflected field on the
dipole itself, so that G = p · Edip
r .
2.4. Dipole radiation
Finally, the backscattered radiation can be obtained from the electromagnetic field E d radiated
by the self-interacting dipole p plus the field reflected by the multilayered surface E r :
E = Ed + Er =



d 2 Q 2π i iQR
e g,
(2π )2 kz

(11)

with
g = g d + gr ,

(12)

the direct (d), and reflected (r) parts of the radiation, that are obtained as

and
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where R and z are the coordinates of the far-field position vector r where the radiation is evaluated. The field at infinity will be given by the expression of the total field at a point r → ∞,
where r||k. Asymptotic analysis of the Q integral leads to
E=

eikr
g(θ ),
r

(15)

where we now see that g is indeed the far-field amplitude produced by the dipole and its surface
reflection. From here, the intensity of the electric field at infinity per solid angle will be given
by:
dP
= |g|2 ,
(16)
dΩ
so the probability of backscattering radiation intensity per solid angle unit is
(1)
p2
dP
= |g|2 = 2 k4 (1 + R pei2kz zo )2 sin2 θout .
dΩ
ε

(17)

The phase of the scattered field can also be derived to compare with the experimental
measurements of phase. In this case, the phase can be obtained as the argument of g z , the z
component of the function g. As pointed out above, in the experimental situation, the s-SNOM
tip oscillates in tapping mode with frequency Ω, and different demodulation orders of the detector signal can be obtained. This allows to subtract undesirable background from the near-field
scattering. Accordingly, to compare exactly with the near-field scattering signals obtained in sSNOM, the amplitude and phase are also demodulated in the theoretical calculations. We will
use in all our calculations a tapping frequency of Ω = 33kHz, and a tapping amplitude of 25
nm, with the closest separation distance between tip and sample being 1 nm. We assume for the
point dipole a polarizability corresponding to that of a sphere with a 25 nm radius. Typically,
second and third order demodulation amplitude and phase signals are used in experiments. We
will show calculations for the third order demodulation signals without loss of generality.
We will apply now this formalism to a situation where a sample layer of a material with a
spectroscopic signature (i.e. a single molecular absorption band) is deposited on a substrate that
interacts selfconsistently both with the sample layer and the near-field probing dipole (tip). p
polarized light will be considered both for incident and detected light. Compared with static
models previously used, this model includes additionally the retarded interaction of the dipole
with the sample (more relevant as the point dipole is located further from the sample, and thick
layers), and also the reflection of the backscattered radiation at the sample. The latter involves
an extra reflection coefficient which can be relevant when analysing backscattering radiation of
samples in highly reflecting substrates, as we will demonstrate in the following sections.
3. Signal in substrate-enhanced spectroscopy of a thin layer
It was already pointed out recently how a perfect mirror substrate or even a resonant tipsubstrate interaction can enhance the near field contrast of nanoscale objects at a fixed infrared
wavelength [14]. Following a similar approach, and motivated by experimental observations
that will be presented in the next sections, we aim to enhance the spectral contrast and absolute
s-SNOM amplitude signals of thin sample layers with the help of a convenient substrate.
3.1. PMMA layer on different substrates: SiO 2 , Si, Au
We apply the formalism from the previous section to the infrared spectrum of a PMMA layer
characterised by a dielectric function as shown in Fig. 2(a), on top of different substrate materials. In Figs. 2(b) and (c), we present calculations of the s-SNOM amplitude s 3 and phase ϕ3
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Fig. 2. (a) Real (Re[εPMMA]) and imaginary (Im[εPMMA]) parts of the PMMA dielectric
function. Backscattering amplitude s3 (b) and phase ϕ3 (c) of a point dipole located on top
of a 10 nm thick PMMA sample layer on different substrates. SiO2 substrate in blue, Si in
red, and Au in black. Demodulation order is n = 3. Amplitude is normalised to the value
of a Si substrate in (b), and its phase value is used as a reference (red dashed line) in (c).

