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It has recently been shown that the Schottky barrier height (SBH) formed at metal-semiconductor
perovskite oxide heterojunctions can be dramatically tuned by the insertion of atomic-scale dipole layers
at the interface. However, in idealized form, this would only allow for specific values of the SBH,
discretized by the dipole layer thickness. Here we examine the effect of fractional unit cell LaAlO3
dipoles inserted between SrRuO3; and Nb:SrTiO3 in (001) Schottky junctions, as a function of their in-
plane lateral distribution. When the LaAlOs dipoles are finely dispersed, we observe uniformly
rectifying junctions, with SBHs reflecting the fractional LaAlOs coverage. For larger length-scale
distributions, the junction characteristics reflect the inhomogeneous combination of regions with and
without the interface dipole. The characteristic length scale dividing the two regimes corresponds to the
semiconductor depletion width scaled by the dipole potential, determining the effective scale for which

the SBH can be continuously tuned.

a)Authors to whom correspondence should be addressed. Electronic mail: yajima@adam.t.u-
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Complex oxides are targeted as constituents of various electronic,! electrochemical,’
electromechanical,® and optoelectronic devices,® due to their wide range of physical and chemical
properties which can be controlled by external stimuli such as electric field, light, and mechanical stress.
In order to effectively implement these materials functionalities in devices, it is critical to develop
techniques to engineer interface band alignments, which determine the carrier transport across solid or
solid/liquid interfaces. In many materials, interface band alignments are generally determined by the
bulk properties of the two constituents, with limited ability to manipulate them.’ However, in atomic-
scale complex oxide heterostructures, it has been found that band alignments can be significantly
modulated by artificially creating interface dipoles in Schottky junctions and at oxide/liquid interfaces,
and has shown great potential as a powerful device technique. *!?

The underlying principle of dipole engineering relies on atomistically positioning a pair of positive
and negative charge layers, which create the extra potential to effectively modify the interface band
alignment. Ultrathin layers of perovskite oxides are ideal materials for forming such dipole layers
because their crystal structure inherently has the flexibility to host charged atomic layers along a certain
orientation by appropriate selection of the two cations. A representative example is the use of ultrathin
LaAlOs layers parallel to the (001) plane, forming a (AlO2)/(LaO)" stack. When inserted between
charge neutral TiO:-terminated (001)-oriented Nb-doped SrTiOs (Nb:SrTiOs) and SrRuOs (001)
surfaces, the rectifying Schottky junction is converted into an Ohmic contact.® Here, Nb:SrTiO3 is the n-
type semiconductor substrate and SrRuQ; is the metal layer epitaxially deposited above the (AlO2)
/(LaO)" dipole layer [Fig. 1(a)]. The strong ionicity of perovskites, combined with the ability to form
atomically well-defined and coherent interfaces, enabled band alignment modulation on the order of 1 V
per perovskite unit cell (uc), providing an unprecedented range of tunability in any semiconductor/metal
system.!> * Despite its effectiveness in increasing the photovoltage in Schottky photodiodes'? and

15, 16

reducing junction resistance with high dielectric constant semiconductors, the huge electric field
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induced between the atomic layers demands delicate control of the dipole layer. In particular, sub-unit
cell thickness control is required to practically achieve precise tuning of barrier heights on the scale of
10 - 100 meV. For perovskite oxides, sub-unit cell thickness corresponds to single-unit cell-thick islands
covering a fractional area over the surface [Fig. 1(b)], which naturally leads to the question of how the
lateral size of the nanoscale dipole islands influence the potential profile and the associated macroscopic
junction properties.

Here, we take archetypal SrRuOs/Nb:SrTiO3z (001) Schottky junctions,!” '8 engineered with a
(AlO2)/(LaO)" dipole layer, to study the lateral size effect of the fractional dipole islands on the
macroscopic current-voltage (I-V) characteristics. For relatively small dipole islands, a systematic
reduction in the Schottky barrier height (SBH) is observed while maintaining macroscopic lateral
uniformity. On the other hand, the junction characteristics are clearly inhomgeneous for relatively large
dipole islands, strongly deviating from the ideal thermionic emission model. The characteristic length
scale dividing the two regimes corresponds to the semiconductor depletion width scaled by the dipole
potential, which we derive from the spatially inhomogeneous Schottky junction model developed by
Tung."” These results highlight the importance of controlling not only the thickness on the sub-unit cell
level, but also the lateral nanostructure dimensions for effective control of oxide interface functionalities.

