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Tunable work function in MgO/Nb:SrTiO; surfaces studied by Kelvin probe technique
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We studied the work function of Nb 0.5-wt % doped SrTiO; (Nb:SrTiO3) (100) substrates covered with MgO
thin films by Kelvin probe contact potential technique. The work function of MgO/Nb:SrTiO; was reduced
as a sharp function of MgO film thickness up to 1 nm while it remained almost constant beyond 1 nm. The
amount of work-function reduction by depositing 5-nm-thick MgO film was ~0.6 eV when grown under oxygen
partial pressure, p(O,), of 10*! Pa and increased up to ~1 eV when grown at p(O,) = 103 Pa. Atomic force
microscopy and in-plane x-ray-diffraction measurements indicated the formation of tighter interface when grown
under oxygen poor conditions. Both a sharp work-function reduction with MgO deposition and its modification
by how firmly the interface was formed were consistent with the electron compression model that the metal work
function could be modified when covered by insulating films to block the metal electrons. The present work
demonstrated that metal work function could be tuned by depositing insulating films with the film thickness and

the interfacial tightness controlled.
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I. INTRODUCTION

Artificial structures have opened possibilities to study novel
electronic states as well as to develop various electronic and
catalytic functionalities. Among various artificial structures,
the most fundamental is a single interface between metal
and insulator, where two materials with opposite electrical
characters are contacted to each other, inducing significant
changes in the electronic states of both sides.! Recently,
a large change in metal work function by depositing thin
insulating films has been attracting much attention since work
function is a fundamental physical quantity in surface and
interface physics and is crucial to develop any functionalities
in electronics and in catalysis. Density-functional calculations
have revealed that metal work function can decrease by a few
eV as insulating films are deposited.>> A dominant origin
of such a decrease is the compression of metal electrons by
the insulating layer: Usually dipole moments are present at
the surface of metal since electrons are slightly spilling out
from the lattice of positive ions. Capping with an insulating
layer pushes back the leaking electrons, varying the surface
dipole moments and hence the metal work function. Such
effect strongly depends on the interface separation, i.e., how
tightly or loosely the interface is formed:>> An ideal hard wall
potential at the tightly formed interface would significantly
modify the surface electronic states while a loosely formed
interface should be similar to a free surface. The effect of
electron compression is particularly dominant for wide gap
insulators while the effect of charge transfer between metal
and insulator increases as the band gap decreases.

In order to demonstrate the electron compression effect,
MgO(100) thin film can be a model system since high quality
MgO(100) thin film keeps the wide gap electronic structure
characteristic of bulk MgO even at the very interface.’ Very
recently, the work function of MgO thin films deposited on
elemental metals has been measured by Kelvin probe force
microscopy,”® by scanning tunneling microscopy,” and by
photoemission spectroscopy,” where a sharp drop of metal
work function by depositing MgO thin film has indeed been
revealed.
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In the present work we have measured the work function
of Nb 0.5-wt % doped SrTiO3; (Nb:SrTiO3) (100) substrates
covered with MgO thin films by macroscopic Kelvin probe
contact potential technique. Since Nb:SrTiO3(100) is a rep-
resentative conducting substrate for oxide thin-film growth
and MgO/metal interfaces play key roles in various electronic
devices including Fe/MgO/Fe magnetic tunneling junctions,'”
the tunable work function in MgO/Nb:SrTiO3(100) would be
valuable to develop any oxide electronic devices. Considering
a finite electrode size in electronic devices, which is much
larger than the probe size of Kelvin force microscopy (15—
30 nm radius’), macroscopic work-function measurement
should be relevant for this purpose. Also, compared with
microscopic Kelvin probe, the parallel-plate capacitor ge-
ometry, which gives a homogeneous electric field, and the
large gap between probe and sample would allow a simpler
interpretation in macroscopic Kelvin probe. We have found
that the work function of Nb:SrTiO3(100) is indeed strongly
reduced by depositing a very thin MgO film and that the oxygen
partial pressure during growth, p(O,), can be another param-
eter governing the “interface tightness” to control the work-
function reduction. Such MgO film thickness dependence and
p(O,) dependence of work function in MgO/Nb:SrTiO3(100)
have consistently been understood in the framework of the
electron compression model. The present surface with tunable
work function made of a representative wide gap insulator
and a representative conductive substrate would be useful
as a platform to develop various electronic and catalytic
functionalities.

