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Abstract

The interface formation between (Ba,Sr)TiO3; and RuO, has been studied using photoelectron spectroscopy. A barrier height of 0.85 &= 0.1eV is
determined. The result is discussed in relation to BST/metal interfaces, which can exhibit a variable Schottky barrier height.
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1. Introduction

Bariumstrontiumtitanate (BST) is widely used in elec-
troceramic thin-film devices as ferroelectric random access
memories' or tunable passive microwave components, e.g.
phase shifters,? filters’ and matching networks*. Device-
relevant properties including leakage current,>%7 insertion
losses® or fatigue”!%!! are influenced by the contact proper-
ties between the ferroelectric material and the electrode. The
choice of electrode material and preparation conditions have a
strong influence on the Schottky barrier height for the electrons
@)\1. For BST thin films the principal mechanism for transport of
charge carriers from the electrode into the ferroelectric material
is thermionic emission over the Schottky barrier.>!> Therefore
the contact properties play an important role for the optimisation
of devices.

The first model proposed for the estimation of the barrier
height formed at a metal/semiconductor contact was given by
Schottky,13 from which the barrier height for the electrons is
derived from the difference of the work function of the metal
@\ and the electron affinity of the semiconductor xs. How-
ever for the interface between Si and metals with different work
functions almost no change of the Schottky barrier is observed,
which was attributed to interface states pinning the Fermi level
close to the middle of the band gap of Si.!* Even for con-
tacts where no surface states are expected, metal states can tail
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into the semiconductor.'> Tersoff postulated that these metal-
induced gap states (MIGS) are responsible for the barrier height
formed at the metal/semiconductor interface. The MIGS have a
more donor-like character close to the valence band and a more
acceptor-like character near the conduction band. The energy
where the interface states change their character is called branch-
ing point or charge neutrality level @cnr.'® The Schottky barrier

height for the electrons can then be calculated from!”:

@Bn =S (Pm — PonL) + (xs — PenL) (D

with S beeing characteristic for a given semiconductor. § = 1
describes the Schottky limit, leading to the Schottky model with
no pinning and S = 0 to the Bardeen limit of strong pinning.

RuO; is an interesting contact material for ferroelectric
devices, as components with RuO; electrodes show improved
fatigue and DC-degradation behaviour compared to compo-
nents using Pt electrodes.!®!® The barrier formation between
RuO, and BST, as well as SrTiO3 and BaTiO3 has not been
widely studied. Jeon et al. obtained a ¢, of 0.94eV by I/ V-
measurements for BST deposited onto Ru0,.1? However, the
determination of barrier heights from electrical transport studies
is not always unique due to the interdependence of parame-
ters, the presence of more than one interface and only partially
known transport properties of the material itself. Photoelectron
spectroscopy has been widely used for many years to study semi-
conductor/metal interface formation.?’ This technique provides
simultaneous information on electronic and chemical properties
of the interfaces. It is therefore particularly suitable to identify
the basic mechanisms of barrier formation and provides a direct
measurement of the barrier height.
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Photoelectron spectroscopic data on the interface forma-
tion of BST and RuO, have not been reported yet and
is also scarce for further BST/electrode interfaces. Studied
interfaces include (Ba,Sr)TiOs/Pt,2!2%23(Ba,Sr)TiO3/Au and
(Ba,Sr)TiO3/Cu interfaces.?* In this work the interface for-
mation between BST and RuO» is studied via photoelectron
spectroscopy. The BST and RuO» thin film preparation and sam-
ple analysis are all carried out in the same ultra high vacuum
(UHV) system (in situ). This allows for the characterisation of
the chemical and electronical properties of contamination free
surfaces and interfaces.

