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The relationship between the polycrystalline nature of phase change materials (such as Ge2Sb2Te5)

and the intermediate resistance states of phase change memory (PCM) devices has not been widely

studied. A full understanding of such states will require knowledge of how polycrystalline grains

form, how they interact with each other at various temperatures, and how the differing electrical (and

thermal) characteristics within the grains and at their boundaries combine through percolation to

produce the externally observed electrical (and thermal) characteristics of a PCM device. We address

the first of these tasks (and introduce a vehicle for the second) by studying the formation of fcc

polycrystalline grains from the as-deposited amorphous state in undoped Ge2Sb2Te5. We perform

ex situ transmission electron microscopy membrane experiments and then match these observations

against numerical simulation. Ramped-anneal experiments show that the temperature ramp-rate

strongly influences the median grain size. By truncating such ramped-anneal experiments at various

peak temperatures, we convincingly demonstrate that the temperature range over which these grains

are established is quite narrow. Subsequent annealing at elevated temperature appears to change

these established distributions of grain sizes only slightly. Our numerical simulator—which models

nuclei formation through classical nucleation theory and then tracks the subsequent time- and

temperature-dependent growth of these grains—can match these experimental observations of initial

grain distributions and crystallization temperature both qualitatively and quantitatively. These

simulations show that the particular narrow temperature range over which crystallization occurs

shifts as a function of temperature ramp-rate, which allows us to quantify the lower portions of the

time-temperature-transformation map for Ge2Sb2Te5. Future experiments and extensions of the

simulator to investigate temperature-dependent interactions between neighboring grains, and to study

nucleation from within the melt-quenched amorphous state, are discussed. VC 2012 American Institute
of Physics. [http://dx.doi.org/10.1063/1.4718574]

I. INTRODUCTION

Phase change memory (PCM) is enabled by the large re-

sistance contrast between the crystalline and amorphous

states of a phase change material.1–3 Since PCM potentially

offers advantages in speed, endurance, and scalability, it has

become one of the emerging non-volatile memory candidates

being considered for storage class memory4 and possibly

even for replacing NAND Flash.5 The large resistance con-

trast of PCM also opens up the possibility of multi-level cells

(MLC), in which more than one bit is stored in each physical

device. However, the potential of MLC has been constrained

by the phenomenon of resistance drift,6–8 where relaxation

of the amorphous state after quenching causes device resis-

tances to increase slowly over time.

Theoretical explanations of resistance drift9–13 have

focussed on physical mechanisms (defect annihilation, etc.)

at work within the amorphous plug. Less well appreciated

are the implications of the fact that the crystalline portions of

a PCM device will be composed of a random distribution of

polycrystalline grains, each separated from the next by a thin

grain boundary, whose physical properties are assumably

very similar to those of the amorphous phase.14 The previ-

ously unsuspected role of polycrystalline grains in the aggre-

gate thermal properties of PCM materials has recently begun

to receive attention.15,16

In the context of the aggregate electrical properties, this

new insight into the nature of the intermediate resistance

states in PCM devices (e.g., those states between full RESET

and full SET) can help explain a large number of previously

confusing observations about PCM devices and resistance

drift. The observation that the drift coefficient varies stochas-

tically from shot-to-shot within the same device8,14 can be

attributed to the re-randomization of the grain distribution af-

ter each programming event, while the observed “telegraph-

like noise”17,18 may come from the changes in percolation

current pathways as these ultra-thin boundaries between

grains evolve subtly over time. Since this evolution depends

on the balance of surface and volume energies at both

crystalline-amorphous and polycrystal-polycrystal bounda-

ries, it is not surprising to find a correspondence between the
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activation energies of crystallization and resistance drift,10

nor to find that pressure can affect resistance drift19 through

its impact on these surface energies. The large number of

polycrystalline grain boundaries participating in the aggre-

gate device resistance provides a source for the “multi-

excitations” associated with the Meyer-Neldel rule behavior

observed in PCM devices.10,12 And finally, polycrystalline

grains provide a plausible explanation for why non-zero re-

sistance drift is observed even in lower-resistance intermedi-

ate states, where the vast majority of the electrical current

must clearly be passing around (and not through) a tiny, re-

sidual amorphous plug.7,8,14 On the other hand, however,

this insight discards little from the published physical

explanations that connect drift with the relaxation of the

amorphous phase—it is just that the “effective amorphous

thickness” discussed in many of these papers may in fact be

residing within the mostly contiguous amorphous plug, or at

the grain boundaries between polycrystalline grains, or both.

This discussion illustrates the importance of improving

upon our understanding of polycrystalline grains: how they

are created, how they interact with each other at various tem-

peratures, and how the grains and their boundaries combine

through percolation to produce the externally observed elec-

trical and thermal characteristics of a PCM device. While

grain size can be roughly inferred from the width of x-ray

diffraction peaks,20 more direct evidence over smaller

regions can be obtained with transmission electron micros-

copy (TEM).

The crystallization process in Ge2Sb2Te5 has been stud-

ied with TEM by a number of authors,16,21–26 but only for

fairly low-temperature, isothermal anneals in extremely

thick, uncapped samples subject to oxidation. In fact, the

crystal-growth process in such thick films has been shown to

occur in two distinct steps,21,22 driven by grains that quickly

become much wider than they are thick. As they grow large,

these grains then show noticeable distortions of the crystal-

line lattice.22,23,27 These distortions have been attributed to

the large (6%) volume difference between the amorphous

and crystalline phases.28 While a number of these in situ
TEM studies have captured the crystallization process in pro-

gress, it has also been shown that the electron beam itself

can readily induce crystallization.29

Researchers have typically attempted to analyze such

measurements using the Johnson-Mehl-Avrami-Kolmogorov

(JMAK) formalism,21,30 and estimates have been made for

steady-state nucleation and growth rates22,31–33 using both

TEM and Atomic Force Microscopy (AFM). Unfortunately,

later studies have shown that the JMAK formalism cannot

adequately describe the nucleation and growth in phase

change materials such as Ge2Sb2Te5, and that only classical

nucleation theory can predict such observed phenomena as

incubation34 and the effects of priming.35 In addition to

nucleation rate, Privitera et al.33 also analyzed grain size dis-

tributions during the first stages of crystallization over a

small range of various low-temperature isothermal anneals.

