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A Parallel Circuit Model for Multi-State Resistive-Switching

Random Access Memory

Albert B. K. Chen, Byung Joon Choi, Xiang Yang, and |.-Wei Chen*

Large, rapidly growing literature is available on bipolar resistive-switching
random access memories (RRAM) made of myriad of simple and advanced
materials. Many of them exhibit similar resistance switching behavior but,
until now, no unifying model can allow quantification of their voltage and
time responses. Using a simple parallel circuit model, these responses of a
newly discovered RRAM made of a thin-film random material are success-
fully analyzed. The analysis clearly reveals a large population of intermediate
states with remarkably similar switching characteristics. Such modeling
framework based on simple circuit constructs also appears applicable to
several RRAM made of other materials. This simple approach to analyze data
write/rewrite and memory retention in RRAM may aid their further under-

standing and development.

1. Introduction

In the past decade, several new resistance-switching two-ter-
minal devices have shown promise for future applications as
resistive-switching random access memory (RRAM). Among
them, non-phase-change RRAM is commonly found in oxide
thin films, especially those of transition metal oxides including
binary oxides (e.g., TiO,,["?NiO,l’l AL, 05,4 ZrO,P! Si0,), ter-
nary oxides (e.g., SrTiO;)) and quaternary oxides (e.g., (Pr,Ca)
MnO;®l). Other materials such as amorphous-Si,”” ionic con-
ductors (e.g. Ag,S)'% as well as organic materials!'! were also
reported to exhibit resistive switching behavior. Considerable
progress in understanding these RRAMs has already been
made. But there is still a need for a simple equivalent circuit
model for quantifying their resistance (R)-voltage (V)-time
(t) responses under fast as well as slow switching conditions.
This model is developed here, in the hope that it will aid under-
standing of these devices and bring them closer to practical
applications.

Our work focuses on a new family of nanoscale random
materials for RRAM in which electron conduction is both
size- and voltage- dependent. These properties were envisaged
by Anderson since 1958,1213 but only recently were they real-
ized in thin films made of atomic mixtures of insulating and
conducting materials, wherein conduction is achieved over
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a short distance just enough to span the
film thickness but not between different
memory cells. RRAM of this construct has
been demonstrated in widely disparate sys-
tems from single crystalline films ((Ca,Sr)
(Zr,Ru)0;, (Ca,La)(Zr,Ni)O;, (La,Sr)(ALRu)
O;, and La(ALNi)O;) made of random
solid solutions of perovskite oxides to
amorphous films of SiO, or SizN, with
atomically dispersed Pt.'*l Within a
window of composition and thickness,
these structurally and chemically diverse
films all exhibit the same type of I-V and
R-V curves when the same electrodes are
used [for example., Pt for the top electrode
(TE) and SrRuO; (SRO) for the bottom
electrode (BE)]. For amorphous films
we also used Mo, which has a similar work function as SRO,
as BE. Other than different BE resistance, Rpg, both devices
behave similarly, so they will be used interchangeably in the fol-
lowing.) One such I-V curve and the corresponding R-V curve,
taken from a 20 nm Si0,:0.25Pt film, are shown in Figure 1a.
It features counterclockwise hysteretic R-V switching, from a
low-resistance-state (LRS, the “on’-state) to a high-resistance-
state (HRS, the “off”-state). This occurs when the positive bias
(applied to the TE relative to the BE) V, reaches a character-
istic V,* (called off-switching/transition). Conversely, the tran-
sition from the HRS to the LRS (called on-switching/transi-
tion) occurs when the negative bias V_ reaches a characteristic
V_# (see Table 1 for a list of symbols). Note that V,#>> V_# for
the first on-switching (1st V_*) shown in Figure la; moreover,
off-switching is sharp and abrupt occurring at a single V.,
whereas on-switching is spread over several volts with several
V_# suggesting multiple transitions involving a multitude of
intermediate-resistance-states (IRS). These IRS were also seen
in other samples, one shown in Figure 1b, in which sweeps of
different voltage amplitudes were used to better illustrate the
mulple IRS. Note that each IRS apparently has its own V_
that increases with the maximum V_ used (V..), however,
the Ist V_* seems to show no systematic trend and scatters
around 1.2 V. Overall, the shape of the R-V curve in Figure 1a,
including the existence of multiple resistance states, is not
unlike the ones reported for many other bipolar RRAM. There-
fore, we will use our random-material RRAM to develop a cir-
cuit model, which will explain (a) R—V curves for fast switching,
(b) R—V—t curves for slow switching, and (c) nature and role of
IRS in resistance switching.

