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We present results of a study of tunnel junction aging in which the early time dynamics are captured by
in situ room-temperature monitoring of electrical properties of Al-AlOx-Al planar tunnel junctions beginning
when the deposition of the counterelectrode is complete. The observed stretched exponential dependences of
the conductance and the capacitance, which are established over a dynamic range in frequency of 109, manifest
off-equilibrium dynamics imposed by annealing and correlated relaxations of interface traps. Bias voltage is
used as a control parameter to create bias-dependent aging trajectories that exhibit memory and age-dependent
relaxations that are typical for glasses. Simple tunnel barrier modeling using circuit parameters that depend
only on the interface provide a comprehensive understanding of this unexpected glassy behavior.
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I. INTRODUCTION

The practice of reliably fabricating high quality tunnel-
junction barriers for electronic applications depends on the
choice of barrier material, the compatibility of the electrodes
sandwiching the barrier and the properties of the interfaces.
Emerging technologies relating to magnetoelectronics1 and
cryogenic sensors on a chip2 together with developing oppor-
tunities in fundamental nanoscience research3 require high
quality metal oxide barriers. As an example, aluminum is
known to completely wet transition metal surfaces and, when
oxidized to completion, forms a tunnel barrier suitable for
magnetic4,5 or Josephson6 tunnel junctions. Aluminum oxide
�AlOx� barriers are well studied, and there is recognition that
the deleterious presence of a broad distribution of electronic
states both in the oxide and at the metal/metal oxide inter-
faces can provide additional conducting paths,7,8 be the
source of noise,9 compromise breakdown strength,10,11 and
lead to slow glassylike relaxations that can take months to
stabilize at room temperature.12 Accordingly, a common goal
of many researchers is to develop a comprehensive under-
standing of the generation, interaction, and neutralization of
interface traps.4,8,11,13 If applications are the primary consid-
eration, then vacuum anneals at temperatures between
350 °C and 450 °C will accelerate the relaxation processes
and give rise to improved stability and marked improvement
in junction characteristics.12

Our focus in this paper however is not on applications but
rather on gaining an understanding of the underlying glassy
physics manifested by the annealing of interface traps. Our
perspective on gaining such an understanding has been influ-
enced by in situ room-temperature observations of the time
evolution of the electrical properties of Al-AlOx-Al tunnel
junctions beginning at the time the deposition of the coun-
terelectrode is completed. We have found that the time evo-
lution of concurrent changes in the conductance and the ca-
pacitance �i.e., aging� is most pronounced at early times.
During aging, we have also studied the driven off-
equilibrium dynamics by perturbing the system with dc bias
voltages. Using these techniques, the presence of bias-
dependent aging trajectories �lifelines�, a decreasing respon-
siveness �reaction time� with increasing age, and memory
effects in both the conductance and the capacitance lifelines
become apparent.

The physical origin of the slow relaxations relates to the
formation, during the counterelectrode deposition, of newly
born Al/AlOx disordered interfaces in which atoms are not
in their global equilibrium positions. The concomitant non-
equilibrium interfacial charge evolves dynamically on long
time scales in a hierarchical landscape that also involves the
ionic degrees of freedom. The application of ac electric fields
simultaneously probes the bound charge �interface capaci-
tance� and free charge �conductance� response which we find
can be resolved into independent additive components using
a simple circuit model of the complex admittance.

The glasslike tunnel junction �GTJ� behavior that we ob-
serve has much in common with other glassy systems that
manifest their properties in phenomenology such as spin
relaxation,14 structural relaxation,15 electric-field-gated
resistance,16 gate controlled charge injection,17 photostimu-
lated resistance,18 and dielectric response.19 However, the ag-
ing of our Al-AlOx-Al tunnel junctions is more complex,
since it depends on the metastability of interfacial traps
formed at the birth of the junction. For a given junction there
is only one opportunity to observe the time-dependent be-
havior and there is no assurance that this behavior is generic
or universal. Junctions fabricated in a different way or with
different materials might well exhibit a different behavior.
Nevertheless we have found that the aging characteristics of
the majority of more than thirty junctions fabricated under
similar conditions reproducibly manifest glasslike behavior.
Our semiquantitative analysis, based on simple tunneling
concepts,7,20,21 provides a comprehensive understanding of
the glassy behavior that is observed and at the same time
accentuates the critical role of the microscopic relaxation
processes associated with the interfaces.