In contrast to the films studied by TEM, a typical PCM de-

vice contains a thin (30–60nm) layer of Ge2Sb2Te5 (or other

phase change material) which is well protected from oxidation

by encapsulation. This phase change material is then crystallized

during fabrication by an extended iso-thermal anneal, but at a

temperature (200 �C–400 �C) where the crystallization process

is too rapid to be observed in progress.

In this paper, we study the formation of fcc polycrystal-

line grains from the as-deposited amorphous state in

Ge2Sb2Te5 with a combination of ex situ TEM membrane

experiments and numerical simulations of nucleation and

growth using classical nucleation theory. Capped films are

used to prevent oxidation of the Ge2Sb2Te5. Although post-

crystallization ex situ examination precludes observation of

crystallization in progress, it does allow for precise tempera-

ture control and greatly reduces the worry of electron-beam-

induced effects. Also, since the membranes were TEM-ready,

no damage associated with TEM specimen preparation was

incurred. We show, using ramped-anneal experiments, that

PCM materials annealed at high temperatures actually com-

plete their crystallization during the ramp up to that anneal

temperature. Thus, it is this ramp-rate (typically not reported

or even noted) which is actually more important in determin-

ing the polycrystalline grain structure than the peak anneal du-

ration and temperature which are dutifully reported.

Our numerical simulator—which models nuclei formation

through classical nucleation theory and then tracks the subse-

quent time- and temperature-dependent growth of these grains—

can match these experimental observations of grain distributions

and crystallization temperature both qualitatively and quantita-

tively, providing a map of the lower portions of the time-temper-

ature-transformation (TTT) map. The prospect and importance

of future TEM-membrane experiments and extensions of the

simulator, for investigating the temperature-dependent interac-

tions between neighboring grains as well as nucleation from

within the melt-quenched amorphous state, are discussed.

II. TEM MEMBRANE EXPERIMENTS

Physical vapor deposition was used to prepare thin films

of Ge2Sb2Te5 (GST) encapsulated in SiN on TEM membrane

samples in an sputtering deposition tool (AJA International).

Several different types of membranes were used, composed of

either silicon or SiN thinned down to thicknesses of 9 nm,

15 nm or 30 nm within 1–9 small windows on the sample.

These windows ranged in area from nine 100 lm� 100 lm

apertures up to a single 500 lm� 500 lm window. Before

deposition, a 100W (RF) argon-ion mill was performed to

clean the surface of the membrane. A first layer of 5 nm of

SiN was deposited from a silicon target under a mixed

nitrogen-argon atmosphere (0.27 Pa, Ar 40 sccm flow, N2

10 sccm), followed by 30 nm of GST deposited under argon

atmosphere (0.27 Pa, Ar 40 sccm flow) with a DC power of

10 W on the compound GST sputter-target. Finally, a 15 nm

SiN capping layer was added, using the same deposition con-

ditions as the first layer, to prevent oxidation of the GST film

during annealing or measurement. All depositions were car-

ried out at room temperature without breaking vacuum, resul-

ting in amorphous-as-deposited samples with minimal

exposure to oxygen. Typically, three membranes and one wit-

ness sample (an un-patterned silicon wafer) were deposited

simultaneously. Rutherford back-scattering results on samples
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deposited under identical conditions have shown a composi-

tion of Ge21.2Sb28.4Te50.4.
36

Two annealing tools were used to perform ramped-anneals

under controlled conditions. A rapid thermal anneal (RTA) tool

(AllWin21 AccuThermo W810) was used to perform both fast

ramp anneals (from 40 �C to 220 �C under helium flow with a

heating rate of 380 �C=min), as well as moderate ramped

anneals (nitrogen flow from 130 �C to 220 �C at 7.5 �C=min).

For slow ramps, a Lindberg furnace was used to ramp in a con-

trolled manner from 100 to 220 �C under nitrogen flow at

0.17 �C=min. Using the numerical simulator introduced later in

the paper, we calculate that the thermal time-constant by which

the center of the membrane responds to temperature changes

at the edge of the membrane is <25 ms, even for our largest

membrane (500� 500 lm2, 15 nm of SiN). Thus even for the

fastest temperature rates (380 �C=min), the entire membrane

should differ in temperature by no more than 0.15 �C. After

these anneals, each sample was imaged in an JEOL 2010F

TEM operating at 200 keV.

The left side of Figure 1 shows the grain distributions as

indicated by bright-field TEM imaging through three TEM

membranes after ramped-anneals at widely varying rates,

ranging from 380 �C=min down to 0.17 �C=min. As is typical

in such TEM images, a number of the grains stand out as

darker, being oriented with respect to the incoming beam

and collection system such that the diffraction contrast is

particularly high. Diffraction analysis (not shown) reveals

that most of these films are in the fcc crystalline phase,

although a small part of the film, particularly for the slowest

anneal, appears to have already crystallized into the more

stable hexagonal phase.37 Similar behavior has been reported

by other researchers for GST-based materials.23

In order to quantify the grain size distributions in these

images, we used an open source image manipulation software

tool (ImageJ,38 together with the particle size analyzer macro39).

After removing high-frequency noise with a median filter, a sim-

ple threshold operation (no “watershedding”) performed on

each 2048� 2048 pixel image assigned pixels into discrete and

contiguous “dark” grains, representing approximately 12%-14%

of the total image area. Some contrast variation exists between

white and grey among the non-dark grains, but not enough for

reliable size extraction. A minimum diameter value of 10 nm

and circularity of 0.1 (set low in order to preserve non-circular

grains) were used to reject artifacts.

