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Phonon-Enhanced Near-Field Spectroscopy to Extract the
Local Electronic Properties of Buried 2D Electron Systems

in Oxide Heterostructures

Julian Barnett, Marc-André Rose, Georg Ulrich, Martin Lewin, Bernd Kdstner,
Arne Hoehl, Regina Dittmann, Felix Gunkel, and Thomas Taubner*

In the family of functional oxide materials, the interface between LaAlO; and
SrTiO3; (LAO/STO) is an interesting example, as both materials are large-
bandgap insulators in their bulk state but give rise to a confined 2D electron
gas (2DEG) when combined through thin-film deposition. While this 2DEG
exhibits remarkable properties, its experimental investigation is mostly
limited to destructive or non-local (i.e. averaging over larger areas) methods
until recently. Scanning near-field optical microscopy is shown to overcome
this limitation, detecting buried 2DEGs by using highly confined optical near-
fields. Here, a full spectroscopic approach with phonon-enhancement and

transitions.!! Their properties can be finely
tuned by controlling the material depo-
sition and post-deposition parameters,
as their electronic behavior is strongly
dependent on the local defect structure
and lattice.>3] Symmetry breaking at inter-
faces even gives rise to phenomena which
neither bulk material possesses, such as
magnetic ordering at the interface of non-
magnetic materialsi*>® or charge-transfer
at a variety of oxide heterointerfaces,

simulations based on the finite dipole model is combined to extract quan-
titative electronic properties of the interfacial LAO/STO 2DEG. This three-
fold improvement compared to previous work will enable the quantitative
nanoscale, non-destructive, sub-surface analysis of complex oxide thin films

and interfaces, as well as similar heterostructures.

1. Introduction

Complex transition metal oxides and their heterostruc-
tures offer a large variety of interesting phenomena, such
as superconductivity, multiferroics, and metal-insulator
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leading to highly confined 2D electron
systems between two bulk insulators./*]
Because of their complex correlated
nature, investigating these effects requires
probing of subsurface properties in a non-
destructive manner.

The heterointerface of LaAlO; (LAO)
and SrTiO; (STO) is a popular example
of charge-transfer, exhibiting a 2D electron gas (2DEG) with
surprising properties!®] when at least 4 unit cells (uc) of LAO
are deposited on an STO substrate with TiO, termination. The
strong dependence of the electrons on the local ionic structure
offers a large amount of influence on the material properties via
defect and interface engineering.'®! Modern thin-film deposi-
tion technology is sufficiently advanced to grow epitaxial inter-
faces with unit cell precision.?l Nevertheless, it is imperative to
improve our understanding of the complex interplay of factors
in the charge-transfer mechanism in complex oxide heterostruc-
tures. Therefore, the local electronic properties need to be inves-
tigated quantitatively. This requires an analytical technology with
three key properties: sensitivity to charge carriers, nanoscale res-
olution, and subsurface sensitivity even below insulating layers.

Scattering-type near-field optical microscopy (s-SNOM) is a
technique which fulfils these criteria, as it uses strongly confined
near-fields penetrating the sample, locally probing its dielectric
function with subwavelength resolution.'¥l Previous s-SNOM
investigations of the LAO/STO interface were able to demon-
strate the ability of the technique to detect the presence of 2DEG
electrons!™ and even extract rudimentary information about the
electronic properties from near-field optical properties.'” While
this enables the detection of inhomogeneities in principle, a
more detailed spectroscopic understanding of local electronic
properties, such as charge carrier density and mobility, is nec-
essary to evaluate the impact of different types of defects and
enable precise and reproducible fabrication of devices.

© 2020 The Authors. Published by Wiley-VCH GmbH
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In this work, we show for the first time that the combination
of phonon-enhanced near-field spectroscopy with broadband
nanoscale Fourier-transform Infrared Spectroscopy (nano-
FTIR) and careful modeling can yield additional information
about the local electronic properties of the 2DEG at the LAO/
STO interface. We demonstrate termination-sensitivity and
decouple interface contributions in the near-field signal from
thin film and substrate contributions, in order to systematically
extract the dielectric properties of the 2DEG. To achieve this, we
use broadband synchrotron radiation from a storage ring with
s-SNOM in a nano-FTIR setup!’® and compare these measure-
ments to theoretical simulations using a combination of the
Finite Dipole Model (FDM) and Transfer Matrix Method.”]
Our approach can be universally applied to the non-destructive
optical analysis of buried electron systems.