II. EXPERIMENTAL TECHNIQUES

The in situ measurements were performed in a vacuum
deposition chamber with a base pressure below 5
�10−7 Torr. The Al base electrodes were thermally evapo-
rated through shadow masks onto precleaned glass sub-
strates. The AlOx barrier was then formed in a dc glow dis-
charge �100 mTorr oxygen� for 1–10 min without breaking
vacuum. By varying the time the junction is exposed to the
oxygen plasma, the oxide thickness was changed in a con-
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trolled manner to study aging in the regimes of high and low
current densities. Finally, the Al counterelectrode was ther-
mally evaporated as a cross stripe through an electrically
isolated mask. We also tried Ag counterelectrodes and no-
ticed qualitatively similar slow relaxations and aging effects
as seen with the aluminum. Replacing the Al counterelec-
trodes with Pb and cooling down to liquid helium tempera-
tures yields sharp superconducting gaps, confirming that the
oxide is of high quality. Junction areas are 8.9�10−3 cm2,
selected such that the measured capacitance was well above
the series cable capacitance of �10 pF.

Electrical measurements commenced when the counter-
electrode made contact with the predeposited contact pads
and a tunneling current was detected. This usually occurred
when the counterelectrode reached a thickness of �200 Å.
The 4-terminal complex admittance was measured using
phase sensitive detection at frequencies 1 Hz–10 kHz with
typical ac rms excitations of 50 mV. This excitation level
was confirmed to be at a low enough level to assure linearity.
The measurements were not affected by series voltage drops
in the electrodes because the junction resistance was always
much larger than the electrode resistance. We also confirmed
that sample heating as measured by a thermocouple during
deposition of the counterelectrode was negligible ��2 °C�.
All measurements were made in situ at room temperature
and at system base pressure. Lower temperatures near 77 K
led to a considerable slowing down of the glassy relaxations,
thus highlighting the relevance of thermally activated pro-
cesses. Just as thermal annealing accelerates the relaxation
processes so that upon return to room temperature the junc-
tion is further along its aging trajectory and hence more
stable,12 cooling retards the relaxation processes and the op-
posite effect ensues upon return to room temperature.

III. MODELING OF RESULTS

A. The parallel R0C* model

The simultaneous measurement of the time-dependent
conductance and capacitance shown in Fig. 1 is motivated by
the recognition that the admittance rather than impedance is
more suited to obtaining a physically meaningful model of
tunnel junction7 and thin-film oxide behavior.13 Accordingly,
we model our tunnel junction response �see Fig. 1 inset� as a
parallel combination of a time-dependent tunnel junction re-
sistance R0�t� and a time-dependent complex capacitance

C*�t,�n� = C1�t,�n� − iC2�t,�n� , �1�

which also depends on selected measurement frequencies
�n �n=0,1 ,2 , . . . �. We require C*�t ,�n� to be a lossy but not
leaky capacitor; i.e., dissipation only occurs at finite mea-
surement frequencies, and dc currents are not allowed to flow
through the capacitor. Placing a resistance R0�t� in parallel
with a lossy capacitance gives a leaky capacitor, which is the
circuit model shown in the inset of Fig. 1. At zero frequency
an applied current can only flow through the resistor R0�t�.
Using Eq. �1� the complex admittance Y of the parallel R0C*

model

Y =
1

R0�t�
+ i�nC*�t,�n� =

1

R0�t�
+ �nC2�t,�n� + i�nC1�t,�n�

�2�

is seen to be a series combination of a conductance,
G�t ,�n�=1/R0�t�+�nC2�t ,�n�, and a 90° out-of-phase sus-
ceptance, �nC1�t ,�n�.

Both R0�t� and C*�t ,�n� in this parallel R0C* model are
influenced by interface processes: R0 because of its exponen-
tial sensitivity to d�1/2, where � is the barrier height and d
the electrode spacing, and C*�t ,�n� because of the domi-
nance of interface capacitance over the series-connected geo-
metrical capacitance when the tunnel junction dielectric is
sufficiently thin, as it is for Al-AlOx-Al tunnel junctions.7,22

The interface capacitance manifests itself as the d=0 inter-
cept of an experimentally determined linear dependence of
the reciprocal capacitance plotted as a function of d.7,22,23 In
this d→0 limit, which applies to most tunnel junctions, the
geometrical capacitance is irrelevant, since the voltage drop
across two series-connected capacitors is dominated by the
voltage drop across the smaller capacitor.

