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Analytical estimations for thermal crosstalk, retention, and scaling

limits in filamentary resistive memory
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We discuss the thermal effects on scaling, retention, and error rate in filamentary resistive
memories from a theoretical perspective using an analytical approach. Starting from the heat
equation, we derive the temperature profile surrounding a resistive memory device and calculate its
effect on neighboring devices. We outline the engineering tradeoffs that are expected with
continued scaling, such as retention and power use per device. Based on our calculations, we
expect scaling to continue well below 10 nm, but that the effect of heating from neighboring
devices needs to be considered for some applications even at current manufacturing capabilities.
We discuss possible designs to alleviate some of these effects while further increasing device
density. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4885045]

I. INTRODUCTION

Shrinking device dimensions have created powerful
computers with immense storage capacity. This pace of pro-
gress has been the cornerstone of much technological and
commercial development but has become increasingly diffi-
cult to continue. Particularly in memory, new non-transistor
devices'™ are being given substantial attention as a means to
prolong this progress. Among the leading candidates is resis-
tive random access memory (RRAM)4 or memristors>®
because of their non-volatility,6 speed,7 endurance,8 low
power operation,’ and their ability to store immense numbers
of states in a single device.'® They have also been shown to
operate at very small device dimensions (<10nm),"" which
is promising, but the ultimate scalability of these devices is
still not known. Understanding the limits of these filaments
and the interactions between neighboring filaments is critical
to understanding the ultimate scaling potential, and the
performance tradeoffs associated with continued miniaturi-
zation. This understanding is difficult to achieve experimen-
tally because the active regions are nanometers in
dimensions, switching occurs on sub-nanosecond timescales,
and they are necessarily encased in an electrode material. In
this work, we adopt an analytical approach to describe the
filament and its surrounding region, leading to insights about
engineering tradeoffs such as scaling, retention, and power
consumption.

Recently, an analytical framework was introduced that
provides a detailed description of the properties inside the
conducting filament, including its radius, composition, and
its thermal properties.'> Using this analytical framework
allows for the design of devices to optimize device dimen-
sions and temperatures within the device. Using a similar
approach, it is possible to analytically determine the heat
flow and temperatures surrounding the device as well. These
temperatures will determine the retention of the device itself,
and for dense memory arrays, the temperature surrounding
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the device may affect the retention of neighboring devices'?

due to thermal cross-talk. The results presented here were
derived from bipolar switches but are likely to be applicable
to unipolar switches as well due to the purely thermal nature
of the approach.

The analytical framework for describing the filament
itself is summarized in the following equations that are
derived for a cylindrical conducting filament:'?

Terir — T
IV = A (1a)
hun
Terir — T
Wo =4, (1b)
max
where A, = gff’g, o= M In these equations, R is re-

sistance, and / and V are current and voltage, respectively,
where the subscripts r and ¢ denote whether resistance
changes are by modulated by changing the filament radius
(r) or the filament conductivity (o) with the other held con-
stant. The variable r,, is the operating radius (discussed
later), 0,4 is the saturation conductivity, Lyr is the
Wiedemann-Franz constant, Tgy and T,;; are room tempera-
ture and the critical temperature for activation of ion motion,
respectively. The variable d, is the oxide thickness, and Z— is
the electrode thickness divided by electrode thermal conduc-
tivity. The factor Z— is used to approximate the thermal resist-
ance per unit area for heat traveling from the filament
through the electrode.

Il. FILAMENT RADIUS AND DEVICE PERFORMANCE

There are at least three different types of radii that
must be considered within the device. They are depicted in
Fig. 1 and are referred to as filament radius (77), operating
radius (r,p), and maximum radius (7,,,). The maximum
radius (7,,4) 1s the most easily understood. It is the largest
radius that a device is able to achieve. It corresponds to the
minimum resistance which has been observed experimen-
tally'* and predicted theoretically'®> by the following
equations:
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FIG. 1. There are three different radii of interest. The maximum radius
(Fmay) 1s the largest radius that the conducting filament can be expanded to.
The operating radius (r,,) is the largest radius that the device has been
expanded to. The filament radius (r7) is the radius that the dominant pathway
is currently expanded to. Transparency is used to indicate decreasing
conductivity.

k.
Ryin = ————— 2
' 4750—,2MMLWF Tcrildz ( a)
A’ LyyiT ifd.
Rypux = T mWE crittz (2b)

