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Phase changes in chalcogenides such as Ge2Sb2Te5 can be exploited in non-volatile random-access

memory, with fast crystallization crucial for device operation. Ultra-fast differential scanning

calorimetry, heating at rates up to 40 000 K s�1, has been used to study the crystallization of

amorphous Ge2Sb2Te5 with and without sandwich layers of ZnS-SiO2. At heating rates up to

1000 K s�1, the sandwich layers retard crystallization, an effect attributed to crystallization-

induced stress. At greater heating rates (�5000 K s�1), and consequently higher crystallization

temperatures, the stress is relaxed, and sandwich layers catalyze crystallization. Implications for

memory-device performance are discussed. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4748881]

The chalcogenide Ge2Sb2Te5 (GST) is among the most

widely exploited and studied phase-change materials of in-

terest for non-volatile data storage.1 Thin films of chalcoge-

nides exemplified by GST can be reversibly switched

between amorphous and crystalline states. The crystalline

state is melted by a short heat pulse and is then rapidly

quenched into the amorphous state; less intense heating indu-

ces crystallization of the amorphous state. In optical disks

(CD-RW, DVD-RW, Blu-ray
TM

), the heating is by laser and

the data marks are read using changes in optical reflectance.

In phase-change random-access memory (PC-RAM), the

heating is by electrical pulse and the state of the memory

cells is detected through their resistance. The amorphous state

of the chalcogenide has significantly lower reflectance and

electrical conductivity than the crystalline state. The present

work is motivated by the current interest in chalcogenide-

based PC-RAM for non-volatile memory.2,3

For this application, crystallization must be rapid, pref-

erably taking less than the 10 ns switching time typical for

DRAM.3 Yet, in a possibly contradictory requirement,3

under ambient conditions crystallization must be suppressed

to permit long-term (>10 yr) data retention. Thus, the tem-

perature dependence of crystallization kinetics is critical in

materials selection for PC memory.4 The crystallization of

GST has mostly been studied close to its glass-transition

temperature Tg, when slow rates permit careful characteriza-

tion. Transmission electron microscopy (TEM),5,6 atomic-

force microscopy,7 and atomistic modeling8 have been used

to determine incubation times, nucleation rates, and growth

rates, all of which are temperature-dependent. The activation

energy Ea for crystallization can be determined by measuring

the increase in crystallization temperature Tp (for example,

the temperature of exothermic peaks in DSC) as the heating

rate U is increased. This Kissinger method9 has been applied

not only to DSC10,11 but also to electrical resistometry12,13

and optical measurements.14 Such studies have contributed to

understanding the distinction between materials in which the

crystallization is nucleation-driven (e.g., GST) or growth-
driven (e.g., Ag-In-Sb-Te).15 They may be relevant for stud-

ies of data retention, but with crystallization studied only

over narrow ranges of U (0.008 K s�1 to 6.7 K s�1) and Tp

(411 K to 443 K), the times are as much as 109� longer than

relevant for PC-RAM switching.

Recent work16 has applied ultra-fast DSC to as-

deposited amorphous a-GST. Heating rates up to 4� 104 K s�1

allow the crystallization to be characterized over a much

wider temperature range, up to 650 K, and therefore close to

the estimated maximum in crystal growth rate. The tempera-

ture dependence of the crystallization rate was taken to be

dominated by the temperature dependence of the growth

rate, and in this way, the kinetic coefficient for crystal

growth Ukin (the limiting growth velocity when the thermo-

dynamic factor is one) was determined.16 This has a non-

Arrhenius temperature dependence, indicating a high kinetic

fragility of the liquid (m� 90).16 Furthermore, consistent

with the results of Ediger et al.17 on oxide and organic

liquids, there was evidence for decoupling of crystal growth

from viscous flow on cooling towards Tg: the growth rate ex-

trapolated to Tg was found to be 105 times faster than would

be calculated from the viscosity of 1012 Pa s at the glass tran-

sition. As in many previous studies of GST, the ultra-fast

DSC was on uncapped thin films, yet it is known that crystal-

lization can be strongly affected by contact with neighboring

layers (in sandwich structures, or with a capping or protec-

tive layer on top). The present work aims to extend the

earlier ultra-fast DSC study to characterize and understand

the effects of sandwiching the GST between layers, in this

case of ZnS-SiO2 (80:20 mol. %).

This material is the usual choice for the dielectric layers

that sandwich the chalcogenide thin film in optical disks.