We emphasize the distinction between the short time
scales, �n

−1, associated with each measurement and the much
longer times, t, associated with aging. With this partitioning
of time dependences in our time-series measurements of
G�t ,�n� and C1�t ,�n�, we implicitly assume that any given

FIG. 1. Data �symbols� showing the time dependence �age� of
the conductance �upper panel� measured at 1 Hz and the capaci-
tance �lower panel� measured at the three frequencies indicated in
the legend. The solid lines are stretched exponential fits to the re-
spective curves with fitting parameters given in the text. The tunnel
junction admittance is modeled as a dc resistance R0 in parallel with
a time-dependent complex capacitance as shown in the inset of the
top panel and discussed in the text. At infinite time all of the dc
current flows through R0, and there is no dispersion in the
capacitance.
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measurement at frequency �n is made on a fast enough time
scale to assure that changes associated with aging during the
measurement can be safely ignored. Equivalently, the Fourier
transforms of our time-series measurements have compo-
nents at frequencies � that are appreciably smaller than the
lowest of our measurement frequencies, i.e., ��min��n�.
Although this parallel R0C* model is somewhat simplified, it
does capture the behavior of the aging trends shown in Fig.
1. Both the conductance, G�t ,�n�=1/R0�t�+�nC2�t ,�n�,
which is measured at f =�0 /2�=1 Hz so that it approxi-
mates a dc measurement, and the capacitance, C1�t ,��,
which is measured at higher frequencies �13–1389 Hz�, are
found to have stretched exponential dependences on age.

B. Stretched exponential behavior of the complex
admittance

Aging affects the complex admittance through the anneal-
ing of traps. As the GTJ ages and the traps are annealed or
effectively neutralized, there is a simultaneous reduction of
trap-assisted tunneling processes and polarization at trap
sites. Hence the reduction with aging of both G�t ,�n� and
C1�t ,�n� is observed. To capture this time dependence, we
establish an experimental protocol in which the measurement
time t is initialized to zero when electrical measurements
begin during the counterelectrode deposition. The “dc” con-
ductance measured at 1 Hz is found to obey a stretched ex-
ponential �SE� dependence of the form

G�t,�n = �0� = G0 exp�− � t + t0

�SE
��	 + G	, �3�

where �0 refers to the 2� s−1 angular frequency of the 1 Hz
dc measurement, �SE is a characteristic relaxation time, � is
an exponent that is constrained to lie between zero and one,
and G0 and G	 are the initial and final state �t→	� conduc-
tivities. Similar expressions describe C1�t ,�n�. The junction
age tage= t+ t0 is defined in terms of an offset time t0, which
we find from the fitting procedure to always have a value less
than the time interval from the beginning of the counterelec-
trode deposition to the start at t=0 of the measurement clock.
In other words, the results of the fitting procedure used to
determine the five parameters which best describe the
stretched exponential dependences give an estimate of the
time when the junction is “born” during the deposition of the
counterelectrode. Accordingly, the birthing time is the earli-
est time marking the onset of meaningful electrical measure-
ments with an electrically continuous counterelectrode.

Independent fits of G�t ,�n� for n=0 �corresponding to a
frequency of 1 Hz� and C1�t ,�n� for n=1,2 ,3 �correspond-
ing to frequencies of 13, 100, and 1329 Hz� are shown as
solid lines in Fig. 1 �four curves� and give t0=56±6 sec. The
similar values for t0 imply the same birthing time for both
components of the admittance 
Eq. �2��. For the three capaci-
tance traces, �SE=5100±1600 s, C	=14.1±0.1 nF, and �
=0.12±0.03. The less than 1% variation in C	 �three curves�
is consistent with the use of the parallel R0C* model with its
implied convergence at all frequencies to a single t→	
frequency-independent steady state value. In the fully aged

asymptotic state when t→	 there is no dispersion associated
with the interface �see Sec. IV�, i.e., C2�t ,�n�=0, and
C1�t ,�n�=Re�C*�t ,�n�� becomes a frequency-independent
constant as required by Kramers-Kronig constraints between
the real and imaginary parts of C*�t ,�n�.

We have investigated G�t� in more than 30 junctions hav-
ing initial resistances ranging from 50 to 200 000 
 and
found that almost half of them adhere well to the stretched
exponential form with �=0.23±0.08 for 14 junctions. The
relatively low values found for the parameter � reflect a
broad distribution of relaxation times that give rise to pro-
nounced changes at early time and more gradual changes on
extended time scales. Convergent fits could not be obtained
if there were insufficient early-time data, but all junctions
studied qualitatively adhered to the stretched exponential
function. Attempts to fit G�t� or C1�t ,�n�, or the reciprocals
of these quantities, to power law or logarithmic forms were
successful only over limited subsets of the data and did not
simultaneously capture the early and late time behavior.

Stretched exponential behavior can be either a manifesta-
tion of a parallel relaxation scenario in which a system con-
tains many independently relaxing components with different
time constants24 or a serial scenario in which relaxations
governed by a hierarchy of constraints dominate.25 The
memory effects discussed below in the next section argue for
interactions and thus support the appropriateness of the serial
scenario in describing the correlated relaxations of the GTJ
traps.