2. Experimental

The experiments were performed at the DArmstadt Inte-
grated SYstem for MATerial research (DAISY-MAT), which
combines a Physical Electronics PHI 5700 multitechnique
surface analysis system with several deposition chambers with
an UHV-sample transfer.”> X-Ray photoelectron (XP) spectra
were recorded using monochromatic Al K, radiation with an
energy resolution of ~0.4 eV as determined from the broadening
of the Fermi edge of a sputter cleaned Ag sample. Ultraviolet
photoelectron (UP) spectra were measured in normal emission
with Hel excitation and a sample bias of —1.5 V. The preparation
of the 200 nm thin BST film was performed by RF magnetron
sputtering from a 2 in. diameter ceramic Bag 6Srp 4 TiO3-target,
using a sputter power density of 2 W/cm?, a substrate to target
distance of 5cm, a pressure of 5Pa, an Ar/O;-ratio of 99/1
and a substrate temperature of 650 °C. Commercially available
Si(0.3 mm)(1 0 0)/Si02(300 nm)/TiO2(20 nm)/Pt(150 nm)(1 1 1)
substrates from Inostek were used. Similarly prepared BST thin
films showed a capacitance tunability of 28.1% at an applied
field of 500kV/cm and a maximal loss tangent of 0.0032.8

The RuO; thin films used for the interface characterisation
are deposited by reactive DC magnetron sputtering from a 2 inch
diameter metallic Ru target, using a power density of 2 W/cm?, a
substrate to target distance of 10 cm, a pressure of 1 Pa, an Ar/O5-
ratio of 85/15 and no substrate heating. The deposition rates for
BST and RuO; are 7 nm/min and 20 nm/min, respectively. No
contaminations and no other emissions than Ba, Sr, Ti and O
for BST and Ru and O for RuO; can be observed, as verified in
Fig. 1.

3. Results
3.1. Surface properties of RuO2 and BST

In Fig. 2(a) the XP-spectra of the Ru3ds/; and O 1s core
level emissions as well as of the X-ray excited valence bands
are shown for the reactively sputtered RuO,-thin films in depen-
dence on oxygen content in the Ar/O; sputter gas mixture. The
thin film sputtered with pure Ar still shows a small O emission,
which is attributed to the base pressure of the deposition cham-
ber of 107> Pa, beeing not low enough to prepare oxygen free
Ru thin film surfaces. With increasing oxygen content of 5 and
7.5% in the sputter gas, the Ru® as well as Ru** emission are
observed in the Ru spectra, as indicated. The valence band spec-
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Fig. 1. XP-Survey spectra of the 200 nm thick BST thin film and the 5nm
thick RuO»-thin film deposited on BST. Only emissions corresponding to the
respective thin films are observed. No carbon contaminations are present on the
BST sample, as can be deduced from the absence of a feature at 285eV (as
indicated by the dotted line), where the C 1s emission is expected. For RuO; a
detail spectrum of the Ru3d emission is shown in the insert. The spectra can
be fully described by the Ru 3d dublett without an C 1s emission at 285 eV, as
expected for carbon contaminations.

tra recorded with XPS (Fig. 2(a)) and UPS (Fig. 2(b)) for the
films prepared with less then 10% O, do not show the charac-
teristic shape observed for RuO,.%% Therefore films deposited
with 5 and 7.5% O, in the sputter gas are composed of sub-
stoichiometric RuO;_,. In contrast, films deposited with an O,
content > 10% show only the Ru** emission and a valence band
form characteristic for RuO;. RuO, shows metallic conduction
because of a partly filled 4d band.?’” The Ru4d derived band
exhibits a maximum 0.7 eV below the Fermi energy, >’ explain-
ing the characteristic form of the RuO; valence band spectra
below Er. The barely visible features at 4 and 7 eV are derived
from the interaction of the Ru4d and O 2p bands.?¢

The work function @ of the deposited thin films is deduced
from the secondary electron onset presented in Fig. 2(b). The
Ru thin film prepared without oxygen in the sputter gas exhibits
@ = 5.3 eV. This value is considerably larger than the work func-
tion of 4.71 eV reported for polycrystalline Ru.?® The difference
in work function can be attributed to the different preparation
conditions of the Ru thin film. Nieuwenhuys et al. reported a
maximum pressure of 5 x 1078 Pa during Ru thin film prepa-
ration via Ru evaporation, leading to pure Ru surfaces. For the
sputtered Ru film O is present on the surface, as mentioned
before.

