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Abstract

The two-dimensional electron system (2DES) located at the surface of strontium
titanate (STO) and at several other STO-based interfaces is an established platform
for the study of novel physical phenomena since its discovery. Here we report how the
interfacing of STO and tetracyanoquinodimethane (TCNQ), results in a charge transfer
that depletes the number of free carriers at the STO surface, with a strong impact on
its electronic structure. Our study paves the way for efficient tuning of the electronic
properties, which promises novel applications in the framework of oxide/organic-based

electronics.
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SrTiO5 (STO) is a perovskite-type transition metal oxide, intensely studied due to its
unique properties such as superconductivity! and ferroelectricity.?* The robustness and in-
triguing properties of a high-mobility electron gas at the interface between STO and LaAlOj3
(LAO), among others, has further fueled the research on various STO-based heterostruc-
tures.®® Similarly, at the surface of STO, a two-dimensional electron system (2DES) can
be formed by irradiation with ultraviolet light® or in-situ cleaving.'® To this end, it is of
ultimate interest to explore different strategies to tune the 2DES properties, tailoring them
for the various needs. A promising strategy is to add suitable adsorbates on the STO sur-

face, exploiting the surface nature of the 2DES. Oxygen-deficient STO thin films show high

11,12 113

conductivity variation in response to the oxygen or ethanol ™ concentration of the gas

they are in contact with. Similarly, hydrogen adsorption on the surface is reported to have

114

a surface doping effect, with a metallic state appearing at the Fermi level'* equivalent to

n-doping. !> In an analogous way, it has been shown that the protonation state of the LAO
surface has a dramatic impact on the conductivity at the LAO/STO interface. 16:17

In order to achieve less volatile devices, molecular building blocks commonly used in or-
ganic electronics and spintronics heterostructures are advantageous. The resulting organic-
oxide interfaces exhibit a huge variability arising from the vast number of combinations of
the two constituents. They allow to exploit the chemical functionalization'® and the multi-
functionality of molecules,'® which were proven useful in spin valves?® and photoswitchable
logic.?!

In this work, we investigate the effect of adsorption of the organic electron acceptor
tetracyanoquinodimethane (TCNQ) on the electronic properties of the vacuum-annealed
STO surface. We show through in-situ electrical transport and synchrotron-based near-edge
X-ray absorption fine structure (NEXAFS) measurements that the molecular adsorption

results in a charge transfer from the STO surface to the TCNQ layer. This is followed by

a reorganization of the Ti 3d orbitals at the STO surface, as proven by X-ray absorption



spectroscopy (XAS) as well as by resonant and non-resonant photoemission spectroscopy

(ResPES and PES).
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Figure 1: Electrical properties of the TCNQ/STO interface and adsorption behav-
ior of TCNQ. a, The I(V) characteristics of STO(100) as a function of TCNQ coverage. b,
The evolution of conductance as a function of molecular coverage in units of molecular mono-
layers (MLs). Symbols and the solid line denote experimental data and the best-fit curve,
respectively, as explained in the text. The inset contains the same data in a semi-logarithmic
scale. Measurements were performed in an ultra-high vacuum at room temperature. c, Ni-
trogen K-edge NEXAFS obtained on a TCNQ powder sample (green curve) and on a 0.6
ML TCNQ/STO interface (the latter one obtained at the magic angle - see methods). In
the inset, a ball-and-stick representation of the TCN(Q molecule, with the central benzene
backcone and the four cyano groups on the sides is shown.

Fig. la displays the (V') characteristics obtained for the vacuum-annealed (500 °C, 30
minutes - hereinafter denoted as pristine) STO and for different coverages of TCNQ, which
was sublimed from a Knudsen cell, on STO. All samples exhibit ohmic (V') behavior as
manifested in the linear I(V'), however, upon deposition of TCNQ), the conductance drops
dramatically. Note that the conductance of the pristine sample may include a contribution
from the contact resistance of the bond wires. However, for TCNQ coverages larger than a few
percent of the STO surface the effect of the contact resistance, which is independent of the
TCNQ coverage, becomes negligible. The corresponding coverage-dependent conductance
values extracted from the I(V) measurements are plotted in Fig. 1b, revealing that the
electrical conductance drops by more than three orders of magnitude from 600 nS of the

pristine STO down to 0.5 nS upon deposition of only 0.18 monolayers (MLs) of TCNQ.