signals obtained from a 10 nm PMMA layer on SiO 2 , Si, and Au respectively. The local dielectric functions are taken from experimental data [38]. Third order signals (n = 3) are calculated.
As already shown previously [16, 17], the spectral response of a typical molecular absorption
band shows the following signature in s-SNOM: the amplitude spectrum s 3 shows a derivativelike shape resembling roughly the real part of ε PMMA or a reflection spectrum, while the phase
spectrum ϕ3 shows a peak at the frequency of the PMMA absorption band, roughly resembling
the PMMA far-field absorption spectrum and is similar to the imaginary part of ε PMMA . The
asymmetric profile of the amplitude is a consequence of the phase interference of the electromagnetic fields between a narrow band (vibration) and a broad band (reflection) responses,
analogous to the asymmetric Fano profiles given by the interaction between a discrete state and
a continuum of states in quantum mechanics [39, 31]. Comparing the different substrates, the
absolute amplitude signal s 3 of PMMA in the IR is enhanced by a factor of two for Si compared
to SiO2 . This is in good agreement with the initial s-SNOM experiments of a PMMA film on
a Si substrate [16], in which the s-SNOM spectra showed higher amplitude signals compared
to what was theoretically expected for an infinite thick PMMA layer. Using an Au substrate
for our calculations, the PMMA amplitude signal s 3 is again increased by another factor of
two compared to the Si substrate. The phase signal ϕ 3 changes only slightly for the different
substrates. The amplitude spectra in Fig. 2(b) show clearly that not only the absolute value of
the signal is increased, but also the spectral feature (contrast) is scaled up. We will discuss this
effect, which helps to improve the contrast in vibrational near-field IR spectroscopy, in more
detail in section 4.1.
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Fig. 3. Backscattering amplitude s3 (a) and phase ϕ3 (b) of a point dipole located above a
PMMA sample layer of several different thicknesses deposited on top of a gold substrate.
PMMA thicknesses are 2 nm (black), 5 nm (red), 10 nm (green), 40 nm (blue), and 100 nm
(brown). 3rd order demodulation is calculated, and the scattering amplitude is normalised
to the scattering of a gold semiinfinite sample in (a). The phase for this reference case is
plotted as a dashed line in (b).

3.2. Dependence on layer thickness
Another point of interest in substrate-enhanced near-field spectroscopy is the penetration depth
of the tip near-field into the sample. Due to the strongly nonlinear distance-dependence of the
near-field interaction between tip and sample, we expect the tip to interact differently with
the substrate for sample layers of different thickness, giving rise to changes in the s-SNOM
amplitude and phase signals and the related spectral contrast. To elucidate the effect of the
sample layer thickness in the s-SNOM signals, and particularly the spectral contrast of the
sample layer, we calculate normalized demodulated amplitude and phase signals, s 3 and ϕ3 ,
of the backscattered fields for different PMMA layers of different thickness on top of a gold
substrate (see Fig. 3), which was considered the most appropriate material for spectral signal
enhancement (see Fig. 2). Layers with a thickness of 100 nm, 40 nm, 10 nm, 5 nm, and 2 nm
are considered. The amplitude signal s 3 increases by a factor of three from the thicker case (100
nm) to the thinner one (2 nm). This can be understood by a larger coupling of the tip near-field to
the substrate. However, due to the presence of less quantity of absorbing (or ”spectroscopically
active”) material, the contrast of the spectral amplitude signal s 3 diminishes as the PMMA
layer gets thinner. This effect can be also observed in the phase ϕ 3 [Fig. 3(b)] where a smaller
phase change occurs for thinner PMMA layers. Both the smaller phase change and the larger
amplitude signals have already been observed experimentally in near-field amplitude and phase
spectra of PMMA beads of heights ranging from 37 nm to 66 nm (see Fig. 4(c) in ref. [17]).
We would like to note that monolayer sensitivity has already been reported in s-SNOM for
both DNA layers [40], and lipids [10] when the layers were adsorbed on Au surfaces. However,
as these experiments did not use interferometric detection, the reported spectra are difficult to
interpret [24] and were assigned to vibrational absorption contrasts.
4. Spectral contrast in substrate-enhanced spectroscopy of a thin layer
We define the absolute spectral contrast Δs 3 as the difference between the maximum and the
minimum of the spectral derivative-like amplitude of a vibrational resonance [see inset in
Fig. 4(a)]. We then show in this section the effect of using different substrates to enhance the
contrast of a thin sample layer with a spectral signature, and discuss the physical reason for this
enhancement. We use both glass and gold as a substrate, and calculate the spectral contrast of
#90017 - $15.00 USD