The work function increases with increasing O, content in
the sputter gas. For the RuO; thin films sputtered with 10 and
12.5% O, a work function of 6.1 +0.05¢eV is found. Experi-
mental values for the work function of RuO; (as measured by
UPS) are very limited. Hartman et al. have studied the work
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Fig.2. (a) XP-spectra of the Ru3ds />, O 1s and valence band and (b) UP-spectra
of the secondary electron onset and the valence band are shown for different O,-
contents in the Ar/O; gas mixture during sputter deposition. With an O,-content
> 10% RuOs is formed, as deduced from Ru and valence band spectra.

function of RuO, by oxidizing metal Ru films at 400 °C, 500 °C
and 600 °C in air. The samples showed a surface carbon contam-
ination and a work function of 4.6 eV for the unoxidized sample
as well as for the samples annealed at 400 °C and 500 °C in air.
These samples showed compositions of RuO, with x < 2. For
the sample heated at 600 °C, where no more Ru® emission was
observed, the authors found a work function of 5.0eV.

This is in strong contrast to our observations and could be
explained by the adsorbed contaminations on the RuO, thin films
studied by Hartman et al. Since the authors did not present survey
and UP-Spectra of the RuO, films, further discussion of the
discrepancy in the work function determination is not possible.
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Fig. 3. UP-spectrum and XP-spectrum of the 200 nm thick BST thin film. A
work function of 4.4 eV is found for BST. The intensity of the UP valence band
below 8¢V is multiplied by 8 for better visibility. The distance of the valence
band maximum to the Fermi energy for BST is 2.45 eV, as deduced from XPS.

In Fig. 3 the XP and UP valence band spectra and the sec-
ondary electron onset of the BST thin film are presented. The
spectra are normalized to the same intensity. The valence band
of the BST thin film exhibits the well known emission features at
6.5 and 4 eV, which are attributed to bonding O 2p states mixed
with Ti 3d states for the first, and non-bonding O 2p states for
the latter.2%-*" The valence band maximum (VBM) position, as
deduced from the intercept of the leading edge of the valence
band with the background lies at 2.45 eV, as measured with XPS
and at 2.65 eV, as measured with UPS. The 0.2 eV higher bind-
ing energy position of the valence band maximum, as deduces
from UPS, could be related to the energy-dependence of the
photoionisation cross-sections and different surface sensitivi-
ties of UPS and XPS.3? Sample charging could also account for
a higher VBM position measured with UPS. However, since the
samples show a low VBM binding energy position compared to
literature values,3!-3? charging is ruled out. The variation of the
photoionisation cross-sections with energy is also responsible
for the different ratios of the features at 6.5 and 4eV as mea-
sured with UPS and XPS. The work function can be deduced
from the secondary electron onset and lies at 4.4 &+ 0.05 eV. This
leads to an ionization potential of 7.0 = 0.1 eV and an electron
affinity of 3.9 + 0.1 eV, taking the band gap of BST of 3.2eV33
into account.

3.2. Interface formation

In Fig. 4 the spectra of the Ba 3ds,2, Sr 3d, Ti 2p, O 1s
and Ru 3d emission lines are shown for the bare BST thin film
substrate and after stepwise deposition of RuO,. The attenu-
ation of the substrate emissions of Ba, Sr and Ti as well as
the growth of the Ru emission can be observed with increasing
RuO» thickness. The form of the O emission changes gradually
with increasing thickness of RuO; from the symmetric lineform
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Fig. 4. XP-Spectra of the Ba3ds,2, Sr3d, Ti2p, O Is and Ru 3d emission lines with increasing RuO; thickness given in nm. No obvious interface reaction and a

parallel shift of the substrate emission lines can be observed.

observed for insulators, to a shape with an asymmetry to higher
binding energies. The same holds true for the Ru emission and
is explained by the metallic character of RuO,, which gives
rise to an asymmetric Doniach—Sunjic line profile.>* While the
shape of the Sr emission shows no observable change during the
RuO;-deposition, the form of the Ti emission is altered. This is
obviously due to the underlying Ru 3p; 2-emission, whichis also
present after thick RuO, deposition. Nonetheless the binding
energy position of the Ti emission can be reliably extracted.