The resulting table of grain areas for each image was

sorted in order of decreasing area and plotted as a cumulative

distribution function (CDF)—e.g., fraction of area covered

as a function of the number of grains. As shown in Figure

FIG. 1. TEM (left) and simulated (right) grain images for three different

ramp-rates (380, 7.5, and 0.17 �C=min). All images are shown at the same

scale, each corresponding to an area of 886 nm� 886 nm. For the fast ramp,

a 15 nm SiN membrane (Ted Pella, Inc.) was used, for the medium ramp a

9 nm amorphous silicon membrane (TEM windows, SimPore, Inc.), and for

the long ramp, a 30 nm SiN membrane (SPI). In the grain images from our

classical nucleation theory simulator, yellow represents a crystalline voxel

and brown a grain boundary.

FIG. 2. Cumulative distribution of area covered by polycrystalline grains,

from largest to smallest, according to image analysis of (a) the TEM images

from Figure 1 and (b) the grain sizes obtained directly from simulation. For

each simulated ramp-rate, ten different simulations with different random

seeds were run. Large grains will lead to a steep curve, while numerous

small grains will result in a much more gentle curve.
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2(a), these plots all rise monotonically. However, a TEM

image with a few large grains will be associated with a very

steep grain-CDF curve, while an image with many small

grains will give rise to much more gentle CDF. Since the

“dark” grains covered only a portion of each TEM image,

we have normalized from this subset of the image up to

100% of the area. Thus if, within the 12% of the image occu-

pied by dark grains, the 20 largest grains could account for

half of this territory (e.g., 6% of the total image), we assume

that the largest (20� (100=12) �) 167 grains (of all types of

diffraction contrast) would similarly account for 50% of the

entire image. This requires only that the distribution of sizes

among “dark” grains is representative of the distribution

over all the grains. This is an entirely reasonable assumption,

since which grains were “dark” depended strongly on the

particular effectively-random specimen tilt, and since all dif-

fraction patterns were distributed isotropically in angle.

We define the “median” grain-size by the inverse of the

slope of each curve as it passes through 50%—this is the me-

dian grain in the sense that half of the area is covered by

larger grains, and half by smaller grains. Table I tabulates

the area and effective diameter of this median grain for the

three different ramp-rates. Table I and Figure 2(a) quantify

what is visually clear from the left side of Figure 1: the me-

dian grain size after an anneal increases as the ramp-rate of

the anneal decreases (slows down), and it takes fewer grains

to cover 50% of the area.

Thus even as an isothermal anneal at some temperature

above 200 �C begins, the sample is mostly likely already

crystallized, with an average grain-size that depends on the

rate of the temperature ramp. As has long been known from

measurements of resistance vs. temperature characteristics,

crystallization occurs rapidly within a narrow temperature

range centered around the so-called “crystallization temper-

ature” Tc.40,41 In addition, the value of Tc is itself known to

be a function of the ramp-rate.40 The knowledge we add here

is that different ramp-rates lead not only to different temper-

atures at which crystallization occurs but also different grain

size distributions.

Figure 3(a) shows measured resistance vs. temperature

characteristics for anneals driven through the full crystalliza-

tion process, as well as some anneals which were truncated

at various peak temperatures. Here, the same deposition of

GST and encapsulating SiN described earlier was performed

on silicon wafer pieces pre-patterned with a pair of underly-

ing, large-area aluminum pads. The bottom SiN layer was

omitted in order to allow electrical contact to the GST, and

large portions of the pads were masked during deposition.

The gap between the two 10 mm wide pads, where current is

forced to pass through the heated Ge2Sb2Te5, was 1 mm in

size. Since the oven used for these experiments is not as reli-

able as those used in the earlier experiments, the ramp-rates

in these scans vary from 67 �C–96 �C=min. Since the cooling

rate is somewhat slower than this heating rate, a truncated

ramp actually lingers within a few degrees of the peak tem-

perature for 20–40 s, as shown in Figure 3(b). Note also that

films deposited at different points in time are roughly, but

not completely, repeatable in terms of crystallization temper-

ature, differing by approximately 5–10 �C. Some of this vari-

ability may be due to the poor repeatability of this particular

oven.

The left side of Figure 4 shows TEM images from vari-

ous membrane samples (with deposition conditions identical

to those used in Figure 1) after undergoing truncated anneals

in the same oven used for the experiments of Figure 3.

TABLE I. Median grain area and effective diameter, as obtained from the

slope of the inset plots in Figure 2, for both the TEM and simulated grain

images in Figure 1. For the simulations, the median grain area was computed

for each instance separately and then averaged across the ten simulations

run at the same ramp-rate.

From TEM From simulation

380 �C=min 497 nm2 (25.2 nm) 579 nm2 (27.1 nm)

7.5 �C=min 918 nm2 (34.2 nm) 1188 nm2 (38.9 nm)

0.17 �C=min 1552 nm2 (44.5 nm) 1601 nm2 (45.1 nm)

FIG. 3. (a) Resistance vs. temperature,

and (b) temperature vs. time for experi-

mental truncated ramp-anneals. For com-

parison, part (b) also includes, plotted in

red squares, the piecewise-linear temper-

ature-vs-time trajectory used for numeri-

cal simulation of the 146 �C truncated

anneal.
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A truncated anneal that peaked at 138 �C appears to leave the

sample in a completely amorphous state, while a truncated

anneal that briefly reached 152 �C has fully crystallized the

sample. Although there is noticeable sample-to-sample varia-

tion in exact crystallization temperature, clearly crystallization

is taking place in a temperature range of approximately

12–15 �C.

