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We show that the barrier profile of in situ grown AlO, tunnel barriers strongly depends on the material
choices of the oxide-metal interface. By doing transport measurements on Al and Nb-based metal-oxide-metal
tunnel junctions in a wide temperature range and using the phenomenological Simmons’ model, we obtain
barrier parameters that are qualitatively consistent with the values obtained from the first-principles calcula-
tions. The latter suggest that the formation of metal-induced gap states originating from the hybridization
between the metallic bands and Al,O53 conduction band is responsible for the tunnel barrier modification. These
findings are important for nanoelectronic devices containing tunnel junctions with a thin insulating layer.
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I. INTRODUCTION

A thin oxide layer formed in between two metals or semi-
conductors is a crucial part of a tunnel junction used in vari-
ous electronic devices.!'> Recently, as electronic components
scale down and tunnel barrier layers get thinner, require-
ments for high-quality ultrathin insulating layers become
more stringent due to their crucial role in conduction. For a
given tunnel structure, the tunnel barrier height depends
strongly not only on material properties of the electrodes and
the oxide layer but also on the interfaces formed between the
insulating layer and electrodes.

In the conventional phenomenological tunnel barrier
picture,® the tunnel barrier for similar electrodes is repre-
sented by a rectangle of width w and height ¢. The barrier
height is approximated by the difference between the work
function W of the electrode material and the electron affinity
x of the wide band-gap material forming the tunnel barrier,
¢=W-x. In this picture, the potential barrier is the region in
the energy gap where the electronic density of states van-
ishes, and the barrier shape is defined at the left and right
metal/oxide interfaces by the metallic densities of states of
the electrodes and on the top by the density of states in the
conduction band of the barrier material. Therefore, there is a
close relation between the barrier shape and the electronic
density of states. Additional electronic states can be formed
at the interfaces between the electrodes and the oxide layer
or even within the insulator gap due to, e.g., defects, such as
vacancies or impurities. In general, however, extra states
may exist even in the structures with a perfect atomic con-
figuration (single crystals). Such states are often referred to
as “metal-induced gap states (MIGS)” that were first intro-
duced for a metal-semiconductor interface,* and may be re-
sponsible for the lower potential barrier height ¢ than what
follows from the phenomenological model. For example, re-
cent work on the Si/SiO, system with an ultra thin SiO,
tunnel barrier proves the existence of the fundamental limit
on the barrier thickness due to the intrinsic interface region
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having electronic properties different from the properties of
the barrier insulator.’

Recently, the concept of the MIGSs has been further ex-
tended to explain the tunnel barrier height at various tunnel
junction interfaces including interface between perovskite
oxides, metal-organic interface,’ and hybrid organic-
inorganic interface.® However, in metal/thin oxide/metal tun-
nel junctions where spatial extent § of the interface states
into the oxide may become comparable with the thickness of
the barrier oxide w, although the importance of the metal/
oxide interface was recognized,” very little attention was
paid to the effects of the interface on transport, and experi-
mental investigation supported by the calculations based on
the interface electronic-band theory has not been reported.

In this work, we study all in situ grown metal-oxide-metal
tunnel junctions consisting of Al bottom electrode, AlO, tun-
nel barrier and a top electrode made of either Al or Nb, two
superconductors commonly used in the Josephson junction
integrated circuits'® and qubits.!' Although it is now well
recognized that MIGSs formed at various interfaces modify
the tunnel barrier height, no comparison of the barrier pa-
rameters obtained from the transport measurements and
first-principles calculations was done for metal-oxide-metal
tunnel junctions. We explore, both experimentally and theo-
retically, how the microscopic variations in the electronic
densities of states at the tunnel junction interface affect the
tunnel barrier properties. Besides using two different metals
as top electrodes, we also deposit a thin interfacial layer of
Al or Nb between the tunnel barrier and the top electrode in
some junctions keeping other structural parameters un-
changed.

We observed a striking difference in the transport proper-
ties of tunnel junctions having different interface composi-
tions. Using a phenomenological Simmons’ model we esti-
mated the barrier height for various types of tunnel junctions.
The difference in barrier heights suggests the formation of
metal-induced gap states in the interface region, which is
confirmed by the first-principles calculations. MIGS at the
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FIG. 1. (Color online) (Top) Scanning electron micrograph of an
Al/AlO,/Nb tunnel junction. The inset shows the magnified view
of the junctions. (Bottom) Schematic diagram of the tunnel junction
cross-section.