In Fig. 5(a) the evolution of the Fermi energy position in the
band gap of BST is presented with increasing RuO;-thickness.
For monitoring the distance of the valence band maximum to
the Fermi energy Er — EvpwMm during the interface experiment,
only core level binding energies of Sr and Ti can be used, as the
valence band and the oxygen emission of BST and RuO; super-
impose during the interface experiment. As we do not observe
an interface reaction and the Sr and Ti emissions show a par-
allel shift, we can reliably assume a parallel shift of the BST
valence band maximum with the BST core level lines. Starting
from Eg — Evem = 2.45¢eV, as determined from XPS valence
band of the uncovered BST substrate, Er — Evpgwm shifts towards
2.35eV when the RuO, exceeds unit cell thickness. Using the
band gap of 3.2 eV for BST, this amounts to a Schottky barrier
height for the electrons of 0.85 eV with a typical uncertainty of
the barrier height determination of 0.1 eV. This value is in good
agreement with /-V measurements, where a ¢p, of 0.94eV
was found for BST deposited onto RuO,.!? The resulting band
diagram for the BST/RuQO, contact is given in Fig. 5(b).

4. Discussion

Using the simple Schottky model, as done by Scott® for
the BST/electrode-interface, a barrier height for the electrons
of 2.2¢eV is estimated from the difference in work function of
6.1eV for RuO; and the electron affinity of 3.9eV for BST.
In the Schottky model metal-induced gap states or interface
defect states are not taken into account. Robertson et al. have
calculated Schottky barriers heights for electrons for different
metals with SrTiOs3.!7 The authors used a charge neutrality level
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Fig.5. (a)Presentation of the distance of the valence band maximum to the Fermi
energy Ep — Evypm as determined from the substrate emission lines Sr and Ti
with increasing RuO, thickness druo, - A Schottky barrier height of 0.85 eV can
be deduced, taking the band gap of BST of 3.2¢eV into account. (b) Schematic
band diagram for the BST/ RuO,-contact. Although RuO; and BST show a
large difference in work function and electron affinity x, a relatively small ¢
of 0.85 eV is formed due to the high surface dipole § = 1.35 eV. Energies in the
schematic are given in eV.
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0.7 eV below the conduction band minimum, as deduced with
the Cardona—Christensen method3¢ and a value for S of 0.28,
as calculated after the empirical formula derived by Moench for
€00 = 6.116:

1
T 140.1(e00 — 1)?

Robertson et al. calculated barrier heights of 0.84 and 0.89eV
for SrTiO3/Au and SrTiO3/Pt interfaces using work functions of
5.1 and 5.3 eV, respectively. With the same values for @cnr, and
S a Schottky barrier height for the electrons of 1.12eV can be
calculated using the work function of 6.1 eV found for RuO,.
The experimentally determined value for the barrier height at
the BST/RuO; contact of 0.85 £ 0.1eV is in close agreement
to the calculated barrier height and supports a strong Fermi
level pinning at the (Ba,Sr)TiO3/RuQO; contact. The difference
between the calculated and experimentally determined barrier
height might be explained by a slightly shallower position of the
charge neutrality level or a smaller value of § compared to the
values used by Robertson et al.

