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emiconductor doping is a key technol-

ogy for the precise tuning of resistance

in solid state electronic devices, and for
the creation of p—n junctions.! The doping
is metallurgical, and as such determined
during the fabrication process.? Normally,
the motion of impurities in an operating
semiconductor device is undesirable, unless
purposely designed, as in LiSi devices.?
However, the coupled motion of charged
dopants and carriers in an externally applied
electric field within a semiconductor® 8 has
been demonstrated to be a viable mecha-
nism for a memristor.” ™"

According to the definition formulated by
Chua and Kang,'? the resistance of a gen-
eralized memristor (originally called by
them a “memristive system”, but in the
interests of simplifying nomenclature, now
just a memristor) is a function of an internal
state variable or variables x and may also be
a function of either voltage or current ac-
cording to the quasi-static conduction
equation: V(t) = R(x, N)I(t). The state variable
is a physical quantity that can be derived
from the microscopic properties of the sys-
tem, and it is explicitly dynamical in nature,
that is, the present state is dictated by
biasing history, which is described by the
dynamical state equation: dx/dt = f(x, /). For
example, a TiO,-based bipolar memristor'>'#
is based on vacancy drift in an externally
applied electric field that modulates the tun-
neling barrier width''® between an elec-
trode and a conduction channel."”'® For this
system, the dominant state variable is the
tunnel gap width."”” TaO, based memri-
stors'?~2* have recently demonstrated high
endurance (over 10 billion) in terms of write/
erase switching cycles,*"?** and other advan-
tageous features, such as being practically
forming-free'*?' and showing high switching
speed (sub-nanosecond).? For this particular
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memristor states and a set of reference Ta—0 films of known composition. The continuous

electrical tunability of the oxygen concentration in the channel, with a resolution of a few

percent, was demonstrated by controlling the write currents with a one transistor-one

memristor (1T1M) circuit. This study demonstrates that solid-state chemical kinetics is

important for the determination of the electrical characteristics of this relatively new class of

device.
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materials system, the state variable appears to
involve the composition (rather than a tun-
neling gap modulation) of a conduction
channel®® A better understanding of the
device chemistry and physics is required in
order to utilize TaO,-based memristors in novel
circuits*” and memory applications.?®~*°
Here we demonstrate the identification
and continuous tunability of the oxygen
concentration in the conduction channel
core as the dominant state variable in
TaO,-based memristors. We utilized the fact
that the thermal coefficient of resistance
(TCR) of a Ta—O sample is a geometry-
independent property that is a monotonic
function of the average oxygen concentra-
tion, as determined by electrical and chemical
characterizations of reference thin films. The
oxygen concentration was determined from
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Rutherford backscattering spectroscopy (RBS) and in-
dependently from X-ray photoelectron spectroscopy
(XPS) measurements of films that were reactively
sputtered with a wide range of oxygen pressures
(O/Ta ratios). The TCR of different memristor states
was measured and compared to those of the reference
Ta—O films. These results showed that the modulation
of the oxygen concentration in the conduction channel
core in a TaO,-based memristor was responsible for the
resistance switching. Finally, tuning of the states in the
TaO,-based memristors was demonstrated using a
simple one transistor-one memristor (1T1M) circuit,
which enabled the continuous electrical control of
the state variable with a resolution of a few percent
in the conduction channel core of the device.

RESULTS AND DISCUSSION

The TaO,-based memristors consisted of a thin
(~18 nm) film of sputtered TaO, (see Materials and
Methods for details), sandwiched between a disk-
shaped (~100 um diameter) Ta top electrode and
blanket Pt bottom electrode, as shown schematically
in the top inset of Figure 1. The gray dashed curve in
Figure 1 corresponds to the first ON switching, which
required only a slightly larger voltage than the subse-
quent ON switching (green curves). After the first ON
switching, the resistance of a device was reversibly
alternated between the less resistive ON and the more
resistive OFF states by the application of a positive and
negative voltage, respectively, to the top electrode
with the bottom electrode grounded. We see that
both the ON and OFF /—V curves of the device are
nearly linear, which means that to a first approxi-
mation, the resistance of the memristor is only a
function of the state variable R(x), which significantly
simplifies our analysis of this system and indicates that
the conduction for all of the states is nearly Ohmic, and
thus electron tunneling does not play a significant role
in the conductance mechanism for the device.

