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We describe a new technique for controlled oxide growth using a directed low-energy ion beam.
The technique is evaluated by fabricating Ni-oxide-Ni and Cr-oxide-Ni tunneling junctions, using
oxygen ion beams with energies ranging from 30 to 180 eV. High ion current densities are
achieved at these low energies by replacing the conventional dual grid extraction system of the ion
source with a single fine mesh grid. Junction resistance decreases with increasing ion energy, and
oxidation time dependence shows a characteristic saturation, both consistent with a process of
simultaneous oxidation and sputter etching, as in the rf oxidation process. In contrast with rf
oxidized junctions, however, ion beam oxidized junctions contain less contamination by
backsputtering, and the quantitative nature of ion beam techniques allows greater control over the

growth process.
PACS numbers: 73.40.Rw, 68.55. + b, 79.20.Nc

Recent demands in the applications of metal-oxide-
metal devices (MOM’s) require very small areas and thin
structures. In room-temperature applications, MOM’s have
been employed as infrared detectors and mixers up to the
near infrared’. In cryogenic applications, MOM’s are being
used as Josephson junction switches in computer circuits
and as detectors and mixers in the submillimeter range.’
These devices require a uniform oxide thickness in the range
5-25 A, which is difficult to achieve reproducibly using ther-
mal or plasma oxidation. A process developed by Greiner,?
combines simultaneous oxidation with sputter etching in an
rf plasma to produce a steady-state, uniform oxide thickness.
In this paper we describe a new process of controlled oxida-
tion using a directed ion beam of well-defined energy and
current density. The ion beam technique is compared with
the rf process, and results are presented for oxidation of Ni
and Cr using a low-energy oxygen beam.

The rf oxidation process is summarized as follows:
Low-energy oxygen ions strike the metal with a broad ener-
gy spread*. Ions with Kinetic energy less than the sputter
threshold energy oxidize the metal, while ions with higher
kinetic energy sputter etch the metal and oxide. If the initial
oxide growth rate is higher than the sputter etching rate, the
oxide thickness increases up to a steady-state value for which
the oxidation rate equals the sputtering rate. By continuing
the process longer than needed for having oxidation and
sputtering rate equal, a pinhole free oxide is achieved with a
reproducible final thickness.

Several drawbacks limit the usefulness of the rf oxida-
tion technique. (1) Processing parameters are interdepen-
dent. Changing the pressure, for example, changes both the
ion acceleration voltage and current density. (2) Energetic
electron bombardment heats up the sample and hastens oxi-
dation. (3) The plasma is at an elevated potential relative to
the chamber walls, resulting in a constant sputtering of the
walls. (4) Sputtered atoms scatter from the gas back onto the
sample, contaminating the oxide. At a pressure of 10 mTorr
(typically used in rf oxidation), the mean free path for back-
sputtered neutrals is only a few mm, and it has been found,
for example, that the current density of superconducting
tunnel junctions is greatly affected by the presence of back-
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sputtered material.® The contamination problem is crucial
when the potential barrier shape of the oxide has to be accu-
rately known, as in hot-electron transfer amplifiers.®

The drawbacks of rf oxidation led us to develop a new
process of ion beam oxidation using a large area, high cur-
rent density oxygen ion beam with low energy. Broad beam
multiaperture ion sources (Kaufman sources) are widely
used for etching applications, and energetic ion beams have
been used to carry out reactive processes in a variety of con-
figurations.” Recently Kleinsasser et a/.® reported the fabri-
cation of Josephson junctions by ion beam oxidation of Nb,
using an Ar/O, ion beam with energy of 600 eV. In this latter
work, however, oxidation occurred rapidly and was not the
result of combined oxide growth and sputter etching. To
achieve this combined process we modified a Kaufman ion
source to generate a high ion current density with ion ener-
gies below 100 eV, where a balance between oxide growth
and sputter etching can be achieved. In a conventional Kauf-
man source,’ ions are generated in a low-voltage, thermioni-
cally supported plasma inside a discharge chamber at a pres-
sure of about 1 mTorr. Ions are extracted into a beam by an
extraction region consisting of two thin grids with a dense
pattern of aligned apertures. The beam is directed toward
the sample situated in a low-pressure region of about 0.1
mTorr, and a neutralizer filament supplies electrons to com-
pensate the positive charge of the ion beam.