Here, a ML is defined as a densely packed layer of molecules in flat adsorption geometry.
A sub-ML denotes a partial molecular coverage with molecules with uncovered portions.
Fig. 1b reveals that at low coverages the conductance o depends exponentially on the

Roz wwhere oy is the conductance of the

TCNQ coverage x (in units of MLs) o(x) = ope”
annealed STO before deposition and R contains the coverage dependence. Fitting yields a
remarkably large value of Ry = 38 4 4.3 ML reflecting the enormous coverage dependence
of the surface conductance and oy = 590.1 £ 0.1 nS. Note that the strong dependence on
the molecular coverage confirms that the observed change in conductance takes place at the
TCNQ/STO interface. Two factors may lead to the reduction of the conductance at the STO
surface: i) the reduction of the charge carrier mobility or ii) the reduction of the number of
charge carriers contributing to the electrical transport. Below, we will demonstrate that the
second mechanism is the main driving force, owing to a charge transfer from the surface of
STO to the electron-accepting molecules, with the effect of depleting the number of carriers
responsible for the surface conductivity.

The NEXAFS at the nitrogen K-edge displayed in Fig. 1c supports this hypothesis: the
TCNQ powder spectrum shows three main resonances at photon energies of (A) 397.4 eV,
(B) 399.1 eV and (C) 399.9 eV. Peak (A) corresponds to the 7* lowest unoccupied molecular
orbital (LUMO), mostly localized on the benzene backbone, while peaks (B) and (C) origi-
nate from o* and 7* symmetry molecular orbitals localized on the cyano groups.?? Molecules
adsorbed on the STO surface, however, hardly display any trace of the LUMO resonance:
its quenching is characteristic of negatively charged TCNQ™ molecules having an aromatic

22725 confirming the electron transfer to the molecules from the substrate.

central ring,

A charge transfer across the interface must have an influence also on the 2DES and on
the electronic structure of the surface of STO. Fig. 2a-c displays coverage-dependent PES,
showing the evolution of the photoemission peaks of the substrate. All of them exhibit

an attenuation of the total intensity and a peak shift toward lower binding energy upon

increasing TCNQ) coverage.
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Figure 2: Coverage dependent PES reveals lowering of binding energy and band
flattening. a, O 1s peak, b, Ti 2p peak, c, Sr 3d peak. In the inset of panel b, the region of
the Ti** peak: in this case, all peaks have been aligned and normalized to the pristine one.
All spectra have been acquired at room temperature and at a photon energy of hv = 650
eV. d, Relative binding energy shift as a function of TCNQ coverage, lines are guides for the
eye. e, Scheme of the band bending (not to scale) occurring at the surface of bare annealed
STO (left) and TCNQ/STO (right). The cyan shadowed region is the one photoemission is
sensitive to.

The intensity decrease is due to the inelastic scattering of photoelectrons crossing the
molecular overlayer, and its magnitude is kinetic energy dependent: the higher the electron
kinetic energy (hence, the lower the binding energy), the less pronounced this effect is. The
same tendency is also observed for the binding energy shift: the higher the binding energy,
the more pronounced the shift, as visible in Fig. 2d. This similarity suggests that the binding
energy shift is depth-dependent, which is consistent with a a lowering of the band bending
which is present on the pristine STO surface, as illustrated in Fig. 2e.