The “age” of generic glassy systems is usually referenced
to the t=0 time when sudden changes in an external param-
eter such as temperature, stress, magnetic field, or gate volt-
age are applied. For example, the time dependent magneti-
zation response of spin glasses to magnetic fields14 and the
conductance response of disordered thin films of indium ox-
ide to electric field gating16 can be scaled to the ratio t / tw,
where the waiting or aging time tw is the length of time the
system is either in a low-temperature prepared state before
the sudden change is applied14 or prepared at low tempera-
tures with a finite bias which is then set to zero after a time
tw.16 In our GTJs there is only one aging time for a given
sample, and the system cannot be reproducibly prepared to
study waiting time effects. The aging clock starts ticking at a
unique time �birth� during the completion of the counterelec-
trode, and the system then evolves asymptotically toward an
equilibrium state in which all dispersion in C*�t ,�n� van-
ishes.

C. External bias voltages: Age dependent response
and memory

Generically, glasses are systems that, when driven out of
equilibrium with the application of an external control
parameter, evolve slowly toward an equilibrium state that
depends on the same control parameter. Shown in Fig. 2
is the effect on the time-dependent resistance R�t�=1/G�t�
when a dc voltage bias Vb=0.5 V is applied. These results
can be qualitatively understood by invoking the Simmons
model20 in which electron transport across a barrier of
effective height � and thickness d gives a conductance
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G�exp
−�d�1/2�, where �=2�2m* / and m* is the effective
mass of an electron in the barrier. Voltage dependent terms in
� lead to an increase in G �decrease in R� when a bias volt-
age of either sign is applied. This dependence explains the
switching from a high resistance trajectory at Vb=0 to a
lower resistance trajectory �dashed line� at Vb=0.5 V. Resis-
tance R�t� rather than conductance G�t� is plotted because
the bias-dependent aging trajectories are more linear, thus
clarifying the notion with a guide to the eye that there is a
multiplicity of Vb-dependent “lifelines.”

A closer look at the trajectories in Fig. 2 reveals that
switching Vb at the times indicated by the vertical dashed
lines results in a fast �electronic� change in R�t� followed by
a slow �ionic� relaxation to the new lifeline. Analysis of these
Vb-induced relaxations is shown in Fig. 3 where portions of
the Vb=0 lifeline data of Fig. 2 are plotted on double loga-
rithmic axes. The 0.5 V bias is held constant for the times,
ton, indicated in the legend and the change in resistance dis-
tinguishes itself by obeying the relation, �R�tr�=R0tr

�, where
tr is the time elapsed from the removal of Vb, and � is a
power law exponent determined by the slopes shown in the
�R vs tr plots of Fig. 3. A similar analysis applied to the
relaxations of the lower Vb=0.5 V lifeline data reveals a
smaller set of exponents ��. The exponents � and �� both
decrease with increasing age with a roughly exponential de-
pendence as shown by the solid lines in the inset of Fig. 3.
The time ton is only relevant to the subset of junctions that
were probed by external bias voltages during aging.

An insightful qualitative understanding of these trends
can be gained by replacing � by �+�� in the Simmons
expression where ��=�b ln�tr /�b� is a small parameter ���
��� defining the time dependence of the Vb-induced relax-
ations in terms of the constants �b and �b. Expanding with
respect to the ratio �� /� provides us with the Simmons

model approximation G�exp�−�d�1/2��tr /�b�� where �
=�d�b /2�1/2. In agreement with experiment, both � and ��,
which are proportional to �−1/2, decrease with increasing age
�see Fig. 3 inset�, since the increasing tunnel junction resis-
tance R�t� �decreasing conductance� implies a concomitantly
increasing �. We also note that, since ���−1/2, the larger
age dependent � on the high resistance Vb=0 upper lifeline
of Fig. 2 has memory of the smaller � of the low-resistance
Vb=0.5 V lifeline. In a similar manner, the smaller �� of the
low-resistance lifeline has memory of the time spent prior to
the Vb-induced transition on the high resistance lifeline with
its higher value of �.

The effect of Vb on � has also been determined by using
“witness” bias sweeps of the conductance G�V� at different
Vb-dependent ages to extract barrier parameters using
theory21 that is applicable for asymmetrical tunnel barriers
such as depicted schematically in the inset of Fig. 5. A wit-
ness bias sweep requires a brief interruption ��2 min� of the
constant V=Vb condition so that a snapshot of G�V� over the
full range of voltage �−0.6 V�V�0.6 V� can be obtained.
The witness sweep acts as a probe rather than a perturbation,
since the time taken to acquire the witness data is short com-
pared to the time over which the junction has been prepared
in its bias-dependent state. Typical data are shown as open
symbols in Fig. 4, and the theoretical fits are shown as solid
lines. Specifically, a newly formed junction was allowed to
age for 3 h at Vb=0, at which time a short witness sweep was
made. A bias voltage of 0.5 V was then applied and the
junction allowed to age for another 3 h before a second wit-
ness sweep was applied, etc. This time sequence is shown

FIG. 2. �Color online� Plot of the time dependence of resistance
aging trajectories for zero applied dc bias voltage Vb=0 �upper solid
curve� and Vb=0.5 V �lower dashed curve�. Upon switching Vb, the
transitions between the two lifelines occur on a fast electronic scale
�vertical dashed arrows� followed by slow electronic �involving
ions� relaxations, which are more pronounced on the upper lifeline.