One simplest circuit model for a two-point device is shown
in Figure 1c), which views the resistive-switching film as n
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Figure 1. a) Current versus voltage (I-V, blue curve) and resistance
versus voltage (R-V, red curve) of 25 nm Si0,:0.25Pt RRAM device. Pt for
top electrode (TE) and SrRuO; (SRO) for bottom electrode (BE). Ohmic
for LRS, non-linear for HRS. The bottom electrode resistance (Rgg) of this
cell is about 320 Q. b) R-V curves with different sweep voltages V,,,_. The
magnitude of V., (4 V for black, 3.5 V for red, 2.5 V for blue and 1.3 V
for green) determines the IRS, each of which has a well-defined Ohmic
resistance (bottom of loop) and V,* (right side of loop). Increase in Vy,,
decreases the Ohmic resistance and increases V.. Pt for top electrode
and Mo for bottom electro. Rgg ~ 750 Q. c¢) Schematic parallel circuit
model, with n parallel, switchable elements in the film, in series with a
constant resistance Rgg of bottom electrode.

parallel pathways, in series with an electrode resistance Rgg—in
our device, the TE resistance is too small to be of concern. This
model has one state variable f, the fraction of pathways that have
a high resistance (each being Ry), the remaining ones have a
low resistance (each being Ry;). Reversible switching between
Ry and R; can occur on any pathway, which is assumed to be
controlled by voltage. The total resistance made of Rpg and the
(mixture) film resistance R, (the second term in Equation 1)

1
R =Ry +
T n/Ra+(1— f)-n/Ry (1)
can thus vary between two limiting values, Rgg + Ry/n and
Rpg + Ry /n, which are assigned to the HRS (f= 1) and the LRS
(f=0), respectively. (Naturally, the IRS has an intermediate f)) It
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Table 1. Symbols used for magnitude of voltage bias.

Symbols?) Definition

V+ Positive bias on device

V- Negative bias on device

Vinax— Maximum V- in sweep

V+* V+ at off-switching

% V- at on-switching

Vit Positive bias consumed in mixture film, at V+
Vin— Negative bias consumed in mixture film, at V-
Vint™ Vit at off-switching

Al are positive quantities representing magnitude only. Direction of bias is indi-
cated by subscript: + (=) for positive (negative) bias of top electrode relative to
bottom electrode.

turns out in our device Ry >>nRpp >> R;. Therefore, during
on-switching from HRS to LRS nearly all the applied voltage
(V) is consumed in the (mixture) film (V,,_) and not in the BE,
ie., V,_ = V_, the latter equals V_* upon switching. However,
during off-switching from LRS to HRS the opposite holds, i.e.,
Vs << V,, the latter equals V,* upon switching. This asym-
metry provides a clue to why V,*>> 15t V_&. But to fully specify
the circuit model, we also need the “true” switching threshold
voltage V,,_* that triggers Ry-to-R; on-switching in the film,
and its counterpart V,, * that triggers R;-to-Ry off-switching.
Since fis the only state variable, we expect V,,_# as well as R
and Ry, to be functions of fonly.

Our first goal is thus to determine these functions from
experimental observations. In the following, we illustrate how
this is achieved (Section 3) once a multitude of IRS is accessed
(Section 2). We next present numerically computed R-V curves
using these functions (Section 4). A further confirmation of
our model in the R—V—t curves of time-dependent on-switching
(Section 6) and off-switching (Section 5) leads to a retention-
time prediction for the device. This is followed by a discussion
(Section 7) of similar observations in other RRAM, before con-
clusions and a brief of the experimental methods.