Bulk STO is a wide band-gap (Ag.p = 3.2 €V) semiconductor?® with the Fermi level close



to the conduction band (CB) minimum.*?"2% While in bulk stoichiometric STO no surface
state was found, resulting in negligibly small band bending at the surface,’ annealing in
UHV at 300°C for several hours results in a conducting surface.3! This accumulation of
negative charges at the surface, together with the downward band bending?®? corresponds to
the case of surface n-doping as shown in Fig. 2e. Upon TCNQ adsorption, the charge transfer
across the interface depletes the 2DES, with the effect of flattening the bands as illustrated
in Fig. 2e. In the case of the deep core levels such as O 1s and Ti 2p the photoelectrons
originate from the very surface of STO, where the effect of band movement upon charge
depletion is strongest. On the other hand, the photoelectrons coming from the Sr 3d core
level travel from the surface but also from a slightly deeper region in bulk (as highlighted by
the cyan region in Fig. 2e), where the effect of surface band bending is weaker.

Photoemission results also yield specific information about the oxidation state of the Ti
ions in STO. The inset of Fig. 2b shows the low binding energy region of the Ti 2ps/,
peak. Here, all peaks in the graph have been aligned to the ones of the pristine sample
and normalized to the same height. The pristine spectrum obtained on pristine STO shows
a shoulder at Ep = 457.3 €V, which is commonly associated with the presence of Ti*"
species in STO. Like in the case of reduced TiO,, the presence of the Ti**t shoulder is
always accompanied by the appearance of in-gap states due to the partial filling of the Ti 3d
unoccupied states.?33% The Ti*" shoulder disappears completely upon TCNQ deposition,
at both coverages of 0.6 and 2.5 MLs, indicating a surface containing only Ti*" species.
Tracking the corresponding behavior of the in-gap states upon TCNQ deposition, however, is
not straightforward because of the possible overlap of the TCNQ highest occupied molecular
orbital (HOMO) and filled LUMO states in this energy region.37

In order to disentangle the in-gap states at the STO surface from the contributions of
the molecular orbitals, we used core-hole assisted resonant photoemission, i.e. measure the
valence band photoemission at incoming photon energies resonant with the Ti Ls-edge. In

this case, predominantly the spectral features associated with states having contributions
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Figure 3: Resonant photoemission. a, Schematic of the core hole-assisted photoemission
process. b and c, valence band intensity maps across the Ti Lg 3-edges for pristine STO and
0.6 ML TCNQ/STO interface respectively (color code in the inset): the red curve are the
CIS integrated over the in-gap states (exact regions marked with dashed lines of the same
color). d, Single valence band spectra acquired at notable photon energies: hv = 452 eV
(off-resonance) in black, hv = 457.4 eV (highest resonance in both CISs) in blue.

from Ti 3d orbitals are excited and thus enhanced,?® due to the very short range of the
mechanism of excitation decay (Auger process).? Figure 3a shows the schematics of this
process: a photon resonant with the core-level — conduction band transition excites the
system, which then decays following (among the others) the depicted participator decay,
whose final state is equivalent to the one of the direct photomission, but with several orders
of magnitude higher cross-section. In Fig. 3b,c we report the valence band photoemission
spectra on pristine STO and 0.6 ML TCNQ/STO as a function of the incoming photon

energy. The intensity variation of the binding energy region integrated in the range 0-3 eV



is overplotted as a red line in the 2D color maps. This profile, called constant initial state
(CIS), gives information on the response to different excitation energies of the photoemission
yield of specific states, in this case, the region containing the in-gap states. Both in pristine
STO and in 0.6ML TCNQ/STO cases, the CIS shows a resonance at E,noy = 457.4 €V,
corresponding to the Ti 2p3/, — 3d tg, transition.

The strong CIS resonance at the blue dotted line and the tail extending up to the Fermi
level highlights the presence of the in-gap states. Fig. 3d displays horizontal cuts of the
maps along the blue dotted lines in Fig. 3b,c in the range of Eg = 0...3 eV at the photon
energies indicated in the plot. In both cases, the photoemission intensity in the in-gap
region is enhanced across the resonance: the area under the spectrum in the region 0...3 eV
of binding energy increases by a factor x3.4 at Eyno = 457.4 €V with respect to the off-
resonance spectrum. In the case of the 0.6 ML TCNQ/STO, however, the in-gap region
shows negligible intensity enhancement: the blue spectrum shows an increase of the area in
the region 0...3 eV of a factor x1.6, that is less than halved with respect to the pristine
STO case (47%).