FIG. 3. �Color online� Plots on logarithmic axes of the relative
change in resistance �R /R as a function of time tr measured after Vb

is held at 0.5 V for the times ton indicated in the legend and then
switched at tr=0 to Vb=0. The power law exponents � are equal to
the slopes of the solid line fits in the main panel and plotted as solid
circles against the sample age in the inset. A similar set of expo-
nents ��, plotted as solid squares with respect to the right hand axis
of the inset, are determined from the power-law dependences �not
shown� of the relaxations to the lower lifeline of Fig. 2. Both � and
�� decrease with a roughly exponential dependence on sample age
as shown by the solid line fits to the data.
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schematically in the inset of Fig. 4. In this manner the four
rows of Table I were obtained.

Two important trends in Table I become apparent. First,
the parameters �1, �2, and d all increase steadily with age
thus affirming the applicability of the Simmons model and
the earlier assumption that an increase of d�1/2 is connected
to a decrease of conductance G with age. This decrease in G
is strongly correlated with the annealing of traps and the
concomitant removal of alternative trap-related conduction
paths. As the junction ages, trap-related conduction paths are
eliminated, the total conductance decreases, and the effective
barrier height deduced from the Simmons model increases.
The second important trend to note from Table I is the no-
ticeably larger increase of �2 relative to �1 for positive Vb;
whereas the opposite trend occurs for negative Vb. This result
can be understood by referring again to the inset of Fig. 5,
which depicts positive bias and illustrates how the ionic
charge in the barrier redistributes on long time scales in re-
sponse to the applied electric field E to preferentially in-
crease �2 relative to �1. Because of asymmetric barrier
heights and a corresponding conductance asymmetry �see

Fig. 4�, reversal of the polarity gives qualitative, but not
quantitatively similar results.

Since the two bias dependent lifelines shown in Fig. 2 are
relatively unaffected by the times ton, which increase by a
factor of two upon each successive application of Vb
=0.5 V �Fig. 3 inset�, we expect the exponents � and �� to
depend predominantly on age and likewise be relatively un-
affected by the times ton. In a second experiment we utilized
four successive iterations with a constant ton=1500 sec and
observed similar results. The bias dependent barrier heights
of the Vb=0 V and the Vb=0.5 V trajectories age indepen-
dently of which lifeline is “occupied.” Accordingly, the tran-
sitions between lifelines can be parametrized by age-
dependent power-law exponents � and ��, which are
functions of the inverse square roots of voltage dependent
barrier heights that are different on each trajectory but simul-
taneously and inexorably increase with the age of the tunnel
junction.

These same electronic and ionic motions are also respon-
sible for the Vb-induced capacitance changes shown in the
main panel of Fig. 5. The associated resistance changes are
similar to those shown in Fig. 2 and hence are not shown
here. The three curves represent capacitance witness sweeps
after waiting 740 min with Vb=0.4 V applied �curve 1�,
thereafter immediately changing to Vb=−0.4 V and waiting
an additional 40 min �curve 2�, and finally another 30 min
�curve 3� for a total of 70 min at Vb=−0.4 V. The evolution
of the capacitance from the minimum at Vb=0.4 V to a new
minimum at Vb=−0.4 V while still displaying a memory of
its old minimum is reminiscent of “two-dip” minima seen

FIG. 4. �Color online� Witness voltage sweeps of the conduc-
tance taken at the times t1 �open squares� and t2 �solid circles�. The
inset shows schematically the time history of the dc bias Vb as
discussed in the text. Each witness sweep is executed immediately
prior to the indicated 0.5 V step-function transitions in Vb at the
times ti �i=1,2 ,3 ,4�, which are indicated on the abscissa of the
inset and listed in Table I. The plots are normalized to their respec-
tive zero-voltage conductance and offset for clarity. The solid lines
are fits to theory �Ref. 21� from which the asymmetric barrier pa-
rameters are extracted �see Table I�.