AlO,/Nb interface have a lower energy and their metallic
wave-function penetrates more into the AlO, layer compared
with those at the AlO,/Al interface. The fitted barrier height
values are qualitatively consistent with those obtained from
the first-principles calculations.

II. DEVICE FABRICATION

Our tunnel junctions (see Fig. 1) are fabricated by a con-
ventional two-angle deposition technique using a suspended
Ge mask formed by electron-beam lithography and sup-
ported by a thermally stable polymer phenylene-ether-
sulfone (PES).!? The bottom layer is always a 13 nm thick
Al, and the in situ tunnel barrier is created by thermal oxi-
dation of the bottom layer at a pressure of 0.1 mbar for 20
min. The tunnel junction is then completed by depositing an
interfacial layer and the top electrode. Four types of tunnel
junctions were measured: Al/AlO,/Al, Al/AlO,/(85)ND,
Al/AlO,/Nb, and Al/AlO,/(6y,)Al Thus, all our junctions
have two interfaces: Al/AlO, bottom interface and either
AlO,/Al or AIO,/Nb top interface. The types of tunnel junc-
tions are marked on the corresponding plots. The thicknesses
of the top Al and Nb are 25 nm and 35 nm, respectively. Jy,
and Jyy are the interfacial layers, typically 4 or 6 nm thick.
The total junction area, as estimated from the SEM image, is
~5,000 nm?. Although each device consists of two tunnel
junctions in parallel, we assumed as if it would be a single
junction.

III. TRANSPORT MEASUREMENTS AND MODELING
A. Current-voltage (I-V) characteristics

First, we measure the junctions’ current-voltage (I-V)
characteristics at various temperatures and plot them in Fig.
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FIG. 2. (Color online) Temperature dependence of the /-V char-
acteristics for all measured samples. The legends on the plots indi-
cate the top electrode. The circles and lines represent the measured
and fitted data, respectively.

2 as solid lines. Let us note that the main transport mecha-
nism is the electron tunneling and the contribution from the
thermionic emission for the bias voltage up to 0.7 V is a
few orders of magnitude smaller. Higher bias voltage usually
results in junction’s breakdown. The [-V curves of the
samples with the AlO,/Al top interface [Fig. 2(a) and 2(b)]
remain symmetric at all temperatures having a difference of
less than 0.5% between the currents at +0.7 V and -0.7 V
at 280 K. On the contrary, the junctions with the AlO,/Nb
top interface [Fig. 2(c) and 2(d)] have a clear asymmetry
between the positive and negative branches with a difference
in currents reaching 11%. One more observation is that the
junction tunneling resistance of the samples with the
AlO, /Al top interface is always higher as compared to the
resistance of junctions with AlO,/Nb interface. The ob-
served interface-dependent I-V characteristics indicate that
the barrier height is determined not only by the bulk proper-
ties of a metal or tunnel oxide but by the nature of the oxide/
metal interface region.

B. Simmons’ tunneling current model

We model the measured /-V characteristics for all types of
junctions denoting the barrier height of the trapezoidal po-
tential at the AlO,/Al and AlO,/Nb interfaces as ¢, and ¢,
and using them as well as w and dielectric constant of the
oxide as fitting parameters. The modeled /-V characteristics
are plotted as open circles in Fig. 2. Below is the description
of the modeling procedure.

The current density J(V) of a tunnel junction at a finite
temperature T can be written as'3
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darm*ekyT (Fm
J(V) = TB f T(E)
0

1+ eXp[(EF—E)/kBT]
Xln{1+exp[(EF—E—eV)/kBT]} W

where T(E) represents the tunneling transmission coefficient
depending on the incident electron energy E in the emitter
metal electrode, and E,, is the maximum potential barrier
height at a given bias V, m" is the effective electron mass, e
is the electron charge, kg and E are the Boltzmann constant
and Fermi energy, respectively. The image force modifies the
barrier such that a rectangle of height ¢, and width w is

transformed under the bias voltage V as,'4
eVx w?
dxX)=dp—— N7, ()
w x(w—x)

where N=0.795¢%/167wee,, €, is the dielectric constant,
and x is the distance from the bottom electrode within the
barrier.