III. IMPLEMENTATION OF CLASSICAL NUCLEATION
THEORY SIMULATOR

The numerical simulator described here for modeling

nucleation and growth of Ge2Sb2Te5 through classical nucle-

ation theory combines the approaches of Senkader and

Wright34 with that of Salinga.42 The formation of a spherical

(or hemi-spherical) crystalline nucleus requires a free energy,

DGðnÞ ¼ f ðhÞ½4pr2ðnÞr� nDg�; (1)

where n is the number of GST “monomers” (unit cells) in the

nucleus, rðnÞ is its radius, r is the surface energy density

between amorphous and crystalline phases, and Dg is the bulk

free energy difference (per monomer) between amorphous

and crystalline. The relationship between the volume of a

nuclei and the number of “monomers” it contains is fixed by

the effective monomer volume, vm. Here, as in Ref. 34, we

use vm ¼ 2:9� 10�28m3.

The parameter,

f ðhÞ ¼ 2� 3cosðhÞ þ cos3ðhÞ=4; (2)

describes the effects of the “spherical cap” model, where the

tiny crystalline nucleus can reduce its free energy of formation

by nestling against an interface or defect (“heterogeneous

nucleation”), as parameterized by the interface or “wetting”

angle, h.42,43 Note that Eq. (1) is a reduced form, with no men-

tion of the reduced surface energy between the nucleus and

interface, because this second surface energy can itself be

specified in terms of h and the primary crystalline-amorphous

r.42 To model the increase in the bulk free energy difference

between amorphous and crystalline at temperatures far below

the melting point Tm, we have obtained the best results with

the Hoffmann model,42

Dg ¼ DHf vm
Tm � T

Tm

T

Tm
; (3)

where T is absolute temperature and DHf is the enthalpy of

fusion at the melting point (6.1� 108 J=m3 for GST).34

As in Ref. 34, we track a histogram of sub-critical nuclei

of varying size n by simultaneously solving a large set of rate

equations for nucleus growth and decay over each timestep.

For instance, the pool of nuclei of size n can lose population

by having nuclei grow to size nþ 1 (at gain rate Cn
g), gain

population by having nuclei of size nþ 1 lose one monomer

(at decay rate Cnþ1
d ), and similarly exchange population with

the pool of nuclei of size n� 1. These rates depend exponen-

tially upon the free energy DGðnÞ from Eq. (1),

Cn
g ¼ qðhÞcgðnÞcexp

�DGðnÞ
2kBT

� �
; (4)

Cnþ1
d ¼ qðhÞclðnþ 1Þcexp

DGðnþ 1Þ
2kBT

� �
; (5)

where kB is Boltzmann’s constant, and qðhÞ ¼ ð1� cosðhÞÞ=2

quantifies the effect of a spherical cap. As the area of the

outer shell of the nucleus grows larger, the number of places

where the single monomer addition (deletion) events being

tracked by these rate equations could occur increases, as quan-

tified by

cgðnÞ ¼ clðnþ 1Þ ¼ 4pð3n=4pÞ
2
3: (6)

FIG. 4. TEM (left) grain images for five different peak temperatures (138,

143, 148, 150, and 152 �C), and simulated (right) grain images at every 2 �C
between 142 and 150 �C, using temperature-time trajectories similar to the

one shown in Figure 3. Except for the TEM of the still-amorphous sample

(truncated at 138 �C) which shows a 90 nm� 90 nm region, all images

are shown at the same scale, corresponding to an area of 886 nm� 886 nm.

A slight sample-to-sample non-repeatability of ramp profile, ramp-rate

(67–96 �C=min), and precise crystallization temperature due to stoichiometry

fluctuations may be why the membranes with anneals truncated at 143 �C and

148 �C both appear to be only slightly crystallized. In the grain images from

our classical nucleation theory simulator, yellow represents a crystalline

voxel, brown a grain boundary, and cyan a voxel which is still amorphous (for

which sub-critical nucleation is tracked).
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Finally, the jump attempt rate c is an extremely important

parameter, being tied to the viscosity g and nearest-neighbor

distance k (0.299 nm in Ge2Sb2Te5 (Ref. 34)) as

c ¼ kBT

3pk3g
: (7)

As in Ref. 42, we model the temperature dependence of

viscosity as an exponential with activation energy Ea for

temperatures below the glass transition temperature Tg, and

with the Vogel-Fulcher-Tammann equation above it,

g ¼
g0exp

�Ea

kBT

� �
T � Tg

g1exp
�DTfv

T � Tfv

� �
T > Tg;

8>><
>>:

(8)

as is appropriate for a fragile glass-former such as

Ge2Sb2Te5 and other phase-change materials.42 Here, D and

the proximity of Tfv to Tg control the fragility (e.g., how

steeply the viscosity drops at temperatures just above Tg),

while g0 and g1 are chosen simply to force the two regimes

to meet at Tg.

Although there are some minor differences in the equa-

tions and models, to this point our description of sub-critical

nucleation35 is quite similar to the work of Ref. 34. However,

there are three areas where our implementation differs signif-

icantly from this earlier approach. First, after critical nuclea-

tion has occurred and a nucleus is much more likely to grow

than shrink, we track its evolution using a growth velocity vg

evaluated consistently from Eqs. (4) and (5),

vgðnÞ ¼ vm
CG � CD

4pr2ðnÞ ; (9)

up to values of n ¼ 20 000, where this velocity tends to satu-

rate. This reduces the coding demands on tracking very large

histograms and allows the grain to grow asymmetrically in

the presence of spatially inhomogeneous temperature

distributions.

Within the simulation code, these super-critical nuclei

(or, equivalently, polycrystalline grains) grow by propagat-

ing independently tracked locally spherical wavefronts in all

the crystal-growth-front voxels at the boundaries of the

grain. Once a crystal-growth-front voxel is fully covered by

these wavefronts, and all of its 26 neighboring voxels are

also at least partially crystallized, the voxel becomes a fully

crystalline cell and no further growth is tracked for it. Note

that here we evaluate Eqs. (4) and (5) with h ¼ 180�, akin to

assuming that a large grain, although it may have originally

been nurtured by a defect or interface, is now propagating

through the bulk of the phase change material where only ho-

mogeneous nucleation can occur.

