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We establish a solid basis for the interpretation of infrared near-field spectra of thin organic films
on highly reflective substrates and provide guidelines for their straightforward comparison to standard far-field Fourier transform infrared (FTIR) spectra. Particularly, we study the spectral behavior
of near-field absorption and near-field phase, both quantities signifying the presence of a molecular
resonance. We demonstrate that the near-field phase spectra only weakly depend on the film
thickness and can be used for an approximate comparison with grazing incidence FTIR (GI-FTIR)
spectra. In contrast, the near-field absorption spectra can be compared more precisely with far-field
spectra: for ultrathin films they match well GI-FTIR spectra, while for thick films a good agreement
with standard transmission FTIR spectra is found. Our results are based on experimental data
obtained by nanoscale FTIR (nano-FTIR) spectroscopy and supported by a comprehensive theoretiC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4905507]
cal analysis. V

Scattering-type scanning near-field optical microscopy
(s-SNOM)1 and nanoscale Fourier transform infrared spectroscopy (nano-FTIR)2–4 are versatile near-field techniques
for nanoscale chemical identification. In s-SNOM, nanoscale-resolved infrared images are obtained by interferometric recording of the infrared light scattered at an atomic force
microscope (AFM) tip.1 Probing of the sample’s local infrared response, including molecular vibrational absorption, is
based on the near-field interaction between tip apex and sample surface, resulting in a modification of the scattered field.
By sequential imaging of the sample at different wavelengths, infrared near-field spectra can be obtained.5–15
Alternatively, in nano-FTIR spectroscopy, the tip is illuminated by broadband infrared radiation and the interferometer
is used as an asymmetric16 Fourier transform spectrometer,
yielding infrared near-field spectra with a spatial resolution
of about 20 nm.3,4,17,18
Importantly, the interferometric detection yields both
near-field amplitude s and phase u. It has been found that the
near-field phase spectra, uðxÞ, relate to the absorptive properties of molecular samples.7,8,19,20 However, a quantitative
comparison with transmission far-field FTIR spectroscopy21
reveals that the peak positions do not necessarily coincide.17,22 Instead, for thick organic films, the peak positions
of FTIR absorbance spectra match well with that of the socalled near-field or nano-FTIR absorption spectra
aðxÞ ¼ sðxÞ sinðuðxÞÞ.4,12,23 This finding promises a convenient identification of nanomaterials in the mid-IR fingerprint region by simply comparing nano-FTIR absorption
spectra with standard FTIR spectra from databases. On the
other hand, recent studies indicate that nano-FTIR absorption
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spectra of thin samples (thickness d < tip apex radius Rt ) on
highly reflective substrates are blueshifted, while matching
well with grazing-incidence FTIR (GI-FTIR) spectra.17
Here, we address this issue with an experimental and theoretical study of near- and far-field infrared spectra of thin organic films of varying thickness on highly reflective
substrates. We provide basic physical insights and practical
guidelines for nanoscale material characterization based on
direct comparison of near-field spectra with standard farfield references.
As sample we used spin-coated Poly(methyl methacrylate) (PMMA) films on silicon, as PMMA exhibits welldefined molecular vibrational resonances.4 As typical in
s-SNOM and nano-FTIR, a silicon substrate is used to
enhance the near-field signal of the organic film (substrateenhanced near-field spectroscopy).24,25
For the experiments, we used a commercial s-SNOM and
nano-FTIR setup (Neaspec GmbH, Germany), illustrated in
Figure 1(a). A gold-coated standard AFM tip oscillating vertically at frequency X  120 kHz was employed as near-field
probe. The tip was illuminated by either a tunable quantum
cascade laser (QCL, Daylight Solutions, Inc., USA) or a
broadband mid-infrared laser continuum.4 For effective background suppression, the tip-scattered signal was demodulated
at higher harmonics nX of the cantilever oscillation frequency, yielding near-field amplitude and phase signals, sn
and un , respectively.1 Throughout this work n ¼ 3.
By using the QCL and operating the interferometer in
synthetic optical holography (SOH) mode26,27 two sets of
single-wavelength near-field amplitude s3 and phase u3
images (Fig. 1(d)) were recorded simultaneously to topography (Fig. 1(c)). The images recorded on resonance with the
C ¼ O stretching bond of the PMMA molecules (1731 cm1)
verify both the nanoscale spatial resolution of the setup and
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FIG. 1. Near-field imaging and spectroscopy of thin polymer films. (a) sSNOM and nano-FTIR setup. (b)
Near-field interferogram and the corresponding near-field absorption spectrum. (c) Topography of a 31 nm
PMMA film on Si. Red and green dots
mark positions where PMMA and
reference nano-FTIR spectra were
taken. (d) Near-field amplitude s3 and
phase u3 images at 1695 cm1 and
1731 cm1.

