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a b s t r a c t
The electrical conductance of magnetic tunnel junction (MTJ) devices whose ultra-thin aluminum oxide
tunnel barriers were irradiated by highly charged ions (HCIs) increases linearly with the ﬂuence of HCIs,
while retaining a current–voltage relationship indicative of a tunnel junction. The slope of the MTJ
conductance rc as a function of ﬂuence varies with different tunnel barrier thicknesses d, levels of oxidation (stoichiometry) and charge state q. Since the MTJ conductance after HCI irradiation is due to tunneling, the increased conductance can result from thinning the barrier, reducing the effective tunnel barrier
height u, or both. Measurements of the current–voltage proﬁle provide sufﬁcient degrees of freedom to
substantially constrain d and u provided the reduction of the barrier remains within the assumptions of
the commonly used WKB (Wentzel–Kramers–Brillouin) tunneling formalism. For the Xe32+ ions discussed
here the perturbation of the tunnel barrier is much weaker than in our previously reported measurements of Xe44+ and application of WKB is still reasonable. This analysis reveals a trend of decreasing d
while u changes little.
Published by Elsevier B.V.

Introduction
Electronic excitations in solids, and even the interaction of
swiftly moving charged particles, have been studied for the better
part of a century, yet a robust description of the excitation and
relaxation processes that occur when a highly charged ion (HCI)
neutralizes on a solid surface remains the subject of scientiﬁc scrutiny. This is due in part to the unusually large energy densities, e.g.
>20 keV/nm3, that are created by the HCI neutralization energy, e.g.,
52 keV per HCI for Xe44+, and the extremely short time scales of
the interaction. Not surprisingly, experimental studies (e.g., [1–4])
show the interaction is violent, with large numbers of secondary
particles emitted along with X-rays and lower energy photons that
can culminate in relatively large surface features, when one considers that a single atom created them. Collective work in this ﬁeld has
identiﬁed two important parameters that dominate the timescales
of the interactions: (1) the HCI velocity, which (along with charge
state) determines the extent of above-the-surface dynamics, and
(2) the target’s effective charge mobility, which controls the relaxation rate for the energy deposited by the HCI. Since the experimental methods utilized (either in real time or post facto), implicitly rely
upon forcing as much of the interaction as possible to be at or above
the surface, optimization of these surface methods has relied upon
minimizing incident velocity and electronic mobility. Therefore, the
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materials extensively studied are mostly ﬂuorides and oxides
(graphite being a notable exception), which have essentially no
mobility and are stable enough to facilitate post facto and ex situ
examination of surface nanofeatures. These HCI created features,
when studied with scanning probes, have typically been found to
be either well formed ‘‘hillock’’ structures [3,4] of unknown composition, or caldera like structures [5–7] reminiscent of features created by swift, heavy ions [8] (SHI).
In an effort to access more and different information from the
nanofeatures left by HCIs neutralizing on surfaces (or those from
SHIs), we have developed a method of fabricating ultra-thin
(1 nm) aluminum oxide ﬁlms on a metal surface, irradiating them
with HCIs to form nanofeatures, and then depositing another metal
on top to form a magnetic tunnel junction (MTJ) device [9,10]. This
approach has several notable advantages: (1) allows direct, electrical measurements of the HCI created nanofeatures, (2) encapsulates the nanofeatures to minimize effects due to chemical
reaction with the environment or coarsening, thereby creating an
archaeological record that can be re-measured many times with
different techniques, (3) provides ensemble averages of a large,
selectable number of features for each measurement, and (4) integrates over all modiﬁcations throughout the thickness of the
tunnel barrier, i.e., the measurable interaction volume is not limited to the surface. For all the MTJs fabricated thus far, the electrical conductance of the irradiated MTJs is always seen to increase
linearly with ﬂuence, where the slope depends on the material
properties of the aluminum oxide and the charge state of the
HCI, e.g., see [11–13].
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In this paper, we present electrical measurements collected
from HCI irradiated MTJs dosed using Xe32+ and Xe41+ that illustrate the basic behavior of this method, i.e., the linear increase in
conductance with different slopes. The discussion is then focused
on the samples irradiated with Xe32+ that have a relatively shallow
slope corresponding to gentle modiﬁcation of the tunnel barrier
compared to higher charge states. Therefore, the thin barrier limit
is avoided and the change in the electrical properties can be reasonably analyzed within a WKB (Wentzel–Kramers–Brillouin) tunneling formalism [14–16]. Using WKB, we extract the effective
tunnel barrier parameters as a function of the HCI ﬂuence, which
show a systematic decrease in the tunnel barrier thickness while
the tunnel barrier height remains essentially constant.
Experimental
The MTJ devices are fabricated and irradiated within a system of
ultra-high vacuum (UHV) chambers connected with the National
Institute of Standards and Technology (NIST) Electron Beam Ion
Trap (EBIT), described in more detail elsewhere [17,18]. Thermally
oxidized silicon substrates (approximately 1  2 cm) are loaded
into vacuum and cleaned with an oxygen plasma. A lower electrode structure is deposited through a shadow mask that deﬁnes
a longitudinal wire and portions of four lateral wires that identify
four device locations per substrate. After the lower electrodes, a
uniform (unmasked) ultra-thin layer of aluminum is deposited that
provides a barrier both on top and on the sides of the lower electrodes. The aluminum is then exposed to an oxygen plasma for a
predetermined time known to create a high quality tunnel junction. For each irradiation experiment, several (typically eight) substrates are prepared the day before and stored under UHV
conditions overnight allowing the glassy aluminum oxide to sufﬁciently relax. Three of the four devices per substrate are then
sequentially exposed to different ﬂuences of HCIs, followed by
immediate (typically <10 min) deposition of the encapsulating
upper electrode structure that completes the electrical device.
For the samples discussed here, the completed device structure is
2 Co+Ox/21 Co/1.1 Al+Ox[+HCIs]/10 Co/40 Cu/3 Au; thicknesses
are in nm from bottom to top, ‘‘+Ox’’ indicates plasma oxidation,
and ‘‘[+HCIs]’’ indicates different ﬂuences of HCI irradiation for
each device. The oxygen incorporation into the aluminum layer
causes it to expand 45% so that the oxidized aluminum is estimated to be 1.5(1) nm [19].
Once completed, the substrates are removed from vacuum and
measured in a four point conﬁguration by applying constant
current and measuring the voltage drop across the MTJ. For current–voltage (I–V) relationship, the current I is sequentially
stepped and the voltage V measured at each point. For single point
resistance measurements, the electrical resistance R = V/I (conductance g = I/V) and for the I–V measurements R = dV/dI (g = dI/dV). In
both cases, the resistance (conductance) must be corrected for a
geometric ‘‘negative resistance’’ artifact [20]. The cumulative
uncertainties in conductance represent a 1 sigma propagation of
uncertainties arising from uncertainties in the ﬂuence, device size,
negative resistance correction, and zero bias voltage offsets.
Results
MTJ electrical conductance g as a function of HCI ﬂuence is
shown in Fig. 1 for devices irradiated with Xe32+and Xe41+. Each datum represents a different MTJ device prepared according to the
same process recipe but irradiated with a different ﬂuence N. The
data are then ﬁt with a line to extract the slope of conductance
rc, which corresponds to the average conductance of each HCI
nanofeature. For the two charge states shown here, rc is a factor