4
T apkz

These two values bound the resistance but do not indicate a
lower bound on device dimension. They do however lead to
an upper bound for filament radius (r,,,), as can be derived
from Eq. (2a)

d:
= 3)

Fmax = \ | 4Lwr Tcritdoo-sat

The device does not need to be operated at its maximum
radius though and, for a number of reasons, doing so would
lead to sacrifices in device performance as will be discussed
later. Instead, we define an operating radius (r,,) that can be
designed for and used in our expressions to estimate device
performance. A simple way to think about the operating ra-
dius is that it is the radius at which the conductivity is high
enough that, particularly in the high resistance state, current
conduction contributes to heat generation in the device. The
radius of this region is often determined by the forming step
and remains at a slightly elevated conductivity even after
OFF switching (resistance increasing), as evidenced by the
decreased resistance of the OFF state as compared to the as-
deposited film. When the device resistance is decreased, a
region of high conductivity forms within the device which
can be smaller than the operating radius. The edge of this
region is the filament radius (r¢) which we define as the ra-
dius of the dominant conduction pathway. In order to keep
the radius well below the maximum radius, the forming
power and subsequent ON switching (resistance reduction)
powers should all be kept low to suppress increases in the ra-
dius during operation. It is worth mentioning that this theory
was developed using TaOy-based devices for which the va-
cancy concentration is believed to be continuously tunable.
In devices where changing vacancy concentration involves
phase changes between specific metastable states the con-
ductivities may become discretized, but similar definitions
for radius should be applicable.
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Using the above definitions for radii, we can develop
expressions for a large number of device properties. To pro-
vide reasonable and approximate values, we use parameters
measured from the CMOS-compatible devices fabricated in
our laboratory.'>'® The maximum radius can be calculated
from Eq. (3) by combining the minimum resistance value
and oy, which, using the analytical framework derived in
Ref. 12, can be measured from a current-voltage sweep of
the device. For our devices, the maximum radius is approxi-
mately 11nm. It seems intuitive that one would attempt to
decrease the maximum radius to improve scaling but we
argue that is not a good approach.

It should be stated clearly that the maximum radius is
not a bound on the scaling of the device; it is a point where
further scaling may require implementing limits on the
operating range (i.e., it is not necessary to operate up to the
maximum radius during switching). Altering design param-
eters to reduce the maximum radius is possible but would
lead to sacrifices in performance. The impact of altering
design parameters in Eq. (3) (T, do, Osars Z—) on the maxi-
mum radius is shown in Fig. 2(a). The parameters are
varied from 1/3 to 3 times their initial value. This range of
controllable variability may not be achievable for all of the
parameters but a single range is shown for ease of compari-
son. Also, since changes in any one of the four parameters
have the same effect on r,,,, the figure shows the effect of
combining parameters (i.e., the effect of changing 1, 2, 3,
or all 4 parameters simultaneously). The figure indicates
that for increased scaling (i.e., decreased device dimen-
sion), each of the design parameters should be decreased
but we argue that this is not true. It is not necessary to oper-
ate the device at the full maximum possible radius and we
would like to state that for improved performance, these
design parameters should often be modulated in the oppo-
site way.

From a device performance perspective, a primary con-
cern for RRAM implementation is reduction of power con-
sumption or the ability to have large fan-in which both often
require increasing the device resistances. Reducing the oper-
ating radius is a straightforward and effective approach to
achieving that goal because the maximum resistance (R,;y)
is inversely proportional to the fourth power of the operating
radius as can be seen from Eq. (2b). It is important to note
that this maximum resistance is measured at the switching
voltage. Due to nonlinearity in the current-voltage relation,
the maximum resistance at the smaller READ voltage is
likely to be much higher. Throughout this document, we will
refer to the maximum resistance with the understanding that
it is measured at the SET voltage. This maximum resistance
is shown in Fig. 2(b) for design parameters in Eq. (2b) varied
from 1/3 to 3 times their initial value. It can be seen that
increasing the design parameters (T, d,, %) gives
improved performance in terms of large maximum resistance
values and that operating at radii less than r,,,, also increases
maximum resistance. This is in contrast to the result in
Eq. (3) and Fig. 2(a) where increasing the same parameters
resulted in increased ry,x. This is an example of how design-
ing to decrease r,,,, would sacrifice device performance but
this is not an engineering tradeoff because one can simply
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FIG. 2. The effects of varying device design parameters over a range of fac-
tors from 1/3 to 3 are shown for (a) the maximum radius, (b) the maximum
resistance, and (c) the OFF/ON ratio. Increasing the parameters results in
improved performance (b) and (c) but increased maximum radius (a); how-
ever, the devices do not need to be operated at their maximum radius.
Operating at less than the maximum radius further improves performance
(dotted curves in (b) and (c)).

operate the device at radii less than r,,,, and also benefit in
performance (i.e., higher resistance).