the expected phase contrast (revealing absorption) relative to
the non-absorbing silicon substrate.7 Off-resonance
(1695 cm1), the vanishing phase contrast indicates the absence of molecular absorption.
For nano-FTIR spectroscopy, the reference mirror M in
Figure 1(a) is translated at a fixed sample position to acquire an
interferogram of the tip-scattered mid-infrared laser continuum
(Fig. 1(b)). A complex Fourier transformation yields near-field
amplitude s3 ðxÞ and phase u3 ðxÞ spectra. Analogous to farfield FTIR spectroscopy, the nano-FTIR data of the PMMA
film are normalized to a non-absorbing reference, yielding
the PMMA spectrum (near-field contrast) g3 ðxÞ¼ s3 expðiu3 Þ
¼ ðs3;PMMA =s3;ref Þexpðiðu3;PMMA u3;ref ÞÞ. The reference
spectra s3;ref and u3;ref were recorded on the silicon
substrate.
Figure 2 shows the measured nano-FTIR spectra for
PMMA films of different thicknesses d and compares them
to far-field FTIR spectra. All far-field spectra display the absorbance, that is, At ¼ log ðIt =I0 Þ for FTIR and Ar ¼
log ðR=R0 Þ for GI-FTIR spectroscopy. It is the power transmitted through the sample, and I0 is the incident power. R is
the power reflected from the film on a substrate, and R0 is
the power reflected at the bare substrate. All near-field amplitude s3 spectra (Fig. 2(a)) reveal a dispersive behavior
around the C ¼ O resonance, whereas the phase u3 spectra
(Fig. 2(b)) exhibit an absorption-like peak at 1738 cm1.
Both observations are typical for the spectral near-field
response of an organic material.7,8,25 With decreasing film
thickness, the amplitude values increase, which can be

explained by the enhanced near-field interaction between tip
and silicon substrate.24,25,28 Simultaneously, the peak height
of the phase decreases, which can be attributed to the
reduced amount of the probed PMMA.25 Importantly, we
observe that the peak position in all phase spectra is nearly
independent of the film thickness, while being blueshifted by
about 3 cm1 compared to the GI-FTIR spectrum (Fig. 2(d)).
The peak position of the near-field absorption spectra a3
(Fig. 2(c)), in contrast, shifts to lower frequencies when the
film thickness increases. Interestingly, the peak position of
the thick-film near-field absorption spectrum (d ¼ 174 nm)
matches well the far-field FTIR peak of bulk PMMA (dashed
black curve, Fig. 2(d)), while the near-field absorption spectrum of the thinnest film (d ¼ 10 nm) matches well the GIFTIR spectrum (dashed red curve, Fig. 2(d)).
To understand the experimental results, we performed a
theoretical comparison of far- and near-field spectra based on
the film’s dielectric permittivity  ¼ 0 þ i00 . The absorbance
spectra, At , of thick films measured by transmission FTIR specpﬃﬃ
troscopy
yieldﬃ the absorption coefficient j ¼ Imð Þ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼ Imð 0 þ i00 ).21,29 For weak oscillators with 00 < 0 , we
obtain
1
At / j  pﬃﬃﬃﬃ 00 :
2 0