In the following we show how the O concentration
of the conducting region of the memristor can be
determined based upon measurements of the material
resistivity and TCR. Figure 2a shows the measured TCR
of a TaO,-based memristor (red open square, left y-axis)
at different resistance states in a 70 Q to 4 kQ (bottom
x-axis) range, which was also the same operating
range*' used to demonstrate high endurance. The TCR
here is defined by TCR = [R(300 K) — R(N1/[(300 K — T) x
R(300 K)] for 250 K < T < 300 K, and is a geometry-
independent quantity that can be compared across sam-
ples of various types and sizes. As shown in Figure 2a, the
measured TCR was in the range from 5 x 107* K™
to —1.5 x 10> K™, and decreased continuously as the
resistance increased. The crossover from positive to
negative TCR occurred around 200—300 L, indicating
the transition from metallic (positive TCR) to semicon-
ducting (negative TCR) conduction regimes.
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Figure 1. Typical -V switching curves of a TaO,-based
memristor including the first ON switching/set (gray dashed
curve), the following 10 OFF switching/RESET (red curves)
and ON switching/SET (green curves). Inset: same data with
the current on a log scale (bottom), and schematic diagram
of a typical TaO, device (top).

The equilibrium binary Ta—O phase diagram con-
tains only two stable phases in the solid state, con-
ducting Ta(O) solid solution and insulating Ta,0s.*?
Thus, the TCR and resistivity of an arbitrary Ta—O
sample are in principle controlled by a combination
of the conducting and the insulating components.*>+*
Gerstenberg et al.** performed a systematic study of
the dependence of TCR on resistivity of thin Ta—0 films
by adjusting the oxygen concentration of the films
(blue hollow diamonds in Figure 2a). We reproduced
their results for films prepared in our deposition system
(represented by blue solid dots, see Materials and
Methods for details). These data correspond to the
top x-axis of Figure 2a (units of uQ-cm for resistivity).
For such a binary system, once the Ta(O) solid solution
is supersaturated, Ta,Os begins to precipitate out of
solid solution, with the relative amounts of the two
determined by the “lever rule”. This precipitation is
detected in XPS by the appearance of the Ta>* oxidation
state (I. Goldfarb et al., unpublished data), and its onset
roughly corresponds to a resistivity of 300—500 x€2-cm
(gray band in Figure 2a), from which point onward the
dominant conduction mode gradually changes from
metallic to semiconducting, and the TCR from posi-
tive to negative.

The measured TCR of the TaO,-based memiristor in
different states revealed a resistance/resistivity depen-
dence strikingly similar to that of the reference films.
Since the resistivity of the reference films was a func-
tion of the chemical (oxygen) concentration, we infer
that the different resistance states of the device were
primarily determined by the chemical (oxygen) con-
centration of the conduction channel core, and not the
changes in the size of the core. As a working model, we
assumed that the conduction occurred primarily in an
essentially cylindrical core with relatively uniform O
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Figure 2. (a) (Left y-axis) TCR (thermal coefficient of
resistance) of a TaO,-based memristor versus state resis-
tance (red hollow squares, bottom x-axis); TCR of Ta—O
reference films versus film resistivity (top x-axis), including
comparison of the values measured in this experiment (solid
blue dots) and those from the literature (Gerstenberg et al.,
blue hollow diamonds). The top x-axis is scaled by a calibra-
tion factor (1.4) such that the reference sample data follows
the same TCR trend as the device data. (Right y-axis) mea-
sured oxygen concentration percentage of the reference
films by using RBS (dark green solid triangles) and XPS
(dark green solid dots) versus film resistivity (top x-axis).
The alignment of the reference data to the device data is
used to estimate the oxygen concentration of the con-
duction channel core for different device resistances. The
gray region corresponds to the threshold values for the
appearance of the Ta’" oxidation state in XPS. (b) Schematic
illustration of the conduction channel core (dark blue
cylinder), which is embedded in the much less conduc-
tive surrounding channel region with higher O content
(dark blue indicates less O, while light blue indicates
more 0).