TABLE I. Barrier height parameters calculated at different ages
and bias voltages from witness bias sweeps of the conductance as
described in the text and shown in Fig. 4. The subscripted times in
the first column correspond to the times indicated in the inset of
Fig. 4.

Age �h� Vb �V� �1 �V� �2 �V� d �Å�

t1=3 0 1.06 3.55 18.8

t2=6 0.5 0.995 4.92 21.1

t3=9 0 1.21 5.36 23.4

t4=12 −0.5 1.48 4.98 24.3

FIG. 5. �Color online� Witness voltage sweeps of the capaci-
tance after waiting 740 min with Vb=0.4 V applied �curve 1�, there-
after immediately changing to Vb=−0.4 V and waiting an additional
40 min �curve 2� and finally another 30 min �curve 3� for a total of
70 min at Vb=−0.4 V. The evolution of the minimum at 0.4 V to a
new minimum at −0.4 V while still retaining a memory of the old
minimum manifests memory in the real part C1 of the capacitance.
The fixed point crossing near 0.1 V is consistent with the decom-
position of each curve into two independent components. A sche-
matic of the asymmetric barrier with barrier parameters �1, �2, and
d �see Table I� subject to the bias Vb is shown in the inset.
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in low temperature field-gated conductance sweeps of amor-
phous indium oxide films26 and the dielectric response
at T=140 mK of polymer films exposed to fields
E�0.1 MV/cm.19 We also note that the fixed point crossing
of the three curves near 0.1 V is consistent with the decom-
position of each curve into two independent and distinct
components, the one at Vb=0.4 V waning the other at
Vb=−0.4 V waxing.

A theoretical interpretation of the low-temperature poly-
mer data posits glassy behavior arising from an interacting
broad distribution of tunneling two level systems responding
to electric field induced strains.27 The picture is only valid if
E due to the application of Vb is large enough to assure pE
�kBT where p is the electric dipole moment associated with
a typical trap. This condition is easily satisfied in the above-
described experiments on the dielectric response of
polymers19 where the data are taken well below 1 K. Using
the 0.8 V separation between the capacitance minima in Fig.
5 and assuming d=10 Å �E�2.5 MV/cm� we calculate p
=kBT /E=1.6 D, a value which is close to typical dipole mo-
ments in glasses.19 The minimum in the capacitance corre-
sponds to a “hole” in the distribution of local fields and is
only stable �equilibrium� when the number of dipoles expe-
riencing zero local electric field is exactly zero.27 Otherwise,
a dipole could flip without costing energy but surely disturb-
ing the equilibrium. The application of a different bias volt-
age �Fig. 4� creates additional polarization �capacitance in-
crease�; a new hole develops and memory of the former hole
lingers.

IV. DISCUSSION

In describing the phenomenology of glassy tunnel junc-
tion �GTJ� behavior we have utilized a simple parallel R0C*

model where C* is a lossy capacitor and decomposed the
admittance into a sum of real and imaginary parts as de-
scribed by Eq. �2�. The appropriateness of this decomposi-
tion is reflected in the fact that the glassy behavior we ob-
serve occurs simultaneously in the real and imaginary parts
of the admittance. We have observed that the time-dependent
conductance, G�t ,�n�=1/R0�t�+�nC2�t ,�n�, and the time-
dependent capacitance, C1�t ,�n�, which is proportional to
the susceptance, both show stretched exponential behavior as
revealed in Fig. 1. Alternatively, we could have chosen a
series R0C* model with an additional resistance Rp added in
parallel with C* to allow dc currents to pass through R0, the
tunnel junction resistance. The complex impedance Z of such
a representation has real �Z1� and imaginary �Z2� parts that
depend in a complicated way on C1 and C2 and do not
offer a simple interpretation. Experimentally, the time-
dependences of Z1�t ,�n� and Z2�t ,�n� do not show any
straightforward relationship as do the time-dependent com-
ponents of the admittance of the parallel R0C* model.

The above argument for the appropriateness of a parallel
R0C* model can be put on a firmer footing by investigating
the consequences of assuming that C*��� can be modeled as
a Havriliak-Negami �HN� response, i.e.

