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Abstract: Wepresent a nanospectroscopic device platform
allowing simple and spatially resolved thermoelectric
detection of molecular fingerprints of soft materials. Our
technique makes use of a locally generated thermal
gradient converted into a thermoelectric photocurrent that
is read out in the underlying device. The thermal gradient is
generated by an illuminated atomic force microscope tip
that localizes power absorption onto the sample surface.
The detection principle is illustrated using a concept device
that contains a nanostructured strip of polymethyl meth-
acrylate (PMMA) defined by electron beam lithography.
The platform’s capabilities are demonstrated through a
comparison between the spectrum obtained by on-chip
thermoelectric nanospectroscopy with a nano-FTIR spec-
trum recorded by scattering-type scanning near-field op-
tical microscopy at the same position. The subwavelength
spatial resolution is demonstrated by a spectral line scan
across the edge of the PMMA layer.

Keywords: nanospectroscopy; photothermoelectric effect;
s-SNOM.

1 Introduction

Combining vibrational spectroscopy with atomic force
microscopy (AFM) into one measurement system merges
the key advantages of both techniques and offers wave-
length independent chemical imaging and identification
down to the nanoscale. This advanced scanning probe
methodology has been implemented in tip-enhanced
Raman spectroscopy (TERS) [1, 2] and infrared (IR)
scattering-type scanning near-field optical microscopy
(s-SNOM) [3–5] which detect light (in)elastically scattered
from the AFM tip. In contrast, the implementation by
photothermal-induced resonance (PTIR) imaging [6] or
photoinduced force microscopy (PiFM) [7, 8] analyzes the
mechanical and thermal response to IR excitation of the
sample itself. A recent alternative approach termed
photocurrent near-field microscsopy [9–13] avoids the so-
phisticated s-SNOM or PTIR detection schemes by an on-
chip thermoelectric detection of IR excitations. This
approach simplified IR nanoimaging of propagating gra-
phene plasmons [10] and promises on-chip spectroscopy,
imaging, and sensing. Often, the material under investi-
gation – usually graphene – acts as the detection material
at the same time; however, plasmon polaritons for the
purpose of analyzing graphene covering films have also
been reported [14]. Recently, a device combining hyper-
bolic phonon–polaritons of hexagonal boron nitride
propagating as a waveguide mode toward a detecting
graphene pn-junction allowed for disentangling the two
functions [15], but the geometric and dielectric re-
quirements of such devices limit the universal application
to arbitrary material systems.

In this paper, we show that a conventional ferromag-
netic multilayer system can act as a thermocouple, func-
tioning as a thermoelectric detector material to analyze the
thermal response of a sample layer made of a noncon-
ducting material on top. This allows to directly access the
sample’smolecular fingerprint, i.e., the spectrumbywhich
themolecule can be identified, with subwavelength spatial
resolution in a simple manner.
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2 Layout

The device operates in two stages. In the first stage, the top
insulating layer converts radiation power of the locally
confined near-field E(r,ω) into heat Ph per volume unit V
depending on its dielectric properties, ε(ω), according to
[16, 17]

dPh

dV
� 1
2
[ωIm(ε(ω))]|E|2. (1)

In the second stage, an underlying conductive ther-
moelectric layer acts as a detecting film by converting
the heat flow into an electric response by means of the
Seebeck effect occurring in materials of different Seebeck
coefficients.

The sandwich construction of our thermoelectric
sensor is depicted in Figure 1. It consists of a hetero-
structure of alternating CoFeB and Pt layers of 1 nm each
and capped with a 4 nm protective Pt layer to avoid
oxidation. The above heterostructure was grown on a
buffer bilayer of Ta (2 nm)/Pt (2 nm) on a SiO2/Si substrate.
The SiO2 layer is 500 nm thick ensuring thermal insulation
to the Si wafer. The composition of the layers and the de-
vice geometry allows us to employ magnetic and
nonmagnetic thermoelectric effects [12, 18, 19] (see Sup-
plementary material). However, the nonmagnetic Seebeck
contributions dominate in the current structure.