Second, we adjust the low temperature viscosity (using Ea

and g0) so that the growth velocities that the simulation evalu-

ates according to Eq. (9) exactly match those measured by AFM

in the temperature regime between 115 �C and 145 �C.44,45 Note

that viscosity (Eq. (8)) affects vg (Eq. (9)) through the influence

of c (Eq. (7)) on Cg and Cd (Eqs. (4) and (5)). Then we adjust

the high temperature viscosity (through g1, D, and Tfv) so that

growth velocities around 450 �C are high enough to explain the

fast crystallization speed observed in the optical measure-

ments.28,46,47 This also allows the nucleation rate to drop back

down at temperatures just below melting, as has been demon-

strated experimentally.48

Although the full evolution of the rate equations inside

the simulator is required to evaluate the dynamic and his-

tory-dependent35 nucleation rate, for the purposes of tuning

parameters between runs we can roughly quantify the nucle-

ation by the steady-state nucleation rate,

Iss ¼ ð4=vmÞcn2=3
c Zexp �DGc

kBT

� �
; (10)

where nc ¼ f ðhÞ 32p
3

v2
mr3Dg�3 and DGc ¼ f ðhÞ 16p

3
v2

mr3Dg�2

are the critical nuclei size and the free energy barrier at this nuclei

size, while the Zeldovich factor is Z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dg=ð6pkBTncÞ

p
.34

The resulting curves for growth velocity vg and steady-

state nucleation rate Iss are shown as a function of tempera-

ture in Figure 5. The technological attractiveness of phase

change memory is immediately apparent: the growth veloc-

ity, vg, changes by 16 orders of magnitude over a range of

just a few hundred degrees Celsius. This massive change in

crystallization speed is what allows phase change materials

to switch in the <100 ns regime during operation, yet be

able to offer ten-year data lifetimes even at temperatures

above 100 �C.3,41

The third, and probably most significant difference

between our implementation and those of previous work, is

that we track a unique histogram of sub-critical nuclei at

each and every phase-change voxel within an electro-

thermal simulator—which itself is capable of modeling both

electrical device49 and optical characterization46 experi-

ments. This means that we can model heterogeneous nuclea-

tion using classical nucleation theory and then follow the

resulting evolution of the super-critical polycrystalline grain

FIG. 5. Crystal growth velocity, vg, and steady-state nucleation rate, Iss, as a

function of temperature. The inset replots vg on a linear scale in the high tem-

perature regime. Both the melting temperature Tm and glass transition temper-

ature Tg are shown. Symbols at lower left show low-temperature crystal

growth velocities obtained experimentally with AFM measurements.44
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even in environments with large temperature gradients. By

defining the differing (but not well-known) electrical and

thermal properties of the grains and their boundaries, we can

also evaluate the effective electrical and thermal characteris-

tics (resistance, effective thermal conductivity) due to perco-

lation effects. Example applications include modeling the

crystallization induced by an optically heated laser spot35 or

the SET operation within a PCM device.

In addition to those parameters mentioned already, other

parameters we can obtain directly from the literature include Tm

¼ 627 �C,34 Ea ¼ 2.3 eV,44 and Tg ¼ 155 �C.44 Those parame-

ters we deduce by fitting the low and high temperature growth

velocities as discussed above include gðTgÞ ¼ 1:65108 Pa s,

D ¼ 24.25, and Tfv ¼ 120 �C. Heterogeneous nucleation

(h ¼ 90�) is assumed to occur at the GST-SiN interfaces,

with homogeneous nucleation (h ¼ 180�) everywhere else.

Finally, after successive simulations performed at various r
values, r ¼ 0.060 J=m2 provided the best match to grain

sizes shown in Figure 2.

While it is slightly surprising that the viscosity at Tg is

significantly lower than the value typically associated with

the glass transition (1012 Pa s), we have observed that by

moving k, DHf , and vm slightly away from their reported lit-

erature values, we can use a significantly larger value of

gðTgÞ yet still obtain temperature dependencies for vg that

are similar to those shown in Figure 5. This is not unreason-

able, since measurements of these literature parameters

appear to be associated with fairly significant error bars. We

have also observed that these nucleation simulations tend to

be extremely sensitive to changes in one variable: for

instance, modifying r from 0.060 to 0.055 (or 0.065)

changes the predicted median grain-size after a 7.5 �C=min

ramp-anneal from 38.9 nm to 17.2 nm (or 73.7 nm). That

said, it is also clear that a number of different parameter sets
can produce vg and Iss curves resembling those in Figure 5,

each of which invariably leads to grain size predictions very

similar to those shown in Figure 2.

It is quite likely that the particular value of r which

matches with our results is closely associated with the local

stress environment present in our membrane films. By con-

straining the volume change associated with crystallization,

the SiN capping layer introduces different local stresses than

would be present for an uncapped film, particularly as crys-

tallization proceeds. In thicker films, it is even possible that

the heterogeneous crystallization of boundary layers could

modify the effective r or other parameters that then govern

the ensuing crystallization of the remainder of the film. This

points out both the importance of using a capped membrane

configuration so as to more closely correspond to the encap-

sulated electronic PCM devices of future interest, and the

danger of having only data from uncapped films to draw

upon for low-temperature velocities.44,45 However, capping

layers tend to have a smaller influence on crystallization

behavior (compare the uncapped and capped results for

undoped Ge2Sb2Te5 films in Refs. 36 and 47) than either

doping or material composition. Given the observed strong

sensitivity of crystallization behavior to the r parameter, it is

likely that the changes in r for an uncapped film would be

modest.

IV. SIMULATIONS OF POLYCRYSTAL NUCLEATION
AND GROWTH

At the right side of Figures 1 and 4, and in Figure 2(b),

we show the results of simulated ramp-anneals using our

classical nucleation theory simulator. For the truncated-

anneal simulation, piecewise-linear temperature trajectories

similar to the one shown in Figure 3(b) were used to mimic

the temperature exposure experienced by the membranes.