(C) 2008 OSA

Received 21 Nov 2007; revised 16 Jan 2008; accepted 17 Jan 2008; published 22 Jan 2008

4 February 2008 / Vol. 16, No. 3 / OPTICS EXPRESS 1537

4

Amplitude contrast
Δs3(Au) / Δs3(SiO2)

Contrast Δs3 / Δs3 (Inf. PMMA)

4

Δs3

3

2

Au substrate
1

3

full scattering
2

no surface reflection
1

SiO2 substrate
0
0

a)

50
100
150
PMMA thickness d (nm)

200

0
0

b)

50
100
150
PMMA thickness d (nm)

200

Fig. 4. (a) Contrast of a PMMA layer on a gold (red solid) and glass (blue solid) substrates as a function of the layer thickness, normalised to the contrast of an infinite PMMA
substrate. Dashed lines represent the same calculation with the reflection of the incoming and outgoing radiation subtracted. The inset shows a scheme with the definition of
spectroscopic contrast. (b) Ratio of contrasts ΔAu /Δglass as a function of the PMMA layer
thickness. Solid line is the full calculation, and dotted lines denotes that the reflection of
the incoming and outgoing radiation are subtracted.

a PMMA layer for continuously increasing layer thickness. The results are normalised to the
contrast of an infinite thick sample of PMMA and plotted in Fig. 4(a). For thin PMMA sample
layers (< 30 nm), we find that the contrast increases for both substrates as the PMMA thickness
becomes larger, reaching saturation for thickness between 35 nm-50 nm. One can also observe
that the contrast can be enhanced more than two times when the metallic mirror is used (red
solid curve) with respect to a glass layer (blue solid curve). For thicker PMMA layers, the contrast is slowly attenuated towards the limit of the infinite PMMA layer. In Fig. 4(b) we plot
with a solid line the ratio of the contrasts shown in Fig. 4(a) where we observe an increase of
the efficiency of the metallic substrate down to PMMA layers of 2 nm. For this thin thickness,
within the dipole approximation, the efficiency of the metallic substrate drops off.
4.1. Near-field interaction vs. surface reflection
We have shown that the use of a metallic substrate such as gold for infrared wavelengths enhances the spectroscopic amplitude signals of a vibrational fingerprint (PMMA signature). To
elucidate whether this enhancement is a consequence of the near-field interaction, or rather a
simple reflection-assisted mechanism, we calculate the same situation subtracting the reflection
of the incoming radiation before hitting the tip (dipole), and also the reflection of the outgoing
radiation of the dipole by the multilayered system. We represent the results as dashed lines in
Fig. 4(a) and (b) together with the full calculations. It is obvious from the results in Fig. 4(b)
that the main contribution to the two fold enhancement of a gold substrate with respect to the
glass substrate comes from considering the reflection by the multilayered system. It is only for
thin sample layers with d < 30 nm, i.e. in the close proximity between tip and substrate, that
the near-field interaction contributes significantly to enhance the contrast Δs 3 . In conclusion,
the enhancement of both the absolute amplitude signal, and the corresponding spectral contrast
Δs3 is a consequence of the IR response of highly reflecting substrates. This response has a
threefold effect in the scattering process: (i) the strong reflection of the incident radiation at
the substrate enhances the tip illumination, (ii) the enhanced tip-substrate near-field interaction
further increases the local field acting on very thin sample layers (d < 25 nm) owing to the
selfconsistent multiple scattering within the tip-substrate gap responsible for the near-field, and
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Fig. 5. s-SNOM amplitude spectra of a 2 nm PMMA layer on top of a substrate characterised by different values of the real part of its dielectric function, Re{εsubs }. For values
close to εsubs = −10 + 0.5i the PMMA spectra shows a typical derivative like line shape.
Near εsubs = −1.66 + 0.5i, signature interaction between tip and substrate becomes resonant and the PMMA signature changes to a single dip. 3rd order demodulation is shown
and the spectra are normalised to the signal of a substrate with ε = −∞.