Fig. 1. The electrical conductance of tunnel junctions irradiated with HCIs increases
linearly with the number of HCIs, shown for Xe41+ and Xe32+ on identically
fabricated devices. The rate of conductance increase corresponds to an effective
conductance produced per HCI rc, which depends on the initial conditions of the
tunnel barrier and the charge state of the HCI. The datum indicated as ‘‘13A’’
corresponds to the data presented in Fig. 2.

of 200 different even though the HCI potential (neutralization)
energies (PE) differ by only a factor of 2 (19.3 keV for Xe32+ and
41.7 keV for Xe41+), the velocities by 15% and the estimated total
(integrated through the 1.5 nm tunnel barrier) stopping power by
<1% (6.82 keV for Xe32+ and 6.89 keV for Xe41+). By way of comparison, a 10 nm2 area of the unirradiated MTJ has a conductance of
5  1011 S and each nanofeature produced from Xe44+ using this
device recipe has a rc  5  106 S. No evidence has been seen
to suggest that the HCI affects the electrical performance of any
portion of the device other than the tunnel barrier before coming
to rest deep in the device substrate.
These measurements make clear that the nanofeatures produced by HCIs have a large electrical conductance. In order to assess
whether the HCIs produce holes that penetrate through the barrier,
particularly for the MTJ and charge combinations that result in rc
values approaching a conductance quanta, we have performed
measurements of the resistance vs. temperature (not shown, see
[10]). For metallic through-holes, the resistance should increase
with temperature. However, in all devices measured to date, the
electrical resistance has always decreased with increasing temperature, characteristic of a tunnel junction. The HCI irradiated devices
exhibit a resistance change that is very similar to (but slightly less
than) the unirradiated control MTJs and both have a slope that implies the charge transport is occurring through tunneling [21].
To provide additional insight into the characteristics of the
transport, the current vs. voltage relationship is measured and
the ﬁrst derivatives are calculated as is shown in Fig. 2. This example is taken from one of the most heavily dosed MTJs using Xe32+
and corresponds with device ‘‘13A’’ in Fig. 1. It exhibits a parabolic
dependence typically seen in high quality tunnel junctions. (One
should note that Joule heating would produce a curvature in the
opposite direction.) Therefore, we conclude that in most of the
cases (excepting some ultra-thin barriers irradiated with Xe44+)
the transport through the HCI produced nano-features is due to
tunneling through a potential barrier.
Discussion
The data in Fig. 2 can be ﬁt using an expression for the tunnel
current density J based on the WKB approximation assuming the
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Fig. 2. Resistance vs. voltage data is shown in circles for device ‘‘13A’’ as shown in
Fig. 1 that was irradiated with Xe32+. This proﬁle is ﬁt using a tunneling formula
based on the WKB formalism that allows the effective barrier thickness d and
potential energy heights u1 and u2. The inset cartoon illustrates the geometry of
the model with the applied bias V = 0, gray regions indicate ﬁlled electronic states.
These ﬁt values are included and correspond as indicated in Fig. 3. Uncertainties are
contained within the size of the symbols.