The advantages of ion beam techniques include (1} inde-
pendent control over ion beam energy and current density.
{2) Samples are isolated from the ion generation plasma. (3)
Chamber walls are not subjected to energetic ion bombard-
ment, since the beam is directed. (4) Since the mean free path
of ions and sputtered atoms is greater than the chamber di-
mensions, back sputtering is minimized. (5) Ions have a nar-
row energy spread (10-20 eV), enabling easier analysis. Al-
though high current densities are produced at ion energies of
several hundred eV, the conventional ion source with dual
extraction grids is severely limited at low ion energy ( < 100
eV) due to the space-charge-limited ion current between the
grids®. (The maximum ion current is determined by the volt-
age difference between the grids, V,, which is approximately
equal to the ion beam energy.) For example, a dual grid sys-
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tem which produces a maximum current density of 1
mA/cm? at V, = 500 V will produce only 0.03 mA/cm” at
¥, =50 V. Since 1 mA/cm? corresponds to an ion flux of
6.5 10" ion/cm? sec, and solid surface atom densities are
about 10'° atom/cm?, it is evident that a dual grid extraction
system is incapable of producing oxides in short enough
times to avoid contamination problems when low ion ener-
gies (hence low V,) are used.

To maintain high current density at low ion energy, we
use a single extraction grid'’ for which the ion current densi-
ty is not space-charge limited, and current densties up to 1.0
mA /cm? are obtained at ion energies well below 100 eV. "
This approach has recently been applied to reactive ion beam
etching at low ion energy.'"

The experimental configuration for ion beam oxidation
isshown in Fig. 1. The sample to be oxidized is mounted with
Ga-backing on a water cooled Mo-coated copper block.
Samples were prepared by sputter coating Si wafers with
1000 A of either Ni or Cr followed by a layer of 1000 A of
Si0,. The SiO, was chemically etched to define junction
areas ranging from 5 to 40 um?, in which the oxide was
grown. A 7-cm-diam ion source equipped with a Ni mesh
single grid of 100 line/inch faces the sample at a distance of
15 cm. This ion source performs both precleaning and oxida-
tion of the sample. A movable shutter protects the sample,
and a retarding grid energy analyzer can be moved into the
beam path to measure the ion beam energy distribution and
current density. A dual grid ion source directs a 2.0-cm-
diam beam at a movable Ni target to overcoat the oxidized
sample with a Ni counterelectrode.

Typical electrical parameters of the single grid ion
source (Fig. 1) are as follows: /,, cathode heater current of
typically 13 A; V,, discharge voltage needed to sustain the
plasma, 40 V for Ar and 70 V for O, ; V,,, anode voltage
approximately equal to the desired ion energy (20-150 eV);
V., grid voltage { — 10 V); /,,, neutralizer heater current of
typically 6.5 A. The gas pressure in the sample chamber is
0.3 mTorr. The dual grid ion source was operated to produce
an 800-eV, 12-mA Ar™ ion beam for a deposition rate of
nickel of about 2 A/sec.

SINGLE GRID
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SHUTTER
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FIG. 1. Schematic diagram of ion beam oxidation system, showing single
grid ion source for sputter cleaning and oxidation, dual grid ion source for
overcoating of junctions, movable ion energy analyzer, and sample on water
cooled holder.
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After pumping the sample chamber to about 5 10’
Torr, the Ni target is presuttered for 10 min with 800-eV
Ar™ ions. The sample is then sputter etched for 5 min using
Ar™ ions at 150 eV and 0.72 mA/cm? to remove several
hundred A of Ni. Argon is next replaced with oxygen and
the beam adjusted to desired conditions using the analyzer.
The sample is then oxidized with the low-energy oxygen ion
beam. The Ni target is resputtered with Ar™ for 5 min (with
the sample protected) to remove any oxide formed on the
target during oxidation, followed by overcoating of the sam-
ple with 500-1000 A of Ni. Up to six samples may be oxi-
dized and overcoated independently in one run. Samples are
then removed from the vacuum system and top electrodes
are patterned and chemically etched above the oxidized
areas as shown in Fig. 2(a).

To evaluate the process of ion beam oxidation, nickel
and chromium metal films were oxidized by oxygen ion
beams with energy ranging from 30 to 180 eV and current
density of 0.72 mA/cm? for times ranging from 10 sec to 30
min. To compare with MOM’s prepared by the rf oxidation
technique, additional samples were processed using a feed-
back controlled rf diode sputtering system.' Nickel elec-

(b)

FIG. 2. (a) SEM picture of metal-oxide-metal junction (circular area). The
light region is the top Ni electrode, and the dark region is the SiO, masking
layer over the bottom electrode (Taken at 70° from normal to substrate). (b)
Current-voltage characteristics of Ni-NiO-Ni MOM’s produced by ion
beam oxidation. Junction resistances range from over 10 ks2 {lowest slope
curve) to less than 25 £2 (steepest curve), as ion energy is increased from 30 to
over 100 eV. Oxidation dose is 0.72 mA/cm? for 10 min.
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trodes of 10-um? area were rf oxidized for 30 min using sub-
strate electrode voltages ranging from 5 to 50 V (dc value), at
20-mTorr oxygen pressure and power levels of approximate-
ly 10mW/cm?. Overcoating was carried out by rf sputtering
a nickel target, followed by patterning of the junction top
electrodes.