The multilayer stack, patterned into a bar by e-beam
lithography and ion milling, is electrically contacted on
either side by two 20 nm thick, 2 μm wide, Pt strips that
overlap the heterostructure bar by 500 nm leaving a gap of
1 μm between them. As we will show below, one of the
contacts serves as the detecting area where the material to
be characterized will be deposited. The other contact can
be used as the reference, where the spectral response is
known or deliberately modified. The whole structure was
grown on a thermally oxidized Si substrate to prevent
thermal conduction to the substrate.

Using e-beam lithography, a 50 nm thick and 0.8 μm
wide stripe of PMMAwas defined along the Pt contacts. In a

subsequent step, part of the PMMA stripe was cross-linked
(‡) on one side of the multilayer structure, while part was
left pristine (‖) on the other side. The partition between the
cross-linked and pristine PMMA regions is shown in
Figure 2. It can be seen that cross-linking results in a
reduced layer thickness.

The PMMA stripe will serve in the following as a
spectroscopic marker exhibiting a strong absorptive band
at ≈1730 cm−1 only if it was not cross-linked [20]. Such
prepared structures were raster-scanned by a metallized
AFM tip illuminated by a quantumcascade laser (QCL)with
the emission frequency tuned to 1730 cm−1. Simultaneous
to the acquisition of the scattered light, the generated
thermovoltage is demodulated at multiples n of the tip
resonance frequency nΩ with Ω typically around 250 kHz
and registered for each pixel.

Higher harmonic demodulation is typically used to
filter out only the near-field scattered light over light
scattered at impurities on the sample or the tip shaft
interfering with the near-field scattered light. In the pre-
sented device, the size of the active area is smaller than the
wavelength of the incident light. This makes demodulation
at higher harmonics unnecessary since the detected
voltage is not corrupted by light scattered at other scat-
terers on the sample or the tip shaft itself. Approach curves
are provided in the Supplementary material showing the
near-field contributions of the signals demodulated at n = 1
and n = 2. They indicate that demodulation at the funda-
mental harmonic frequency is already sufficiently sup-
pressing interfering background signals.

3 Device operation

Figure 2 shows the topography in (a), magnitudes of the
induced thermovoltage demodulated at the fundamental

and second harmonic of the tip frequency Ω,
∣
∣
∣
∣VTh 1,2

∣
∣
∣
∣ in

(b) and (c), respectively, and the according phase, ϕ2

(phase between thermovoltage and tip oscillation) in (d).
The thermovoltage is only generated in the areas close to

Figure 1: Schematic of the device, a
heterostructure of CoFeB (blue) and Pt
(green). The polymethyl methacrylate
(PMMA) layer to be detected is shown in
brown. Details on the layer thicknesses are
provided in the main text. A false-color
atomic force microscopy (AFM) image is
shown on the right. The symbols ‡ and ‖
indicate where the PMMA layer was cross-
linked (‡) and left pristine (‖), respectively.
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the 20 nm thick Pt layer contacting the multi-layered
CoFeB/Pt bar, where the structure forms essentially a ver-
tical thermocouple of two materials of different Seebeck
coefficients.

Because of the phase sensitive lock-in detection, the
phase ϕ2 of the demodulated thermovoltage jumps from π

to 0 when the tip moves from left to right, as seen in
Figure 2(d). The thermovoltagemap recorded at n= 2 shows
qualitatively the same features but sharper edges
compared to the thermovoltage demodulated at n = 1. This
can be understood similarly to the case when the scattered
light is detected in s-SNOM, where spatial resolution seems

Figure 3: Device operation.
(a) Cross-section of the device superimposed by the numerically determined temperature distribution. (b) Simplified cross-section, consisting
of the two layers, Pt and CoFeB, having different Seebeck coefficients, and used for the circuit diagram in (c). (d) Numerically determined
thermovoltage for the circuit diagram in (c) for varying layer thicknesses of the active detector area.