II. EXPERIMENT

We grew MgO thin films on Nb:SrTiO3(100) substrates
by pulsed laser deposition. A MgO single-crystal target was
irradiated by a KrF excimer laser with the repetition ratio of
1 Hz and with the energy of ~100 mJ incident to the vacuum
chamber. The deposition rate was between 0.8 and 0.12 nm/
min. A cycle of MgO thin-film growth and work-function
measurement was performed without exposing the sample
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surface to air. The substrate mount was set at ~740 °C for
20 min before film growth and was kept at the same
temperature during film growth. Samples were transferred to a
stable platform for the Kelvin probe measurement after being
cooled down to ~200 °C.

We used a4-mm ¢ stainless-steel plate as a counterelectrode
for Kelvin probe measurement (KP Technology). We applied
an external offset voltage between the counterelectrode and the
backside of Nb:SrTiOj5 substrate. When the counterelectrode is
brought close to a sample surface, charges are induced both at
the counterelectrode and at the sample surface in accord to the
electric field originating from the difference of the vacuum
level between them. Since such an electric field depends
on the distance between the counterelectrode and sample,
vibration of the counterelectrode induces an alternating current
corresponding to the oscillating charge at the counterelectrode.
By applying an offset voltage to the counterelectrode so that
the vacuum level is aligned between the electrode and sample
surface, the alternating current should be reduced to zero. By
this way the work function of sample surface can be measured
with respect to the counterelectrode. Finally we calibrated the
work function of stainless counterelectrode by defining the
observed work function of in situ deposited gold to be 5.1 V.!!

We set p(O2) between 107! and 1073 Pa during the
film growth and kept the same pressure during the work-
function measurement. After ~10 cycles of film growth and
work-function measurement, the total MgO film thickness
(about 5 nm) was measured by x-ray reflection measurements.
The samples were further characterized by atomic force
microscopy (AFM) and by x-ray diffraction (XRD). The
data of Fig. 1 (out-of-plane XRD), Fig. 2 (AFM), Fig. 3
(in-plane XRD), and Fig. 4 (Kelvin probe measurements) were
taken for the same set of five samples, which were grown at
p(0y) = 101-1073 Pa.

III. RESULTS

Figure 1 shows out-of-plane XRD patterns of MgO films
with the thickness of ~5 nm grown on Nb:SrTiO3(100),
indicating the (100) oriented growth of MgO films. No
systematic change was observed as a function of p(O;) from
10*! to 1073 Pa. Small peaks at ~38°, ~64°, and ~77°, which
are missing in the pattern of a bare Nb:SrTiOj3 substrate, would
not be assigned to other diffractions of MgO and their origins
are not clear: These positions are different by more than ~1°
from expected MgO 111, 220, and 222 diffraction angles.
Also, the two angles of ~38° and ~77° are not consistently
interpreted with a single d;;; value.

Figures 2(a)-2(e) show 5 x 5-um AFM scans of MgO films
grown at various p(O,) on Nb:SrTiO3(100) substrates. No clear
structure or pattern is present in the surface of samples. The
root-mean-square (rms) surface roughness estimated by these
scans is shown in Fig. 2(f) as a function of p(O;). It is as small
as ~2 A between 10° and 103 Pa but increases up to ~5 A
at 107! Pa.

In Fig. 3(a) we plot in-plane XRD patterns of ~5-nm-thick
MgO films grown on Nb:SrTiO3(100) substrates and show
the lattice constant deduced from the MgO 010 peak position
in Fig. 3(b). Although the bulk lattice constant of SrTiO3 is
~8% smaller than that of MgO, the observed in-plane lattice
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FIG. 1. Out-of-plane XRD patterns of MgO films with the
thickness of ~5 nm grown on Nb:SrTiO;(100) substrates at
p(0,) = 10*'-1073 Pa. XRD pattern of Nb:SrTiO;3(100) substrate
is also shown.