Since, as shown in Figure 2(b) and Table I, the predicted dis-

tributions of grain sizes are quantitatively very similar to

those seen in the TEM images, the simulated grain images

shown in Figure 1 are visually quite similar to those meas-

ured with TEM.

In order to eliminate numerical artifacts and to permit even

un-physically rapid anneals to be simulated, the usual thermal

diffusion code was bypassed. Instead, the isotropic temperature

at each timestep of a simulated temperature ramp was directly

and instantaneously updated throughout the simulation. Thus,

the slight self-heating from the exothermic crystallization pro-

cess, which would otherwise be correctly modeled, was also

effectively disabled. These simulations span 204� 204� 43

voxels of size 5 nm� 5 nm� 2.5 nm, of which 475 212 (corre-

sponding to �995 nm� 995 nm� 30 nm) are modeled as

GST cells. Heterogeneous nucleation is tracked in the 79 202

GST voxels in contact with either SiN on top or bottom (with

h ¼ 90�), and homogeneous nucleation is implemented else-

where (h ¼ 180�). At the lateral simulation boundaries, the

interfaces between GST and the surrounding “air” were mod-

eled with h ¼ 180�.
Only the topmost layer of phase-change voxels from the

center 886 nm� 886 nm is shown in Figures 1 and 4—here

yellow represents a crystalline voxel and brown a grain

boundary. In order to show these grain boundaries clearly,

each voxel is mapped to 3� 3 pixels for display purposes,

with the outer ring of these pixels assigned based on whether

the laterally neighboring voxel shares the same grain “ID”

generated at the instant of critical nucleation. In this way,

even a single-voxel polycrystalline grain results in one yel-

low pixel surrounded by a ring of brown pixels.

Although only the topmost layer is shown, other layers

within the simulation were visually very similar, and pro-

duced grain-size distribution plots indistinguishable from

those shown in Figure 2(b). We also tried volume-weighting

the simulated grain ID information, counting areas only

where a grain occupied more than half the 30 nm thickness,

as an analogue to those grains with significant diffraction

contrast in the TEM images. Even in this case, almost all of

the grain-size distributions were effectively identical to Fig-

ure 2(b), including the inset plot identifying the size of the

median grain. Only the topmost 5% of the volume-weighted

grain-size distribution volume weighting was markedly dif-

ferent, since simulation grid-cells where no grain occupied

more than half the thickness were randomly assigned a

grain-ID.

Figure 4 shows that the same temperature-time trajecto-

ries explored experimentally in our truncated-ramp-anneal

experiments also lead to partial crystallization in simulation.

However, it is possible with simulation to explore a much
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wider range of temperature ramp-rates than is feasible exper-

imentally. We have summarized the results of many different

ramp-rate simulations in Figure 6. Here, we plot, on a curve

of temperature vs. time spent within 1 �C of that temperature,

curves representing various observations of fractional crys-

tallization. This main curve here is effectively the TTT plot

for Ge2Sb2Te5 according to our simulation. There are eight

curves, corresponding to crystal fractions of 10�6, 10�5,

10�4, 0.1%, 1%, 10%, 50%, and 99%. Along the top, the

horizontal axis is also described in terms of linear ramp-rate.

Each simulation is run at constant ramp-rate, thus providing

the data points which share the same time-at-temperature

(same horizontal position in the main graph). From this plot,

it is clear that each ramp-rate is associated with a particular,

fairly narrow temperature range—within which the entire

crystallization process occurs.

The insets in Figure 6 detail this crystallization process as

it occurs within the simulator for a ramp-rate of 81 �C=min,

corresponding to the rate used during the resistance vs. tem-

perature measurements shown in Figure 3. At upper right, the

evolution of the crystal fraction is shown as a function of tem-

perature. The appearance of the first crystal growth voxels

(roughly similar to the first critical nucleation) and the appear-

ance of the first fully crystallized voxels are indicated. Note

that the threshold monomer size for converting a voxel from a

“sub-critical nuclei” cell to a “crystal-growth” cell is inten-

tionally set somewhat larger than the critical nucleus size

(n � 13). This is because nuclei that are at or slightly over the

critical nucleus size do have a non-zero chance of shrinking

back over this threshold, even though it is more likely that

they will continue to grow.

Also shown at the middle right of Figure 6 is the simu-

lated resistance during the 81 �C=min simulation. Here, two

electrodes were added to the simulation and the resistance

through the GST film was computed by solving Laplace’s

equation, evolving the voltage mesh with a three-

dimensional alternating-direction-implicit (ADI) finite-

difference solver until Kirchoff’s current law was satisfied at

FIG. 6. The TTT diagram for Ge2Sb2Te5 according to numerical simulations, showing the temperature and time-at-temperature combinations where crystal frac-

tion reaches 10�6, 10�5, 10�4, 0.1%, 1%, 10%, 50%, and 99%. The top horizontal axis shows the corresponding linear ramp-rate in �C=min. The use of a con-

stant, rate-independent Tg in the simulations means that this TTT diagram becomes inherently less accurate as the ramp-rate increases. The inset plots at upper

right show the evolution of the simulated crystal fraction and device resistance as a function of temperature for a simulation run at a constant ramp-rate of

81 �C=min. Insets at upper left show the evolution of the aggregate population of sub-critical nuclei at four different temperatures; insets at lower left illustrate the

distribution of partially established grains at five different temperature=time points, during this same simulation.
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each node. The Douglas-Gunn ADI scheme50,51 was used

with variable timesteps in order to maintain stability for this

3-D mesh.

The electrical transition on log-coordinates (the logarith-

mic midpoint between SET and RESET) closely corresponds

to the change in crystal fraction on linear coordinates.

Although some researchers have observed that the linear

electrical transition can appear to occur “before” the optical

transition,52 the midpoint on a log-resistance plot of the elec-

trical transition is reached at very close to 50% crystal

fraction.