Aside from increasing device resistance, there are many
other performance metrics of interest, including increasing
the ratio of OFF state to ON state resistances. The R"FF
ratio is inversely proportional to the square of the operatmg
radius which leads to performance increase for operating at
smaller radii. This trend is shown in Eq. (4) and Fig. 2(c),

J. Appl. Phys. 115, 234507 (2014)

where once again, increasing the design parameters
(Terir, dyy Ogar, Z—) results in improved performance, in con-
trast to designing for small 7. As a result, it is expected
that operating the device at r,, much less than r,,,, will offer
a means to improved device performance and that the 11 nm
maximum filament radius for the device studied here is
much larger than the dimensions that are expected in high
performance devices
d,

4LWF Tcritdo Osat -

ROFF _ Rmax _ kz ) (4)
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lll. THERMAL CROSS-TALK

Ultimately, the filament radius is likely to be only one fac-
tor in determining the density limits of RRAM. Large amounts
of heat are generated within the filaments, and that heat will
have the potential to alter the device state itself or the state of
its neighbors as it flows radially. The radial temperature profile
is determined by the radial flow of heat from the filament and
the rate at which heat can escape vertically through the electro-
des or other encasing materials. Including this vertical heat
loss (g.) in the steady-state heat equation gives

1o,k 0OT

;Ekrrg_qz =0. (5)

This heat loss term can be approximated within a differential
area as

k.(Area)
d.

q: = (T — Tkr), (6)
where the outer edge of the electrode in the vertical
(z-direction) is held at room temperature. This vertical ther-
mal conductivity may be dominated by spreading effects in
the electrode or interfacial thermal resistance so it is not usu-
ally appropriate to think of k, as a bulk thermal conductivity
value. Its value depends strongly on the specific materials,
interfacial properties, and geometry and it should therefore
be thought of as an equivalent thermal conductivity.

Then dividing Eq. (6) by the differential volume of the
oxide region from which heat is being lost gives

10, 9T k(T =Trr)

ror " (9 - d,d, =0 )

The above equation is analytically solved by the modified
Bessel function of the second kind

T = AKo(p) + Trr, (8a)
Toir — T,
A= ( crit RT) ’ (8b)
k.
N\ Vkod,d.”
k.
p= kod[,d_,r’ (8¢)

where K is the modified Bessel function of the second kind,
k, is the thermal conductivity in the radial direction through
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the insulating oxide, and r; is the filament radius which is the
radius of the dominant current conduction pathway and may
be different from both r,, and 4.

Figure 3(a) shows the temperature profiles from Eq. (8)
for varied thermal conductivity ratio. The temperature drops
quickly from the activation temperature at the edge of the
8nm filament to room temperature if the vertical thermal
conductivity (k,) is much larger than the lateral thermal con-
ductivity (k). This is likely to be the case if the vertical ma-
terial is an electrode and the surrounding material is an
insulating oxide provided that there is negligible interfacial
resistance, but the thermal boundary conductance may be
significant for such dissimilar materials.'” The vertical ther-
mal conductance may be comparable to or even less than the
lateral thermal conductance because of the interfacial resist-
ance. In that case, the elevated temperatures can remain for
several tens of nanometers and could be relevant for scaling
considerations. Mathematically, decreases in the prefactor

ﬁ from Eq. (8c) result in a wider temperature profile.

Physically, increasing vertical thermal conductivity allows
more heat to escape that therefore does not contribute to the
elevated radial temperatures. These elevated radial tempera-
tures can potentially affect the state of neighboring devices if
those devices are in close proximity. By treating the device
retention and error rate as having Arrhenius behavior, we
can start to describe the stability of the devices in the pres-
ence of self-heating and thermal crosstalk.