1.1. Complex Oxides and the LAO/STO Interface

In complex oxides, strong electron correlations lead to entan-
glement of charge, spin, and orbital degrees of freedom at a
given lattice site,®l which in turn give rise to the aforementioned
fundamentally intertwined interface phenomena. The prospect
for devices with tailor-made properties is certainly exciting;!"®!
however, the high sensitivity of electrons to their local environ-
ment can also be challenging. Examples are the abrupt change
in properties around the critical thickness of the LAO layer as
well as the influence of defects on the 2DEG number of charge
carriers and their mobility.l%1%20 Additionally, the electronic
reconstruction in LAO/STO is dependent on the topmost layer
(termination) of the STO substrate (Figure 1a), as it determines
the polarity in the LAO layer: while a 2DEG will form on a TiO,-
terminated substrate, for a SrO-terminated substrate the inter-
face usually remains non-conductive, as the diverging potential
can be compensated by oxygen vacancies./"?!l Taking all effects
together, mixed termination of the substrate, LAO thicknesses
varying around the critical value of 4 uc, and the presence of
additional defects should strongly influence the homogeneity of
2DEG formation. The deconvolution of the intricate interplay
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of these effects is a much-discussed topic in the scientific field.
Therefore, the impact of fabrication parameters on the local elec-
tronic properties have to be monitored carefully and evaluated
quantitatively, which is possible with near-field spectroscopy.

1.2. Near-Field Spectroscopy of the LAO/STO Interface

Scattering-type near-field optical microscopy (s-SNOM) is a
technique that locally probes the dielectric function with a lat-
eral resolution independent of the incidental wavelength of
light and far below the diffraction limit.??! This is achieved by
focusing light on a metallic tip (Figure 1b), resulting in strong
electromagnetic near-fields at the apex that polarize the sample
within a confined volume and re-radiate scattered fields, which
contain information about the coupled tip-sample system. By
modulating the distance between tip and sample with a fre-
quency €, higher-order demodulation of the scattered signal
at n€y, allows for separation of the strongly nonlinear near-
field and the background. Additionally, an interferometric setup
enables separate detection of amplitude s, and phase ¢, at the
detector. 2D optical images of the sample can be acquired by
using narrow-band laser illumination while scanning the sur-
face, resulting in optical contrast based on local variations in
the dielectric function of the material at a certain wavelength.[23]
Alternatively, by employing broad-band illumination and a
moveable reference mirror in a Michelson-type interferometric
setup, nano-FTIR can yield information about local optical
properties in a broad spectral range.[24

First published s-SNOM images on the LAO/STO system
were indeed able to show significant optical contrast between
regions with and without 2DEG.M While this proves that the
method is sensitive to the presence of free charge carriers buried
below the insulating LAO top layer, the results were purely
qualitative and did not yield any conclusions on electronic
properties, such as charge carrier density, mobility, or effective
mass. More recently,™ Luo et al. were able to investigate a sim-
ilar sample at three discrete wavelengths and a range of tem-
peratures between 6 and 300 K, impressively demonstrating
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Figure 1. Termination-dependence and experimental setup. a) Formation of the 2DEG depends on the topmost layer (termination) of the STO sub-
strate. b) Schematic of the experimental setup showing the optical beam path from light sources (laser or broadband synchrotron radiation from the
electron storage ring MLS) to detector, with interferometric setup and AFM cantilever in between; the parabolic mirror focuses light to a diffraction-
limited spot, while the detected near-fields result from a much smaller spot size linked to the tip radius. Background suppression is achieved by using
a lock-in amplifier at nQy, (higher harmonic frequencies of the tip oscillation, with n = 2) and the interferometric setup enables separation of the
detected signals into amplitude s, and phase ¢,.
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Figure 2. Modelling of near-field contrasts. a) Schematic depiction of the finite dipole model (FDM, left) and transfer matrix method (right), used
in s-SNOM contrast simulations!"”] (see Experimental Section and Supporting Information for details). b) Bulk dielectric functions of STO and LAO
(real part) as modelledB? using literature values;"32 vertical grey lines indicate zero-crossings (TO- and LO-frequencies) of Re[¢ o] for comparison.
c) Calculated near-field contrast spectra (cf. Supporting Information) of bulk STO (blue) and bulk LAO (red), respectively. d) Calculated near-field con-
trast spectra of the layered system (LAO thickness of 8 unit cells) without 2DEG, that is, only taking phonon modes of the two materials into account.
The shadowed rectangles in (b—d) illustrate the spectral range of previous studies.

the capabilities of cryo-SNOM, ! but only presenting minimal
spectroscopic insight into electronic properties.

