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Field-induced nucleation in phase change memory
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A theory of field-induced crystal nucleation is developed and verified experimentally for the case of switch-
ing in nanoglasses of phase change memory. For symmetry-breaking strong electric fields, it predicts needle-
shaped crystallites with nucleation barriers lower than that of spherical nuclei and a strong field dependent. We
have observed bias dependent switching for times and temperatures far beyond those typically reported and
supportive of our predictions, in particular, switching time exponential in voltage and temperature.
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The recent developments in chalcogenide phase change
memory (PCM) (Ref. 1) revived interest in the physics of
crystal nucleation in glasses. We recall that PCM utilize elec-
trically initiated reversible amorphous-to-crystalline phase
changes in multicomponent chalcogenides such as
Ge,Sb,Tes (GST); the markedly different phase resistances
are used as the two logic states. Switching from the high- to
low-resistive (crystalline) state is triggered by voltages ex-
ceeding a certain threshold value Vy,. Physically, switching
creates a cylinderlike crystalline inclusion shunting through
the amorphous host.?

In his seminal work, Ovshinsky? suggested that switching
“can be analyzed in terms of nucleation theory wherein the
nucleation rate is dependent on the applied voltage.” His
hypothesis was then overshadowed by alternative explana-
tions referring to electronic instabilities.* Here we revisit the
nucleation switching concept and show that field-induced
nucleation can evolve through the barriers substantially
lower than the standard nucleation. We present experimental
data verifying our predictions.

The field effect on nucleation is due to a conductive
(“metal”) nucleus whose strong polarization decreases the
electrostatic energy Wy. These effects are more pronounced
for nuclei elongated in the direction of the applied electric
field,> which can be thought of as conducting prolate sphe-
roids. The extremum cases of low and high fields will then
correspond to spherical and needle-shaped nuclei, respec-
tively. Their fields and electrostatic energies are described by
the equation,’

E=Eyn, Wg=-QE/(8n), (1)

where ¢ is the dielectric permittivity of the host insulating
phase, () is the conducting particle volume, and E; is the
uniform field far from the particle. The depolarizing factor
n=1/3 for a spherical particle, while for a prolate spheroid
of length & and radius R (“needle”) it becomes®

1—e2< l+e ) <2R)2
n= 1 -2e|, e=A/1-|{—|. (2
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The corresponding volume, surface area, and free energy are
given by
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, A=2mR*+
77{ sin[arccos(2R/h)]

Fop=Ac—Qu+ Wg. (4)

Here the first two terms represent the interface and bulk con-
tributions with o and w being the surface tension and the
chemical-potential difference between the two phases,
respectively.

According to our theory, switching starts with nucleation
of a needle-shaped crystal embryo. Similar to a lightning rod,
it concentrates the electric field, which facilitates nucleation
of additional particles at its end, etc. This instability leads to
a low-resistive crystalline filament across the structure. The
embryo induction time 7= 7, exp(W/kT) is interpreted as the
switching delay time.

As a baseline, consider first a spherical particle in the
electric field E,. Its free energy F(R)=4mR*c—4mR>u/3
—R*Ege/2 is a maximum at the nucleation barrier

W=Wy(l+04)72, (= EiRe/W,, (5)

where
Ry=20/p and W,= 16703’ (6)

are the zero-field critical nucleation radius and barrier, re-
spectively. For numerical estimates, we use the typical’ W,
~2 eV, Ry=3 nm, and &=16 and the switching field
strength E,~3 X 10° V/cm, which yields {=0.1; hence W
=~W,, i.e., relatively small field effect.

Closed-form results can be as well obtained in the limit-
ing case of needle-shaped spheroids #/R> 1, where

n=(R/h)YIn(2h/R) = 1] = (R/h)*A, (7)
QO=27R?h/3, A=7’Rh/2, and the free energy becomes
Fy=mRha/2 = 2mR*hu/3 — K Eje/12A.. (8)

Because the parameter space here is two dimensional (R and
h), the system can find nucleation pathways through lower
barriers than the energy maximum as shown in Fig. 1.
According to both Fig. 1 [representing the exact free en-
ergy of Eq. (4)] and asymptotic Eq. (8), nucleation pathways
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FIG. 1. (Color online) Free energy of a prolate spheroid nucleus
[Eq. (4) with definitions from Egs. (1)—(3)] as a function of the
spheroid radius R and length /. The arrows illustrate possible nucle-
ation pathways: 1 passes through the maximum nucleation barrier, 2
follows the transformation path with fixed ratio #/R, and 3 traverses
yet lower nucleation barriers.

of small R’s correspondingly traverse low barriers vanishing
with R— 0. In reality, several factors set lower bounds to the
needle radius R. Such are, for example, the failure of the
interfacial energy (o) concept and mechanical stresses be-
tween the two phases capable of rupturing too thin needles.
These size limitations will be phenomenologically accounted
for by introducing a minimum radius (aR;), below which the
conductive crystalline cylinder does not exist; a(<<1) re-
mains a dimensionless phenomenological parameter.