(1)

We find that jðxÞ (black curve, Fig. 3(a)) is slightly blueshifted compared to 00 ðxÞ (lower gray curve, Fig. 3(a)),
owing to the frequency-dependence of 0 ðxÞ (upper gray
curve, Fig. 3(a)).
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FIG. 3. Calculated spectra of PMMA (normalized to peak maximum). (a)
Real and imaginary part of the dielectric permittivity of PMMA obtained by
infrared ellipsometry34,35 (gray curves). FTIR spectrum (black curve) and
GI-FTIR spectrum (red curve) calculated using Eqs. (1) and (3), respectively. (b) Nano-FTIR absorption a3 and phase u3 for an ultra-thin film calculated using Eq. (6). (c) Nano-FTIR absorption a3 (green dashed) and
phase u3 (blue) for a thick film according to Eqs. (7) and (8), respectively.
Green curve is the calculation using the Finite Dipole Model (FDM),30
which approximates the tip by an elongated, non-resonant metal spheroid.
The employed model parameters are: tapping amplitude A ¼ 45 nm,
Rt ¼ 30 nm, and the semi-major axis of the tip-spheroid L ¼ 300 nm.

For highly reflective substrates (r23  1) and large grazing
angles (H  90 ), we obtain
Ar  8p
FIG. 2. Experimental spectra of PMMA. (a) nano-FTIR amplitude, (b)
phase, and (c) absorption spectra of PMMA films (average of 40 interferograms, 53 min acquisition time per spectrum, 7 cm1 resolution,  60 zero
filling). (d) FTIR spectrum of 1 lm thick PMMA on CaF2 and GI-FTIR
spectrum of 10 nm thin PMMA on Au substrate. Vertical black and red lines
mark the peak positions.

GI-FTIR spectroscopy measures the power reflected at a
thin film on a highly reflecting, typically gold covered, substrate. This power R is proportional to jrj2 , with r being the
far-field reflection coefficient of the film-substrate system
r¼

r12 þ r23 expð2ikz;2 d Þ
:
1 þ r12 r23 expð2ikz;2 dÞ

d 1 00
 ;
k d 02

(3)

where
we have Taylor-expanded kz;i to the first order in d ¼
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1  sin2 H  1 and approximated log(1x)  x for
x  1. Equation (3) explains the blueshift of the experimental GI-FTIR spectrum in Figure 2, as the prefactor 1=ð0 Þ2
has a much
slope around the resonance than the prepﬃﬃﬃsteeper
ﬃ
factor 1= 0 in Eq. (1). This blueshift can also be seen in
Figure 3(a), showing the GI-FTIR (red curve) and FTIR
(black curve) spectra of PMMA calculated according to Eqs.
(3) and (1), respectively.

(2)

Here, rij ¼ ðj kz;i  i kz;j Þ=ðj kz;i þ i kz;j Þ are the singleinterface Fresnel reflection coefficients for p-polarized light
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
and kz;i ¼ ð2 p=kÞ i  sin2 H. The indices i; j ¼ 1; 2; 3
refer to air, film, and substrate, respectively (see Fig. 4), H is
the angle of incidence and k is the free-space wavelength.
For simplicity, we substitute in the following 2 (the film’s
dielectric function) by . For optically thin films with d  k,
Eq. (2) can be well approximated by the two lowest orders of
its Taylor expansion in kz;2 d, with the 0th-order term yielding the pure reflection from the substrate (i.e., no film) and
the 1st order term describing the thickness-dependence.22