Due to strong coupling between the near-fields of tip and
sample, a resonance occurs for negative values of the sample
dielectric function,?®! that is, between transversal optical (TO)
frequency wro and longitudinal optical (LO) frequency o
in the case of phonon resonances (cf. Figure 2) or below the
plasma frequency @, in the case of free charge carriers. While
significantly enhancing the scattering amplitude, the strong
coupling between tip and sample complicates the direct extrac-
tion of sample properties from s-SNOM spectroscopy.?’! In
these circumstances, careful electromagnetic modeling with
known dielectric functions is the preferred approach. Using
a simple point dipole model for layered structures, Luo et al.
were able to convincingly argue that temperature-dependent
changes in s-SNOM contrast could be attributed to a change
in electron mobility, successfully opening the door for quan-
titative analysis of subsurface electronic properties. So far, all
previous s-SNOM publications on LAO/STO have focused on
a frequency range accessible with a CO, laser (935-1075 cm™},
i.e., 10.7-9.3 um, shadowed rectangles in Figures 2—4), which is
outside the phonon resonances of both STO and LAO.

Unfortunately, in this spectral region the s-SNOM contrast
is comparatively low and frequency-independent, reducing
the added value of varying the illumination wavelength and
resulting in ambiguity when comparing experimental results to
simulations. In direct contrast, it was shown that the presence
of free charge carriers leads to significant and characteristic
changes to the phonon resonance in doped STO ceramics due
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to plasmon-phonon coupling.’l Exploiting this relationship
enables the quantitative extraction of electronic properties from
measurements in the phonon spectral region. Following this
approach, our work focuses on broadband nano-FTIR investi-
gations of LAO/STO phonons, obtaining continuous spectra
with multiple characteristic features and thereby dramatically
increasing the amount of information available for fitting to
theoretical predictions. This allows us to systematically decon-
volute thin film, bulk, and interface contributions. Additionally,
compared to the Point Dipole Model used in the previous work,
our simulations of layered systems are based on an improved
model that takes into account the elongated shape of the
probing tip (Finite Dipole Model, cf. Figure 2a) and yields more
accurate predictions of spectroscopic s-SNOM contrast in the
range of material resonances.l?! We thereby make the analysis
of phonon resonances useful for nanoscale layered oxide het-
erostructures with buried electron systems and—beyond that—
for any heterostructure where phonons and electrons concur.

2. Results and Discussion

2.1. Influence of the LAO Thickness on the Near-Field Response

As previously stated, modelling the near-field contrast is an
essential step of data analysis because s-SNOM scattering sig-
nals depend on the local dielectric function in a non-trivial
way due to resonant tip-sample coupling (see Supporting
Information for details). Hence, it is necessary to incorporate

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. Comparison of simulation and measurement of Au-normalized scattering amplitude of demodulation order n = 2. a) Simulation of near-
field contrast spectra of the layered system (similar to Figure 2d) neglecting 2DEG, that is, only taking into account the phonon resonances of both
materials. Vertical grey lines are indicating the zero crossings of Re[g 0] for comparison. b) Measurements of LAO/STO samples with the respective
LAO thickness d in unit cells (uc). All samples are above the critical threshold of 4 uc and feature a 2DEG. The shadowed rectangles in (a, b) illustrate

spectral overlap with previous publications.

prior knowledge about the sample into theoretical considera-
tions, such as an estimate of the local dielectric function and
the number and thickness of layers (cf. Figure 2a), to ensure
a valid starting point for any fitting procedures. Additionally,
even ultra-thin surface layers with a thickness below 5 nm
can significantly influence the s-SNOM contrast beyond mere
dielectric screening if they exhibit resonant behavior in the
spectral region of interest. This exceptional surface sensitivity
was previously shown for phonon resonances of the native
oxide on doped silicon nanowires,?”! and therefore has to be
implemented for a quantitative analysis.