C*��� = C	 +
C0 − C	


1 + �i��HN���� , �4�

where C0 is the zero frequency response, C	 is the infinite
frequency response, �HN is a characteristic relaxation time,

and � and � are positive numbers constrained to be less than
or equal to one. We are guided to this choice by the recog-
nition of Alvarez et al.28 that the stretched exponential �SE�
description of glassy phenomena in the time domain often
works equally well when the same relaxation phenomena are
described in the frequency domain using the HN response.
Although the SE and HN relaxation functions are not “exact”
Fourier transforms of each other, numerical calculations28

show that the relationship between the shape parameters �,
�, and � of the two distributions is well described by the
equation

�� = �1.23. �5�

This relation has been experimentally tested in dielectric
measurements of the glass-forming polymeric system, poly-
�hydroxyl ether of bisphenol-A�, using both time �SE� and
frequency �HN� spectroscopies and found to be robust, giv-
ing consistent and accurate values for � with both
techniques.28

The mean characteristic time �SE=5100 s of the stretched
exponential fits for the three time dependent capacitance
traces in Fig. 1 is approximately equal to �HN. Accordingly,
since the lowest measurement frequency of 1 Hz satisfies the
inequality fn=�n /2��1/�SE=2 mHz, it is reasonable to as-
sume that, even at a few Hz, the high frequency limit
�n�HN�1 applies. In this limit the real part of Eq. �4� be-
comes

C1�fn� = C	 + �C0 − C	�� fn

fHN
�−��

, �6�

where fHN=cos���� /2� /2��HN is a characteristic frequency
related to the HN parameters. At the end of the time sweep
tage=700 000 s �8+days� for the capacitance data shown in
Fig. 1, we performed a frequency sweep of the capacitance
from 7 to 2700 Hz. The resulting data �solid circles� and fit
to Eq. �6� �solid line� are shown in Fig. 6 where we have
plotted C1 versus fn

-��. The relevant fitting parameters are
found to have the values C	=13.6±0.1 nF and ��
=0.071±0.020. Using Eq. �5�, we calculate �=0.12±0.03.

This procedure raises a cautionary flag because we have
used two time scales, the aging time and the much shorter
measurement time ���−1�, which are independent variables.
By sweeping the measurement frequency, as discussed
above, and observing a response �Fig. 6� consistent with the
HN dependence 
Eq. �6��, we are inferring a stretched expo-
nential dependence on time scales significantly shorter than
our measured aging times. The exponent � calculated from
Eq. �5� for these shorter time scales is equal within error bars
to the �=0.12±0.03 extracted from the stretched exponential
fits over the range 13–1389 Hz as shown in Fig. 1 and dis-
cussed at the beginning of Sec. III B. This frequency inde-
pendence of � gives strong support to the connection be-
tween exponents expressed in Eq. �5�.

These values of C	 and � inferred from the HN analysis
in the frequency domain are in satisfying agreement with the
previously discussed values of C	=14.1±0.1 nF and �
=0.12±0.03 inferred from the SE analysis in the time do-
main. By comparing the lowest Fourier component of the
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time series for the aging traces in Fig. 1, which is equal to
the reciprocal of half the 700 000 s period �i.e., 2.9 �Hz�,
and the highest measurement frequency �leftmost point on
Fig. 6�, which is 2680 Hz, we calculate a dynamic range of
109 in frequency over which the same glassy relaxation has
been observed. We emphasize that this conclusion, which has
been inferred by stitching together the shape parameters of
the SE and HN responses, implies a surprisingly large range
of effective trapping times contributing to the GTJ behavior.

A second important implication of this analysis becomes
apparent when considering the good agreement of the respec-
tive values of C	 inferred by extrapolation to infinite time
�SE analysis� and infinite frequency �HN analysis�. As men-
tioned in Sec. III B with respect to the analysis of the data in
Fig. 1, the convergence of the extrapolated capacitance data
taken at different measurement frequencies to the same con-
stant C	 indicates that a fully aged junction has no disper-
sion, or equivalently all of the traps have been annealed out
of existence. In the frequency domain the extrapolated ca-
pacitance at infinite frequency represents the “bare” dielec-
tric response where the bound charge response is instanta-
neous and the presence of traps is not felt. From this
viewpoint, the equivalence of the two extrapolations is ap-
parent.

In the above discussion, we have focused on the similarity
of the time dependence that occurs simultaneously in the real
�conductance� and imaginary �susceptance� parts of the ad-
mittance. In like manner the response to external dc voltages
and concomitant memory effects occur simultaneously in
both parts of the admittance. For the capacitance the concur-
rent time-delayed growth and extinction of capacitance
minima in response to applied voltages �Fig. 4� is a clear
demonstration of memory. For the conductance the memory

effects, inferred from the data of Figs. 2 and 3, are subtler
and require an analysis in terms of time-dependent barrier
parameters. A more comprehensive understanding would en-
compass a model in which the dependence of the interface
capacitance on barrier parameters is also included.

V. CONCLUSIONS

We have shown that physical processes related to inter-
face phenomena are directly responsible for the glassy tunnel
junction �GTJ� behavior that we have observed in our in situ
measurements of Al-AlOx-Al tunnel junctions. The underly-
ing reason for this behavior is the annealing of traps. As the
junction ages and traps are neutralized, there is a removal of
indirect tunneling paths for electron transfer between elec-
trodes together with concurrent reductions in polarization.
Both of these processes respectively give rise to the age-
dependent conductance and capacitance decreases seen ex-
perimentally.