FIG. 4. Illustration of the far-field illumination of the tip, and of the nearfield interaction/scattering between the tip and the sample.
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For a theoretical analysis of the nano-FTIR spectra, we
describe the tip-scattered field according to established sSNOM models for non-resonant tips.1,30 The incident field
Einc illuminates the tip directly and via the reflection r from
the sample surface (illustrated in Fig. 4). The total field illuminating the tip, ð1 þ rÞEinc , polarizes the tip and induces a
dipole moment p / ð1 þ rÞEinc , which by reciprocity, radiates back into the far field directly and via the reflection,
yielding the scattered field Esca / ð1 þ rÞ2 Einc . In close
proximity to the sample, the polarized tip interacts with the
sample via the near fields localized at the tip apex. This
interaction can be described as an infinite series of near-field
“reflections” between tip and sample31,32 (illustrated in Fig.
4), where the reflection at the sample surface is given by a
quasi-static near-field reflection coefficient b. Limiting ourselves to a single near-field reflection from the sample, we
can describe the demodulated near-field signal by sn exp(un )
/ Esca;n / bð1 þ rÞ2 Einc þ Oðb2 Þ. As for optically thin films
r  rsub ,22 the normalization to the scattering from the substrate yields the near-field contrast
g 3 ðx Þ 

b ðx Þ
:
bsub

(4)

For a film on a substrate, b is given by a quasistatic version
of Eq. (2)33
b¼

b12 þ b23 expð2qd Þ
1 þ b12 b23 expð2qd Þ

(5)

with bij ¼ ðj  i Þ=ðj þ i Þ and q representing the in-plane
momentum of the waves scattered by the tip. While in principle the tip generates a wide spectrum of momenta q, the
main contribution to the scattering comes from
q  1=Rt  1=k.33 Thus, the near-field measurements can
be analyzed without a rigorous integration. In the following,
the two limiting cases of an ultra-thin and a thick organic
film on a substrate are discussed.
For an ultra-thin film, d  Rt , on a substrate, we find
qd  d=Rt  1. We thus can approximate b in Eq. (5) by its
Taylor expansion in qd. For highly reflective substrates with
b23  1 (e.g., Au or Si), we can simplify the near-field contrast g3 in Eq. (4) to g3  1  2qd=. Accordingly, we find
a3  u3  2qd

1 00
 :
02

GI-FTIR spectrum (red curve, Fig. 3(a)). We explain this
agreement by the similarity of the probing mechanisms. In
GI-FTIR, the probing electric field experiences reflection at
the film surface and the substrate, as well as absorption in the
film (reflection-absorption measurements21). The same reflection and absorption processes occur for the near fields when
the film is thinner than the near-field decay length (compare
Eqs. (2) and (5)).
The other limiting case is a thick film, d  Rt , hence
qd  d=Rt  1 (though still d  k). Thus the exponential in
Eq. (5) tends to zero, exp ð2qdÞ ! 0, and we immediately
recover the near-field absorption reported in Refs. 4 and 22
a3 ¼ Imðg3 Þ / Imðb12 Þ ’

2
ð 0

þ 1Þ

2

00 :

(7)

Evaluating Eq. (7) for PMMA, we observe a redshift of the
near-field absorption peak (green dashed curve, Fig. 3(c))
compared to the GI-FTIR (red curve, Fig. 3(a)) and nearfield phase (blue curve, Fig. 3(c)) spectra. The slight blueshift compared to the far-field absorbance spectrum of jðxÞ
(Eq. (1), black curve, Fig. 3(a)) vanishes completely when
the higher order terms neglected in Eq. (4) are considered,
e.g., when the near-field contrast is calculated according to
the Finite Dipole Model30 (green curve, Fig. 3(c)). We thus
confirm the experimentally observed good match between
the near-field absorption a3 and the FTIR spectrum. It can be
understood by the fact that both transmission FTIR and
nano-FTIR absorption of thick films are dominated by
absorption in the film, with no significant far-field, respectively, near-field, reflection at the substrate.
For the near-field phase of thick organic films, we obtain
u3 ¼ argðg3 Þ  argðbÞ 

2
ð 0 Þ2

1

00 :

(8)

The spectrum of u3 ðxÞ, calculated for PMMA according to
Eq. (8) (blue curve, Fig. 3(c)), is blueshifted by about 2 cm1
but comparable to the GI-FTIR spectrum (red curve, Fig.
3(a)), confirming the observations in Figure 2.
For intermediate film thicknesses, the near-field
response is determined by the interplay between the thick
and the ultrathin film regimes depending on the value qd 
d=Rt (Eq. (5)), giving rise to thickness-dependent peak shifts.