To investigate the relevance of this surface layer effect
for LAO/STO samples, Figure 2b shows the real part of the
dielectric functions Re[g] of LAO (red) and STO (blue) in the
spectral region between 500 and 1000 cm™, following the Lor-
entz oscillator model. Due to the strong nature of the oscilla-
tors, Re[g] reaches negative values between wro and @io, for
example, from 540 to 800 cm™ for the STO resonance shown.
Figure 2b also indicates that LAO does not behave like a dielec-
tric cover layer in this spectral range, but instead exhibits two
phonon resonances, with zero-crossings of Re[g o] between
the respective TO and LO frequencies indicated by vertical grey
lines (wro,1 = 427 cm™ not shown). As tip-sample coupling and
thus s-SNOM contrast is strongest for slightly negative Re[g] of

Adv. Funct. Mater. 2020, 2004767

2004767 (4 of 8)

the sample.?%l it is expected that these additional sign changes

of the permittivity at the surface—where the near-fields are
highest—will influence the s-SNOM signal significantly.
Indeed, comparing the simulated (cf. Experimental Section)
s-SNOM response of bulk STO and bulk LAO (Figure 2c), one
resonance peak shows up in the scattering signal of bulk STO
(blue) at around 675 cm™, corresponding to a dielectric func-
tion of Re[&sto] = —3, close to the LO frequency of the relevant
STO phonon. The s-SNOM response of bulk LAO (red) clearly
yields two resonance peaks at 550 cm and 685 cm™, respec-
tively, hence overlapping with the STO phonon resonance. The
strong differences in intensity can be linked to the imaginary
part of the dielectric function, as higher damping leads to
reduced oscillator strength of the coupled system.
Consequently, instead of merely modifying the dielectric envi-
ronment of the substrate phonon resonance, adding LAO on top
of STO introduces additional phonon resonances (Figure 2d), as
shown exemplarily for a system with 8 unit cells (uc) LAO depos-
ited on top of STO, corresponding to a thickness of 3 nm. The
resulting resonance pattern follows the overall shape of the STO
resonance, but shows three additional characteristic features: an
asymmetric resonance around 590 cm™, a pronounced shoulder
at 650 cm™, and a reduction of the STO peak amplitude around
680 cm™. No free electrons of the 2DEG are accounted for in

© 2020 The Authors. Published by Wiley-VCH GmbH
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this simulation, only bulk phonon modes of the two materials,
showing that even in this simple setup a careful and thorough
theoretical treatment of the material system is necessary to
understand its non-trivial s-SNOM response.

Figure 3a predicts the influence of increasing thickness
of the LAO top layer on the s-SNOM scattering amplitude
spectrum, showing a strengthening of the three characteristic
features (cf. Figure 2d), as indicated by the three black arrows.
Intuitively, due to the surface sensitivity of s-SNOM, the STO
near-field phonon resonance (blue) should gradually transform
into the bulk LAO near-field phonon resonances as the LAO
thickness is increased (red in Figure 2c), which is visualized
by a color transition of the curves towards a red hue. Within
the simulation conditions used (cf. Supporting Information),
the intensity of the peak below 600 cm™ theoretically sur-
passes the STO main peak at 680 cm™ already at a thickness
of 16 uc (6 nm) of LAO. This demonstrates the added value of
full spectroscopic investigations to separate the influence of
LAO phonons from the influence of 2DEG free charge carriers
on the STO near-field phonon resonance within the spectral
region of interest.

The validity of these simulations was confirmed by experi-
ments on LAO/STO heterostructures (Figure 3b) using
s-SNOM in a nano-FTIR setup with synchrotron radiation
(cf. Experimental Section), indeed showing the presence of
simulated characteristic features and their dependence on
LAO thickness. For the presented scattering amplitude s,, the
background is already sufficiently suppressed for n = 2 due
to the long mid-IR wavelengths/*®! (for a comparison to other
demodulation orders see Supporting Information). Addi-
tional scattering phase spectra can be found in the Sup-
porting Information, but do not add further information to
our studies.