finally (iii) the reflection of the emitted radiation increases the backscattering. Note that the
thickness of the thin sample layer where the near-field interaction occurs (ii) is comparable to
the size of tip radius (≈ 25 nm).
5. Resonant tip-substrate interaction for spectroscopy of a thin layer
One of the situations which presents a promising enhancement potential for spectroscopic signal of thin layers relies on the use of resonant structures [41, 42, 43]. A resonant situation
in s-SNOM can be achieved through the near-field interaction between the probing tip and a
substrate supporting surface polaritons [44]. The near-field interaction becomes resonant for
certain values of the sample’s dielectric function, as demonstrated for a SiC surface [25]. In the
following, we study the influence of resonant tip-substrate coupling on the s-SNOM spectral
signal and contrast of a thin sample layer on a substrate.
5.1. Dependence on the dielectric properties of the substrate
We calculate the spectral amplitude signal for several constant dielectric values of the substrate
εsubs underneath a 2 nm PMMA sample layer, over the frequency range of the PMMA vibrational resonance. In Fig. 5 we vary the real part of the substrate’s dielectric function Re{ε subs }
from -10 to +2, (keeping the imaginary part as Im{ε } = 0.5i). The spectra are normalised to
the amplitude signal of an infinite gold substrate with no sample layer. The tip-substrate coupling in the case of this thin sample layer exhibits a resonance at Re{ε subs } = −1.66, which
can be clearly observed from the signal maximum at a given frequency, e.g. at 1650 cm −1 .
For a substrate with Re{εsubs } = −10, we find the expected derivative-like signature for the
PMMA layer with a moderate signal and contrast enhancement, similar to the case of a gold
substrate (Re{εsubs } = −5000) presented in previous sections. As the value of the substrate
dielectric function gets closer to Re{ε subs } = −1.66, the s-SNOM signal s 3 shows a resonant
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Fig. 6. Backscattering amplitude s3 (a) and phase ϕ3 (b) of a point dipole located on top of
a PMMA sample layer of different thickness deposited on a substrate producing a ”quasiresonant” tip-substrate interaction (εsubs = −1.66 + 0.5i). Thicknesses of the PMMA sample layer are 2 nm (black), 5 nm (red), 10 nm (green), 40 nm (blue), and 100 nm (brown).
3rd order demodulation is calculated, and the scattering amplitude is normalised to the
scattering of a semiinfinite gold sample in (a). Strong line shape change is observed for
different sample layer thicknesses.