The inset to the resistance plot shows a 350 nm wide

cross-section through the film when the simulation was pass-

ing through 158 �C. This image clearly shows that while

most nuclei have started at a SiN-GST interface, there are in

fact a few grains which must have nucleated in the bulk of

the film, away from the interfaces. The spherical cap model

greatly increases the likelihood of nucleation for the small

number of monomers located at an interface. However, there

are many more bulk monomers, each with a much smaller

(but non-zero) chance of nucleation. These two effects coun-

terbalance each other to a certain extent, enough so that

some bulk, homogeneous nucleation can be observed with

these parameters.

The inset plot in the upper center portion of Figure 6

shows the aggregate nucleus histogram (population vs. nu-

cleus size) at four temperatures during the 81 �C=min

simulation. At 100 �C, there are a few nuclei containing ten

monomers. However, even though the critical nucleus size

is quite small (8 monomers in the bulk and around 4 mono-

mers at the interfaces), the chances that any nuclei will

grow much larger is extremely unlikely at low tempera-

tures. As the temperature increases to 140 �C, the critical

nucleus size decreases only slightly, but the rate at which

monomers attempt to grow (Cg) increases significantly.

Thus more nuclei begin to exceed the critical nucleus, and

some actually get converted within the code into crystal

growth cells. Note that when a crystal growth cell contains

a growing grain that is smaller than the size of the voxel,

the proportionally smaller monomer population in the re-

mainder of the voxel continues to be tracked for sub-critical

nucleation. As the temperature continues to increase, more

and more nucleation occurs, and finally the consumption of

available material becomes so significant that the overall

sub-critical nucleus population left in the amorphous state

drops noticeably. Soon afterwards, the entire simulated

volume is fully crystallized.

The evolution of the grains from 156 �C through full

crystallization at 160 �C is shown in the inset figures at the

lower left of Figure 6. Clearly, the largest grains tend to be

those that nucleated early and had the time to grow into the

surrounding phase change material before critical nucleation

could occur there. When the ramp-rate is very fast, there are

many small grains (both experimentally and according to

simulation) because the neighboring material began to nucle-

ate “faster” than the growth velocity could propagate the

edge of the nearby older grain. Once neighboring grains con-

tact each other, the surface energy of importance changes

from the crystalline-to-amorphous value of r to something

much lower, allowing large polycrystalline grains to slowly

consume area at the expense of smaller ones. This interaction

is not yet implemented in our simulation code.

The trend in grain size with ramp-rate shown in Figure 1

occurs because faster ramps mean that crystallization occurs

at higher temperature, combined with the obvious difference

in the slopes of the vg and Iss curves in the regime below Tg

in Figure 5. Although the crystal velocity increases exponen-

tially as temperature increases, the exponential increase in

nucleation rate is even steeper. (While the nucleation within

the code is dynamic, it scales quite closely to the steady-state

rate Iss shown in Figure 5.) Fast ramps mean that the sample

gets to higher temperature before crystallization has a chance

to complete, and since the increase in nucleation rate with

temperature outpaces the increase in growth rate, new grains

are nucleating faster than the old grains can consume their

surroundings. As a result, the average grain size is smaller

for these fast ramps. The only simulation run which did not

show a strong trend of grain size changing with ramp-rate

was one where vg and Iss had very similar (exponential)

slopes below Tg, which we could only bring about by signifi-

cantly altering the shape of the bulk free energy difference

Dg (Eq. (3)).

V. FURTHER DISCUSSION

While our nucleation simulation shows an admirable

correspondence with the observed experimental behavior,

there are still a number of physical interactions which will

need to be included before real PCM device operation can be

accurately modeled. In particular, once the polycrystalline

grains grow large enough to touch each other, the present

simulation code makes no further changes. However, the

experimentally measured resistance of the phase change film

in Figure 3 clearly continues to drop. In simulation, the re-

sistance quickly saturates to a fully “SET” resistance. While

some of the experimentally-observed decrease is due to

temperature-dependent resistivity (already included in the

simulation code), much of it is permanent—leading to signif-

icant hysteretic changes in both electrical and thermal resist-

ance at room temperature after cooling.32,53

This resistance change cannot be due solely to significant

changes in grain size, as we show in Figure 7. Here, three

membranes were annealed to 220 �C at a rate of 7.5 �C=min

(same rate as the center image from Figure 1) but then held at

220 �C for 3, 30, or 300 min before cooling and TEM mea-

surement. The plot of fractional area covered by the largest

grains includes all four membranes which experienced exactly

the same rate, differing only in holding time. Here, it is clear

that the number of grains is not changing significantly, but

rather that the largest grains are growing slightly in size,

assumably at the expense of smaller grains.

Another consideration is that it may be the exact equiva-

lent-amorphous-thickness of the grain boundaries, and not

the average grain-size, which dominates changes in resist-

ance after the polycrystalline grains consume all the

unclaimed amorphous material. This is an important consid-

eration for future study, since the establishment of intermedi-

ate resistance states in PCM materials is likely dominated by
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exactly how these polycrystalline grains and their boundaries

change, in the regions “next to” some residual amorphous

plug, in ways that lead to significant changes in effective de-

vice resistance. Neither of these effects can be modeled by

our code at this time, although the difficulty of implementa-

tion is negligible compared to the uncertainty concerning the

physics governing these grain boundaries. Further experi-

mental work, which could readily be performed with TEM

membranes, is highly warranted.

What is not of much interest, from a device perspective,

is additional study into the initial grain distribution produced

during a temperature ramp. This includes the changes in first

crystallization for both thinner and thicker films, due to the

increased role of heterogeneous nucleation in thinner films

and the change in local stress induced by the first stages of

crystallization in thicker films. These effects are physically

intriguing and are readily amenable to study but are not par-

ticularly relevant to the operation of PCM devices. Instead,

in PCM devices, recrystallization occurs over small volumes

in the presence of large temperature gradients and pre-

existing crystalline-amorphous boundaries.