Taking into account only the attenuation of the photoemission intensity due to the
TCNQ molecules using Lambert-Beer’s law, an intensity drop down to 85% would be ex-
pected. Therefore, the observed drop down to 47% implies that the photoemission intensity
is strongly reduced upon TCNQ adsorption. This spectral weight reduction points to a
depopulation of the in-gap states due to an electron transfer from the substrate into the
TCNQ molecular orbitals, like formerly demonstrated for the quenching of the TiO5(110)
defect state by adsorption of perylene-tetracarboxylic-diimide,®® as well as for Cg/TiO,.*°

Finally, it is worth taking into consideration the surface stoichiometry of the STO surface.
Although it has been shown that even a moderate thermal treatment can result in the
presence of different surface terminations,*! this does not have an influence on the results
and conclusions drawn in the present work. Moreover, TCNQ itself does not contain oxygen

atoms, therefore the disappearance of the Ti** peak and in-gap states cannot be related to



any filling of oxygen vacancies, and it must be ascribed exclusively to the transfer of charges

occurring across the interface.
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Figure 4: X-ray linear dichroism at the Ti L, s-edges. a, XAS acquired in partial elec-
tron yield with S-polarized (solid lines) and P-polarized light (dashed lines) for the pristine
(black lines) and TCNQ-deposited (red lines) samples. Panels b and ¢ show the correspond-
ing XLD spectra. The blue lines represent calculated XLD spectra with D, < 0 and D, > 0,
respectively for the TCNQ/STO and pristine STO samples. Panel d sketches the experimen-
tal geometry (top) and the different crystal distortions giving rise to the calculated spectra.

Like photoemission, Ti L-edge XAS and X-ray linear dichroism (XLD) are excellent tools
to compare the electronic structure changes between the TCNQ/STO interface and pristine
STO. Fig. 4a shows the XAS acquired in S and P polarization of 0.6 ML TCNQ/STO
and pristine STO, with the corresponding XLDs shown in panels b and ¢. Upon molecular
adsorption, the XLD signal in the region between 458 eV and 460 eV (corresponding to the

Ti 2p3/o — 3d tae transition - highlighted by a red box in the figure) is reversed, as already



observed in STO upon LAO coverage*? Multiplet calculations shown in panels b and c
can qualitatively describe this behavior by breaking the cubic symmetry of the bulk and

reversing the sign of D, from +20 meV in the annealed case,**** to

-20 meV after deposition
of TCNQ. The D, parameter in the calculations corresponds to the energy splitting between
the in-plane and out-of-plane orbitals in the ty, manifold, and its change of sign indicates an
orbital reorganization at the STO surface upon molecular adsorption. In the pristine sample
the dy,/y, orbitals are the lowest-energy state, while after deposition, the dy, orbital become
the lowest, as highlighted in Fig. 4d. More details can be found in the Supplementary
Information. The orbital reorganization may be due to molecule-substrate hybridization
and the subsequent modification of the effective crystal field,'® and/or structural distortions
at the STO surface that have been shown to have a profound impact on the properties of
the 2DES at the surface of STO.%

In conclusion, we have combined in-situ electronic transport, X-ray absorption spec-
troscopy, and (resonant) photoemission to study the impact of the adsorption of TCNQ on
the electronic properties and the surface conductance of SrTiO3(100). The adsorption of
a sub-monolayer amount of TCNQ on STO leads to a massive suppression of the electrical
conductance at the STO surface by several orders of magnitude. Nitrogen K-edge absorption
spectra reveal that this effect arises from a charge transfer from the substrate toward the
molecules, while core-level photoemission evidenced that this charge transfer reduces the
band bending at the surface. Also, upon charge transfer Ti** ions at the STO surface are
converted into Ti** ones, and the in-gap states of STO are depleted. X-ray absorption spec-
troscopy reveals a change from compressed toward elongated oxygen octahedra surrounding
the Ti ions upon TCNQ adsorption, which implies a re-ordering of the Ti 3d orbitals.