energy diagram shown as an inset in Fig. 2. This approximation
gives J as a function of voltage [14–16]:
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wherepﬃﬃﬃﬃﬃe is the electron charge, h is Planck’s constant,
1
A ¼ 4p h2m  1:025 Å eV1=2 , m is the electron mass, d is the tunnel
barrier thickness, and /1 and /2 are the forward and reverse potential barrier heights. By allowing an unequal forward and reverse
barrier height /1and /2, the model accounts for the asymmetry in
the data and the effective barrier height for both forward and reverse bias can be extracted from the ﬁt. As can be seen in the data,
the parabolic shape is centered about a voltage that is greater than 0
and is not the same on either side of the center. Both of these are
indicators that the tunnel barrier is asymmetric despite the composition of the intended device being . . .Co/Al+Ox/Co. . .. This asymmetry is also observed in the unirradiated devices, as can be seen in
Fig. 3, and is interpreted as a perturbation to the Fermi energy in
the underlying Co due to excess oxygen from the aluminum oxidation process.
As is shown in Fig. 2, the data is well ﬁt using Eq. (1) and allows
the effective tunneling parameters to be extracted. In previous
work [9], we found that the WKB formalism could not be reasonably applied to tunneling measurements when the HCI nanofeatures severely modiﬁed the tunnel barrier, as was the case for
Xe44+ irradiation. Further, the low device resistances compared to
the much larger electrode resistances in those samples provided
substantial technical challenge to applying a sufﬁcient bias
(100 mV) across the junction that would allow the cubic part of
the current–voltage relationship to be adequately measured. To
avoid effects that may arise due to variations in the density of
states near the Fermi energy, we always collect data between
±100 mV. Since the Xe32+ data presented in Fig. 1 have a relatively
small rc, the HCI conductance through these nano-features are still

Fig. 3. (a) The ﬁtted values for the tunnel barrier thickness d and (b) the potential
energy heights u1 and u2 are shown for many identically fabricated devices
irradiated with different ﬂuences of Xe32+. The tunnel barrier thickness is seen to
systematically decrease, while the forward bias tunnel barrier u1 (ﬁlled squares)
remains constant and the reverse bias tunnel barrier u2 (open circles) shows a
subtle increase. These values represent a convolution of the unirradiated and
irradiated portions, as discussed in the text. The uncertainties represent a 95%
conﬁdence interval for the ﬁtted parameters.

within the range where the WKB formalism may be reasonably
applied.
All the Xe32+ irradiated samples and the corresponding control
devices shown in Fig. 1 have been ﬁt in the same manner as the
example shown in Fig. 2 to extract composite values of the tunnel
barrier thickness and the forward and reverse bias barrier heights.
These parameter values are shown in Fig. 3 as a function of the
number of HCIs. The effective tunnel barrier thickness decreases
by more than an Ångstrom over the range of the data. A linear ﬁt
establishes the rate of thinning and standard error, as shown,
and indicates the observed change is statistically signiﬁcant. Similarly, the forward bias barrier height u1 does not exhibit any
change while the reverse bias barrier height u2 shows a small upward trend, as determined by comparison with the standard error.
In order to interpret these trends, we will use device ‘‘13A’’
(indicated in Figs. 3a and b) as an example. As is seen in Fig. 1,
the zero bias conductance of 13A is 0.13 S after being irradiated
with 1.19  107 Xe32+ ions compared to the unirradiated on-chip
control ‘‘13D’’ which had a zero bias conductance of 0.053 S. The
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addition of HCI produced nanofeatures with thinner barriers adds
more current ﬂow, so that the native barrier and HCI features
can be considered as two independent channels. So when the
current–voltage relationship is measured in Fig. 2, 41% of the current (0.053 S/0.13 S) is transmitted through the 9160 lm2 of unirradiated tunnel barrier and the remaining 59% is transmitted
through the dilute density of HCI nanofeatures. The ﬁt parameters
shown in Fig. 3 are therefore a convolution of the unirradiated tunnel junction and N HCI produced tunnel junctions, which we will
assume are identical. In attempt to deconvolve these two contributions, we follow Brinkman et al. [14] by expanding Eq. (1) to third
order and normalizing the conductance by the zero bias conductance so that:

Gnorm ðV; d; u1 ; u2 Þ ¼

GðVÞ
Gð0Þ
AdDu

¼1

3

96u2

!
eV þ

!
2
A2 d
ðeVÞ2
4608u

ð2Þ

where u ¼ ðu1 þ2 u2 Þ, and Du = (u2  u1). Taking the measurement as
a sum of the two conductance contributions in parallel:
13D

13D 13D
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Gnorm ðV; d
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13D
; u13D
1 ; u2 Þ

HCl

þ C HCl GHCl
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G13A
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HCl
; u13D
1 ; u2 Þ
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where
is the measurement of 13A, the C values are current
weights 0.41 and 0.59, respectively (from above), G13A
norm (V, . . .) is the
independent measurement of the control 13D that separately yields
13D
HCl
13D
HCl
d ; u13D
(shown in Fig. 3) leaving d ; uHCl
as un1 ; u2
1 ; u2
knowns. Since the normalization reduces the number of degrees
of freedom to two, we eliminate, uHCl
by setting it to u13D
1
1 , since
Fig. 3b indicates that u1 is unchanged by the HCI irradiation. Solving for the two remaining parameters, we ﬁnd dHCl = 13.9 Å and
uHCl
¼ 0:84 eV, compared with the convolved ﬁt values (in Fig. 3)
2
of d = 14.7 Å and u2 = 0.83 eV. One might interpret the difference
between dHCl = 13.9 and d13D = 15.44 Å as the effective vertical size
of the nano-feature, although no direct spatial information is
available to support that conclusion. So, in the regime where both
current paths (unirradiated barrier and HCI features) contribute
non-negligible current, the initial barrier parameters are convolved
with the HCI modiﬁed ones in a non-obvious way that provides an
intermediate parameter value representative of neither. However,
the deconvolution scheme used here as an illustration contains both
differences and quotients of the data, amplifying the effects of measurement uncertainties so that most of the devices cannot be meaningfully deconvolved. So, while this analysis works in the case of
chip 13, the dHCl and uHCl
parameter values have little statistical
2
weight, but does reinforce the interpretation of an effective barrier
thinning being the dominating effect.
Finally, we consider the physical implications of this data and
the analysis. The HCI irradiation increases the electrical conductance of the devices in a dramatic fashion, which requires increases
in the number of electronic states in the impact region of the insulator, manifest either as an effective thinning of the barrier or decrease in the barrier height. Since the conductance is dominated
by the integral /12(V), the integral is reduced (more conductance)
when more electronic states exist in the tunneling region. And
since /12 (V) represents the oxidized aluminum, these states likely
indicate a local reduction in the oxygen (but does not exclude Al
ablation). If the HCI irradiated aluminum oxide has a deﬁciency
of oxygen, and the cobalt contains some excess oxygen, the higher
Al–O bond energy will drive the oxygen back into the Al, restoring
the symmetry of the tunnel barrier, consistent with the observed
trend in Fig. 3b where /2 was becoming more like /1. Therefore,
the systematic increase in conductance due to the decrease in
the tunnel barrier thickness combined with the increasing symme-

1241

try of the tunnel barrier potential can be understood by HCI induced ablation and subsequent oxygen diffusion.
Conclusions
The integration of an MTJ structure with an HCI irradiated barrier provides a method of probing HCI induced nanostructures with
electrical transport techniques. These measurements show that the
nano-features are highly conducting compared to the properties of
the previously insulating material, but still retain a quantum tunneling current–voltage characteristic. If the tunnel barrier is not
too severely modiﬁed, as is the case for Xe32+, the WKB approximation for the tunneling can be applied, revealing a systematic decrease in the effective tunnel barrier thickness while the
potential barrier shape trends toward symmetric. To deconvolve
the contributions from the unirradiated and irradiated portions
of the sample, a simple two current model is implemented that
suggests more likely values of the tunnel barrier thickness and
effective barrier height for the HCI irradiated portion of the device.
While the ability to use the WKB method is limited by small perturbations to the tunnel barrier, the ability to separate the two
source of currents depends on high signal-to-noise, which is contradictory to using samples with weak perturbations. Application
of this approach to data sets with greater dynamic range, smaller
measurement uncertainties, or thicker barriers (where WKB can
be used for larger perturbations) may offer a low uncertainty
determination of the tunnel parameters.
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