For each junction, the dynamic resistance was mea-
sured at zero bias as an indicator of oxide thickness. To indi-
cate the range of values obtainable, current-voltage curves
are shown in Fig. 2(b) for nickel-oxide-nickel junctions fabri-
cated by ion beam oxidation. For low oxygen ion energy (30—
40 eV), junction resistances of 10 kf2 or higher are obtained
after several minutes oxidation [the curve of lowest slope in
Fig. 2(b)]. By increasing oxygen ion energy, the junction re-
sistance decreases to as low as 25 (2 for energies above 100 eV
[the curve of highest slope in Fig. 2(b}]. Junctions are stable
under biasing, with breakdown voltages of 1.5~2.5 V at room
temperature (lead resistance is 20 {2 ). Increasing ion beam
energies to above 150 eV results in shorted junctions.

The dependence of junction resistance (10-um? area) on
oxygen ion beam energy is shown in Fig. 3, for both nickel
and chromium junctions oxidized for 10 min at oxygen ion
current density of 0.72 mA/cm?. The spread of ion energy in
the beam (typically 20 eV) is shown for each point'®. As indi-
cated in Fig. 2(b), junction resistance of nickel and chromi-
um MOM’s decreases with increasing oxygen ion beam ener-
gy, presumably due to increased sputter etching. Chromium
MOM'’s have somewhat higher resistances due to the greater
reactivity of chromium.

For comparison, the dependence of junction resistance
on maximum oxygen ion energy is also shown in Fig. 3 for
10-um? Ni-NiO-Ni rf oxidized junctions. Here, the maxi-
mum ion energy is determined by the sum of the self-generat-
ed dc cathode voltage and the plasma potential (typically
+ 20V), and the energy spread is known to extend continu-
ously to zero, due to charge exchange collisions®. The energy
dependences of junction resistance for the rf oxidized and
ion beam oxidized MOM’s are similar, which suggests that a
combined sputter-oxidation process is relevant in both cases.

Time dependence of junction resistance was also exam-
ined for ion beam oxidized Ni junctions (Fig. 4). At an oxy-

7
10 o Cr —mem
3 el - o Ni
= oF . Ni (RF) o
w
g 05 (]
i -
ﬁ —————
& D .
2 100 —
3 .
2 —
S 0% pe——
= —
H -
2
2 10 o
10! I I i i I | ! 1 1
o 20 40 60 80 (00 120 140 160 180 200

OXYGEN ION ENERGY (ev)

FIG. 3. MOM junction resistance {(normalized to 10-um? area) vs oxygen
ion energy. Solid lines are for Ni junctions, ion beam oxidized for 10 min at
0.72 mA/cm’. The width of each line is the ion energy spread. Dashed lines
are for Cr junctions oxidized by the same dose. Dots are for Ni junctions, rf
oxidized for 30 min.
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gen ion energy of 45 ¢V, the nickel junction resistance in-
creases monotonically with oxidation time, indicating an
oxide growth component with negligible sputter etching.
For an oxygen ion energy of 80 eV, however, the junction
resistance saturates after several minutes, indicating the for-
mation of a steady-state oxide thickness.

