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Effect of pressure on the electric-field-induced resistance switching of VO, planar-type junctions
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VO, thin-film planar-type junctions with the size of 1500 wm in width and 10 um in length were fabricated
on Al,O3 (0001) substrates, and the electric-field-induced resistance switching (EIRS) characteristics were
investigated at hydrostatic pressures up to 2 GPa and room temperature. The resistance in the electric-field-
induced low resistance state (E-LRS) was revealed to be insensitive to the hydrostatic pressure, in contrast to
the apparent suppression of resistance in the temperature-induced low resistance state. The critical current to
induce E-LRS is increased as the pressure is increased, while the voltage at the transition is independent of the
pressure. These results indicate a picture in VO, that not a Joule heating but a reversible breakdown triggers
EIRS, and that the electric current of huge density maintains filamentary E-LRS regions.
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It has been known for half a century that vanadium diox-
ide VO, shows a structural phase transition at about 340 K
from monoclinic MoO, type to tetragonal rutile type struc-
ture, accompanied by a sharp insulator-metal (IM) transition
with a several-order change in its resistivity, sometimes
called as the “temperature-induced resistance switching
(TIRS).”! On the other hand, an electric-field-induced IM
transition of VO, has also been reported several decades
ago.” The current-voltage (I-V) characteristics of a VO, bulk
sample possess a gradual change of the resistance,>* while
that of a VO, thin-film sample shows an extremely steep and
discontinuous jump of resistance at the transition.>~’ We note
here that these I-V characteristics are symmetric about the
origin, and therefore, this is a phenomenon different from
that found in so-called resistance random access memory.
Since anomalous novel physical properties have been re-
vealed in a variety of strongly correlated electronic oxide
materials, the -electric-field-induced resistance switching
(EIRS) of VO, is attracting much attention again, and
researches aiming at new applications of VO, are
progressing.8-11

A similar EIRS has been found in Pr;_,CaMnO;
(PCMO). PCMO with a certain Ca content x
(0.3=x=0.75) realizes a charge ordered (CO) state, in
which trivalent and tetravalent Mn ions are ordered alter-
nately in the ab plane.'? Application of an electric field ex-
ceeding a threshold value to a PCMO material in the CO
state causes a resistance switching.!3~!> This IM transition is
considered to originate in a collapse of the CO state caused
by the electric field. The charge ordering temperature is rela-
tively lower in PCMO, 240 K.'? On the other hand, VO, is
promising in the application for switching devices and so on,
since it shows EIRS at room temperature.

However, the mechanism of EIRS in VO, has not been
fully established. All the vanadium ions are tetravalent in the
case of VO,, therefore a CO state is not expected to occur in
it. It has been clarified by several optical microscope obser-
vations that the electric-field-induced low resistance state (E-
LRS) appears as a localized filamentary conductive path.'®-!3
Since the first report of EIRS,” many researchers have as-
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sumed that it is the Joule heat that triggers EIRS, and also
maintains the filamentary conductive paths in VO,.!"> Thus
far, however, no direct temperature measurement has been
done for a conductive VO, filament of 10°-10' um in
width. On the other hand, Kim et al® have performed a
micro-Raman observation on a VO, planar-type junction that
undergoes EIRS and reported the occurrence of an insulator-
metal transition prior to a structural phase transition. This
result suggests a possibility that something other than the
Joule heat triggers EIRS.

In order to reveal what triggers EIRS and what maintains
E-LRS, it should be effective to introduce another external
parameter to tune the phenomena. Here, we chose the pres-
sure as an external thermodynamic parameter and examined
its influences on EIRS in a VO, thin film. Previously, the
pressure dependence of the resistance in the high resistance
state (HRS), Ry, and the resistance in the temperature-
induced low resistance state (T-LRS), R;;, have been
investigated.?->> However, there has been no report on the
pressure dependence of the resistance in E-LRS, R ;, and
the transition voltage, V,,, of VO,. In the present study, we
investigated the /-V characteristics of VO, planar-type junc-
tions at hydrostatic pressures up to 2 GPa to reveal the
mechanism of EIRS. Comparison of the pressure depen-
dences of Ry ; and Ry, as well as optical microscope ob-
servations, suggest the factor to maintain E-LRS, whereas
the pressure dependences of transition parameters imply
what triggers EIRS.