The epitaxial heterostructures were fabricated using pulsed laser deposition. Prior to deposition,
the TiOz-terminated 0.01 wt. % Nb:SrTiO3 (001) substrate was pre-annealed at 950 °C under a partial
oxygen pressure Po2 of 5 x 10 Torr for 30 min to obtain sharp atomic step-terrace structure. The dipole
layer was formed by depositing 0 — 2 uc of LaAlO3 at Po2 = 1 x 107 Torr and laser fluence F = 1.5 Jem®
2, followed by the growth of a 20-nm thick SrRuOs thin film at substrate temperature Ts = 750 °C, Poz =
0.3 Torr, and F = 3 Jcm™. The thickness of the LaAlO3 layer was controlled by using reflection high-
energy electron diffraction oscillations as well as growth rate calibration using laser pulse counts. The

lateral size of the dipole islands was controlled by varying 75 between 750 °C to 1100 °C to access layer-



by-layer and step-flow growth modes.?® The fabricated structures were patterned into multiple 0.22 mm-
diameter circular electrodes by Ar'-ion milling of the deposited layers followed by post-annealing at 350
°C in Poz2 = 1 bar for 6 h to fill residual oxygen vacancies. Gold and indium were used as the contact
electrodes for the SrRuOs thin film and the Nb:SrTiOs (001) substrate, respectively. The surface
morphology of the fractionally deposited dipole layers was characterized by atomic force microscopy
(AFM) and electrical characterization of the Schottky junctions was conducted using a semiconductor
parameter analyzer at room temperature.

Figure 2 shows the AFM images after the growth of 0.4 uc of LaAlOs on Nb:SrTiO3 (001)
substrates under different 7s. At Ts = 750 °C, several nm-sized islands are vaguely visible on the
substrate surface which coalesce at higher 7s [Figs. 2(a) — (c)]. At the highest substrate temperature of 7
= 1100 °C, the LaAlOs islands are no longer visible in the topography and a sharp step-terrace structure
is recovered [Fig. 2(d)]. By exploiting the force sensitivity to different surface elements in friction force

microscopy,!

we identify that the fractional layers have diffused to the step edges, forming one-
dimensional ridges of approximately 200 nm width, exhibiting a clear contrast as shown in Fig. 2(e).
The I-V characteristics of the STRuO3/LaAlO3/Nb:SrTiO3 Schottky junctions with systematically
varied LaAlOs dipole thickness grown at 7s = 750 °C are shown in Fig. 3(a). The initially rectifying
junction exhibited a systematic reduction in the forward bias onset voltage and an increase in the reverse
bias current, finally converting into an effectively Ohmic contact at 2 uc insertion, characterized by a
symmetric /I-V curve. Importantly, the /-V characteristics followed the typical exponential function under
forward bias even for the fractional coverage of the dipoles below 1 uc, indicating electrically
homogeneous junction properties with reduced barrier heights, despite the presence of inhomogenously
distributed dipole islands at the interface. In contrast, we observe a strong deviation from the simple

exponential function for the forward-biased junction with LaAlO3 deposited at 7s = 1100 °C as shown in

Fig. 3(b).