In the spirit of classical nucleation theory, an embryo evo-
lution is described by a multitude of trajectories R(%) in the
parameter space (R,h) illustrated in Fig. 2. The free energy
F\[R(h)] along each trajectory is given by Eq. (8) when R
= aR, and is a maximum at a particular “saddle” point de-
termining the trajectory barrier. These barriers vary between
different trajectories and we seek the minimum of them sat-
isfying the condition R= aR,. As seen from Fig. 2, such a
minimum belongs on the trajectory to which the line R
=aR, is a tangent. A unique nature of the above-defined
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FIG. 2. Contour plot of the energy surface and nucleation tra-
jectories from Fig. 1. Along each trajectory, the nucleus stability
region is beyond its corresponding energy maximum (saddle) point.
The minimum of that maximum energy point corresponds to trajec-
tory 3, to which the dashed line R/Ry=« is a tangent. Their touch-
ing at R=R( and h=h determines the nucleation barrier.
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nucleation barrier is that it is related to a saddle point formed
by the intersection of the free-energy surface and the “wall”
R=aR, since the former surface itself does not have saddle
points.

The touching point coordinates R=aR, h=h,, and energy
W are determined by the equations min[R(%, W)]=aR, and
Fy(R,h)=W. The latter can be represented in the form

SR (R) Ry i
8 Ry \Roy/  Weh 12RA’

)

where we have taken into account the definitions from Eq.
(6). Differentiating it with respect to & and setting dR/dh
=0 gives hy=Ry(6WA/{Wy)"? at R=aR,, where we have
neglected the logarithmically weak dependence A(h) treating
A as a constant. Finally, substituting 7=h, and R=aR,, into
Eq. (9) and neglecting the term quadratic in a<<1 gives the
needle nucleation barrier and the aspect ratio

W=W,3ma’A320)"%,  hiR=BuARal)'?> 1.
(10)

With the latter /R, Eq. (7) becomes a transcendental equa-

tion for A,
6mA
A=lny/ =1, (11)
af

Equation (10) applies when kT<< W< W,—kT so that the
nucleation barrier is significant and yet much lower than the
zero-field barrier. This determines the field range

Fer<Mpop  5=+2T%M |y
O kT ™™ TN 326R)

For a rough guide numerical estimate, we use {~ a~0.1,
which gives ho/aR~20, A=2, E~10* V/cm, and W
~0.3W,, i.e., the field-induced nucleation barrier of needle-
shaped particles can be significantly lower than that of
spherical particles.

Note that comparing Egs. (5) and (10) predicts the spheri-
cal nucleation barrier to become lower than that of the

needles when Ey=E,,,=a*?E~3X10° V/cm. This ob-
servation reflects unequal treatment of “spheres” vs needles
where the former were allowed to continuously decrease
their radii with E, while the latter were bound from below
by aR. It is straightforward to see that Ey~ E,, corre-
sponds to R ~ aR,, for spherical particles. Assuming the same
lower bound aR,, the spherical particle nucleation barrier
will exceed that of the needles under arbitrarily strong field.

Because h/R> 1, the electric field E~ Ey(h/R)? at an em-
bryo tip becomes strong enough to trigger secondary nucle-
ation, quickly shunting through the rest of the amorphous
structure. However, a just-formed embryo may be unstable
with respect to field removal. Indeed, Eq. (8) shows that,
under zero-field conditions, a long cylinder remains stable
when R >3mR,,/ 16. Therefore, a just-nucleated cylinder will
decay unless the field is maintained long enough to grow its
radius beyond 3 7R,/ 16.

Another verifiable result of our theory is the threshold
voltage switching the system within a given delay time 7.
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FIG. 3. (Color online) Examples of temporal variations in resis-
tance of PCM amorphous phase under different temperatures and
voltages.