Some parameters governing the oxide growth can be
deduced from Fig. 4. We assume that the junction tunneling
resistance at low bias voltage is given by R(x) = Ax exp (Bx),
where R is the dynamic resistance at zero bias, x is thickness,
and 4 and B are constants'*. For a barrier height of 1 eV, an
oxide thickness of 12.5 A leads to a resistance of 1.5 ks2 for a
10-um? junction area. We now assume that the oxide growth
rate is given by an exponentially decreasing function of
thickness in combination with a constant sputter etching
ratedx/dt = K exp ( — x/X,) — E, where K is the initial oxi-
dation rate in the absence of sputtering, X, is a constant
determined by the rate of oxygen diffusion through the ox-
ide, and E is the sputter etching rate.? In the presence of
sputtering, the final oxide thickness is X,In(K /E ), which is
approached with a time constant X,/E. From the data for an
ion energy of 80 eV (Fig. 4), we estimate a time constant of
about 1 min. Assuming a sputtering rate of about 2 A/min
for nickel oxide under 80 eV O,* bombardment at 0.72
mA/cm?, we get X, = 2 A. Since K> 1 (measured to be about
10° A /min. for PbIn-oxide'), x(t ) = X In[(K /X,)t ] for time
scales used in our measurements in the absence of sputter
etching. We now express the junction resistance as a func-
tion of time: InR = C + BX,, Int, where
C =1nA4 + Inx + BXIn(K /X,). C can be regarded as a con-
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FIG. 4. MOM junction resistance (normalized to 10-um? area) vs ion beam
oxidation time. Triangles are for 45-eV and dots are for 80-eV oxygen ion
energies. Current density is 0.72 mA /cm?. The solid line is the calculated
time dependence of junction reisitance (including 20-£2 lead resistance}.
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stant due to weak dependence of Inx on ¢. The linear depen-
dence of InR on Int is qualitatively seen in the 45-eV curve of
Fig. 4.

From the final resistance of 1.5 kf2, one gets K = 1000
A/min. This value of initial oxidation rate is reasonable
since the arrival rate of oxygen ions at 0.72 mA/cm? corre-
sponds to approximately one monolayer of oxygen per sec-
ond. If each ion were incorporated in the oxide, the growth
rate would be several hundred A/min. (Note that different
estimates of the time constants or the etching rate will
change X, and K. Round numbers are chosen for conve-
nience.) Substituting X, E, and K in x(¢ ) for the general case
of sputter oxidation®'’ leads tox(f ) =2 In500[1 — exp( — ¢)].
Using the equation for R (x), the resistance is plotted in Fig. 4
with a fairly good agreement with the measured resistances
(lead resistance of 20 {2 is added). The results strongly sug-
gest that a combined oxidation and sputtering process is re-
sponsible for the observed time dependence of junction resis-
tances.

The detailed mechanism of rf oxidation is not yet un-
derstood, and several processes have been proposed to ac-
count for the enhanced oxidation which is generally ob-
served in the rf oxidation process'*’'®. While our present

results do not allow us to comment in detail on these models,

we have used the directed nature of ion beams to limit the
possible species which are necessary for ion beam oxidation.
Generally, a variety of species bombards the sample: (1} ener-
getic oxygen ions accelerated from the ion source, (2) ther-
mal neutral oxygen molecules, (3) thermal oxygen atoms
formed by dissociation in the discharge, (4) energetic oxygen
neutrals formed by charge exchange between beam ions and
background neutrals, (5) low-energy (several eV) electrons
from the beam plasma. By masking the sample with a shutter
during oxidation, allowing only background neutrals to
reach the sample, shorted devices were obtained, indicating
that thermal oxidation is negligble. Several samples were
processed using a deflecting mesh to remove all positive ions
from the beam, allowing only electrons, thermal neutrals,
and energetic neutrals to reach the sample. Energetic charge
exchange neutrals might represent about 10% of the total
ion flux at the existing pressure of 3 X 10~ * Torr.!” In a series
of deflection experiments carried out with ion energies of 40,
70, and 100 eV, we observed some oxidation even in the
absence of ions. We reach the preliminary conclusion that
ion beam oxidation is carried out by energetic ions and ener-
getic charge exchange neutrals in the beam. The roles of low-
energy electrons and thermal monatomic oxygen are still not
established.

To further characterize the oxidation processes, Auger
spectra were taken on both rf and ion beam oxidized Ni and
Cr samples (after air transfer). In all samples, 40-60% car-
bon contamination was detected, probably due to the air
transfer and the exposure to diffusion pump vapor. In rf
oxidized samples, large amounts (6~17%) of molybdenum,
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backsputtered from the sample holder, were observed in ad-
dition to the Ni, Cr, and O in the oxide. By contrast, Mo was
not detected in ion beam oxidized films, indicating one of the
advantages of operating at low pressure. In ion beam oxi-
dized Cr samples, trace amounts ( < 1%) of Ni were found,
probably sputtered from the Ni single grid mesh.

We have demonstrated a new process of metal oxida-
tion which incorporates the advantages of low-energy ion
beams. The process is easily controlled and reproducible,
and the resulting oxide junctions are of high quality and free
of the contaminants usually found in the rf oxidation pro-
cess. We expect that the flexibility of ion beam systems with
regard to physical configuration and electrical control will
lead to further clarification of the oxidation mechanisms.
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