We emphasize that these effects are stable at room temperature because of the non-
volatility of the organic molecules used. One way to create nanodevices could be by the
controlled, local deposition of organic molecules to write features onto the oxide surface,

which would allow for a dramatic improvement of the minimum feature size compared to

10



state-of-the-art lithography techniques. We demonstrate a new class of hybrid organic-oxide
materials appealing for devices, sensors, and energy-related applications. The versatility,
chemical tunability, and multifunctionality of oxide and molecular materials give rise to an
impressive potential for future applications. These include the use of molecular units with
different electron accepting or donating properties and the exploitation of other multifunc-

tional building blocks such as photoactive units exhibiting intramolecular charge transfer.

Methods

Substrate preparation - The TiOs-terminated undoped STO(100) (SurfaceNet GmbH,
Germany) of dimensions 4.8 x 5 mm?, thickness 0.5 mm, one-side polished, was wedge
bonded prior to the experiment and introduced into ultra-high vacuum (p ~ 107! mbar).
The separation between the leads at the STO surface was 4.54+0.2 mm. STO was annealed at
773 K for 30 minutes to remove contamination and to prepare atomically flat terraces.*® The
annealed STO surface was checked by low energy electron diffraction (LEED), exhibiting the
expected 1 x 1 pattern (see Supplementary Figure S2).3! A similar but Nb-doped substrate
was prepared in an analogous manner with and without TCNQ and checked by scanning
tunneling microscopy (see Supplementary Information). The sample preparation and the
electrical transport measurements were performed within the same ultra-high vacuum envi-
ronment of the X-Treme beamline at the Swiss Light Source, Paul Scherrer Institut“? in the
absence of X-rays.

Molecule deposition - TCNQ was sublimed in ultra-high vacuum (p ~ 107'° mbar)
from a Knudsen cell held at 368 K resulting in low deposition rates (0.04—0.1 monolayers/min)
onto the substrate held at room temperature. The deposition rates were determined using
a quartz crystal microbalance.

Electrical transport measurements - The conductance of the STO surface was mea-

sured using two wedge-bonded contacts in ultra-high vacuum and at room temperature. The

11



two-point measurement, as opposed to more sophisticated (e.g. van der Pauw like) schemes,
is sufficient here because of the significant initial and further increasing (upon molecule
deposition) resistance of the STO surface, rendering the resistance of the wires and con-
tacts negligible. The conductance was calculated from the slope of the (V') characteristics
acquired using a Keithley 6517B sourcemeter. The error bars are within the symbol size.

X-ray spectroscopy - XAS at the Ti L-edges and the N K-edge were performed at room
temperature in partial electron yield mode (PEY) at the ALOISA beamline at Elettra.*® A
manipulator collinear with horizontally polarized synchrotron light rotates around its axis to
change the geometry from S- to P-polarization while the angle of incidence of light is fixed
to 6 degrees. The XLD was calculated as p — 18, where p' are the corresponding absorption
spectra for the two linear polarizations.

Photoemission spectroscopy - All measurements were performed at room tempera-
ture at the ALOISA beamline at Elettra®® using 0.5% wt Nb:STO as substrate. Electrons
were collected using a hemispherical analyzer at normal emission, while the angle of incidence
of light was kept at 4 degrees. 0.6 ML TCNQ/STO did not show any sign of degradation
under the beam, while 2.5 ML TCNQ/STO showed a slow degradation, which was mediated
by illuminating different spots on the surface.

Ligand-field multiplet calculations - The Ti Ly 3 XAS were simulated using multiplet
calculations, including ligand field effects, using the CTM4XAS interface.*?*® Details and