content, which was much more conductive than sur-
rounding material (as illustrated in Figure 2b) because
of the stronger than exponential dependence of the
resistance on O concentration. To correlate the resis-
tivity measured for the calibration samples with the
resistance of the device in a particular state, a geome-
trical calibration factor reflecting the geometry of the
channel (a. = A/L) was required, such that p = aR, with R
astheresistance, p is the resistivity, L is the lengthand A
is the area of the cylindrical core. We can compare the
TCR measurements for the calibration films with those
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for our device in order to determine the calibration
factor a by making the following assumptions: (1) the
TCR and resistivity are size-independent down to the
size of the conduction channel core; (2) the size of any
Ta,0s inclusions is small compared to the channel core
diameter and/or the number of inclusions is negligible
for the range of concentrations investigated in this
study. Thus by utilizing the oxide film thickness as an
upper bound for L, we can estimate the radius of the
core of the conduction channel if we fit the resistance
with one fitting parameter o. = (1.4 + 0.3) x 10 % m.
The TCR curves of both systems are shown in Figure 2a
utilizing the fitted a to combine the resistivity and
resistance data on a single plot. We obtained good
agreement for the metallic states, as well as the transi-
tion regime for TCR in the range between 0 and —5 x
107* K™, beyond which the assumption for Ta,Os
inclusions may fail. Since the TCR is determined by
the chemical composition of a Ta—O film, we conclude
that the resistance switching is primarily caused by the
modulation of the chemical concentration in the con-
duction channel. Using the known film thickness as the
upper limit for the conduction channel thickness, we
can infer a radius of ~9 £ 1 nm for the channel core,
which is almost 4 orders of magnitude smaller than the
radius of the fabricated device. In actuality, there was
most likely a concentration gradient rather than an
abrupt change from a constant low to high O composi-
tion in the channel region; however, given the strong
dependence of the resistance on composition, the
general conclusions based on our working model
remain valid, as determined by performing a sensitivity
analysis (see Supporting Information).

The reference films were utilized to independently
calibrate the average chemical concentration of the
conduction channel core of TaO,-based memristors.
Both RBS and XPS measurements (see Materials and
Methods for details) were performed to measure the
oxygen concentration percentage in the calibration
films, and the results are plotted on the right y-axis of
Figure 2a (green markers) as a function of film resistiv-
ity (top x-axis). These two independent techniques
agreed within 5% on the oxygen concentration. As
expected, increasing oxygen concentration caused a
corresponding increase in resistivity. The fitting proce-
dure of a allows scaling of the top abscissa (resistivity)
with the bottom one (resistance state), and more
importantly, correlates the latter with the O concentra-
tion of the conduction channel core. We conclude that
switching in the operation range (~100 Q to 4 kQ)
corresponds to a variation of the oxygen concentration
in the core of the channel between ~15% and ~62%.
Nominally identical devices analyzed by pressure-
modulated conductance microscopy (PMCM),2%4>~47
cross-sectional transmission electron microscopy (TEM)?®
and X-ray spectromicroscopy,*® confirm the existence of
a conductive channel core with relatively low oxygen
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Figure 3. Demonstration of continuous electrical tuning of
the resistance states (and thus the chemical concentrations)
of the memristor conductance channel with 1T1M circuitry:
I-V switching curves with constant writing voltages (1 V
and —1.5 V) at different gate voltages (arrows indicating
switching polarities). Inset: 1T1M circuit diagram.

concentration, surrounded by a much less conductive
channel region with a high oxygen concentration (the
entire channel region had a radius ca. 50—100 nm).
While a precise measurement of the actual size of the
nanoscale conduction channel core in a functioning
device is extremely challenging, the TCR study pro-
vided an indirect yet plausible estimate.