These layers optimize performance and, in particular, can

increase the number of possible overwrite cycles.18,19

Ohshima18 showed that the choice of dielectric layers used
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to sandwich a 30 nm a-GST film can strongly influence the

crystallization of the film. Sandwiching between dielectric

layers always increased Tp and Ea. Later studies, monitoring

crystallization by electrical resistometry,12 DSC,13 optical

measurements,14,20 x-ray diffraction,21 and EXAFS and

ellipsometry,22 have confirmed that sandwiching or capping

of as-deposited amorphous films of GST impedes their crys-

tallization, as revealed by increased Tp and Ea, and by

increased incubation and crystallization time on isothermal

treatments. An analogous effect of contact with a dielectric

is found in the increased Ea for GST in composite films

incorporating TaOx.
23

These studies have used GST films with thickness from

250 nm down to 2 nm. In general, the impeding effect of the

sandwich or capping layers is greater, the thinner the GST

film. The effect is already detectable at thicknesses as great

as 80 nm; for example, at this thickness, Ea increases from

2.24 6 0.01 eV for uncapped films to 2.7 6 0.2 eV for films

capped with 4.5 nm of ZnS-SiO2.12 There is practical impor-

tance, as the complete erasure time (CET) of the GST film in

optical disks increases rapidly with decreasing film thick-

ness.15 Isothermal crystallization of GST, analyzed accord-

ing to Johnson-Mehl-Avrami-Kolmogorov (JMAK)

kinetics,13,18 shows the Avrami exponent decreasing with

decreasing film thickness, consistent with a reduced dimen-

sionality of crystal growth that has been modeled.24

Crystallization of GST is strongly impeded, indicated by

an exponential increase in Tp, with decreasing thickness

below 10 nm.13,20,21 As reviewed in Ref. 25, such an increase

in Tp in thin films is seen in many systems, including a-Si in

a-Si/a-SiO2 superlattices.26 The crystal nucleation in that

case has been modeled assuming, as in Ref. 24, that it occurs

in the middle plane of the film.27 As the critical nucleus is

more confined by the sandwich layers of oxide, the effective

interfacial energy between the crystal and the amorphous

matrix increases due to screening effects from the oxide. The

screening length was found to be 0.64 nm, so the strongest

effect, ultimately prohibiting any crystal nucleation, is only

for the very thinnest amorphous films.27

It is notable that the increase in Tp of a-Si in a-Si/a-SiO2

superlattices is closely correlated with increasing inhomoge-

neous strain in the growing crystals,26,27 suggesting effects

of stress. For chalcogenides, including GST, wafer-curvature

measurements show that crystallization leads to a build-up of

stress, scaling with the volume shrinkage on crystalliza-

tion.19 For these uncapped films, the final stress is, however,

only about 9% of the value expected for purely elastic

deformation, indicating substantial stress relaxation through

flow of the amorphous phase. In films of GST sandwiched

between 5 nm layers of ZnS-SiO2, (80:20 mol. %), stresses

are roughly doubled, indicating that the stress relaxation is

reduced by capping, perhaps by suppression of creep medi-

ated by surface diffusion.28 Stresses are higher (relaxation is

further impeded) in thinner films,28 while further heating

leads to reduced stress.19

As noted by others,12,21 further study is required to

understand the effects of sandwich and capping layers on

crystallization. Effects of interface morphology18 and inter-

diffusion22 have been ruled out. It is of particular interest to

understand how crystallization can be inhibited even in

rather thick (>10 nm) layers when screening effects, dis-

cussed above,27 should not have any effect. For these thicker

layers, it is important to probe the role of crystallization-

induced stress. Ultra-fast DSC opens up the possibility of

doing so over a much wider range of temperature than has

been possible so far.

Deposition onto pre-cleaned glass microscope slides

was by RF sputtering (Nano 38 system, Kurt J. Lesker) at a

power of 45 W. The ZnS-SiO2 (80:20 mol. %) layers (thick-

ness d¼ 10 nm) were deposited at an argon pressure of

0.3 Pa and the intervening a-GST film at 0.4 Pa (as in Ref. 16).

For the GST film, d was chosen to be 60 nm, well beyond

the range of screening effects,27 and within the range used

in studies of crystallization-induced stress.19,28 Power-

compensation DSC was performed as in Ref. 16 using a

Mettler-Toledo Flash DSC 1,29 with U from 50 K s�1 to

40 000 K s�1 under a nitrogen flow of 20 ml min�1. As-

deposited samples were peeled off the substrates (previous

experience including TEM observation suggests that the

sandwich structure remains intact) and masses of less than

100 ng were transferred onto the sample area (an Al plate

0.5 mm in diameter) on the chip sensor. DSC traces (Fig. 1)

show the exothermic crystallization of a-GST to the metasta-

ble fcc phase (confirmed as in Ref. 16), but do not show the

glass transition or a transition from fcc to stable hcp. The

crystallization exotherms shift to higher Tp at higher U.