Figure 2: Thermovoltage maps. The
topography of the sample is shown in gray-
scale in (a). The symbols ‡ and ‖ indicate
where the polymethyl methacrylate (PMMA)
layer was cross-linked (‡) and left pristine
(‖), respectively. The border between the
two regions is marked by the dashed line.
The other three maps (b)–(d) show the
demodulated thermovoltage amplitude and
phase,

∣
∣
∣
∣VTh 1,2

∣
∣
∣
∣ and ϕ2, respectively. Sub-

scripts 1 and 2 refer to the fundamental and
second harmonic of the excitation fre-
quency. The arrow indicates the generation
of thermovoltage outside the Pt contact
increasing toward the left hand edge. This
represents a homogeneous layer configu-
ration, considered below in Figure 3. The
scale bar represents 1 μm.
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to be enhanced at higher order demodulation [21]. Signals
demodulated at higher harmonics transfer information at
higher spatial frequencies. This indicates that the near-
field can drive electronic currents inside the CoFeB/Pt bar
which are dissipated and lead to a thermovoltage.

The generated thermovoltage is increased whenever
the tip resides above the Pt contact covered with pristine
PMMA (marked with ‖ in Figure 1) since it is only there that
energy can be effectively transformed into heat in the
polymer via near-field mediated absorption of the
incoming radiation. However, when the tip is located over
the cross-linked PMMA (marked with ‡ in Figure 1), the
contrast is almost identical to the thermovoltage induced
on the bare contact. This is due to the decreased absorption
cross-section of cross-linked PMMA at 1730 cm−1 compared
to the pristine one (see Supplementary material). Thus, the
tip acts as a local heat source being switched on and off
depending on the materials ability to absorb light of a
certain frequency.

A thermovoltage is also generated on the multilayer
slab itself, outside the Pt contact, indicated by the arrow.
Over the multilayer slab the thermovoltage increases to-
ward the edge, compared to a more homogeneous distri-
bution over the Pt contact. This qualitative difference in
thermovoltage distribution near the multilayer slab edge
compared to the Pt contact can be understood by consid-
ering the local circular currents of opposite orientation
near the localized heat source. A simple qualitative circuit
model, shown in Figure 3, aims to illustrate this interplay
between the circular currents. It discretizes the cross-
section shown in Figure 3(a) into a number of networks.
The temperature profile shown was numerically solved by
the finite elementmethod (FEM) [22]. The absorption of the
nanofocused IR radiation within the PMMA layer is
accounted for by a Gaussian hotspot with a lateral stan-
dard deviation of 10 nm which vertically decays expo-
nentially with a decay rate of 0.1 nm−1. The thermoelectric
device is modeled as described in Figure 1(a) with thermal
conductivity for PMMA (0.2 W/mK) [23], CoFeB (87 W/mK)
[24], Pt (71.6 W/mK) [25], Ta (57.5 W/mK) [25], and SiO2

(1.2 W/mK) [26] with only the lower face of the SiO2 layer
being kept at room temperature (293.15 K). As a conse-
quence, the energy dissipated in the PMMA distributes in
the device forming a temperature gradient underneath the
tip. Due to the large thermal conductivity of the metal
layers compared to PMMA, the lateral temperature
gradient is an order of magnitude larger than the vertical
one in the CoFeB/Pt layer.

Figure 3(b) shows a simplified cross-section of the two
metals forming the thermocouple. The extension to the
complete multistack will lead to similar results, as shown in

the Supplementary material. The corresponding circuit di-
agram is provided in Figure 3(c). The circuit consists of
several discrete elements,whereRPt,RCo,Rinterface andV(Tn)
describe the resistanceswithin the Pt layer, the CoFeB layer,
across the Pt–CoFeB interface, and the thermovoltage
generated at the discrete position n, respectively. In this
example, the Pt contacts range over elements 1…M1 and
M2 … N. The AFM tip is located at positionM, elevating the
temperature TM by means of near-field interaction between
tip and surface. In this simple model, we assume a nonzero
lateral temperature gradient along the interface and neglect
the vertical temperature gradient.