2. Intermediate Resistance States

We previously demonstrated that the apparent resistance of the
LRS can be progressively lowered by applying an increasingly
larger negative bias, Vi, which is the maximum negative
voltage reached in the cycle.’ In the current model, the term
of LRS is designated to the f= 0 state, so we restate the above
observation as follows: by increasing V,,,,_, an IRS of a smaller
fcan be obtained. (Physically, this is explained in our random
material by charge detrapping driven by a negative bias that
clears more pathways for electron conduction. However, the
explanation is material dependent and is not essential for our
phenomenological model.) As shown in Figure 1b, different
IRS can be attained in the negative sweep using different V,,_,
which then undergo off-switching at a sufficiently high V,. Note
that all these IRS have a voltage-independent resistance when
the bias decreases, i.e., the IRS are all Ohmic. In this sense,
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they can be regarded as “conducting states” since conductors
such as metals typically have V-independent R. The resistance
R shown as the horizontal section in Figure 1b) will thus be
referred to as R.ong, Which has a one-to-one correspondence to
fin our model. Generally, increasing V_ can be used to switch
one conducting state of a higher f (higher R,,4) to another con-
ducting state of a lower f (lower R.,,q), but lowering V_ will not
cause any change in f. In contrast, the HRS in Figure 1b is obvi-
ously an “insulating state” in that its R is strongly V-dependent,
like a typical insulator. Remarkably, regardless of R.,,q, after
off-transition there is only one R-V curve indicating a unique
insulating state. This strongly suggests that the unique state is
probably the f= 1 state, i.e., HRS. Lastly, since R.,,q decreases
with Vi,,,_, reaching the true LRS (f= 0) apparently needs a very
large, if not infinite, V., .

Experimentally, to gain access to different IRS, we can con-
trol either V,,,,_ directly or through a current compliance. In the
compliance control method, we first switch a device off to the
insulating state under a V,, then switch it on to a conducting
state at a negative bias V_ under a current compliance. After
that, V_is reduced and the resistance read at +0.2 V, at which the
compliance is ineffective because the current is too small, thus
not affecting R. The data of R ,,q of the IRS attained at different
compliance are shown in Figure 2a). These IRS are all non-vola-
tile because R = R ,,q = constant at zero bias in Figure 1b.

To determine the V,* for these R_,,q states, we first remove
the compliance and apply a V+. Switch-off occurs suddenly at
a certain V,* as shown in Figure 1b. These data are plotted in
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Figure 2. a) IRS resistance (R.,ng) under different current compliance
lcompliance for negative voltage sweep to Vi, in Pt/SiO,:0.25Pt/SRO
device. Reong read at 0.2 V. b) Reong and its associated V., * values. Pt for
top electrode and SRO for bottom electrode. Rge ~ 320 Q.
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Figure 2b showing V. * decreases with R.,q. We next subject
the insulating state to an increasing V_ until its resistance drops
(sometimes through several steps) to reach R.,. This V_ is
assigned as the V_# for R .4, Which is plotted in Figure 2b. (To
verify that V,# is a function of Ry, (hence f} and independent
of sweeping history, after reaching V_#, we again reduce the
bias and reverse it until off-switching occurs at V,*. This value
indeed coincides with the previously determined V. *.) These
experiments confirm that there are indeed many IRS, each with
its own set of V.*, V_* and R_,4. This is consistent with the
idea of a single state variable f, which uniquely determines all
the properties (V.*, V_# and R,,q) of a given state. (Different
f can be experimentally accessed by using different V,,,,_ or
Iompliance- Although neither experimental parameter is a state
variable, under a fixed set of experimental condition it does
have a one-to-one correspondence to f, hence to V,*, V_* and
Reong.) It is remarkable that V_* ~V,* when they refer to the
same f-R.,,q state. This is unlike the strongly asymmetric
relation noted in the Introduction. Therefore, the asymmetry in
Figure la must have arisen because the f-state reached at V_x
is different from the fstate reached at the 1st V,* during the
voltage sweep of Figure la.

The above results were obtained for SiO,:Pt films with a Pt
TE and a SRO BE. Essentially the same results were obtained
if Mo BE is used, as shown in Figure S1 in Supporting
Information, confirming again the existence of an IRS con-
tinuum. Other than these experiments, we further used an
external load to “vary” the effective Rpg, and obtained the
same results as above after factoring in the extra resistance.
Because of voltage sharing, the R—V curve of the externally
loaded device has a larger V,* compared to an unloaded
device.

3. Distribution of Switching Threshold Voltages

In Figure 2b, V,* is as low as 1.5 V and as large as 5 V. Since a
larger R.y,q corresponds to a higher f; which in turn corresponds
to a higher ratio of V,,,,/V,, the lowering of V. * with R_,,q does
not necessarily imply a similar decrease in the actual threshold
voltage, V,,,* required for switching the resistance element. To
find the true switching threshold across the film, we need to
assign the correct value to Rgg.