Thus, the dipole-inserted junctions show electrical characteristics determined by both the average
dipole thickness and the lateral dipole diameter. When we restrict the average dipole thickness between
0 uc and 1 uc, the junction can be viewed as two different local barrier height (LBH) regions which are
laterally distributed with the specific dipole diameter. The simplest model describing such a junction is a
linear combination of two independent diodes, assuming the dipole diameter is sufficiently large. Then,
the two diodes have different LBHs (®, - A and ®; ) and area (S, and S, ), corresponding to
SrRuO3/LaAlO3/Nb:SrTiOs (001) and SrRuO3/Nb:SrTiOs (001), respectively. @, is the initial SBH
without the dipole island and A is the reduction in the LBH due to the presence of the 1 uc LaAlOs
dipole island. Assuming the thermionic emission process for the junction transport,?? the total current

through the electrode [, is given by the sum of the two thermionic emission currents each weighted by
their respective area: [, = IO(SH + SL)exp(— ﬂ@éc): 1,8, exp(— ,B(I)B)+ 1,8, exp(— o, + ﬂA) 23
Here, @ is the current-averaged SBH in this model, and 8 =¢/k,T and I,=AT" (eﬁV - 1), where, ¢

is the elementary charge, k, is the Boltzmann constant, T is the measurement temperature, 4" is the
Richardson constant equal to 156 Acm2K for Nb:SrTi03,%* and ¥ is the applied voltage. The above

equation gives a @ logarithmically dependent on S, /S, , the areal coverage of the islands. 7,

based on this model is clearly dominated by the lower barrier junction (®, —A) and predicts an abrupt

reduction in the measured barrier height with minimal deposition of the dipole layer, not varying further
with areal coverage [Fig. 4(a)]. However, this disagrees with the experimentally observed linear
dependence, and indicates that the dipole diameter in these junctions is not large enough to treat the two
LBH regions independently, and the lateral potential landscape around the perimeters of the low LBH
regions needs to be taken into account.

Here, we apply a model of a diode with a LBH of @, containing multiple circular islands

(diameter 4 ) with low LBHs (®, —A), the area ratio of which is given by S, /(S,, + S, )."° First, we



assume d is so small that the two junctions are not independent, but rather form a lateral potential

landscape with saddle points under the low LBH regions. The height of the saddle points is

S, @, +S, (P, -A)

, because
Sy+S,

approximately given by the area-weighted average of the two LBHs, @/

the potential is averaged through the lateral band bending and highlights the total inserted dipole

moment per area. An example of a calculated potential landscape along a single array of circular dipole
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islands V,(¥) is presented in Fig. 4(b) using VB(F)z Vbb(l_éj V4V o — Z

following ref. 19, where 7 is the coordinate in the semiconductor, z is the interface-perpendicular
component of 7, 7 . is the center of each dipole island, V', =®, -V, is the built-in potential, V, is
the energy difference between the conduction band minimum and the Fermi energy,

W =,/2¢,eV, /gN,, is the depletion width, N, is the donor concentration in the semiconductor, &, is
the vacuum permittivity, and & is the semiconductor relative permittivity. Here, N, = 4.4 X 10%° cm?,
& =300, d, =1.35¢V,V, =0.13 eV, and A = 1.0 eV. We assume circular dipoles with d =5 nm
with 10 nm period as shown in the Fig. 4(b) inset, which leads to S, /(S +S,)=0.17 and @} =1.18

eV. The @} values reproduce the experimentally measured SBH for the junction with fractional dipole

coverage [red dotted line in Fig. 4(a)] as well as the current-voltage characteristics which are calculated

based on the thermionic emission model [Fig. 4(d)]. We note that VB(F) is offset by

V=S A/ (SH +SL) in order to compensate for the sum of the potential shift from the superposed

comp
dipole islands to realize the equilibrium state: the junction would be in a biased state without Veomp far
away from the interface.

This calculation clearly shows that the potential close to the interface is reduced by the presence of

the lower LBH regions, resulting in an effective SBH given by @/ . It should be noted that the large



variation in the potential close to the interface is diminished far away from the interface as seen in Fig.

4(b). The computed /- characteristics from this potential landscape within the thermionic emission

regime is governed by the relative size of the saddle point potential and @ . When the saddle point

potential is close to @, the junction shows electrically homogeneous /-7 characteristics governed by
the average SBH and near-unity ideality factor, consistent with the experimental observation in Figs.
4(a) and (c).!” On the other hand, as the difference between the saddle point potential and ®; in Fig.