C. Fitting and extraction of the barrier parameters

To extract ¢y and ¢, at the two interfaces, the measured
I-V characteristics are modeled using Egs. (1) and (2). Fully
numerical calculations using “transfer matrix technique”
were performed.’ In this technique, the image force cor-
rected potential in Eq. (2) is approximated by a series of
1 A-thick equally spaced constant potential slabs, and T(E)
is computed using the boundary conditions that the electron
wave function and its derivative are continuous across each
interface. The effective electron mass m* for Al, Nb, and
AlO, is 1.16my, 1.6mg, and 0.75m respectively, where my is
the free electron mass.'® First, we model the measured I-V
curves of the symmetric Al/AlO,/Al junction, using ¢, w,
and g, as fitting parameters. An outline of the parameter
extraction procedure follows: (i) with a trial value of &,~35,
which is reasonably close to the expected final value we
extract the values of ¢, and w modeling the measured /-V
curve in the low bias region of =30 mV where the effect of
the bias voltage on the barrier height is small. (ii) With the
extracted values of ¢, and w, the full I-V curve up to
+0.7 V is modeled to obtain a new value of &,. (iii) If the
modeled /-V curve is in a good agreement with the measured
one, a set of ¢, w, and &, is obtained. Otherwise, steps (i)
and (ii) are repeated self-consistently with a new trial value
of &, until a good agreement is reached. The criterion by
which the good agreement is judged is that abs(/cmcured
—Inodeted) ! Imeasurea < 0.03 at each bias voltage up to 0.7 V.
For all temperatures, the same procedure is repeated to have
the temperature dependence of the parameters. It turns out
that while the extracted values of ¢;~2.2 eV and w
~1 nm show negligible temperature dependence, &, varies
from 5.60 to 5.25 as the temperature increases from 10 to
280 K. The modeled w of ~1 nm is consistent with the
thickness estimated using high-resolution transmission elec-
tron microscopy. Next, since the bottom Al electrode and
AlO, tunnel barrier of all the samples were created under the
same fabrication conditions, we use w and ¢, obtained for
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FIG. 3. (Color online) (a) Modeled parameters (¢, ¢,,). The
inset shows the modeled values of ¢, as a function of temperature.
(b) Calculated potential profiles for the Al/AlO,/Al and
Al/AlO,/Nb tunnel junctions using the parameters at 280 K.

the symmetric Al/AlO,/Al junction for modeling the I-V
characteristics of the other samples having a different top
electrode. Thus, for the other devices, ¢; at the top
AlO,/metal interface and &, are the parameters used in mod-
eling the measured /-V characteristics, and their values are
obtained in a similar way.

Figure 3 shows the variation of ¢; with different interface
configurations. It is clear that ¢; at the AlO,/Nb interface
(~1.0 eV) is significantly smaller than that at the AlO,/Al
interface (~2.2 eV). The extracted values of the junction
parameters yield a zero-bias maximum potential height (¢,,)
which electrons actually feel to be 1.75 eV for Al/AlO,/Al
and 1.25 eV for Al/AlO,/Nb tunnel junctions. The extracted
values of barrier height are reasonably comparable with re-
ported values for various AlO,/metal junction devices with
different thicknesses of AlO, layer.!”

The error for each data point is calculated as follows. We
just assumed that the electron mass m™ in the emitter elec-
trode and AlO, layer as well as the junction areas have un-
certainties of =20% and *=10%, respectively. These uncer-
tainties result in errors of ¢, shown as error bars in Fig. 3(a).

The inset of Fig. 3 shows the temperature dependence of
g, for the AlO, tunnel barrier. Since all the barriers were
created under the same conditions, one can expect that the
temperature dependence of &, should be similar for all types
of junctions. This is what we actually obtain from modeling
the transport characteristics [see inset of Fig. 3(a)]. However,
comparison of the obtained &, with the values reported in the
literature is not straightforward. The reported values for e,
scatter between 3.4 and 11.5 depending, probably, on the
fabrication conditions.'® We just note that our values do not
contradict the reported ones.
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Figure 3(b) shows the calculated potential profiles for the
Al/AlO,/Al and Al/AlO,/Nb tunnel junctions, using the ex-
tracted parameters at 280 K. The solid and dashed lines rep-
resent the barrier profiles with and without the image force
correction, respectively. The fitted value of the barrier height
at the AlO,/(85)Nb [AlO,/(Syp)Al] interface is smaller
(larger) than that at the AlO,/Al (AlO,/Nb) interface. This is
presumably because the inserted Al (Nb) layer is not thick
enough to cover the AlO, surface leading to a mixed inter-
face of AlO,/Al and AlO,/Nb. In this case, one can expect
that the barrier height is some kind of an average value of ¢,
and ¢, depending on the effective area of each interface, as
was observed in the experiment.