The microscopic mechanisms underlying this glassy be-
havior are related to the room-temperature generation, corre-
lated interaction, and annealing of interface states or traps.
When an electron tunnels or is thermally activated into or out
of an interface state, a simultaneous change in the coordina-
tion of atoms occurs in the vicinity of the trap. These
changes in charge distribution, which could also be caused
by mobile oxygen vacancies,29 give rise to changes in the
tunnel barrier height,30 which in turn affect neighboring
traps. For thin tunnel junction barriers the conductance and
capacitance are respectively dominated by exponential sen-
sitivity to tunnel barrier parameters20 and a thickness-
independent interface capacitance.7,22,23 Exponential sensi-
tivity to barrier parameters enhances the inter defect
interactions and presumably assures that the interaction
strengths are greater than kBT. This energy inequality to-
gether with the condition pE�kBT discussed at the end of
Sec. III C are sufficient to assure glassy behavior at room
temperature. Accordingly, the strongly correlated behavior of
electronic motion and relaxation of electric dipoles associ-
ated with trapped charge give rise to the observed temporal
changes and directly derive from the tunnel coupling of the
two metal/metal-oxide interfaces defining the tunnel junc-
tion. The above-described annealing and correlated interac-
tions of interface states together with the observed memory
effects thus favors an interpretation in which the observed
stretched exponential behavior arises from hierarchically
constrained dynamics25 rather than dynamics based on inde-
pendently relaxing components.24

In modeling this behavior, we find that the parallel R0C*

model in which a lossy capacitor C* is placed in parallel with
a dc resistance R0 gives a good accounting of our observa-
tions. The tunnel junction resistance R0 is clearly an interface
quantity that directly reflects the wave-like nature of the tun-
neling electrons and is well described by interface-dependent
tunnel barrier parameters, �1, and �2.20,21 In a similar man-
ner, the interface capacitance C*, which is obtained by ex-
trapolating electrode separation to zero thickness,22,23 also
depends on interface properties. Accordingly, the circuit pa-
rameters, R0 and C*, which we monitor to obtain the data

FIG. 6. �Color online� Plot of the capacitance as a function of
fn
−�� where fn is the measurement frequency and ��=0.071 is de-

termined from the fitting procedure described in the text. Frequency
increases from right to left. A linear extrapolation to infinite fre-
quency at the origin gives a value C	=13.6±0.1 nF, in close agree-
ment with the value C	=14.1±0.1 nF determined from the
stretched exponential fits to the time-dependent data shown in
Fig. 1.
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reported here, are dominated by interface effects.
The microscopic picture that emerges as a basis for un-

derstanding the GTJ involves a complex interplay of fast
electronic and slow ionic correlated interactions. It is reason-
able to expect that all metal/oxide interfaces have a finite
density of interface states that can become problematic when
current leakage, voltage breakdown, time stability �noise�,
carrier mobility and/or spin-flip scattering is a concern. The
junctions discussed here have a rather large area �8.9
�10−3 cm2� and thus are more likely to be affected by the
relaxation of traps than would be small area junctions,
which, if small enough, might be trap free. A recent report of
slow relaxations in smaller area ��0.05 �m2� Al-AlOx-Al
junctions suggests that submicron sizes are not small
enough.12 Cooperative relaxation phenomena can maintain
their characteristic signatures at mesoscopic length scales,
which for glassy polyvinyl acetate polymers have been ob-
served to be on the order of 50 nm.31 We conjecture that the
corresponding length scales for GTJ’s are similar in magni-
tude and suggest that investigation of smaller area junctions
might be a fruitful topic for future investigation.

In conclusion, we believe that the GTJ behavior discussed
here is a general phenomena, applicable to a wide variety of
materials. Glassy behavior manifests itself during the early
stages of interface formation but then has sharply attenuated

consequences if the junction has aged sufficiently by the time
it is taken out of the vacuum system, or if it is immediately
cooled to low temperatures. Techniques such as annealing12

or flood-gun electron bombardment,29 as done for high qual-
ity AlOx layers, or hydrogen exposure to passivate dangling
bonds, as done for the Si/SiO2 interface,32 can reduce inter-
face trap densities. Despite such palliatives, interface traps
are ubiquitous and if created in sufficient numbers can, as we
have shown here, give rise to glassy behavior that has fasci-
nating properties in common with other glassy systems,
namely: birth, memory, relaxation on extended time scales,
externally-influenced lifelines, response times that decrease
with increasing age, and an ultimate cessation of all activity
as t→	.
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