The above analysis allows us to conclude that there
is a large range of chemical concentration and resis-
tance that can be deterministically accessed within our
devices, for which the state variable of the device is the
O concentration. An open-loop electronic method to
tune the O concentration in the channel can be
implemented using a 1T1M circuit. By driving the
transistor from the linear into the saturation regime,
we can limit the current through the memristor, that
is, implement current-compliance. The 1T1M write
circuitry*®*® is shown in the inset of Figure 3. A
standard 4-probe setup was used to switch the mem-
ristor with a NMOS field effect transistor (FET) con-
nected in series. When the memristor was positively
biased, the maximum current flow in the circuit was
limited by the saturation current of the NMOS FET,
controlled via gate voltage. When the device was
negatively biased, the NMOS FET served simply as a
series resistor (~45 €2). The ON and OFF switching
curves with constant writing voltages (1 and —1.5V,
respectively) at different gate voltages (1.5—2 V with an
interval of 0.1 V) are shown in Figure 3. When a 1V
writing voltage was applied to switch the device to ON
states, different gate voltages yielded different current
compliances and thus different final resistances (which
changed monotonically with the gate voltages). After
each ON-switching operation, the device was switched
back to the same initial OFF state (with resistance
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Figure 4. Left: Histogram of ON state resistance for different
gate voltages (represented by different colors). Right: median
value (solid dots) with the 10th and 90th percentiles (error
bars) of ON state resistances for 100 cycles, and the esti-
mated oxygen concentration percentage (hollow squares,
right y-axis) of the conduction channel as a function of gate
voltage applied during the ON switching processes. The
value and error bars of the oxygen concentration percent-
age were estimated from the median value and the 10th and
90th percentiles of ON state resistance using the reference
curves in Figure 2a.

at ~2.5 KQ) by applying a —1.5 V RESET voltage. To
evaluate the stochastic nature of the ON-switching
operation, a statistical study of the ON resistance states
was performed. Results for 100 sequential switching
events for each gate voltage are shown in the histo-
gram of Figure 4. The median state resistances are
plotted (solid dots, left y-axis), with error bars repre-
senting the 10th and 90th percentiles of the measured
distribution, as a function of gate voltage in the right
panel of Figure 4. The higher resistance states had a
larger variance, while lower resistance states (~140 to
300 Q) had very narrow distributions and excellent
controllability. In this test, the NMOS FET gate voltages
were monotonically increased, and in a subsequent
test (not shown), they were randomly chosen, with
both experiments producing essentially the same
results.

Furthermore, we can estimate the oxygen concen-
tration percentage in the core of the conduction
channel for each gate-voltage-controlled switching
current. In the following, we used the median state
resistance for each gate voltage, as shown in Figure 4.
The average oxygen concentration percentage for the
cylinder-shaped channel core was estimated from the
reference curves in Figure 2a, and the results are shown
in the right graph of Figure 4 (hollow squares, right
y-axis). When the gate voltage was changed from 1.5 to
2V, the oxygen concentration of the channel core was
tuned from about 53% to 21%. A significant change of
about 16% was observed when gate voltage was
changed from 1.7 to 1.6 V. This abrupt change most
likely corresponded to the oxygen solubility limit of
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Ta(O) and the appearance of the Ta> " oxidation state in
the core of the conduction channel, which in thin
amorphous films was reported to substantially exceed
that in the bulk, by up to ~20%.** Below this gate
voltage (1.6 V), we also observed wider distributions in
the histogram of resistance, as shown in Figure 4. Using
the 9 nm radius, 18 nm height of the channel core and
the concentration of oxygen in the core, we can
roughly estimate the average number of oxygen atoms
that is controlled by the gate voltage. For example,
when the gate voltage decreased from 2 to 1.7 V, the
oxygen content in the channel core increased from
~6.7 x 10 to ~1.2 x 10° atoms. The relatively small
number of O atoms and their varying spatial distribu-
tions are responsible for the stochastic variations ob-
served in the ON-switching operations performed for
different gate voltages.