In the conventional potential barrier picture, since the
work function values W for Al and Nb are very close (4.25
eV for Al and 3.99 eV for Nb),!° one can expect ¢, at the
Al/AlO, interface and ¢, at the Nb/AlO, interface to be
quite similar. However, the experimentally extracted values
of ¢y and ¢, using tunneling transport measurements differ
by more than 1 eV [see Fig. 3(b)]. In order to understand the
interface-dependent barrier height at the microscopic level,
we do first-principles calculations and compare electronic
band structures of Al/Al,O3/Al and Al/Al,O3/Nb, assum-
ing single crystal Al, Nb, and Al,Os.

IV. FIRST-PRINCIPLES CALCULATIONS

In the first-principles calculations, Al/Al,05/(Al or Nb)
systems are modeled by a periodically repeated slab that
consists of multiple atomic layers, all infinite in the plane
of the interface, with the orientation relationship
Al,04(0001)/Nb(Al)(111) since it minimizes lattice
mismatch.2 For each stoichiometric slab, metallic electrode
parts contain nine Nb layers and six Al layers, and the Al,O3
insulating part contains five oxygen and eight Al layers. Add-
ing more atomic layers to Al and Nb electrodes does not
change the electronic structure at the interface but makes the
calculation time unaffordably long. The first-principles cal-
culations are performed in the scheme of the density-
functional theory using the generalized gradient approxima-
tion of Perdew et al.?! for the exchange-correlation potential
with the plane-wave self-consistent field package.?> The ul-
trasoft pseudopotentials with a plane-wave basis set of cutoff
energy of 60 Ry are employed.?> To mimic an isolated
metal/ Al,O5/metal junction, a supercell technique®* with a

10 A vacuum space is used while preserving an in-plane
periodicity perpendicular to the direction of tunneling with
fixed lateral lattice vectors. The Brillouin zone integration is
performed within (5 5 1) Monkhorst-Pack grid.?> The calcu-
lations are done assuming Al,-terminated Al,O3/Al interface
and Als-terminated Al,O5/Nb interface, respectively.”® Ac-
cording to the transmission electron microscopy observa-
tions, atomic configuration at the Al,O;/Nb interface does
not agree with Al-terminated or Al,-terminated Al,O5/Nb
interface.’® Also, the atomic density of Al atoms at the
Al,O3/Nb interface is 1.5 times larger than that of Al,O3,
implying an Al;-terminated Al,O5/Nb interface.?’

The layer-projected partial densities of states (PDOS) of
Al atoms along the transport direction (x axis) are displayed

PHYSICAL REVIEW B 80, 125413 (2009)
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FIG. 4. (Color online) (a)-(b) The layer-projected partial
density-of-states (PDOS) of Al atoms along the transport direction
(x axis) for Al/Al,O3/Al and Al/Al,O3/Nb systems. The blue ver-
tical lines represent the Fermi level. The red lines show the PDOS
profiles obtained by connecting the main large peaks’ positions. The
encircled peaks are discussed in the text. (¢) The relaxed atomic
structures of the Al/Al,O3/Nb tunnel junction with the charge den-
sity of the Al,O; conduction band corresponding to the PDOS
peaks marked by the green circles in Fig. 4(a). (d)—(e) The relaxed
atomic structures of the Al/Al,O3/Nb tunnel junction with the
charge densities of the MIGS marked by dotted blue and dashed
magenta in Fig. 4(b).

in Figs. 4(a) and 4(b) for Al/Al,03/Al and Al/Al,O5/Nb
systems, respectively. Each graph contains a number of
peaks corresponding to a particular Al layer inside Al,Os;.
The Al layers are marked by the Arabic numerals in
Al/Al,O5/Al system [Fig. 4(a)] and Roman numerals in
Al/Al,053/Nb system [Fig. 4(b)]. Similar numeration is used
in Figs. 4(c)-4(e).

V. DISCUSSION

We obtain PDOS profiles for both systems by connecting
the large peaks’ positions [dashed red lines in Figs. 4(a) and
4(b)]. At the Al top and bottom layers (1 and 6 in the
Al/Al,O5/Al system and I and VI in the Al/Al,O;/Nb sys-
tem), the ends of the red line are set to zero, which corre-
sponds to the Fermi level. Although they are not exactly the
same, the PDOS profiles can be compared, on the qualitative
level, with the Simmons’ potential barriers shown in Fig.
3(b): the profile is symmetric in the Al/Al,O3/Al system and
asymmetric in Al/Al,O3/Nb one. Also, in the latter system
the profile is lower than that in the former one.