Keeping in mind that the LAO thickness is varied
between 1.5 nm and 6 nm, corresponding to 4 uc and
16 uc, respectively, the remarkable surface sensitivity of
s-SNOM is illustrated, as surface layers can be easily iden-
tified and characterized spectroscopically even below 5 nm
thickness. Describing the experimental spectra qualita-
tively, all characteristic features (black arrows in Figure 3a)
appear broadened, of reduced intensity, and slightly shifted
as compared to the simulations, indicating additional
contributions to the dielectric function in reality. Using the
vertical grey lines (zero-crossings of & o) for comparison, it
is evident that the peak below 600 cm™ is shifted towards
lower wavenumbers, as can be expected¥ for ultra-thin films
with pseudomorphic growth and a lattice mismatch of —2%.
The twofold difference in absolute peak height between sim-
ulation and experiment could be related to the specific choice
of FDM geometric parameters,/** while the relative height
and overall shape are comparable. A slight modulation of
the bulk STO peak around 600 and 650 cm™! is visible, which
could be an effect of noise or Au normalization. Nonetheless,
the influence of the LAO thickness can be identified from the
spectra with confidence.

Allowing for slight variations in peak position, which will
have to be addressed in future improvements to the model,
the main difference between simulation and measurement is
strong damping, most prominent for the STO phonon peak at
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680 cm™L. This could be an indicator for the presence of free
charge carriers at the interface, as additional Drude contribu-
tions to the dielectric function were shown to dampen phonon
peaks significantly.l’] It is therefore necessary to include a cor-
responding treatment of free charge carriers to the previously
described theoretical model.

2.2. Influence of Free Charge Carriers (2DEG) on the Near-Field
Response

Figure 4a illustrates the influence of an additional layer of free
electrons (yellow) at the interface between LAO and STO, rep-
resented by a Drude model with 3D electron density n. We have
determined 2DEG electron densities and mobilities of our sam-
ples in Hall measurements (cf. Supporting Information), but
these are averaged over a large area of the sample and do not
allow conclusions on the depth profile of the charge carriers. In
this work, the depth profile was approximated according to the-
oretical and experimental results from the literature(2%3637] and
further simplified by a uniform distribution. The values chosen
for the simulation are varied around the 3D electron density
that could be expected from homogeneously distributing the
measured 2D electron density of n,p = 4.34 X 10 cm™ over
a depth d, = 10 nm (cf. Supporting Information). The average
electron mobility of the relevant sample was determined to be
4=5.09 cm2 (V-s)™L

Examining the influence of free electrons on the phonon res-
onance, as simulated in Figure 4a, additional damping on the
main peak at 680 cm™ is clearly evident, while the character-
istic asymmetric feature of the thin LAO layer around 590 cm™
remains mostly unchanged. The fact that the STO response is
influenced more heavily than the LAO response is due to the
electronic screening of the underlying STO phonons from tip
near-fields. In contrast, the layer on top is barely influenced,
as no energy exchange between LAO phonons and 2DEG elec-
trons (e.g., frequency-dependent damping function®®)) is imple-
mented in the model. Nevertheless, the presence of electrons
in the sample explains a major part of the deviations between
Figure 3ab, where experimental results indicated stronger
damping of the main STO peak than expected from phonon
modeling alone. This claim can be verified by experimentally
comparing two samples with and without 2DEG, respectively,
without changing the properties of the phonon resonances. To
achieve the latter, LAO layer thickness and crystallinity have to
remain the same, excluding samples below the 4 uc threshold
or the utilization of amorphous STO substrates. Instead, fabri-
cating samples with different substrate termination is an ele-
gant solution, as LAO grown on SrO-terminated STO will not
lead to the formation of a conducting interface (cf. Figure 1a)
while the phonon properties remain unchanged. The absence
of free carriers in the SrO-terminated sample is evident from
X-ray photoemission spectroscopy indicating a pure Ti*" valence
state at the interface (cf. Supporting Information).