tip-substrate coupling. This resonant situation produces an increase in the s-SNOM signal of
more than one order of magnitude, and an increase of the contrast of the spectral features of the
PMMA layer. Interestingly, the line shape of the spectrum also changes when approaching near
resonance from derivative-like to a dip. This effect is due to the electromagnetic interaction
between the vibrational resonance of the sample layer and the tip-substrate resonance, producing a Fano-like antiresonance (dip in the spectrum) due to the interference of fields in opposite
phases. [31, 45].
As the substrate response εsubs departs from resonance (real part of the substrate dielectric
function between -1.66 and 2), the PMMA fingerprint is recovered with much smaller amplitude
and contrast. Although the spectral shape of the PMMA fingerprint is modified near resonance,
the s-SNOM signal from a thin sample layer (monolayer for example) is increased dramatically
by the resonant tip-substrate coupling, allowing for resonant infrared near-field spectroscopy
when the tip-substrate interaction is conveniently tuned.
In a realistic situation for a substrate, the dielectric response will show a certain dispersion.
The spectral line could be obtained in that case, by tracing for each frequency in Fig. 5 the
different values of the substrate dielectric function. Independently of the actual dispersion of the
substrate, Fig. 5 shows that by going through the tip-substrate resonance (Re{ε subs } = −1.66),
an enhanced spectral contrast can be obtained.
5.2. Dependence on the thickness of the sample layer
For a layered system, the condition of resonant tip-substrate interaction will depend on the tipsubstrate distance [26] and also on the dielectric value of the sample layer. If we select the
material of our sample layer (PMMA), and we also fix the dielectric value of the substrate
supporting the sample layer, the resonant condition for the s-SNOM signal will depend on the
tip-substrate separation distance, mainly determined by the thickness of the PMMA sample
layer. We therefore change the resonant condition when we change the thickness of the sample
layer. For PMMA sample layers, the values for the dielectric
function of the substrate ε subs that generates resonant tip-substrate coupling, vary from
Re{εsubs } = −1.66 for a thickness of 2 nm, down to Re{ε subs } = −2.07 for a thickness of
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100 nm. For simplicity, we select a fixed constant value ε subs = −1.66 + 0.5i for all the PMMA
sample layer thicknesses studied, even though this value makes the tip-substrate coupling exactly resonant only for a 2 nm PMMA layer. We present the results in Figs. 6(a) and (b). For
very thin PMMA sample layers, the s-SNOM signal s 3 is enhanced by more than one order
of magnitude. Similar to Fig. 5, the spectral signature changes from derivative-like pattern for
thick layers (d=40 nm and d=100 nm) to a pronounced dip in the spectrum for thinner layers (d=2 nm and d=5 nm), where the resonant tip-substrate coupling is strongest. Note that
for thick layers, the tip-substrate coupling is negligible, recovering the standard signature of
PMMA. The amplitude signal drops off in this latter case (blue and brown lines), getting values
similar to those obtained for highly reflecting substrates. Similar effects of line shape change
can be observed in the phase [Fig. 6(b)], going from a standard peak for thick PMMA samples
to a derivative-like shape of larger contrast for thin PMMA sample layers. Even though the
change of lineshape needs to be correctly interpreted, the huge amplitude signals obtained for
thin sample layers [see Fig. 6(a)], and the distinctive spectral signature (though different than
the original one) might be applied for enhanced spectroscopy of single molecular monolayers.
6. Experimental results
To demonstrate experimentally the enhancing effect of a substrate on the contrast in vibrational spectroscopy with a s-SNOM, we measured the spectral response of a thin polymethylmethacrylate(PMMA) layer on both Au and Si substrates. The measurements were performed
with an s-SNOM setup based on a home built tapping-mode Atomic Force Microscope (AFM)
with a Cassegrain objective (NA=0.55) added to illuminate the tip with light from a midinfrared line-tuneable CO-laser [16, 18]. The scattered light is detected interferometrically with
a liquid-nitrogen cooled MCT-detector. The Pt-coated tip (Mikromasch) oscillates at its resonance frequency Ω (≈ 35 kHz) with a tapping amplitude of 50 nm, while the sample is scanned.
For background suppression a pseudoheterodyne interferometric detection scheme as described
in Ref. [34] is used. The infrared amplitude s n and phase signals ϕn are evaluated at the frequency nΩ, with n = 3 in the following experiments. For a fixed wavelength setting of the laser,
the topography, the infrared amplitude s 3 and phase ϕ3 image are recorded simultaneously.
The sample used for this spectroscopic study consists of a Si wafer with a structured, 20 nm
thick Au film patterned by colloidal lithography [46]. After preparation of the Au film, a layer
of PMMA was spincoated from solution on the sample to obtain a film thickness of about 50
nm on the Si and about 40 nm on the Au surfaces [Fig. 7(b)]. For height measurements, and as
a reference for the spectroscopic signal in s-SNOM, both the Au and the polymer are partly removed by scratching with a needle to reveal the Si substrate. The topography image [(Fig. 7(a)]
shows the bare Si substrate on the left and an elevated PMMA film covering some Au islands
on the right side of the image. Infrared amplitude images at 2 different wavelength settings of
the CO-laser are shown in Fig. 7(c,d). Both yield the highest amplitude on the Si substrate,
the PMMA-covered Au islands appear slightly darker and the PMMA film has the lowest infrared amplitude s 3 . The contrasts between the response s 3 of the bare Si and Si covered with
PMMA changes noticeably at the different wavelengths, indicating the vibrational absorption
band of PMMA around 1728 cm −1 . This feature appears in the spectral evaluation of areas
marked with A, B, C in Fig. 7(d) from images taken at different wavelengths, normalized to
the amplitude averaged over the marked area on the Si substrate. The results [Fig. 7(e)] show
the typical spectral signature for PMMA in a scattering-type near field optical microscope [16],
as discussed earlier on: The amplitude roughly follows the real part of the PMMAs dielectric
function ε (ω ), with a maximum slightly below and a minimum above the resonance frequency
of the Lorentz-oscillator describing the infrared response of PMMA.
A closer look at the spectra taken at different positions reveals that the scattered amplitude s 3
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Fig. 7. Topography (a), schematic cross-section (b) and normalized infrared s-SNOM amplitude images (c-d) of a sample consisting of Au island on Si, partly covered with a thin
PMMA film. Experimental s-SNOM spectra (e) are obtained by extracting infrared amplitude values s3 averaging over the areas (A) PMMA on Si, (B) PMMA on a Au island and
(C) PMMA on another Au island, and normalizing them to the averaged amplitude value
s3 on Si (area marked with dark dashed line in (d)). The solid lines in the spectra (e) are a
smoothed connection between the data points and serve as a guide to the eye. The corresponding theoretical spectra are shown in (f). Both scattering amplitude as well as contrasts
are enhanced on Au compared to the Si substrate.