VO, thin films were fabricated by a pulsed laser deposi-
tion technique. A focused KrF excimer laser beam was shot
on a metallic vanadium target with the fluence of 3 J/cm? at
a repetition rate of 10 Hz, in O, gas of 20 mTorr. The films
were deposited on Al,O; (0001) single-crystal substrates
maintained at 500 °C for 30 min, resulting in the film thick-
ness of 220 nm. Figures 1(a) and 1(b) show respectively an
x-ray diffraction (XRD) profile at room temperature and the
temperature dependence of the resistivity (p-T) of a VO, thin
film thus prepared. The XRD pattern shows only a (020)
reflection peak from the VO, thin film, indicating that the
film is single-oriented with no second phase. The p-T curve
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FIG. 1. (a) An XRD profile and (b) the temperature dependence
of the resistivity, of a VO, thin-film deposited on an Al,O5 (0001)
substrtate.

shows TIRS at 340-350 K where a four-order drop of the
resistivity is observed. This TIRS, as well as a composition
analysis by a Rutherford backscattering measurement (not
shown), confirms that this film consists of stoichiometric va-
nadium dioxide.

The planar-type junctions were fabricated by the follow-
ing process; the VO, film on the Al,O; substrate was pat-
terned using conventional photolithography and electron cy-
clotron resonance etching techniques, and then an Au/Ti
bilayered film for electrodes were deposited on the VO, film
and patterned by a lift-off method. A 5X5 mm? substrate
with nine junctions was cut into three 1.5X2.6 mm? chips.
One chip containing three junctions each of which having the
size of 10 um in length (=gap between electrodes) and
1500 wm in width was then fixed on a stage for the resistive
measurements. The voltage and current leads (Au) were ul-
trasonically bonded to electrode pads on the junctions, and
the other ends of the leads were soldered to electrode pins of
the stage. Hydrostatic pressure was generated using a clamp-
type piston-cylinder device with the pressure-transmitting
medium of 1:1 mixture of n-pentane and isoamyl alcohol. A
manganin manometer was used to determine the pressure
value at room temperature.

The I-V characteristics of the junctions were measured by
means of a two probe method using a personal computer
controlled current source and monitor instrument (ADC Co.,
R6243) at room temperature and pressures up to 2 GPa. Here
we swept the current at a constant rate and measured the
junction voltage. It took 5 s to complete one cyclic I-V mea-
surement. No load resistor was inserted in the /-V measure-
ments circuit in series to the VO, planar-type junction be-
cause we had found that the existence of a series resistance
component affects greatly the /-V behavior of the sample in
which EIRS is observed.?

Figure 2 shows the I-V characteristics of a VO, planar-
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FIG. 2. (Color online) I-V characteristics of a VO, planar-type
junction under various hydrostatic pressures. Inset shows a sche-
matic drawing of the junction.

type junction under various hydrostatic pressures. An ex-
tremely sharp resistance switching was observed, appearing
as an infinite negative-differential-resistance region. The ex-
istence of a hysteresis suggests that this transition is a first-
ordered one. As reported previously,’ the electrical properties
are independent of the current direction, implying that the
nonlinear property is not caused by a Schottky barrier. One
may notice that the asymptotic line of the /-V trace in the
E-LRS region does not pass the origin but crosses the volt-
age axis at approximately 1 V, probably because of a flex-
ibility of the filament width as discussed below. For this
reason, a differential resistance (=dV/dlI) is considered to be
more appropriate to describe the resistive behavior of the
junction at E-LRS, rather than a static resistance (=V/I). In
what follows we define R_; as the inversed gradient between
two points corresponding to /=19 and 20 mA, and Ry as the
static resistance near the origin.