The circuit model and Equation 1) express the total resist-
ance R in terms of Ryg and R,,. For conducting IRS, R.gng =
Rpg, Ry, and is a function of V_x. Expressing R, as V,,_/L,
where —V,,,_ is the voltage in the film and _I_ is the current at

V_, we obtain

R, )

Reona = Rpe + %7 (2)

This suggests that a plot of R.,q against 1/I- may reveal
Rgg. This is because the plot yields a straight line if V,,— always
reaches the same V,,_* each time when the transition (from
a higher fto a lower f) occurs; i.e., if the switching threshold
Vn_* is a constant. Even if V,_* is not a constant, as long as it
is a slow-varying function of f, we still expect a smooth R g4 Vs.
1/I_ plot that can be extrapolated to 1/I_ = 0 to determine the
intercept, Rpg.

Adv. Funct. Mater. 2012, 22, 546-554
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Figure 3. R,ng versus 1/I_ plot of a Pt/Si0,:0.25Pt/SRO device, the
extrapolated intercept gives Rge about 320 Q for SRO BE. Inset: more
data over a larger 1/I_ range showing linearity.

To construct such R.nq-1/I plot, we conducted tests up to a
very high V_and I_. Measurements using a voltage ramp of up to
120 V in the SRO BE films and up to £10 V in the Mo BE films
confirmed that R4 is progressively lowered without affecting
device’s ability to switch: to the HRS under a V+. (A smaller
voltage was used for Mo BE because Mo could oxidize under a
large V_.) The results plotted in Figure 3 for SRO BE films nearly
follow a straight line, with the slope steepening somewhat (indi-
cating a larger V,,,_*) at 1/I-~0. The extrapolated intercept gives
Rgg about 320 Q for SRO BE (Figure 3). Similar data are shown
in Figure S2 in Supporting Information for Mo BE.

Knowing Rpg, we can back-calculate V,,_ from Equation 2 for
each voltage sweep and reconstruct the true V,,_ vs. V_ curve
across the film, one of which shown in Figure 4a). Using the
same Rpg, we can also compute V,,+ in the positive sweep and
reconstruct the Vo, vs. V, plot, which is shown in Figure 4b.
They have completely different shapes, which we explain below.

The V,,,_-V_ plot has a saw-tooth, ratcheting top with many
sharp peaks followed by steep drops, with the first drop occur-
ring at V_ ~ 1 V which is the V_* for the first resistance drop
in Figure 1. Note that V,,_* ~ 1 V as well at this point. This
is expected from Equation 1: the film is initially in the HRS,
so the applied voltage is essentially all consumed in the film.
However, after reaching the first V,, *, V,,_ suffers a sudden
drop because R, is now switched to a smaller value, hence the
voltage sharing also drops to a lower value. It thus requires a
higher V_ to return V,,,_ to the next V,,_* that triggers the next
switching event. This process of “loading/unloading” repeats
many times giving rise to the ratcheting shapes of the top, with
each V,,_ peak corresponding to a new V,,_#. Clearly, V,,_* is
not a constant but a slow rising function of V., .

In contrast, the V,,,—V, plot follows a straight line until
it suddenly rises at a V,, i.e., V. At this point, V. = Vp*
which is too ~1 V despite V,* > 4 V. This is again expected
from Equation 1: the conducting state has a R, that is rela-
tively small compared to Rgg, so the film only shares a small
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Vin. (V)

Figure 4. Voltages in Si0,:0.25Pt film calculated using Equation 2.
a) Vp,_ vs. V. showing gradual up-ratcheting during on-transitions.
b) Vs vs. V, showing abrupt increase during off-transition. Pt for top
electrode, SRO for bottom electrode. Rgg ~ 320 Q.

part of the applied voltage V,. This plot also reveals the
reason why off-switching is always abrupt and single-stepped:
once V. * is reached, R, increases rapidly so that V. also
increases rapidly, which triggers further switching causing a
further increase of R, and V,,,. This self-reinforcing sequence
sets up a chain reaction of successive switching, immediately
bringing fto its upper limit of f= 1, i.e., the HRS. (The resist-
ance of HRS rapidly decreases with voltage, as does V,;,,/V,,
which is why the voltage in Figure 4b) only reaches 2.7 V, not
4V, after the rise.)

In short, Figure 4a and b explain why the on-transition
involves multiple steps and pauses at every IRS before pro-
ceeding to the next, but the off-transition is sharp and always
reaches the same HRS in one step.