is higher for the PMMA on Au, compared to PMMA on Si, throughout the whole spectrum. As
predicted in Sections 3.1, the presence of a highly reflecting substrate clearly enhances the scattered amplitude. Slight changes of the PMMA thickness on the Au substrate (40 nm) compared
to the Si substrate (50 nm) can be discarded as the reason for the enhancement. In Fig. 3(a) we
already showed that the difference between a 40 nm and a 100 nm thick layer of PMMA is much
smaller than the experimental accuracy. We additionally performed calculations considering the
PMMA thickness in the experiment on both Au and Si substrates [Fig. 7(f)]. We observe that
a thickness variation on Si from 40 nm to 50 nm does not alter the scattered amplitude signal
s3 significantly (less than 3% difference). The calculated spectra predict maximum (minimum)
amplitudes of 0.95 (0.4) on Au, and 0.5 (0.2) on Si, close to the experimentally observed values
of 0.8 (0.3) on Au, and 0.5 (0.2) on Si. The qualitative agreement is evident, and the quantitative
differences on Au can be due to the finite size of the Au islands. More important, the spectral
contrast (again defined by the difference between the minimum and maximum in the spectrum)
is increased on Au almost exactly as predicted, from 0.3 to 0.5 of the signal obtained on Si.
This confirms the predictions of section 3, Fig. 2(b). In other words, we have proven that the
presence of the highly reflecting substrate does not only add a constant signal offset (constant
value to the amplitude signal s 3 along the whole spectrum), but is also able to strengthen the
spectral contrast Δs3 , thereby increasing the s-SNOMs chemical sensitivity.
We also note that some Au islands appear brighter than others. For example, the spectrum on
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Fig. 8. Schematics of different situations that can host substrate-enhanced near field infrared scattering efficiently when a resonant structure is located nearby: (a) subsurface
resonant substrate, (b) resonant tip, (c) Substrate and tip resonant, (d) a resonant particle embedded in a layer with signature, (e) a resonant particle coated by a layer with a
signature, and (f) resonant particles buried by a sample layer under study.