4(b) increases at larger d and larger separation (for a fixed fractional coverage), the junction evolves
toward the disappearance of the saddle point (parallel-diode regime), as seen in the /-V characteristics
for the 7s = 1100 °C junction. Experimentally for the 1100 °C junction, even the smallest fractional
dipole layer coverage of 0.2 was sufficient to make the /-} characteristics symmetric around /' = 0 and
substantially increasing the forward and reverse current, no longer showing the characteristics of a
uniform diode [Fig. 3(b)]. In our model, the length scale separating the two /-V characteristics is given

by the disappearance of a saddle point in band bending. By calculating the condition satisfying

A
[aaVBj <0 at the center of the dipole island, the saddle point disappears at d, =——W . Junctions
Z z=0 B

containing islands larger than d,, will approach the limit of parallel diodes, in which their -V

characteristics are dominated by the lower LBH islands as summarized in Fig. 5. Substituting the

experimental values of ®, =1.35 eV, W =121 nm, A=1.0 eV for 1 uc of LaAlOs, we obtain d_, =90

nm, which lies between the island sizes directly observed by AFM in Figs. 2(a) and (d).

In summary, we have studied the effect of fractional coverage of a LaAlOs interface dipole on the
macroscopic junction properties in StTRuO3/Nb:SrTi03 (001) Schottky junctions. Atomic scale LaAlOs3
dipole layers with fractional coverage were inserted at the interface to locally form reduced LBH
regions. By increasing the lateral size of these low LBH regions, the /-V characteristics transformed

from a rectifying diode with an area-weighted average SBH to a more conductive junction dominated by
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the low LBH. The estimated threshold separating the two regimes was well explained by considering the
electrostatic landscape induced by the LBH inhomogeneity. While there have been a series of studies

about inhomogeneous Schottky junctions in the past,>?’

and more recently applied to Schottky
junctions incorporating nanostructures,?®3° here we experimentally analyzed the macroscopic band
bending at the fully epitaxial interface, minimizing the extrinsic effects from imperfections which often
obscure the analyses at more complex interfaces. These results present guidelines to control band
alignments on the scale of 10-100 meV using oxide dipoles and should be effective in applications such

1

as hot electron spectroscopy in the metal-base-transistor geometry,’! as well as photoelectrochemical

applications in which the potential landscape critically impacts the efficiency of the charge transfer

across the semiconductor interfaces.'? 3233
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FIG. 1. (a,b) Schematic illustrations of StTRuO3/Nb:SrTiO3 (001) Schottky junctions with (a) integer and
(b) fractional LaAlOs dipole layer insertion.

FIG. 2. (a-e) AFM images of the 0.4 uc LaAlOs layer deposited on the Nb:SrTiO3 (001) substrate at
various temperatures: (a) 750 °C, (b) 850 °C, (c) 950 °C, and (d) 1100 °C. (e) Friction force microscopy
(FFM) image corresponding to (d).

FIG. 3. (a,b) I-V characteristics of STRuOs3/Nb:SrTiO3 (001) Schottky junctions with varied thickness of
the (Al1O2)/(LaO)" dipole layer grown at (a) 750 °C and (b) 1100 °C.

FIG. 4. (a) The measured Schottky barrier heights versus the thickness of the LaAlO3 (75 = 750 °C). The
dashed curve shows the calculated SBH based on the parallel-diode model for the LaAlOs dipole, and
the dotted line shows the @} with ®, =1.35 eV and A=1.0 eV. (b) Simulated potential landscape
along the in-plane direction (x) and the out-of-plane direction (z) within the range 0 <x < . The inset
shows the dipole island distribution used for the simulation, corresponding to ~18 % areal coverage, and
the dashed line indicates the position of the cross section corresponding to the simulated potential. (c)

The measured ideality factors versus the dipole coverage. (d) The calculated /-V characteristics of
SrRuOs3/Nb:SrTiO3 (001) Schottky junctions with varied thickness of the (AlO2)/(LaO)" dipole layer.

FIG. 5. Schematic illustration comparing the island size and the threshold crossover from the
electrically homogeneous (Schottky) regime to the parallel-diode (leakage) regime.
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