Although Figure 4a reveals many V,,_#, Figure 4b only reveals
one V,,,*. However, if other sweeps with different V,,,,_ are
performed, then other V,,,* can also be collected, and such
data can be plotted together against the compliance current or
Inax—. This is shown in Figure 5a from which a distributed V=
emerges. Also, although Figure 4a already reveals a few V,,_x
more V,,_* can be found from other sweeps, and they can be
pooled together to manifest the full distribution of V,,,_* shown
in Figure 5a) It is clear that V,,,* and V,,_* are of similar mag-
nitude and generally increase with the compliance or I,..,_, i.e.,
with decreasing f. Consistent with our expectation for distrib-
uted parameters, Figure 5a shows considerable scatter espe-
cially in V,,_*.

The above data are for cells with a SRO BE. Essentially the
same trend is seen in the data for cells with a Mo BE (Figure 5b).
Overall, it is clear that V,,,* and V,,_* are both distributed
parameters, lying around 1 V.
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Figure 5. V,,_* and V,,,,.* values obtained for (a) Pt/SiO,:0.25Pt/SRO and
(b) Pt/Si0;:0.3Pt/Mo device. V,,_* >V, *, both distributed around 1 V.
Increasing I, corresponds to decreasing R.o,q and f.

4. Computed R-V Hysteresis Curves

We are now in a position to compute the switching hyster-
esis curve using the circuit model with a realistic distribution
of V,,.* and V,,_*. Because of the one-to-one correspondence
between R.,q and f; it is possible to use the experimental data
of Figure 5 to self-consistently derive the distribution as a func-
tion of f through a R,,¢—f transformation using Equation 1.
But this procedure is somewhat cumbersome and it is more
convenient to simply assume a (log-normal) distribution with
a mean value and a standard deviation, chosen in such a way
as to fit the experimental R-V curve. In the following example,
we treat n as a free parameter, and choose <V, *> = <V, _*> =
1V, with a standard deviation of 0.13. We also set Rgp = 320 Q,
and R;/n = 140 Q, to be consistent with the resistance of the
LRS (~430 Q, with f~ 0) in Figure 1a. (At f=0, R=Rpg + R /n <
430 Q.) For Ry/n, we use the following form which numerically
duplicates the R-— shape of the HRS.

R
— = Ry x exp[—3.39883 x | V|])+ 0.8022 x | V|
n

—0.05099 x | V|* —0.01004 x | V|*+ .00125 x | V|*] (3)

Here, Ry (72,550 Q as in Figure 1a) is the resistance of HRS at
0 V. Two such calculated curves using n = 10 and n = 1000 are
shown in Figure 6. The shapes of the calculated R-V curves are
in obviously good agreement with the one in Figure 1, with the
main effect of n being: the on-transition is more continuous for
large n, and more discontinuous with multiple steps for small
n. (Some discontinuities are caused by the finite voltage incre-
ment, 0.2 V, used in our simulation, as in our experiments.) It is
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Figure 6. Computed R-V curves simulating Figure 1a (a SiO,:Pt device)
using parallel circuit model with < V,,,*>=<V, _*>=1V, with a standard
deviation of about 0.1 V. Rgg = 320 Q, Ry/n given by Equation 3, Ry /n =
140 Q, and n =10 (a) and 1000 (b). The V,,+ . for resistance elements
are randomly generated following the same log normal distribution. As in
Figure T1a, voltage sweeps in 0.2 V increment from 0 V to —4.6 V to 5.8 V
to 0 V. Number indicates f on the curve at the arrowhead.

also interesting to note the fvalue reached at the two ends of the
voltage sweep: f= 1 at maximum V, and f= 0.1-0.16 at V. .
This confirms our observation before: off-switching is always
complete ending at the HRS which is unique, but on-switching
is gradual and usually incomplete; becoming complete only at
very large, if not infinite, V,,._. Further discussions of the best
choice and physical meanings for n, Ry and R are material and
device dependent and outside the scope of this work.

5. Time Dependent Switching of Multiple
Resistance States: Off-Transition

We next consider constant-voltage stressing (CVS) tests which
are often used to predict data retention.'®'7”l In CVS, time-
dependent switching is motivated by a sub-threshold voltage V.
or V_ that is well below V,* or V_# used for fast write/erase
of memory, and the data are recorded in the form of R— plots
as a function of sub-threshold voltage. Approximating Vi, ,*
as a constant independent of f, we may interpret sub-threshold
switching as a time-dependent change in f at a rate that is
dependent on V,,,,,_. This interpretation is taken below to ana-
lyze the CVS data.