The resistance in HRS clearly decreases as the pressure
increases, while the behavior in E-LRS appears to be less
sensitive to the pressure. Pressure dependences of Ry and
R, are shown in Figs. 3(a) and 3(b), respectively. Follow-
ing Ladd et al.,' we attempted to describe the pressure de-
pendence of Ry and Ry ; by dIn R/dp=a, where a is the
attenuation constant and p is the pressure. The least-square
fitting was made, giving the attenuation constant
a=-0.127 GPa™! for R. This suppression behavior of Ry
by the external pressure is quite similar to a VO, bulk single
crystal case where a=-0.15 GPa~!?! On the other hand,
Rp_; was found to be hardly affected by the hydrostatic pres-
sure, with a small attenuation constant a=-0.025 GPa~'.
This value is considerably smaller than that previously re-
ported for a bulk VO, in the T-LRS where « is in the order of
10"! GPa~'.2022 This implies that E-LRS is totally different
from T-LRS in the pressure response.

Then a question arose, whether the crystal structure of
VO, in E-LRS is the same as that in T-LRS or not. In order
to obtain information about it, we performed optical micro-
scope observations to compare the colors of one VO, junc-
tion in E-LRS and in T-LRS. As the result, the junction
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FIG. 3. (Color online) The hydrostatic pressure dependences of
(a) the static resistance near the origin in HRS (=Rjy), and (b) the
differential resistance in E-LRS (=R ;). The solid lines are fitting
curves for exponential pressure dependence of Ry and Ry ;.

showed an identical color in both states (Fig. 4). Therefore
we conclude that the crystal structure of VO, in E-LRS is
most likely tetragonal, the same as in T-LRS. Figure 4 also
shows a change of the filament width according to the cur-
rent, similarly to the previous reports.'®!” This phenomenon
implies a peculiar feature that the current density in the fila-
mentary conductive path tends to be constant. Moreover, the
current density is estimated to be as huge as 10° A/cm?,
assuming the resistivity of the nonfilamentary regions to be
that in the monoclinic phase at room temperature and using
the values of filament width (Fig. 4), film thickness, and
current. These observations strongly indicate that E-LRS of
filamentary nature is a phase that is controlled and main-
tained by an electric current.

As for the reason for different pressure dependence be-
tween Ry ; and Ry in spite of the same crystal structure of

(a) /=0 mA

R=42kQ ea® B
(b) 20 mA . <[:L
(c) 30 mA .
(d) 40 mA

(e) externally heated “

R=8Q % ;

FIG. 4. (Color online) Optical microscope images of a VO,
planar-type junction with a junction current of (a) 0, (b) 20, (c) 30,
and (d) 40 mA at room temperature, and (e) no current fed but
heated by an external heater. Dark-color areas correspond to LRS
regions. Junction resistance values are noted in (a) and (e), indicat-
ing that T-LRS is realized in (e). Contrast of the colors is empha-
sized equally in all panels.
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FIG. 5. (Color online) The hydrostatic pressure dependences of
(a) the critical voltage Vi, (b) the current /;, and (c) the power P at
the EIRS transition points from HRS to E-LRS (labeled as HL) and
from E-LRS to HRS (LH).

E- and T-LRS, we consider two candidates. First, the tem-
perature of the E-LRS filamentary path could be different
from 74 °C at which the R ;-p measurement was performed
in Ref. 20. Even after the assignment of the crystal structure,
we still question whether the temperature at the filamentary
E-LRS region reaches 340 K. To clarify it, one needs a tem-
perature measurement of the local region in the filament,
which we consider as a future subject. Second, a huge cur-
rent density as 10® A/cm? in the filamentary path of E-LRS
brought about a pressure response different from that of
T-LRS, which was probably investigated with a small current
in Ref. 20. Large current density would possibly cause a
strong correlation of electrons and a deviation from a band
theory. Hence the interpretation of Ry ;-p given in Ref. 20
using a small-band-overlap model may not be applicable to
Rp_;-p. Either candidate would lead us to have a picture that
a current of huge density maintains the tetragonal structure
of VO, by keeping the channel open, instead of a picture that
a current causes a temperature-induced structural phase tran-
sition through a Joule heating.