island C yields higher scattering amplitude compared to on island B. These enhanced signals
result from a stronger near-field interaction. Small metallic particles, similar to ours in shape
and arrangement, are known to exhibit localized plasmon resonance, which can also occur at
mid-infrared frequencies [47]. Far-field FT-IR reflection spectra of the same sample, albeit averaged over larger areas, revealed indeed a broad peak centered around 2400 cm −1 . We can
therefore not exclude that in the experiment some of the Au islands might have been close to
a plasmon resonance. As pointed out in the previous section, the combination of substrateenhanced near-field spectroscopy along with resonant structures or tip-substrate interaction
promises even higher enhancement factors than a reflecting surface can offer. Definitely more
experimental and theoretical work will be needed to understand this exciting topic, since overlapping resonances of molecules and plasmonic structures will eventually change spectral shape
and positions, as already mentioned in the sections before.
7. Surface-enhanced Infrared scattering (SEIRS)
We would like to conclude this contribution by extending the concept of resonant substrateenhanced near-field infrared scattering to general situations where a resonant environment can
be designed. In the particular case of s-SNOM, we have studied here the effect of resonant
tip-substrate coupling [Fig. 8(a)], but a similar effect in the enhancement of the spectral signal
and contrast could be expected with the use of a resonant tip [Fig. 8(b)] that could be brought
close to the sample layer. An ultimate example of a resonant situation could be achieved when
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both tip and substrate are resonant [Fig. 8(c)]. An analogous situation can be obtained if a
material with a vibrational signature in the infrared could surround a resonant structure (matrix
sample embedding a resonant particle), or if just a thin sample layer of the material surrounds
the resonant particle [Fig. 8(d) and (e)]. Several variations of this resonant behavior can be
conceived [Fig. 8(f)], and some approaches based in a similar idea have been implemented
by some groups to perform molecular spectroscopy in configurations where the vibrational
fingerprint interacts with various resonant situations (infrared absorption on hole arrays [42],
on dielectric nanoparticles [48], or on infrared nanoantennas [49]). The main feature to point out
- in all those resonant cases - is the strong electromagnetic interaction between the vibrational
excitation and the near field of the resonant structure, similar to our case of a sample layer in
a resonant tip-substrate interaction in s-SNOM. Finally, we note that in all the cases described,
not only the signal can be enhanced, but also a change of the spectral signature of the sample
layer can be expected, both in amplitude and phase.
8. Conclusions
We have presented a formalism that allows for the calculation of the amplitude and phase signals in s-SNOM of a sample layer deposited on a substrate. The role of the substrate has been
studied with use of this formalism. We find that highly reflecting materials such as metals in the
infrared enhance the spectroscopic signal of a thin sample layer, based mainly on the effect of
reflection of the substrate. However, for sample layers thinner than the tip radius, the near-field
interaction between tip and substrate plays a role and larger contrast is obtained. Experimental
confirmation of this features has been obtained for PMMA layers on islands of gold. We further
predict that the use of resonant tip-sample interaction can lead to huge enhancement of both
the amplitude signal and the spectral signature (contrast). Our results show that the use of a
resonant tip-substrate coupling could improve the spectral contrast of a PMMA layer in more
than one order of magnitude. Even though this effect changes the spectral signature, it helps
to significantly improve the sensitivity (signal strength and spectral contrast) of s-SNOM for
probing thin sample layers or even small particles [14, 15].
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Appendix
We write in this Appendix the expressions of the reflection and transmission coefficients of the
different layers, used to calculate the reflection of the external field E 0 acting on the dipole, as
well as the self-interaction G of the dipole. The reflection coefficients r isj and ripj stand for the
amplitude reflection back into medium i by medium j, for s and p polarized light respectively:
risj =
and
ripj =
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.
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Analogously, the transmission coefficients t isj and tipj stand for amplitude transmission from
medium i into medium j for the different polarizations s and p:
tisj =
and
tipj =

2kzi
kzi ε j + kz εi
j

√
2kzi εi ε j
kzi ε j + kzj εi

,

(20)

,

(21)

These expressions are referred to reflections and transmissions at individual interfaces between 2 different layers. We can express the total reflection R of the multilayer system as a
function of the individual reflections and transmissions. We obtain for p polarization, with
p
R = R12
:
(2)

p p i2kz
t21 e
t12
p
p
R12
= r12
+

p

p p

(3) 

i2k z
d [r p + t23 r34 t32 e z
]
23
p p i2kz(3) z
1−r32 r34 e
(2)

p p i2kz
1 − r21
r23 e

d

.

(22)

The same expression stands for s polarization. In that case, R = R s12 is expressed as a function
of the corresponding transmission t isj and reflection risj coefficients.
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