There is some spread in Tp due to variability in the thermal

contact between the samples and the sensor. As in Ref. 16, at

any U most weight is given to the lowest values of Tp as

these reflect the best thermal contact.

The Kissinger plot (Fig. 2) shows the effect of sandwich

layers in ultra-fast DSC and in conventional measure-

ments.10–14 The latter clearly show the inhibition of crystalli-

zation as an increased Tp, this effect being greater for thinner

GST films. The ultra-fast DSC data at U¼ 50–1000 K s�1

(Tp< 520 K) show the same effect, with a trend that can

readily be extrapolated through the conventional data. At the

highest heating rates (U¼ 5000–40 000 K s�1, Tp> 520 K),

Tp is lower (crystallization is accelerated) in sandwiched

FIG. 1. DSC traces for ultra-fast heating of amorphous GST with and with-

out sandwich layers of ZnS-SiO2. Each trace, labelled with the heating rate

U, has an exothermic peak (arrowed at Tp) indicating crystallization to the

metastable fcc phase. The sandwich structure has two distinct effects: crys-

tallization is impeded at low U (e.g., 500 K s�1) but accelerated at high U
(e.g., 40 000 K s�1).

091906-2 Orava et al. Appl. Phys. Lett. 101, 091906 (2012)



films. Could such a reversal of effect be associated with a

change in sign of the hydrostatic stress in the GST film?

GST’s thermal expansion coefficient is less than that of typi-

cal dielectrics,19 so a film deposited in compression could

go into tension on heating. Since crystallization involves

shrinkage, such a stress reversal would promote crystalliza-

tion at lower temperature (heating rate) and inhibit it at

higher values. This is the opposite of what is observed, so

this explanation of the effects of sandwich layers can be

discounted.

In contrast, the inhibition of crystallization at lower tem-

peratures is most easily attributed to stresses induced by the

crystallization itself. The shrinkage on crystallization of

GST (6.5% in layer thickness) should induce stresses as high

as 1.7 GPa in the absence of relaxation,19 and relaxation is

inhibited by capping layers.28 Crystallization of GST is con-

sidered to be nucleation-driven,15 meaning that internal

nucleation is possible, and suggesting that the crystallization

should not be subject to surface and interface effects. Yet

experiments show that if a free surface is available, crystalli-

zation starts there.5,11,30 As oxygen in GST inhibits crystalli-

zation,31 the free surface is likely favored because stress

relaxation is most straightforward there (Fig. 3). It has been

suggested25 and observed3 that crystallization of confined

GST also starts at the interface with the sandwich or capping

layers, consistent with such layers having a strong influence

on the crystallization.

In the earlier work on uncapped GST films,16 the Kis-

singer plot was subjected to a detailed fitting, based on the

Cohen and Grest description of the temperature dependence

of the liquid viscosity. In the present case, with superposed,

temperature-dependent stress effects, such a fitting is not jus-

tifiable. Nevertheless, it is possible to compare the tempera-

ture dependence of the kinetic coefficient for crystal growth

Ukin with and without sandwich layers. The decoupling of

Ukin from viscosity g as the temperature is lowered towards

Tg can be represented as Ukin / g�n, where the extent to

which n is less than one represents the degree of decou-

pling.17 For uncapped GST, n (0.67) fits the correlation with

liquid fragility found for oxides and organics16,17 that may

also include metallic glass-forming liquids32 (Fig. 4). Apply-

ing the same analysis as in Ref. 16 to the dashed line in Fig.

2, the effective value of n (0.80) suggests closer coupling

(arrow on Fig. 4). The constraint of a capping layer on GST

requires viscous flow of the matrix to permit crystal growth

(Fig. 3), a coupling effect expected to be greater in thinner

films.

In uncapped GST, stresses are low,19 but their relaxation

on heating can be used to estimate the temperature at which

viscous flow renders stresses insignificant. By extrapolation,

stresses fall to zero at about 500 K,19 roughly where the data

for single and sandwiched films merge (Fig. 2). While heat-

ing rate and the differing relaxation rates in the amorphous

and crystalline states need to be taken into account, the inter-

section of the two data sets in Fig. 2 is at least consistent

with the conditions for stress relaxation.

FIG. 2. Kissinger plot comparing crystallization in sandwich structures ZnS-

SiO2/a-GST/ZnS-SiO2 with uncapped single-film a-GST. The peak tempera-

ture Tp in DSC, or an analogous crystallization temperature, is measured at

different heating rates U. The data are from Friedrich et al. (Ref. 12) (electri-

cal resistometry, U¼ 0.009–0.09 K s�1, on single films with thickness

d¼ 80 nm and sandwich structures with d¼ 4.5/80/4.5 nm), Wei et al. (Ref.