Heating the symmetric circuit in the center, i.e., with
M1 � M2 andM � N/2, would produce an equal amount of
circular currents with opposite orientation, resulting in a
net zero voltage dropVTh across theN resistors RPt. Heating
away from the center will result in a nonzero VTh. The di-
agram in Figure 3(d) illustrates the effect of varying
thickness of the Pt contact layer. We calculated VTh for
illustrative purpose for a specific selection of Rinterface/RPt �
50 and RCo/RPt � 2 from the circuit network (N = 55,M1 = 15,
M2 = 40) in Figure 3(c) as shown in Figure 3(d). The tem-
perature distribution is assumed to be Gaussian with a full
width at half maximum (FWHM) of six elements. As the
layer thickness is increased the resistance of the Pt-film RPt

decreases over this region. In Figure 3(d) we let RPt vary as

RPt � 1
1 (violet)… 1

5 (red) over the contact. The thermo-

voltage distribution for thick Pt contacts is relatively ho-
mogeneous over the contact area (red). In the center of the
device between the two Pt electrodes the signal is zero.
Therefore, the region of interest is over the Pt electrodes
themselves, in agreement with the measurements in
Figure 2. This is where the molecular finger printing can be
seen. A vanishing voltage in the center of the device is a
consequence of its symmetry.

As the Pt contacts become thinner the thermovoltage
becomes localized near the edge (violet). The localization is
also observed in the measurement in Figure 2(b) as indi-
cated by the arrow. It lies outside the Pt contact, i.e., there
is no variation in the Pt layer thickness. Hence a contact
layer of optimal thickness may enlarge the detector area
leading to a homogeneous signal distribution.

4 Thermoelectric nanospectroscopy

The scheme may now readily be extended to nano-
spectroscopy. We recorded a sequence of thermovoltage
maps at different incident laser frequencies covering the
carbonyl stretching mode ν(C=O) of PMMA (Figure 4).
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Figure 4(a) shows theextracted thermovoltageas functionof
thewavenumber on the pristine PMMA (solid red) and the Pt
contact on the CoFeB slab (dotted red), both normalized to
the incident power. The thermovoltage of pristine PMMA
follows closely Ph ∝ ω Im ε (Eq. (1)) shown in black, with
ε(ω) for PMMA taken from a study by Tsuda et al. [27]. We
conclude that the thermovoltage, VDet, 1, corresponds to the
heat, Ph, generated by absorbing the IR radiation mainly in
the PMMA layer. Owing to its flat spectral response, the
thermovoltage on the Pt contact (red, dotted) shows no
distinctive spectral features in this region.

For comparison near-field phase spectrum of the
pristine PMMA (blue) is shown, which is the established
method for finger printing soft material using the s-SNOM
[28]. The near-field phase, ϕ2, has been measured by
combining the s-SNOM with an interferometer and using
broadband IR radiation provided by an electron storage

ring, identical to the nano-Fourier-transform infrared
(nano-FTIR) setup in Hermann et al. [29]. In the nano-
FTIR setup, an external detector measures the light scat-
tered from the AFM tip. Here the detector signal has been
demodulated at the second harmonic of the tip modulation
frequency, Ω, from which the near-field phase, ϕ2, was
obtained. The maximum of ϕ2 is slightly shifted to higher
wavenumbers compared to the maximum of the absorbed
IR radiation. This shift between far-field absorbance and
near-field phase has been discussed in detail in a study by
Mastel et al. [30].

Figure 4(b) compares the spectra of pristine (solid) and
cross-linked (dashed) PMMA, normalized to the signal of Pt
on the same map. The cross-linked PMMA shows a flat
response, as expected from the thermovoltage maps of
Figure 2. A shift to higher thermovoltage values can be
observed, which may be due to the lower thickness of the
cross-linked PMMA. The near-field power is mainly
absorbed near the surface and converted into heat. The
smaller distance of the heated surface to the Pt contactmay
lead then to a higher thermovoltage signal. In addition the
spectra are less noisy than in Figure 2(a). The reason may
be that the change of laser frequency is accompanied by a
change in beam direction. The optimization procedure
prior to each thermovoltage map may lead to residual de-
viations. When normalizing on a signal from the same
thermovoltage map, in this case from the Pt region, then
these deviations will not show up.