Now we focus on the critical parameters at the transition
in order to discuss the triggering mechanism of EIRS in the
VO, film. Figures 5(a)-5(c) show the pressure dependences
of the critical voltage V,,, the current /., and the power P,
respectively, at the transition points from HRS to E-LRS and
vice versa. V. was found to be independent of the pressure.
V. of 4 V and the junction length of 10 wm give the transi-
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tion electric field E,, of 4 X 10’ V/cm. On the other hand, I,
obviously increases as the pressure increases. This is related
to the behaviors of Ry that decreased and V, that did not
change. Consequently P, the product of V,, and I, increases
with the pressure.

Assuming if the observed EIRS in the present VO,
sample is triggered by a Joule heat, T}, should obey the Fou-
rier’s law for heat conduction in solid

Ptr(p)t
c(pym’

Ttr(p) - TR = (l)
where T is the room temperature, ¢ the time for power input,
c the specific heat of VO,, and m the mass of the VO, chan-
nel in which the transition occurs. The increase in T, was
previously reported to be by no more than 1.2-1.6 K at a
pressure of 2 GPa.?%?! This means that [T,(p)—Tg] increases
only by 3%—4%. On the other hand, the present experimental
results show that Py, increases by ~40% under a pressure of
2 GPa [Fig. 5(c)]. Supposing that Eq. (1) is still satisfied
after a 4% increase of [T, (p)—Tg] and a 40% increase of
P.(p), we should examine a possibility that the specific heat
¢ increased by 35% by the pressure of 2 GPa. In general,
however, as the Debye temperature is an increasing function
of pressure, the specific heat should decrease as the pressure
increases. Thus it seems to be less realistic that a Joule heat
triggers EIRS.

It is noteworthy that /; is pressure dependent while V, is
not [Figs. 5(a) and 5(b)], indicating that the electric field
plays more important role than the current does to trigger
EIRS. This allows us to assume a model that EIRS is a type
of reversible electrical breakdown. Generally, it is known
that an avalanche breakdown occurs in insulators when the
applied electric field becomes high enough to accelerate free
electrons up to a velocity that enables them to excite addi-
tional electrons. It appears plausible to consider EIRS in VO,
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to be an avalanche breakdown phenomenon by assuming
that the dielectric strength of the present junction is
4% 10% V/cm, two orders smaller than that of conventional
semiconductor materials. In other words, E-LRS of VO, is
possibly triggered by an electrical breakdown and is main-
tained by a current of huge density, instead of being triggered
and maintained by a Joule heat as has been believed. A pre-
vious study of EIRS containing multsteps during the transi-
tion from HRS to E-LRS also support the model of the elec-
trical breakdown.> So smaller P(=IV) after the transition than
before the transition may prevent from any thermal degrada-
tion such as disorder of the atomic structure or change of the
composition, and thus may make this electrical breakdown
reversible. From the present results, we also note that mate-
rials with low dielectric strength such as 10> V/cm or less
would possibly be candidates to achieve EIRS that would be
applied for novel switching devices.

In conclusion, we observed EIRS of VO, thin-film planar-
type junctions at hydrostatic pressures up to 2 GPa and room
temperature, and investigated the pressure dependences of
various properties characteristic to EIRS. The differential re-
sistance of the junction in E-LRS is insensitive to the pres-
sure, in contrast to the resistance of a VO, in T-LRS, sup-
porting a picture that a current flow of a huge density
maintains the E-LRS region. The input power at EIRS tran-
sition increased by 40% under a pressure of 2 GPa, implying
that the observed EIRS is triggered by different mechanism
from TIRS. The result that the transition voltage is pressure
independent indicates that the direct trigger of EIRS is the
electric field, and that EIRS can be described as an avalanche
breakdown in VO, with a dielectric strength much lower
than that of conventional semiconductors.
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