Substituting ¢ from Eq. (5) into Eq. (10) and using W
=kT In(7/ 7,) yields the electric field, which is related to Vy,
through the amorphous layer thickness /,

Vmax

= ith Viax = 1Ep.x. 13
11'1(’7'/7'0) w1 max max ( )

Vin
Vmax (—~10 V for /=50 nm) corresponds to the induction
time 7=7, Assuming nucleation without diffusion™® sug-
gests the vibrational time 7,~ 107'* s, which (in combina-
tion with the experimental time 7~ 100 ns) predicts Vy
~ 1.4 V consistent with the data. This result appears quite
unique as relating the observed Vi, to the material param-

eters. Another characteristic voltage V=EI~0.1 V corre-

sponds to W=W,. Below V, the nucleation switching fails,
giving up to nucleation of spherical particles.
Rewriting Eq. (10) in the terms of switching delay time,

(WOV) hen V>V (14)
T=T19exp| ——— | when ,

O\ kr v

predicts that increasing temperature or allowing longer ob-
servation time will make switching possible under lower
voltages V. Such “underthreshold” switching will be evi-
denced in the long lasting high resistance that eventually
drops down abruptly, in the manner of standard switching.

Furthermore, for low voltages V= V, our consideration pre-
dicts a qualitatively different behavior with the high-
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FIG. 4. (Color online) (a) Voltage dependence and (b) tempera-
ture dependence of switching delay time. Linear fits: Eq. (14).
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FIG. 5. (a) Stable resistance change as a function of applied
voltage pulse width in the case of pulse triggered switching. The
gradual decay of R corresponds to partial switching. (b) Normalized
threshold voltage vs the corresponding average switching time. The
curve is fit by Eq. (13).

resistance state gradually decreasing due to the onset of
spherical crystal nuclei forming a percolation cluster.’

We designed experiments continuously monitoring resis-
tances of PCM cells put under moderate constant subthresh-
old voltages of 0.2, 0.4, and 0.5 V using a 4156B Semicon-
ductor Parameter Analyzer in dc sampling mode.
Measurements were done at temperatures of 160 °C,
165 °C, 167 °C, 170 °C, and 175 °C. Each condition was
repeated for at least three devices and each device was tested
not fewer than three times. Our PCM cells were fabricated
by sputtering 100 nm GST film on top of a 80-nm-diameter
contact filled with high-resistivity bottom electrode material
by chemical vapor deposition. The top electrode contact was
deposited on the GST layer in situ. Prior to the resistance
measurements, all cells were reset to the high-resistance
amorphous state using an HP8110A pulse/pattern generator.
The amplitude of 300 ns long pulses with a trailing edge less
than 4 ns was incrementally increased until the device resis-
tance saturation.

Figure 3 shows the phenomenon of resistance abruptly
dropping to crystalline state values after a certain time,
which exponentially decreases with bias and temperature. (A
small increase in resistances before their major drop'? is ir-
relevant here.) Our thermal analysis showed that the bias-
induced temperature increase was insignificant (<3 K) and
was unable to explain the observed drop in resistances. The
curves in Fig. 3 shift with bias as a whole and their repre-
sented abrupt changes in resistances look similar to the stan-
dard switching (characterized by Vyu~13 V and 7
=100 ns for our devices). These data are consistent with Eq.
(14) predicting the resistance drop time exponential in tem-
perature and voltage as verified in Fig. 4. In spite of a gen-
erally good agreement, the intersect V-'=0 in Fig. 4(a) gives
7o~ 1 s, which is much higher than the assumed
~10713 s; a similar inconsistency of the pre-exponential ob-
tained by extrapolating data to the region of short times is
known for virtually all glasses and remains poorly
understood.!! As seen from Fig. 3, the lowest voltage (0.2 V)
causes a more gradual resistance decrease resembling the
behavior in devices observed under zero bias and attributed
to percolation cluster of spherical nuclei.” We believe that the

voltage 0.2 V in our experiments was close to V, consistent
with its estimate above.
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Also, we have verified the prediction of the short-lived
low-resistive state by using voltage pulses of different widths
to force the switching. As expected, a stable resistance
change takes place above certain pulse width [Fig. 5(a)]
showing that time under bias is not less important than the
time under elevated temperature. Our observation is consis-
tent with the fact that embryos created in strong atomic force
microscope fields disappear with field removal unless their
sizes exceed a certain value'? and with the observations that
turning the voltage off shortly after switching takes the sys-
tem back to a resistive state.* Figure 5(b) shows a related
experiment where shorter delay times correspond to higher
Vy, that is in agreement with Eq. (13).
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In conclusion, we have developed a theory of field-
induced nucleation in symmetry-breaking strong electric
fields. It predicts the needle-shaped nuclei with an exponen-
tially field-dependent nucleation rate. We have observed evi-
dence of such a nucleation in PCM below the standard
threshold voltages and over the times and temperatures sig-
nificantly different from those typically reported.
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