For off-switching CVS, we first switch on a cell to a con-
ducting IRS. For example, we choose a SRO BE cell with

Adv. Funct. Mater. 2012, 22, 546-554
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Figure 7. Resistance (R) versus time (t) under a constant voltage (V+)
test (CVS test) of (a) Pt/SiO,:0.25Pt/SRO, Rge ~ 320 Q and (b) Pt/
Si0,:0.25Pt/Mo device, Rge ~ 750 Q. All tests for the same IRS, with
V,# =1.6 Vin (a) and 3.5 V in (b); V+ for each curve specified in the
upper margin.

a conducting IRS of R ng~1 kQ, which has a V,* ~ 1.6 V
according to Figure 2b). Next, a set of constant V, less than
V% (e.g., 1 to 1.4 V) is applied. We then witness sub-threshold
switching that manifests as a relatively sudden resistance rise
over a relatively short duration around a switching time 7, as
shown in Figure 7a. After repeating the test for other IRS of a
different V_*, we plot T as a function of V, for each V,*, which
is shown in Figure 8a. Similar tests for a sample with a Mo BE
show similar results, Figure 7b and Figure 8b.

As described in the previous sections, IRS differing in R g
and R,, have rather different V,* not because their V,,, * are
very different but because their voltage sharing ratios, V,,./V.,
are very different. This suggests that we should express the CVS
results in terms of V,,,, instead of V+. Since the ratio V,,,/V,,
which equals R,/Rnq, depends on R, and Rgg only, and is the
same for each IRS (i.e., V.*) branch regardless of V, used, the
re-plotting of the 7-log(V,) data in terms of 7-log(V,,,) is equiva-
lent to a (leftward) horizontal shift of the data along the log(V.,)
axis by an amount of log(R,,,/Rona)- Indeed, with such a shift we
can bring the 7 data of different IRS into overlap along a “master
curve”, shown in Figure 9a. Note that there is some scatter
around the “master curve”, which is expected since, after all,
there is some distribution in V,,,,*. (In this respect, we also note
that there appears to be more scatter in the data with the highest
V,# in Figure 8. This is reasonable because the ratio V,,,/V, is
the smallest in these least resistive films, which makes the V,,,
in the constant-V, test most susceptible to noise.)

Data of CVS may be used to predict the reliability of a RRAM;
the resistance value (memory) should remain stable over a
time of the so-called retention time. In our random material
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Figure 8. CVS switching time (1) plotted against stressing voltage V, of
(a) Pt/Si0,:0.25Pt/SRO and (b) Pt/SiO,:0.3Pt/Mo device. Each line cor-
responds to one IRS, labeled by its V,* shown in the right margin.

RRAM, resistance switching is governed by charge trapping/
de-trapping. With only a low, sub-threshold voltage available,
we expect charge trapping/de-trapping will face a considerable
barrier, and envisage Fowler-Nordheim tunneling (FNT) for
moving electrons in and out of the trap through the barrier. The
standard equation for FNT is

= AVexp(-5/ V) “

Here I is the current, A is a pre-exponential coefficient and
B is a constant of the dimension of voltage. This equation may
be rewritten as
In(zV?) =1n e’

((V)=ln=<+7 5)
after expressing I as Q/t, with Q being a constant of the dimen-
sion of charge. The second form of the FNT equation suggests
a linear plot in In(tV?) vs 1/V. Replotting the data in Figure 9a
in this way into Figure 9b, we are able to fit the data to obtain f3.
According to the literature,'81]

42mex)'d 5 (6)
3eh

Here, m,, is the effective mass of electrons in Si0,,?% ¢ is the

elementary charge of an electron, ki is reduced Planck’s con-

stant, ¢ is the effective barrier height, and d is the effective bar-
rier thickness, which is unknown. If we use ¢ of 1 to 1.5 €V,

lB:
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Figure 9. a) CVS switching time (1) from Figure 8a plotted against
actual stressing voltage on the film V,;,, of a Pt/Si0,:0.25Pt/SRO device.
b) Same data in FNT plot motivated by Equation 5. Extrapolated intercept
with the 10-year retention criterion indicates the maximum voltage V.,
allowed for reading is 0.43 V.

which comes from V,*, we find d to be 1.5 to 2.6 nm, which
fits into our picture of nanometallicity.!