best-fit parameters are given in the caption of Fig. S1 of the Supporting Information.
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1 Supplementary ligand-field multiplet calculations
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Figure S1. Supplementary plots showing simulated XLD (calculated as u’-uS for 0° incidence angle)
spectra using the parameters given in the plots. (a-c) show that the changes observed
experimentally in the XLD cannot be reproduced by a change in other parameters except of
changing the sign of D,. (d) shows that the trend cannot be reproduced with a linear
combination of Ti** and Ti**. (e) shows that many values of D; can reproduce the
experimental spectra, such that it could not be fully determined. All values are given in units
of [eV]. Charge transfer effects are included by expanding the initial and final states using the
configuration interaction method, by expanding the initial state 2p%3d™ beyond the ionic
approximation in 2p%3d”*!L, where L denotes an O 2p hole. The parameters used are the
charge transfer energy A = 4 eV, the Mott-Hubbard repulsion U = 3 eV, and the Ti 3d-O 2p
hybridization T, [1], detailed below. The Ti 2p core-hole potential is included via the
parameter Q = U/0.83 [2]. The Slater integrals were reduced to 90% of their original values.
The splitting of the d levels into toy and e, subbands is controlled by the mean value of the
crystal field 10Dg = 2.2 eV, while in Dy symmetry, each subband is further split by Dy = 42
meV and Dg = £20 meV into by, a1, by and e levels. The transfer integrals were close to 2 eV
for the by and a; (dg2_,2, d.2) orbitals, and 1 eV for the by and e (dgy, d./ay.) orbitals,
respectively. The calculated spectra were broadened with Gaussian functions with 0.1 eV
FWHM to simulate the experimental resolution and Lorentzian functions with FWHM of 0.1
eV, 0.5 eV, 0.5 eV and 1.0 eV, respectively, for the transitions to the by, aj, by and e levels
[3]. The calculated spectra were shifted in energy and the parameters were adjusted to best

match the experimental data.
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2 Low energy electron diffraction of the bare, annealed STO

surface

Figure S2. Low energy electron diffraction (LEED) image recorded on the bare annealed STO
surface at an electron energy of E, = 316 eV. The LEED shows the 1 x 1 pattern as expected from
previous studies [4] for similar preparation conditions.

Figure S3. (a) STM micrograph (200x200 nm?) of the bare, annealed Nb:STO surface. Bias voltage
+2 V, current setpoint 2 pA. (b) STM micrograph (200 x 200 nm?) of 1 ML TCNQ / Nb:STO.
Bias voltage +2 V, current setpoint 2 pA. Inset in (b): Self-assembled TCNQ molecules on Cu(111).
12 x 12 nm?, bias voltage -1 V, current setpoint 10 pA.

The scanning tunneling microscopy (STM) was performed at the PEARL beamline of the Swiss
Light Source [5] by means of an Omicron LT-STM at 4.3 K in ultra-high vacuum (p < 1071% mbar).
Nb-doped (0.5-%) TiOz-terminated SrTiO3(100) (SurfaceNet GmbH, Germany, lateral dimensions



5 x 5 mm?, thickness 0.5 mm, one-side polished) was used as a substrate. The Nb-doped STO
sample was prepared by thermal annealing in ultra-high vacuum up to 988 K. The TCNQ molecules
were evaporated during one minute (p < 1079 mbar) from a glass crucible held at 358 K onto the
substrate at room temperature. In order to check the TCNQ deposition, a Cu(111) single crystal
surface was prepared by repeated cycles of Art ion sputtering and annealing. Depositions were
performed under the same conditions in order to compare the behaviour of TCNQ on copper and
on STO.

Fig. S3a shows an STM micrograph recorded on the bare STO surface after annealing. The
wide terraces show a corrugation of 1.3 + 0.2 A (except for scares). Furthermore, the height of the
step edge visible in the Figure is 3.74£0.2 A, consistent with former studies [3], indicating the quality
of the samples. Fig. S3b shows the same STO surface after TCNQ deposition. No clear signatures
of the TCNQ molecules are visible, neither in STM images taken at a smaller length scale suggesting
that the molecules are still mobile under the STM tip even at low temperature. Nevertheless, one
can distinguish terraces suggesting that the molecules are adsorbed as a homogeneous layer. The
inset of Fig. S3b displays an STM micrograph of TCNQ molecules adsorbed on Cu(111). They
appear as oval shapes of size 12.6 + 0.5 A by 8.0+ 0.5 A with an apparent height of 1.0 + 0.1 A.
Taking into account these lateral sizes and the fact that TCNQ/Cu(111) tends to form multiple
different self-assembled patterns supports the quality of the sample preparation [6].
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