constant of MgO films is ~1% smaller than the bulk value
when grown between p(0,) = 10° and 10~3 Pa and is only
~0.3% smaller at p(O,) = 107! Pa. This shows that ~5-nm-
thick MgO films thus grown on Nb:SrTiO3(100) is only partly
strained when grown under oxygen poor conditions and is
almost completely relaxed otherwise. The cubic on cubic in-
plane relationship between MgO and Nb:SrTiO3 with the film
lattice constant almost relaxed has also been observed in MgO
films on nondoped SrTiO3(100) substrates grown by plasma
assisted molecular-beam epitaxy.!?
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FIG. 2. (Color online) 5 x 5-um AFM scan of MgO/Nb:
SrTiO;3(100) grown at p(0,) = 10*! Pa (a), 10° Pa (b), 10~! Pa (c),
1072 Pa (d), and 1073 Pa (e). A root-mean-square surface roughness
estimated from scans (a)—(e) is shown in panel (f).
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FIG. 3. (Color online) (a) In-plane XRD patterns of MgO/Nb:
SrTiO3(100) parallel to Nb:SrTiO5[010] direction. Bold curve, bold
dots, thin curve, thin dots, and thin dot-dashed curve correspond to
XRD patterns of MgO films grown at p(O,) = 107!, 10°, 1071,
1072, and 1073 Pa, respectively. (b) In-plane lattice constants of
MgO/Nb:SrTiO5(100) estimated from the MgO 010 peak position
in (a). The bulk lattice constant of MgO is shown by a dashed line.

The work function of MgO/Nb:SrTiO3(100) grown at
various p(O,) has been measured by Kelvin probe contact
potential technique as shown in Fig. 4. The values of the work
function for bare Nb:SrTiO3(100) substrates is distributed at
4.8-4.4 eV, which is slightly larger than a reported value of
nondoped SrTiO3 (4.2 eV).'> As MgO film thickness increases
up to ~1 nm, the work function is significantly reduced. The
thickness dependence of the work function is small beyond the
film thickness of 1 nm. Here, a change in the work function
with MgO film thickness is larger when grown under oxygen
poor conditions. We have grown several samples with ~5 nm
thickness under each growth condition and the reproducibility
is as shown in Fig. 5, indicating that the work function of
MgO/Nb:SrTiO3(100) linearly changes as a function of log
p(0,) while that of Nb:SrTiO3(100) substrates depends very
weakly on p(O,) during preannealing (~0.2 eV decrease in
going from 107! to 1073 Pa). The work-function reduction by
depositing 5-nm-thick MgO is ~0.6 eV at p(O,) = 10*! Pa
and is ~1 eV at p(O,) = 1073 Pa.

Work function [eV]

0 1 2 3 4 5 6
Film thickness [nm]

FIG. 4. (Color online) Work function of MgO/Nb:SrTiO3(100)
as a function of MgO film thickness: closed circles (10*! Pa), open
circles (10° Pa), closed triangles (10~! Pa), open triangles (102 Pa),
and squares (1073 Pa).
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FIG. 5. (Color online) Work function of ~5-nm-thick MgO
grown on Nb:SrTiO3(100) (closed circles) and bare Nb:SrTiO3(100)
substrates (open circles) as a function of p(O,).

IV. DISCUSSION

In general, the interpretation of Kelvin probe measurement
of insulating films is not straightforward.'*!> However, MgO
films in the samples studied here are grown along the nonpolar
[001] direction and are as thin as 5 nm, which is much smaller
than the distance between sample and reference electrode
(0.1-0.5 mm). Then charge oscillation in the reference elec-
trode should reflect the charge oscillation in Nb:SrTiO3(100)
substrate, where the work function can be modified from the
bulk value. This picture should be relevant when MgO film
is perfectly insulating and is very thin: When no electronic
states are present around the Fermi level in the MgO layer,
no electrons can emit from that layer even if an energy
corresponding to the work function of MgO film is externally
given. Instead, electrons excited above the vacuum level in
Nb:SrTiO3 should be ejected into the vacuum: When the
vacuum level is lower in the MgO layer than that in the
Nb:SrTiO3 substrate, the MgO layer does not affect “free
electrons” from Nb:SrTiOz. Even when the vacuum level is
higher in the MgO layer, free electrons would tunnel through
that.

According to this interpretation, a sharp drop of the work
function of Nb:SrTiO3(100) surface by depositing a small
amount of MgO is consistent with the electron compression
effect induced by the hard wall type potential of MgO, which
has been revealed in recent theoretical’> and experimental’~
studies on elemental metal substrates. A small difference
from reported behaviors is observed in thickness dependence:
While the work function of MgO/Nb:SrTiO3(100) strongly
depends on the film thickness up to 1 nm, the work function
does not change at all beyond two to three monolayers (0.4—
0.6 nm) in MgO/Ag(100) and MgO/Mo(100). Since both MgO
and Nb:SrTiO; are metal oxides and share a framework of
electronic structure with the oxygen derived valence band and
cation derived conduction band, a larger electronic mixing
would be present in the MgO/Nb:SrTiO; interface, resulting
in a deviation from the “hard wall” picture of MgO. Such a de-
viation might be one of the origins of the work-function change
observed in larger thickness regions in MgO/Nb:SrTiO3(100).
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The effect of smaller carrier concentration in Nb:SrTiO3 than
in elemental metals should also be clarified in the future.