The partial densities of states in Figs. 4(a) and 4(b) can be
related to the corresponding charge density plots shown in
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Figs. 4(c)-4(e). In the Al/Al,O3/Al system, a number of
peaks located at 2.6 eV and encircled by the green dotted line
form the Al,O; conduction band, and the corresponding
charge density represented by yellow balloons exists only in
Al,05 region, as shown in Fig. 4(c). Similar peaks located at
the same energy are also present in the Al/Al,O3/Nb system
but they do not have any effect on conductance due to the
formation of two types of MIGS at lower energies. The first
type, encircled by the blue dotted line in Fig. 4(b), has a
corresponding charge density shown in Fig. 4(d). These
MIGS are interface states that are strongly localized in Al
regions and nearby Nb layers. It also penetrates partly into
Al/Al,05/Al region as can be seen in Fig. 4(d). The ob-
served asymmetry of the PDOS profile is mainly caused by
these MIGS. MIGS of the other type are marked by the ma-
genta circles in Fig. 4(b) with the charge density presented in
Fig. 4(e). These are bonding states between the interface
states and Al,O; conduction band with a minor contribution
from the bulk metallic states. One can see in Fig. 4(e) that
the charge density is largest at the Nb/ Al,O5 interface and in
Al,O5 region. It is clear that the bonding nature of these
MIGS pulls down the peak position of PDOS in energy axis
resulting in the lower potential barrier.

There is a qualitative difference between the metal-
induced gap states and evanescent metallic states in the band
gap region. For the former, the overlap of at least two wave
functions is crucial.2® The latter, however, are formed due to
the penetration of a single wave function into the band-gap
region. Large overlap leads to the formation of MIGS caus-
ing the band gap reduction at the nanoscale. Among the Nb
4d states, d5,2_,2 orbital component has the largest overlap
with interface Al 3s orbital so that its contribution to the two
MIGS in Fig. 4(b) is most significant, as shown in Fig. 4(d).

Similar PDOS calculations with Al-terminated or
Al,-terminated Al,O5/Nb interfaces show that MIGS are not
formed. We note also, that MIGS formed at the
Als-terminated Al,O5/Nb interface with a thicker AlO, layer
may have a lower density of states, so that their effect on the
tunnel barrier can be weaker. It also follows from our calcu-
lations that the MIGS at the Nb/Al,Oj5 interface penetrate
into Al,O5 with a penetration depth & of ~3 A. Thus, in the
Al/Al,O3/Nb system with an even thinner Al,O5 barrier,
this feature may further affect the potential barrier height.

As AlO, becomes thicker, the magnitude of MIGSs-
induced barrier height lowering becomes weak. This is sim-
ply because oxide thickness w becomes larger than &. Thus,
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though the same parameter extraction method is used for
similar tunnel junction devices having different thickness of
AlO,, effective barrier height of AlO, can be given differ-
ently. As w becomes thicker, extracted effective barrier
height is expected to become larger and eventually saturated.
This may be one of reasons for the scattered values of ex-
tracted barrier height for similar metal/ AlO, tunnel junction
devices having MIGSs at the tunnel junction interface.

Although direct comparison of the results obtained from
the Simmons’ model discussing the potential barrier shape
and first-principles calculations of the electronic density of
states is not straightforward, however, as we discussed in the
introduction, there is a close relation between them. One can
see that the latter reproduce correctly, at least at the qualita-
tive level, all the essential differences between Al/Al,O3/Al
and Al/Al,O5/ND structures that were observed in the trans-
port measurements. The quantitative difference between the
two results can be partly attributed to the fact that the calcu-
lated single crystal structures are different from the “real”
tunnel junctions with polycrystalline electrodes separated by
amorphous insulating layers. Nonetheless, even such imper-
fect junctions show qualitatively similar tendencies in tunnel
barrier shape predicted by the first-principle calculations for
a perfect crystal structure. Similar first principles calculations
for amorphous metal/oxide/metal tunnel junctions would
shed more light on the junctions’ barrier properties; however,
such calculations would require much more computational
power, which is unavailable at the moment.

VI. CONCLUSIONS

We have investigated the dependence of the potential bar-
rier profile on the interface type by measuring at various
temperatures [-V characteristics of Al and Nb-based tunnel
junctions with a thermally oxidized AlO, tunnel barrier. The
barrier height is significantly lower at the AIO,/Nb interface
as compared to that at the AlO,/Al interface. The first-
principles calculations suggest that the metal-induced gap
states at the A1O,/Nb interface are responsible for the barrier
asymmetry and reduction of the barrier height.
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