In Figure 9b, there is a gradual downward bend of the data
toward the lowest (V,,,)™}, suggesting a rapid plunge of 7 as the
threshold voltage V,,,,* is approached. This corresponds to fast
switching; according to our study,"*] the V,* hence V, * is
independent of sweeping rate (as well as temperature), which is
consistent with the notion of threshold voltage (it is not a mem-
ristor!). The existence of a threshold voltage implies another
mechanism than FNT is operating at such large voltage. In our
random material, we suggested the negative-U mechanism,
which allows barrier distortion by way of localized atomic relax-
ation,[®) may operate at the threshold voltage.

During normal operation, a RRAM device is read by a small
voltage. Common designs demand the device to sustain reading
for 10 years without switching. This requirement is plotted in
Figure 9b as a curve. Since the data line intersects with the
curve at V,,,, = 0.43 V, our standard read voltage of V, = 0.1 to
0.2 V will not cause any retention problem (note that V,> V,,.,).

The above results are for SRO BE samples, but the same
results are found in the Mo BE sample, as shown in Figure S3
in the Supporting Information.

6. Time Dependent Switching of Multiple
Resistance States: On-Transition

To study on-switching CVS, the cell is first switched off to the
HRS. Next, a negative bias V_ is applied to motivate resistance
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Figure 10. a) Resistance (R) vs. time (t) under a constant voltage (V_=
0.8V) test of Pt/Si0,:0.25Pt/SRO device. Rgg~ 320. Horizontal marker
lines indicate the IRS with the corresponding V_ # specified next to lines.
b) CVS switching time (1) from (a) and other similar tests plotted against
stressing voltage V_. Each line corresponds to one IRS, labeled by its V_x
shown in the right margin.

decrease over time. Figure 10a shows a test under —0.8 V, in
which the resistance decreases in multiple steps, each rapid
decrease followed by an incubation time before the next sudden
decrease is triggered. We can identify these relatively constant
resistance regions with the IRS, and read their characteristic
V_s# from Figure 2b, some of which written next to the steps in
Figure 10a. With this information, the data in Figure 10a can
now be re-interpreted as (a) CVS of the HRS switching to the
first IRS, i.e., the one that has the lowest V_* and the highest
R, and (b) successive CVS (at the same V_=-0.8 V) of various
IRS, switching to the next IRS, which has a higher V_* and a
lower R,,. Note that in (b), we should use the incubation time
as 7. The test shown in Figure 10a can be repeated using other
V_ (0.5 to —1 V). In addition, once a higher-V_x step is reached,
V_ can be reset to a higher value, and the CVS test continues.
The data of different tests are next collated by grouping the
7-V_ data according to the V_x, and the data for each V_* are
plotted in Figure 10b just like Figure 8 before. Again, these data
are next replotted by considering V;;, /V_ and the horizontally
shifted data shown in the 7-log(V_) plot in Figure 11a are further
analyzed using the FNT plot in Figure 11b). Remarkably, the
ENT plots of Figure 11b and Figure 9b are very similar (as are
Figure 11a and Figure 9a). This suggests very similar barrier
parameters in the FNT picture, which is not surprising in view
of the similarity of V,,,* and V,,_*. Figure 11b also predicts a

Adv. Funct. Mater. 2012, 22, 546-554
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Figure 11. a) CVS switching time (1) from Figure 10b plotted against
actual stressing voltage on the film V,,_ of a Pt/SiO,:0.25Pt/SRO device.
b) Same data in FNT plot motivated by Equation 5. Extrapolated intercept
with the 10-year retention criterion indicates the maximum voltage (V,,, )
allowed for reading is 0.4 V.

10 year retention if reading involves a V,, < 0.4 V (note that
V< V_, the actual read voltage).

The above results are for SRO BE samples, but the same
results are found in the Mo BE sample, as shown in Figure S4
in the Supporting Information.