The Arrhenius equation describes the exponential tem-
perature dependence of thermally activated processes such
as ionic motion.'™'” We compare the retention of a device
that is heated by its neighbor to the retention of the same de-
vice without heating by dividing the Arrhenius rate equation
evaluated at room temperature the Arrhenius rate equation
with temperature as a function of radius

1 Terir

= T0 Tar | )

Retention,,j, = Error Rate_;
Since Eq. (9) expresses the relative rate of ionic motion in
neighboring filaments at different locations, the expression
can be thought of as the ratio of the retention of a filament
that is heated by its neighbor to the retention of that same fila-
ment with no heating. The same expression can be thought of
as the inverse of the error rate, where heated devices experi-
ence state changes more frequently. This ratio is shown in
Fig. 3(b) for the same devices described in Fig. 3(a). The
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figure shows the effect of thermal crosstalk on retention ratio,
or equivalently inverse error rate, as a function of distance
from the center of a neighboring device that is held constant
at the switching temperature. This type of operation condition
is not a likely scenario for most applications and acceptable
retention times will vary widely between specific applica-
tions, but the device design can be easily matched to opera-
tional specifications by combining the local temperature
(Eq. (8)) with the Arrhenius equation (Eq. (9)). The effect of
thermal crosstalk is most likely to increase resistance because
the high concentration of vacancies in the filament is unstable
without the effect of the driving field that was used to inject
them. For that reason, the ON (low resistance state) may be
particularly susceptible to thermal crosstalk.

Examples of designing for thermal crosstalk are shown
in Figs. 4 and 5 where the retention ratio defined in Eq. (9) is
shown for varied design parameters that influence the tem-
perature profile outside the filament. The retention ratio is
measured at a location 30nm from the center of a 5nm
neighboring filament (Fig. 4(a)) and at a location 20 nm from
the center of an 8nm neighboring filament (Fig. 4(b)).
The neighboring filaments are held constant at the
switching temperature. The parameters used in the figure are
Trir = 1500K, Trr = 358K, k, =1 W/mK, d, =10 nm,
d, = 50nm, and k, = 5 W/mK. The values for k., d,,, and Ty
were varied between 1/3 and 3 times their initial value in
Fig. 4, and the values for T,,;; and Tgy were varied over the
same range in Fig. 5. Since the radii were varied to values
comparable to and larger than the test location, the retention
ratio (or inverse error rate) becomes very low for large
radii. The specific values for optimized performance will
depend greatly on the application and design constraints but
Figs. 4 and 5 are demonstrations of how Egs. (8) and (9) can
be combined to provide design insight regarding thermal
crosstalk. In Fig. 5, it is important to remember that the
retention ratio is normalized by the retention at room temper-
ature which is dependent on both the critical temperature and
the room temperature.

In the context of designing devices to meet scaling spec-
ifications, it is worth discussing a few of the engineering
trade-offs that are likely to be encountered as scaling contin-
ues. Perhaps, the most relevant is between device density
and energy consumption per device. As discussed above,
when thermal crosstalk becomes a limiting design considera-
tion, increasing the thermal conduction in the vertical direc-
tion is a good approach to decreasing radial temperatures

e kz/ko = 100
e kKO = 1
e kz/ko = 0.1

FIG. 3. The temperature surrounding
the filament follows a modified Bessel
function of the second kind (a) and can
be modulated by varying design pa-
rameters such as vertical and lateral
thermal conductivities. The lateral
temperature can decrease the retention
of neighboring devices as compared to
isolated devices (b).
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and enabling larger device densities. Unfortunately, that
approach leads to increased power required to maintain 7,
within the filament because heat escapes more efficiently.
This leads to higher switching power and likely higher
switching voltage. An alternate approach with the same
tradeoff involves designing or selecting materials with
increased T, to increase device density. That change would
also lead to increased power requirements as more heat
would be required to reach the higher T,; value. In Fig. 5,
increasing T, appears to lead to decreased retention or
increased error rates but that figure is normalized by the
retention of an isolated device so, although retention
increases, normalized retention (i.e., retention ratio)
decreases. In most cases, absolute retention is the perform-
ance metric and not relative retention, so the device density
could be increased as a result of this added stability but at
the cost of increased power.

It may be possible to avoid some of these tradeoffs by
designing the devices and their surroundings to guide heat
flow. By separating the devices laterally with a thermally
resistive interlayer dielectric, it may be possible to reduce
both energy consumption and the extent of lateral tempera-
tures, provided that the interlayer dielectric can hold heat in
the filament and suppress the ratio of radial to vertical heat
flow between devices. This effect can be further improved
by using thermally conductive material or interfaces in the
vertical direction between devices.