The technically important BST/Pt interface has been thor-
oughly studied using electrical measurements. A variation of
the Schottky barrier height of 0.5-1.6eV was found3”-3® and
the difference of the ¢p, could be attributed to preparation
and subsequent annealing conditions. While after deposition
relatively small ¢pn ~ 0.6eV are found, an annealing step
in an oxygen containing atmosphere leads to an increase in
¢Bnto 1.2 eV3%7 . In situ photoelectron studies of the con-
tact formation between strontium titanate (STO) and Pt directly
after Pt deposition lead to &g, of 0.4-0.6.21:22:23 The barrier
height increases to ¢p, > 1.2eV after heating in an oxygen
atmosphere.”3 The microscopic origin for the variation of ¢p
has been identified as formation of defects at the STO/Pt inter-
face upon Pt deposition due to the high Pt condensation enthalpy.
These defects pin the Fermi level close to the conduction band
minimum and therefore lead to a small ¢p,. Upon annealing
in oxygen the concentration of these defects is reduced and a
high ¢p , is formed.?? Similar Observation have been made for
the SnO,/Pt interface.*® Oxidation and reduction of the inter-
face is not likely for RuO, electrodes. This is also supported
by comparing the results of this work for RuO; deposited onto
BST to BST deposition onto RuO; as done by Jeon et al.!® The
same barrier height is observed for both deposition sequences, in
contrast to strongly different barrier heights at the as-deposited
BST/Pt and Pt/BST interface.>

Although RuO, exhibits a work function @ = 6.1 eV, which
is 0.4eV larger than that of Pt (& = 5.7eV),2? the Schottky
barrier height is considerably smaller at the BST/RuO; interface
than at the oxidized BST/Pt interface.

The wusually observed larger leakage current for
metal/ferroelectric/metal structures using RuO, as elec-
trode compared to Pt!% is well explained by the larger
Schottky barrier at oxidized BST/Pt interfaces.

Oxidic electrodes as RuO, are nonetheless highly interest-
ing, especially when the fatigue or DC-degradation behaviour
of the studied device is of interest, since they show smaller
or no observable degradation over the studied timeframe or

@

cycles.!01811 One possible explanation for the better perfor-
mance with oxidic electrodes regarding fatigue might be the
fact that the BST/Pt-interface, as well as other BST/metal inter-
faces show two different states for the Schottky barrier height.
On the one hand a reduced interface with a small ¢p, and
on the other hand an oxidized interface with a high ¢p . For
Pt/PZT/Pt-capacitors an annealing step in oxygen after Pt top
electrode deposition leads to a considerable increase of the rema-
nent polarization.*! This rise in polarisation is in parallel with
an increase in ¢p , as was discussed before. Angadi et al. have
found an increase of the dielectric loss in parallel with the onset
of the fatigue of studied Pt/PZT/Pt-capacitors. Higher dielec-
tric loss can be attributed to a reduction of the Schottky barrier
height.®

This suggests that a reduction of the Schottky barrier height
during voltage-stressing, as induced, e.g. by electric-field driven
migration of oxygen vacancies to the electrode, might be related
to the degradation with metallic electrodes. In contrast, the oxi-
dic electrodes do not show this effect and therefore exhibit an
improved device stability.

5. Conclusions

RuO, was deposited via reactive DC-magnetron sputtering
on thin film BST. The deposition conditions for RuO, have been
appropriately chosen as to be in the compound regime for reac-
tive sputtering, not to deposit substoichiometric RuO,_,. Work
functions of 6.1 eV for RuO; and of 4.4 eV for BST and an elec-
tron affinity of 3.9 eV for the latter were observed. The interface
formation was analysed via in situ photoelectron spectroscopy.
No interface reaction and a parallel shift of the substrate lev-
els were observed. A Schottky barrier height for the electrons
of 0.85 4= 0.1 was deduced for the BST/RuO;-interface. This is
in accordance with // V-measurements of the RuO,/BST inter-
face found in the literature. '° The barrier height is smaller
than expected from the Schottky model (2.2 eV) and is in close
agreement with the charge neutrality model (1.12eV). Com-
pared to the BST/Pt interface, where a high and low Schottky
barrier height are possible,2* the BST/RuO, interface probably
exhibits a unique barrier height as suggested by comparing the
BST/RuO; and RuO,/BST-interfaces. These findings might be
related to the reduced fatigue of devices having oxidic electrodes
as RuO; in contrast to devices featuring metallic electrodes.
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