7. Discussion

We have used a parallel circuit model to analyze our SiO,:Pt
RRAM. Despite the simplicity of the idea, much insight has
been extracted to the -V, R—V and R-V-t behavior. Since other
nanometallicity-based RRAM reported by us all share similar
switching behavior as the SiO,:Pt device,*1] we believe this
model applies to them as well. We also believe this model
could be applicable to some other RRAM unrelated to our
devices.?I-31 For example, as illustrated in Figure S5, the R-V
curve in a previous report?!l is very similar to the one shown in
Figure 1, also exhibiting multiple on-transitions and an abrupt
off-transition at a highly asymmetric, large voltage. (A similar
observation on the same RRAM is reported, ! although it used
a configuration that caused a reversal of the voltage bias.) This
suggests that the resistance transitions in the film material
(amorphous InGaZnO) in this RRAM may also proceed along
many parallel paths, even though the physical mechanism of
resistance switching in this transparent thin-film-transistor
material must be entirely different. An R-V curve very similar
to that of Figure 6b, corresponding to the case of a very large
n with a smooth on-transition and an abrupt off-transition at
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a highly asymmetric, large voltage was also seen in the RRAM
made of another material (Cr-doped SrTiOs) with trap-controlled
space—charge-limited-conduction. 23]

Our model above is rested on the assumptions of (a) par-
allel conductor/resistor paths and (b) nRpg >> R;. But the ana-
lytical framework we provided is general and may be applied
to other cases. For example, if (b) is not obeyed but the par-
allel circuit model still holds, then pronounced asymmetry
and abrupt off-transition should be replaced by relatively sym-
metric on- and off-transitions that both have multiple steps;
these transitions become more continuous (smoother) when
n increases. We have seen such behavior in our work when
Rgg is greatly reduced. (Indeed, this is the preferred situation
to resolve multiple IRS.) In the literature, R—V curves of this
kind have also been reported for several RRAM that have rela-
tively high low resistance values, such as those with Schottky
barrier-like interface (Nb-doped SrTiOs),?*?] or interface oxida-
tion ((Pr,Ca)MnOs3.,).B2027L If (a) does not hold but the film may
still be regarded as n resistors in series, then it can be shown
that Rpg is unimportant and the R—V curve always has multiple
off-transitions (unless n = 1), but an abrupt on-transition at a
highly asymmetric, large voltage, as seen in several RRAM (Cu/
SiO,, doped SrZrOs, TiO,, Ag/GeSe) that appear to follow the
so-called filamentary mechanism.?8-31]

Although our model is based on voltage control, it turns
out that the above discussion concerning the types of R-V
behavior is still correct if the resistance transition in the same
equivalent circuit condifuration is controlled by a threshold cur-
rent or power. Therefore, the framework of equivalent circuit
we proposed is quite general and robust, independent of the
detailed, microscopic physical mechanisms. Analysis based on
it may thus be used to provide essential insight, guiding further
studies of the material physics of the device.

8. Conclusions

1) The resistance switching characteristics of nanometallicity-
based RRAM have been successfully analyzed using a parallel
circuit model taking into account the voltage-sharing effect of
the bottom electrode.

2) The analysis reveals a rich population of intermediate states,
corresponding to different fractions of the resistance ele-
ments that are either conductors or insulators. The threshold
voltage for switching an individual element between the two
states is about +1 V.

3) Constant voltage stressing causes resistance changes occur-
ring in multiple steps, interrupted by arrests at the intermedi-
ate states. Similar stressing kinetics holds for all the interme-
diate states due to the similar threshold voltage for switching
individual resistant elements.

4) Constant voltage stressing tests confirm that the SiO,:Pt
RRAM can retain resistance memory for at least ten years.
The slow memory lapse is consistent with a tunneling mech-
anism with a barrier thickness of approximately 2 nm.

5) Asthe modeling framework proposed here is seemingly appli-
cable to several other RRAM reported in the literature, it may
provide new analysis and understanding of their performance,
thus aiding further development toward practical devices.
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9. Experimental Section

Devices were grown on Si substrates covered with a thermally grown
oxide. First, a bottom electrode (SRO by pulse laser deposition or Mo
by DC sputtering) was deposited. Next, a SiO,:Pt mixture film was
deposited by radio frequency co-sputtering using targets of Pt and SiO,.
Finally, a Pt top electrode was deposited by sputtering through a shadow
mask (typically 80 um in diameter) on the mixture film. The composition
of the SiO,:Pt mixture films was measured by energy dispersive X-ray
spectroscopy calibrated by Rutherford backscattering spectroscopy.
All electrical measurements were conducted using a semiconductor
parameter analyzer (SPA, Keithley 237). The sample was placed on a
probe station and the voltage was applied to the Pt top electrode with
the bottom electrode grounded. After fabrication, the device did not
need a “forming process” to switch it to the low resistance state. During
storage the devices were protected by a thin amorphous layer of Al,O3
coated by atomic layer deposition.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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