The effect of p(O;) is clear and systematic as shown in
Fig. 5. According to Fig. 3, the lattice constant of MgO films
is more influenced by the substrate when grown under oxygen
poor conditions. Together with formation of a flat surface in
MgO films grown under oxygen poor conditions according
to AFM measurements (Fig. 2), a tighter interface would be
formed when grown under oxygen poor conditions. Thus the
present oxygen pressure dependence would reflect that the
formation of abrupt hard wall potential at the very surface of
metallic substrate gives a stronger reduction of work function
according to the electron compression model as predicted in
density-functional calculations.>*>

Here, oxygen vacancies in MgO films, which could depend
on p(0;) and could be charged, would possibly contribute
to the pressure dependent work function. However, since
the MgO films grown on insulating Al,03(0001) substrates
under the same condition have been found insulating and
since the formation of oxygen vacancies has been reported
to induce the lattice expansion in MgO,'® which is the
tendency opposite to the present lattice constant change,
the effect of oxygen vacancy formation would be small
in the present case. The observation that the work function
strongly varies only below the film thickness of 1 nm also
suggests that a uniform formation of charged vacancies in
MgO films during the film growth is unlikely. Nevertheless, a
possibility of oxygen vacancy formation at the very interface
would not be excluded: Density-functional calculations have
shown that oxygen vacancy formation is not unfavorable in
MgO substrate in SrTiO3/MgO(100) interface although they
consider a SrTiO; film on a MgO substrate, opposite to the
interface studied here.!” Also, while the work function shows
a quite smooth variation with p(O,) as shown in Fig. 5, the
structural parameters show a significant difference between
p(0;) = 10" and 10° Pa, as shown in Fig. 2(f) and in
Fig. 3(b), implying that the interfacial tightness is not the
unique parameter which is controlled by p(O;). A direct
observation of chemical stoichiometry and abruptness at the
very interface as well as the interface separation would be
critical to elucidate the role of oxygen partial pressure during
film growth.

Another possible origin of pressure dependent work func-
tion would be incomplete capping under oxygen rich condi-
tions, giving a surviving contribution of Nb:SrTiO3 substrates.
Then the work function of MgO/Nb:SrTiO3 grown under
various conditions should converge on a single value as the
nominal film thickness increases. However, Fig. 4 shows that
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the p(O,) dependence at 5 nm is as large as at 1 nm, indicating
that such incomplete capping effect is small.

V. CONCLUSION

We have measured in situ the work function of
MgO/Nb:SrTiO3(100) with the film thickness up to 5 nm by
Kelvin probe contact potential technique and have found that
the work function of MgO/Nb:SrTiO3 can be controlled both
by MgO film thickness and by p(O,), i.e., a tunable work
function has been realized by using a representative wide gap
insulator and a representative oxide substrate.

A change in the work function is almost completed at the
MgO film thickness of 1 nm, qualitatively consistent with the
electron compression model that the hard wall type potential of
insulating film blocks the leaking metal electrons to modify the
metal work function. The reduction of work function increases
when MgO films are grown under oxygen poor conditions:
For 5-nm-thick MgO films it is ~0.6 eV at p(0,) = 10*!
Pa and amounts to ~1 eV at p(O,) = 1073 Pa. Together
with p(O,) dependence of in-plane x-ray-diffraction and AFM
measurements, the p(O,) dependence of the work function
would indicate that the work function of MgO/Nb:SrTiO; can
be controlled also by p(O;) through the interface separation
change, again consistent with the electron compression model.

While we have focused on perfectly insulating and very thin
MgO films in the present work, thick MgO films with possible
impurities would also be of great interest: A smaller work func-
tion realized in MgO would induce a high secondary electron
emission yield,'® which is relevant for the protective layer of
dielectric layers in plasma display panels.'” Remembering that
MgO shows various catalytic activities including hydrogen
extraction from methane, %! dissociation of water,?? and
reduction of CO, to CO,?* and that the correlation between
catalytic activities and the work function in MgO thin films
on metal substrates have intensively been studied,?*? to study
catalytic properties in MgO/Nb:SrTiO; with the controlled
work function would be another straightforward program
based on the present work.
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