13) (resistometry, U¼ 0.008–0.33 K s�1, d¼ 50/5 or 30/50 nm), Men et al.
(Ref. 14) (optical measurement, U¼ 0.17–0.67 K s�1, d¼ 100/20/20 nm),

Park et al. (Ref. 10) (conventional DSC, U¼ 0.08–0.33 K s�1, d¼ 80 nm),

Jeong et al. (Ref. 11) (conventional DSC, U¼ 0.08–0.33 K s�1, d¼ 200 nm),

and Orava et al. (Ref. 16) (ultra-fast DSC, U¼ 50–40 000 K s�1,

d¼ 270 nm). The shading indicates typical ranges of Tp for GST observable

in conventional and in ultra-fast DSC. The solid red line is the modeling-

based fit derived in Ref. 16. The black dashed line is a guide for the eye.

FIG. 3. Schematic half-fields of a crystalline region (shaded) growing at the

top surface of a-GST (the shrinkage on crystallization is exaggerated for

clarity): (a) at a free surface the shrinkage can be accommodated and there

is easy transport by surface diffusion; (b) in contact with a rigid capping

layer, the shrinkage can be accommodated only by viscous flow within the

amorphous matrix.

FIG. 4. For a wide variety of glass-forming liquids, the extent of decoupling

of crystal growth from viscous flow increases (n decreases) with increasing

kinetic fragility m. Uncapped a-GST fits this correlation (see Ref. 16), but

sandwiched films (this work) show closer coupling (arrow).
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At still higher U and Tp, crystallization is accelerated in

sandwiched films. While the discussion has been of dielectric

layers impeding crystallization, there are cases of the opposite

effect: in optical disks, the CET (governed by crystallization

at very high U) is shortened if the GST film is in contact with

layers of SiC.15,33 As the temperature is raised, the thermody-

namic driving force for crystallization decreases, and for GST

above �450 K, this leads to a sharp fall in the calculated rate

for homogeneous nucleation of crystals.34 In that case, hetero-

geneous nucleation on dielectric layers may be important in

promoting crystallization.

We compare the present results with those of Pandian

et al.35 on a growth-driven system: (GeþIn)-doped SbxTe

thin films with and without sandwich layers. In-situ TEM of

films isothermally annealed near Tg showed that the presence

of sandwich layers always gives slower growth with a higher

Ea, just as for crystallization of GST (for Tp< 520 K; Fig. 2).

Pandian et al. conclude that this inhibition of growth, greater

at lower temperature, is most reasonably attributed to an

effective increase in viscosity due to constraint by the sand-

wich layers, an argument analogous to that based on cou-

pling in connection with Figs. 3 and 4. Furthermore, they

find that while crystal growth is always inhibited by sand-

wich layers, nucleation can be accelerated.

Recent work on N-doped GST shows that decreasing the

cell size in PC-RAM brings benefits in combining faster de-

vice switching with greater stability under ambient condi-

tions.3 With smaller cells, the crystallization of GST is more

influenced by extrinsic factors: contact with Ti-W electrodes

and the surrounding SiO2 dielectric. Constraining the GST in

a memory cell appears to increase the temperature depend-

ence of the crystallization rate. This is just the effect

revealed directly in Fig. 2, where applying sandwich layers

does combine inhibition of crystallization at low temperature

with acceleration at high temperature.

At low U, sandwich layers inhibit the crystallization of

a-GST, but the Kissinger plot (Fig. 2) shows that this cannot

be a good guide to the effects at the higher U and Tp relevant

for device operation. Although it is still far from the 109 K

s�1 reached in PC-RAM,13 the great range of U possible

with ultra-fast DSC does permit study of crystallization over

a temperature range sufficient to interpret device operation.

The inhibition of crystallization, a stronger effect in thinner

films, is attributed to crystallization-induced stress strength-

ening the coupling between crystal growth and viscous flow.

The effect disappears at higher temperature, consistent with

the kinetics of stress relaxation. At higher U and Tp, the data

suggest that sandwich layers can catalyze crystallization.

Ultra-fast DSC shows that constraint by the layers increases

the temperature dependence of crystallization in GST. This

effect is certainly beneficial for device performance and will

be of increasing importance as memory cells continue to

decrease in size. Further work, exploring the effects of film

thickness and of different sandwich layers representative of

the electrode and dielectric materials in PC-RAM, should be

useful in improving device reliability and scalability.
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