Figure 4b compares measurements of samples with 8 uc LAO
grown on TiO,-terminated STO to those with 8 uc LAO grown
on SrO-terminated STO. Here, the solid violet curve denotes
the sample without electrons at the interface (SrO termination)
and within the region of 600~750 cm™ its normalized scattering

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 4. Influence of free electrons at the interface. a) Simulation of near-field contrast spectra of the layered system with 2DEG (cf. Figure 3a),
by introducing an additional layer of free electrons (yellow) based on a Drude model. Vertical grey lines are indicating the zero-crossings of &a0
(cf. Figure 2b) for comparison. b) Measurements of Au-normalized scattering amplitude (demodulation order n = 2) of LAO/STO samples with SrO
termination (without 2DEG, violet solid line) and TiO, termination (with 2DEG, orange dashed line), respectively, showing the influence of free elec-
trons at the interface on peak damping. The shadowed rectangles in (a, b) illustrate spectral overlap with previous publications.

amplitude fits the value (relative to STO) expected from initial
simulations for 8 uc LAO very well (cf. Figure 4a, violet solid
line). Adding 2DEG electrons to the interface (TiO, termination)
yields the dashed orange curve, which exhibits strong damping
of the main phonon peak at 680 cm™, as would be expected
from the presence of free electrons at the interface (cf. Figure 4a,
dashed lines). This showcases the predictive power of the uti-
lized theoretical model, irrespective of the simplifications still
present in its implementation, and allows for the quantitative
extraction of electronic properties from measurements. The best
agreement can be found for an electron density of approximately
3 X 10Y cm™ (central dashed curve in Figure 4a), which corre-
sponds to a total sheet electron density of 3 x 10** cm™2 distrib-
uted homogeneously across a layer of 10 nm thickness, which
is a realistic size according to theoretical and experimental
results.?%36:371 This coincides well with the sheet carrier density
of 4.34 x 108 cm™ obtained in Hall transport measurements.
Finally, we want to discuss our results and comment on
the reproducibility of the spectral features and experimentally
observed differences. It is known that experimental conditions
in SNOM—such as tapping amplitude and tip shape—can
influence the spectral response in both experiments and simu-
lations.*”! The general reproducibility of all our measurements

Adv. Funct. Mater. 2020, 2004767

2004767 (6 of 8)

was proven by measuring at three different positions across
the sample (see Supporting Information). The influence of
charge carriers and LAO thickness are found to be significantly
larger than the measurement uncertainty within one sample.
Under these circumstances, spectra of different samples can be
compared to each other, for example, by using the bulk STO
near-field spectrum as a frame of reference, in which the quan-
titative influence of LAO layers and 2DEG properties becomes
visible. The difference in normalized peak height was already
mentioned in the context of Figure 3 and could arise from the
geometrical parameters of the FDM used in these simulations.
While we will investigate this influence in more detail, we are
confident that a comparison between experiment and simula-
tion is possible when taking this scaling factor into account.
However, there are still differences between measurement
and simulation—such as the damped and shifted LAO fea-
ture below 600 cm™ in Figure 4b—that cannot be explained
by scaling or the presence of free charge carriers. Looking to
the near future, we are going beyond the treatment of mate-
rials as homogeneous media described by bulk dielectric func-
tions and will implement additional influences such as strain,
confinement, anisotropy, and nonhomogeneous electron
distributions. As these effects are ubiquitous on the nanoscale,

© 2020 The Authors. Published by Wiley-VCH GmbH
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their implementation will have a great impact on the whole
materials science community.

Investigating a variety of samples with carefully engineered
differences in electron density, mobility, and LAO lattice defects
will benchmark our models and improve their predictive accu-
racy. This goes hand in hand with extensive parameter variation
studies on electron density n, mobility u, effective mass m*,
and 2DEG thickness d,pgg, to judge the impact of approxima-
tions and averaging in each of these parameters.

Beyond that, the spectroscopic investigation could be
broadened by combining the near-field response in the
phonon region—as presented here—with a future search
for the plasmon near-field resonance. This could lead to
a better separation of the damping influences of lattice
defects and electrons. Furthermore, testing our model with
temperature-dependent measurements in a cryo-SNOM
setup!™ will improve the disentanglement of electron den-
sity and mobility, as the latter dramatically increases at low
temperatures.!

3. Conclusion

SNOM enables the non-destructive subsurface investigation of
interface effects in planar thin-film geometries, for example, in
heterostructures of complex transition metal oxides or van-der-
Waals heterostructures of 2D materials.?! In principle, different
layers or interfaces can be addressed by probing at the different
spectral regions of the relevant physical excitations (phonon and
free charge carrier oscillations). However, the non-trivial SNOM
response resulting from tip-sample coupling makes detailed
comparison to proper theoretical descriptions necessary.