(6)

We have neglected 00 in the denominator of Eq. (6) and
approximated arctanðxÞ  x for x  1 in the derivation of u3 .
Comparing Eq. (6) with the GI-FTIR signal in Eq. (3), we
see that apart from the prefactors the expressions are virtually
identical. This result explains the good experimental agreement between the near-field absorption, near-field phase, and
GI-FTIR spectra of the thinnest PMMA film in Figure 2. Note
that an additional linear frequency-dependence of the factor
1=k / x in Eq. (3) is of no significant influence due to the
typically small width of molecular spectral features. We corroborate our analysis by calculating the near-field absorption
a3 ¼ Imðg3 Þ and phase u3 spectra of PMMA according to Eq.
(6) (see Fig. 3(b)). The results show an excellent agreement of
the nano-FTIR peak positions with the peak position of the

FIG. 5. Spectral peak positions as a function of PMMA film thickness.
Symbols are the measured positions of the near-field phase u3 (blue dots),
near-field absorption a3 (green dots), GI-FTIR (red cross), and transmission
FTIR (black cross) spectra. Solid lines are the calculated peak positions using
the FDM-based model by Hauer et al.33 with model parameters as in Figure 3.
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To verify the trends observed in Figure 2, we calculated the
peak positions in nano-FTIR absorption and phase spectra
based on a more rigorous quasi-analytical s-SNOM model
for layered samples.33 The calculated peak position for nanoFTIR absorption (green curve, Fig. 5) quickly redshifts with
increasing film thickness d, while the phase peak position
(blue curve, Fig. 5) stays nearly constant. Both observations
are in good agreement with the experimental results (green
and blue dots, Fig. 5). The systematic blueshift of the calculation compared to the experiment is attributed to differences
in the permittivity of PMMA used in experiments (495 kDa
molecular weight) and in calculations (950 kDa).
Note that our results and analysis are valid only for
highly reflective substrates typically employed in nanoFTIR. Calculations for weakly reflecting substrates (not presented here) indicate that the film thickness-related behavior
of nano-FTIR absorption and phase spectra essentially
reverse. That is, the nano-FTIR absorption peak position
stays almost constant with thickness and matches well the
transmission FTIR. On the other hand, the peak position of
the phase spectrum is thickness-dependent: for thin films, it
matches the transmission FTIR spectrum, while for thicker
films it shifts towards the GI-FTIR spectrum.
In conclusion, we studied the peak positions in nearfield phase un and near-field absorption an spectra of thin
organic films, both quantities related to the absorption in
molecular samples. We found that the spectral position of
the near-field phase is nearly constant with varying film
thickness, while being blueshifted by a few wavenumbers
compared to GI-FTIR spectra. When a small shift is of no
major importance, near-field phase spectra promise material
identification of a sample of unknown or varying thickness
(size). The peak positions in near-field absorption spectra
were found to agree well with that of GI-FTIR and FTIR
spectra for ultra-thin and thick films, respectively, allowing
for a direct comparison. When the sample thickness is intermediate or unknown, and a highly accurate measurement of
an absorption feature is required, modeling is necessary to
extract the absorption coefficient j, which can be directly
compared with FTIR absorbance spectra.32 Note that our
results and guidelines also apply for other amplitude- and
phase-resolved s-SNOM-based spectroscopic techniques,
which, for example, employ tunable laser sources.
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