From the same data set we extracted a spatio-spectral
line scan crossing the material boundary of the pristine
PMMA (Figure 5(a)). In Figure 5(b) the absorptive band
around 1730 cm−1 is seen which vanishes once the tip
leaves the PMMA indicating the performance of our device.
Figure 5(c) shows the intensity at 1730 cm−1 of the induced
thermovoltage demodulated at n = 1 (red line) and the
sample’s topography. The thermoelectric response corre-
lates well with the topography. The spatial resolution of
200 nm is not as good as typically seen in s-SNOM where
20–30 nm are readily achievable atmid-IR frequencies [31].
However, it is not trivial to estimate the spatial resolution
from the present data set since the apparent width of the
material boundary or, alternatively, the edge (approx.
60 nm), where pristine PMMA turns into cross-linked, is of
similar dimension as the typical apex radii of the used tips
(approx. 30 nm). In principle, the spatial resolution should
be comparable to s-SNOM, i.e., dependent on the apex
radius. The corresponding field distribution determines the
interaction volume, responsible for both, the material
dependent scattered and dissipated radiation. To elaborate
the theoretically achievable spatial resolution we ran a
FEM simulation discussed in the Supplementary material.

Figure 4: Thermoelectric nanospectroscopy.
(a) Thermovoltage VDet, 1 (red) of pristine polymethyl methacrylate
(PMMA) (solid) and Pt (dotted) as function of laser excitation
wavenumber, normalized by the laser power Pin. Comparison to
ω Im ε with ε taken from a study by Tsuda et al. [27] (black) and near-
field phaseϕ2 (blue) recordedby anoptical scattering-type scanning
near-field optical microscopy (s-SNOM). (b) Thermovoltage
spectrum of pristine (solid) and cross-linked (dashed) PMMA,
normalized to Pt.

G. Ulrich et al.: Thermoelectric nanospectroscopy 4351



For best approximation of the spatial resolution a sample is
required which changes its material contrast by means of
IR absorption bands without a change in topography to
exclude any cross-talk.

Unlike conventional photodetectors our plain device,
i.e., without any absorbing sample layer present should
ideally show no response. Nevertheless, the sample layer
together with the device can be regarded as a photode-
tector at the samples resonance frequency. As ameasure of
sensitivity, we estimate for this special case the noise
equivalent power NEP � Sn/R of our platform from the

noise spectral density Sn � 10−9  V Hz−1/2 and the respon-
sivityR. Assuming that the excitation area is determined by
the tip radius of approximately 25 nm and with an esti-
mated power density close to the tip of 0.01 GW/m2 [12],
we obtain R = 0.7 V/W at 1730 cm−1, resulting in

NEP � 1.4 × 10−9  W Hz−1/2. Our platform shows a compa-
rable performance to conventional non-cooled photovol-
taic detectors and also to recently developed nano-
photothermelectric platforms based on single-layer gra-
phene [32].

5 Conclusion

In this work, we presented a new on-chip detection plat-
form capable of molecular finger printing and nanoscale
spatially resolved thermoelectric detection of soft mate-
rials. It combines thermoelectric and spectroscopic films in
a hybrid device, allowing nanospectroscopy of materials
that do not show thermoelectricity themselves. This flexi-
bility allows to enhance the sensitivity by employing tailor-
made thermoelectric materials with large differences in the
Seebeck coefficient. Alternatively, recently explored ma-
terials exhibiting a strong anomalous Nernst effect may be
considered, adding contributions from magneto-thermal
effects to the detection signal [33]. In addition, one can
optimize power dissipation into the film to be detected by
tip-enhanced fields without the need to simultaneously
consider the complicated re-radiation and detection pro-
cess. The technique was demonstrated on a nanopatterned
hybrid architecture consisting of an insulating polymer
and a conducting metal heterostructure. The thermovolt-
age measured at the heterostructure revealed spectro-
scopic information of the film covering the heterostructure.
While our device has an active area of only ≈2 μm2, it may
be – in principle – extended to a larger total detection area
by connectingmany of thesemicrostructures into an array.
The need for external electrical contacts may be further
relaxed by using a contactless inductive current sensing
scheme or by means of nitrogen vacancy centers, which
have already been implemented in AFMs [34]. The proof-of-
principle presented in this work may be exploited for on-
chip high-resolution thermoelectric detection of soft ma-
terials at the nanoscale.

Figure 5: Spectral line scan.
(a) Atomic force microscopy (AFM) topography of the device,
showing the location of the line scan. (b) Line scan of the spectrally
resolved thermovoltage when scanning across the PMMA-edge. (c)
Thermovoltage for laser tuned to the carbonyl resonance at
1730 cm−1 (red) compared to the topographical variation (black).
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