In this work, a broadband near-field spectroscopic inves-
tigation of LAO/STO phonons revealed distinct spectral fea-
tures that contain both information about the thickness and
lattice properties of the LAO top layer and information about
free charge carriers at the interface: on the one hand, we were
able to detect and characterize ultra-thin LAO layers with
thicknesses of 4-16 unit cells (1.5-6 nm), demonstrating the
impressive surface sensitivity of SNOM. On the other hand, by
comparing different STO surface terminations, we could unam-
biguously show that the presence of the 2DEG at the LAO/STO
interface leads to a reduction of the scattering amplitude of
the LAO/STO phonon peak. We found the best spectral match
for a charge carrier density of 3 x 10" cm= which is in good
agreement with the value of 4.34 x 10" cm™ obtained in Hall
measurements averaged over large areas. Our spectroscopic
investigation of these key parameters, the LAO layer thickness
and the electron density, was enabled by an improved modeling
of the SNOM response with the combination of Finite Dipole
Model and Transfer Matrix Method.

Using these results, SNOM imaging at distinctly chosen
frequencies can be performed in the future to learn about the
2DEG formation processes and identify influences of local
defect structures such as oxygen vacancies or surface modifi-
cations.>!% Additional experimental and theoretical refinement
will allow for the investigation of nonlocal effects, plasmon—
phonon coupling in the electrons damping factor or the vertical
distribution of the LAO/STO 2DEG. Even now, our modeling
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enables the prediction of effects like an increased carrier
mobility on the spectral response of LAO/STO, which can be
addressed in the future via cryo-SNOMI! at low temperatures.
Our work sets the basis for spectroscopic SNOM investiga-
tions of ultra-thin heterostructures, which is applicable to a
variety of buried oxide heterointerfaces and van-der-Waals
heterostructures and will enable deeper insight into charge-
transfer phenomena and linked properties, which are hard to
access with other methods.

4. Experimental Section

A detailed description of the sample fabrication, measurement
conditions, data analysis, and theoretical modeling is presented in the
Supporting Information (SI).

Sample Preparation: All samples were grown on pre-annealed, TiO,-
terminated STO (100) single crystals, achieved via wet-chemical HF
treatment. LAO thin films were deposited using pulsed laser deposition
(PLD) and SrO termination was achieved by deposition of a single
unit cell of SrO on a TiO,-terminated STO (100) single crystal using
the same PLD. High-pressure reflection high-energy electron diffraction
(RHEED) was used to monitor the growth process. Clear intensity
oscillations of the specular spot were visible for all samples, indicating
a layer-by-layer growth mode. Further details can be found in the SI.

Measurements: Nano-FTIR measurements were done using a
commercial s-SNOM (Neaspec GmbH) in a nano-FTIR setup with
synchrotron illumination from the Metrology Light Source (MLS) at
Physikalisch-Technische Bundesanstalt (PTB) Berlin.['¥l The storage ring
was operated in a mode characterized by a low horizontal emittance,
therefore leading to both a low beam size and a low beam divergence,
making this mode particularly suited for s-SNOM measurements.[*% All
signals were demodulated at a higher harmonic of the tip oscillation
(ny4p, n = 2) and normalized to thermally evaporated gold of 100 nm
thickness in close vicinity to measurement locations and the resulting
spectra were compared for three different locations on each sample to
exclude outliers.

Theoretical Modeling: To model s-SNOM contrast, the finite dipole
model8 was employed in combination with a transfer matrix method,
resulting in a powerful predictive tool to simulate the near-field
response of arbitrarily layered systems with known dielectric functionl'’]
(Figure 2a). Bulk dielectric functions of STO and LAO in the spectral
region of interest were calculated from far-field measurements of the
phonon resonances,?"* fitted using the Berreman-Unterwald-Lowndes
factorized form.2041

To include the influence of 2DEG free charge carriers on the dielectric
function, a term following the Drude model was added for an interface
layer of 10 nm thickness, consistent with Density Functional Theory and
Poisson-Schrédinger simulations,?%31 and using an averaged effective
mass of m* = 3.2 mq as predicted by First Principles calculationsd
and measured experimentally.’”] Real values for average sheet carrier
densities and electron mobilities of all samples were determined by Hall
measurements.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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