The present study has been extremely useful as a rigor-

ous cross-check between experiment and simulation, and as

an indicator that the ramp-rate of an anneal is as important as

(if not more important than) the anneal temperature and du-

ration. However, any PCM device integrated in a CMOS

(Complementary Metal-Oxide Semiconductor) fab will

likely experience long anneals at temperatures close to

400 �C, at which point the PCM material will have crystal-

lized into the more stable hexagonal crystalline form.

This raises the question of whether the simulation code

ought to be modified to handle the hexagonal crystalline

form and the conversion between fcc and hexagonal. Fortu-

nately, while the hexagonal crystalline phase is indeed more

stable than the fcc,29,37,54 the fcc version is the one responsi-

ble for the active switching observed in devices.55 In fact,

even amorphous material in contact with the hexagonal

phase has been observed to recrystallize directly into the fcc

crystalline phase,56 implying that only the fcc crystalline

phase needs to be simulated within PCM devices.

One consideration for future work is modeling the

observed increase in crystallization temperature and decrease

in the grain size with nitrogen or oxygen doping.47,57,58

Although experimental papers on doped-GST usually discuss

a change in the nucleation behavior, the present work shows

that a decrease in just vg could readily explain both the

changes in crystallization temperature and grain size. It is

well known that doping tends to reduce crystal growth speed

at high temperatures.47 What would be needed to seed an

extension of the present study would be careful measure-

ments of the low-temperature growth velocities in doped

GST films, similar to the work of Refs. 44 and 45. Changes

in crystallization temperature observed upon decreasing the

thickness of the film41,59 are more problematic to explain,

since most of the nucleation observed in our simulation al-

ready occurs near an interface. Before attempting to match

such experiments, it will be critical to be sure that they are

not unduly affected by surface oxidation, incomplete area

coverage of sputtered material, inadvertent asymmetries in

heating environment, or differences in deposition stoichiom-

etry first.

Another complication is the experimental observation

that faster ramps tend to lead to sharp increases in crystalli-

zation temperature.31,60,61 While the results of Ref. 61 are

clouded by the unexplained disparity between measured

resistivities during different ramp-rates at temperatures far

below Tc, the literature data summarized there clearly show

that Tc has been observed to increase sharply as ramp-rates

climb above 100 �C=min. However, our simulator (Figure 6)

would predict that Tc should linger below 200 �C until the

ramp-rate is increased significantly further.

This difference between experimental observation and

our simulation probably arises because the glass transition

itself should really depend on the temperature ramp-rate. In

contrast, we are currently using a single, rate-independent

value for Tg in all of our simulations. In actuality, the glass

transition should occur at a higher temperature when the

temperature change is rapid. Since this would push out the

steep increase in the vg and Iss curves in Figure 5 for very

fast ramp-rates, it is quite conceivable that one could reach

higher temperatures before the delayed glass transition and

the associated sharp increases in crystal growth velocity and

nucleation rate finally set in, triggering rapid crystallization.

Since this delayed-glass-transition effect during heating

can only show up during extremely rapid crystallization

from the amorphous in the absence of any nearby crystalline

material, it is not all that useful to be able to simulate it pre-

cisely. However, it does raise the question of how recently

melted, undercooled-liquid amorphous material cools
through the glass transition, and how it undergoes structural

relaxation to the fully amorphous phase over time.44,62 These

questions are critical to the understanding of how melt-

quenched amorphous material differs from the as-deposited

amorphous state,63 how the polycrystalline grains just out-

side (and those nucleated within) an amorphous plug evolve

FIG. 7. TEM grain images and cumulative distribution of area covered by

poly crystalline grains, from largest to smallest, for membrane samples

exposed to 3, 30, or 300 min of additional annealing at 220 �C after a ramp-

rate of 7.5 �C=min. All images are shown at the same scale and correspond

to an area of 886 nm� 886 nm. The cumulative distribution for 7.5 �C=min

from Figure 2, corresponding to no additional annealing at 220 �C, is also

shown for comparison.
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during various quench trajectories, and how this relaxation

over time of the amorphous phase (located in the plug and at

the grain boundaries) relates to the externally observed phe-

nomena of resistance drift.

All of these are extremely interesting and highly rele-

vant topics for future work. One convenient vehicle for

studying many of these topics are TEM membranes similar

to those introduced in this work. Local optical heating

followed by rapid quenching could provide the thermal

environments discussed above, resulting in crystalline-

amorphous distributions which could be observed with TEM

and then matched to simulation. The difficulty here will be

that these temperature distributions will necessarily vary rap-

idly as a function of radial position within the focussed laser

beam used for heating, complicating the post-analysis prob-

lem considerably.

VI. CONCLUSIONS

We have studied the formation of fcc polycrystalline

grains from the as-deposited amorphous state in undoped

GST, by combining ex situ TEM membrane experiments

with numerical simulation. Our ramped-anneal experiments

showed that temperature ramp-rate strongly influences the

median grain size, which we attributed to the difference

between the exponential temperature dependence (activation

energies) of crystal growth velocity vg and nucleation rate Iss

below the glass transition temperature Tg. By truncating

ramped-anneal experiments at various peak temperatures, we

convincingly demonstrated that, at a given heating ramp-

rate, the temperature range over which these GST grains are

established is quite narrow.

Our numerical simulator—which models nuclei forma-

tion through classical nucleation theory and then tracks the

subsequent time- and temperature-dependent growth of these

grains—was able to match these experimental observations

of initial grain distributions and crystallization temperature

both qualitatively and quantitatively. These simulations

allowed us to quantify the lower portions of the TTT map for

Ge2Sb2Te5.

This work represents a first step towards understanding

the crucial relationship between the polycrystalline nature of

phase change materials and the intermediate resistance states

of PCM devices, with impact on long-term data retention,

predictable device operation, and long-term resistance drift.

Future experiments and extensions of the simulator to inves-

tigate the temperature-dependent interactions between neigh-

boring grains, and to study nucleation from within the melt-

quenched amorphous state, were discussed.
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