The identification and measurement of the oxygen
concentration as the state variable in TaO,-based
memristors offers a platform for future kinetics studies
of the chemically mobile species. Simultaneous mea-
surements of the current and voltage as functions of
time of a memristor,">*' along with the resistance
dependence on the oxygen concentration, will enable
an experimental determination of the rate of change of
the oxygen concentration, dx/dt, for times into the sub-
nanosecond scale.'®?> By examining the current and/
or voltage dependence of this rate, one can determine
the functional form for the memristor dynamical
equation.” Thus, understanding the kinetics of the

MATERIALS AND METHODS

Ta0, Devices and Reference Films. The TaO, film utilized in the
devices was sputtered from a tantalum oxide target (nominal
composition TaO, ) with an Ar gas pressure of about 3 mTorr.
The substrate for the devices was 200 nm SiO, on a Si wafer. The
device stack consisted of (from bottom to up) 1 nm Ti blanket
adhesion layer, 100—400 nm Pt blanket bottom electrode,
18 nm TaO, blanket layer, and 100—400 nm thick Ta disk
(100 um diameter) top electrodes. The reference Ta—O films
(100—200 nm on a substrate of 110 nm SiO, on Si wafer) were
RF-sputtered from a Ta target in an AJA International, Inc.
magnetron sputtering system, with 150 W at a dynamic pres-
sure 8 mTorr, Ar flow rate 20 sccm (standard cubic centimeters
per minute), and O, flow rate varying from 0 to 1 sccm. The
vacuum of the chamber before gas introduction was ~2 x 10~8
mbar. The substrate temperature during the deposition was
held at ~700 K.

Electrical Measurements. The /—V switching curves and resis-
tance measurements were performed with an Agilent B1500A
parameter analyzer. With the setup of short integration time
and autogain, the measurement interval time varies between
few and tens of milliseconds. The temperature in a Janis cryostat
was ramped up and down between 250 and 300 K in nine steps
with equal interval for determination of the TCR. Square shaped
(5 mm x 5 mm) samples of Ta—O reference films with contact
pads (10 nm Ti covered by 30 nm Pt) at the corners were used for
the resistivity measurements in a van der Pauw configuration.

RBS and XPS Measurements. Sample thickness and average
oxygen concentration were obtained from RBS (by Evans
Analytical Group), which showed a uniform composition profile
over the entire film thickness. The oxygen concentration of the
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chemically mobile species during the switching pro-
cess, which is influenced by factors such as field drift,
Fick diffusion, and thermophoresis (D. Strukov et al.,
unpublished data), is a crucial step in accurate device
and circuit modeling involving memristors.

CONCLUSIONS

In summary, we have demonstrated a mixed con-
duction device — ionic and electronic — in which we
can deterministically utilize the former process to
control the latter. For these TaO,-based memristors,
we identified the oxygen concentration of the core
region of the conduction channel as the dominant
state variable. We calibrated the oxygen concentration
within the core of the conduction channel by correlat-
ing the TCR data taken from different states of a TaO,-
based memristor to RBS and XPS data from reference
Ta—O0 films with known compositions. Finally, by utiliz-
ing 1T1M write circuitry, we successfully implemented
continuous tunability of the state variable, the oxygen
concentration in the channel, through applying differ-
ent gate voltages. These results indicate that feedback
schemes proposed recently®*>* can be utilized to
control the state variable. These finding show not only
that the scalability of this system is promising (~18 nm
diameter), but multilevel states can be realized in a
device. Combined with the low switching power and
high endurance characteristics, these attributes make
TaO,-based memristors attractive for nonvolatile memory
and storage applications.

near surface region of the films was also measured by weight-
ing the sum of the all the components from deconvolution
of the Ta 4f core-level XPS spectra. The XPS measure-
ments were performed immediately after the deposition in an
in situ analysis chamber (6 x 107'° mbar base pressure). XPS
analysis employed a monochromated Al anode (1486.7 eV)
and EIS-SPHERA hemispherical analyzer by Omicron Nano-
technology, GmbH.
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