IV. SELF-HEATING

Controlling heat flow in the vertical direction will also
have an impact on the device itself, not just its neighbors.

Design Parameter

1 1 1
15 20 25 30 8nm (b) filament radii held at the
switching temperature.

Careful design of the devices may be able to improve power
efficiency and scaling. One possible approach involves the
use of temperature dependent thermal conductivities and
has the additional advantages of decreasing the risk of per-
turbations caused during a READ operation or due to the
half-select problem® in crossbar arrays. During the non-
pertubative resistance READ, a device will experience sig-
nificant Joule heating that will eventually degrade its state.
The same effect is particularly prevalent in a device that is
“half-selected” in a crossbar architecture. For a device that is
constantly at a READ voltage, and where temperature is pro-
portional to the applied power,'? the earlier definition of
retention ratio or inverse error rate yields

Terig Terit

Vyead | 2 TRT
-1 [Tm-fr*Tk'r](‘}f“ ) +TRr

ratio — € erit
(10)

Retention,,;, = Error Rate

For a continuously half-selected device with a critical
temperature of 1500°C (Ref. 12) and an ambient tempera-
ture of 300K, the error rate increases by an order of
magnitude (12.2x) compared to a device that is never half-
selected. For the READ operation of a device with the same
critical and ambient temperatures being constantly read at
20% of the turn-on voltage (i.e., 100mV READ for a 0.5V
turn-ON device), the retention is halved when compared to a
device that is never read. This effect is shown in Fig. 6, high-
lighting retention loss at the half-select and 20% READ
voltages.

The above derivation ignores possible electric field
effects that may contribute to retention in partially selected
devices. Our results and calculations indicate that the ther-
mal dependence dominates the ionic motion and that the
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FIG. 6. Applying voltages less than the switching voltage will cause self-
heating that will increase the error rate or decrease the retention. The reten-
tion is shown for a device that is continuously exposed to applied voltages.
The retention is normalized by a device with zero voltage applied.

field effects can be ignored over a wide range of conditions.
The field dependence of ionic motion could easily be
included by adding a hyperbolic sine factor that is also ther-
mally activated.'*?° The derivation of Eq. (10) also assumes
that all thermal conductivities are temperature independent
but that is not a requirement for device design. A vertical
thermal conductivity that is inversely related to temperature
would allow heat to escape more efficiently at low tempera-
tures than at high temperatures, thereby decreasing the tem-
perature on a device during READ or half-select. The
exponential dependence of activation on temperature indi-
cates that even seemingly small changes in the temperature
dependence of thermal conductivity can have significant
impact on retention.

Designing electrodes with inverse temperature depend-
ence should be possible. Many electrode materials (including
copper and tungsten)?' have this property intrinsically but
common RRAM electrodes such as platinum?' and tanta-
lum?? exhibit the opposite behavior which exacerbates the
effect in Fig. 6. Titanium nitride (TiN), which is a common
electrode in CMOS-compatible processing, is even more
complicated because the phonon contribution to thermal con-
ductivity increases rapidly with temperature.”® The total
thermal conductivity for TiN decreases over a wide range of
temperatures but then increases between 1300 and 1800 °C
(Ref. 24) which is in the expected range of transition temper-
atures. In addition to selecting favorable metals, defect struc-
ture can be used to provide thermal conductivity that
decreases with increasing temperature® for increasing reten-
tion. Highly doped silicon also has a favorable dependence
of thermal conductivity on temperature’® and may be an
interesting choice for electrode material.

V. CONCLUSIONS

We provided a theoretical justification for device scaling
well into the single digit nanometer lateral dimensions with-
out specifying a hard lower limit. We also showed that, as
device densities are increased, their thermal interactions will
become increasingly important and we derived analytical
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expressions for the temperature profile outside of a conduct-
ing filament. We used that temperature profile to quantify
the related effects on retention and error rates of neighboring
devices and described, in analytical detail, the retention
effects of reading devices and of the potential “half-select”
problem. We proposed designs to reduce thermal cross-talk,
thereby increasing device density and we suggested a class
of electrode materials that not only increase device density
but can help to increase retention in devices that are fre-
quently read or half-selected. Our results discuss several en-
gineering tradeoffs that may need to be considered in highly
scaled and densely packed devices but we believe that
RRAM scaling can continue well beyond the capabilities of
current commercial manufacturing technologies.
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