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alloys used for phase change recording
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Sputtered amorphous Ge,Sb,Tes, Ge,Sb,Te,, Ge,Sb,Tes, and Agg o551y 0655b0 50 €0 20
thin films were studied by differential scanning calorimetry. Upon continuous heating,

heat release due to structural relaxation of the amorphous phase between 0.5 and
1.0 kJ/mol was observed. This value depends on the thermal history of the sample.
Preannealing of the amorphous phase revealed the glass transition temperature 7,
within 10 K of the crystallization temperature upon continuous heating at 40 K/min.

. INTRODUCTION

Tellurium alloys are used for optical data storage in
commercial rewritable phase change media. In rewritable
compact disks (CDs) and digital video disks (DVDs), a
thin film of a Te alloy is locally and reversibly switched
by laser heating between the amorphous and crystalline
states. These states can be distinguished optically by their
difference in reflectivity.' Due to the reversibility of the
transition on the nanosecond timescale, the term “phase
change materials” is widely used for those alloys. Re-
cently, phase change materials have also shown high po-
tential for future electronic non-volatile data storage.” In
these so-called “phase change random access memories”
(PC-RAMs), electrical power provides the heat that is
necessary for transformations between the amorphous
and crystalline states, which can be distinguished subse-
quently by their pronounced difference in electrical con-
ductivity.”™

To develop programmable resistor elements on the
nanometer scale for the next generation of phase change
media, it is mandatory to understand the crystallization
kinetics of phase change materials in more detail. Those
can be separated into the two contributions of nucleation
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and growth.®” Both the crystal nucleation rate and the
crystal growth velocity are inversely proportional to the
shear viscosity m in the undercooled liquid state.®™'* Un-
fortunately, little is known about m and its temperature
dependence for phase change materials because the un-
dercooled liquid state is not easily available for experi-
ments due to rapid crystallization. Due to this uncer-
tainty, it has usually been difficult to model the crystal
nucleation rate and the crystal growth velocity with sat-
isfactory accuracy.'>™'® Close to the glass transition tem-
perature T,, at which the viscosity of the undercooled
liquid is on the order of 10'* Pa s,'”™"? the crystal nu-
cleation rate and the crystal growth velocity are domi-
nated by the viscosity. This is because the viscosity in-
creases rapidly around 7, upon cooling, which causes the
crystal nucleation rate and the crystal growth velocity to
become negligibly small. This strongly affects the overall
shape of the nucleation rate and growth velocity curves
as a function of temperature. Hence, the knowledge of
the glass transition temperature significantly helps to
model and understand crystallization kinetics.

No unambiguous experimental evidence for the glass
transition in phase change materials has been found so
far. Speculations, however, are numerous. Mansuripur
and co-workers'® assumed a value of T, = 400°C to
model crystallization and amorphization kinetics of
Ge,Sb,Tes. Hudgens and Johnson® assumed T, =
350 °C for the same alloy. Lankhorst®° presented a model
for estimating 7|, for a variety of phase change materials
based on the enthalpy of atomization. He obtained values
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for T, that are in many cases much lower than the crys-
tallization temperature®>'>* upon heating at low and
moderate rates (7 < 100 K/min), e.g., Tg = 190 °C
(Ge,SbTes), T, = 77 °C (Ge,Sb,Tey), T, = 111°C
(Ge,Sb,Tes), and T, ~ 80 °C (Agln-doped Sb,Te).
Morales-Sanchez and co-workers* reported experimen-
tal evidence for the glass transition of Ge,Sb,Tes around
100 °C by differential scanning calorimetry (DSC).
However, the data presented in Ref. 25 are limited and
difficult to interpret. Finally, the authors of the present
article have assumed?' the glass transition temperatures
of Ge,Sb, Tes, Ge,Sb,Tes, and Agy ¢s5In 065Sbo.50T€0.29
to be close to the crystallization temperature of the amor-
phous phase upon furnace heating, i.e., between around
150 and 200 °C depending on the alloy. Using this as-
sumption, they made quantitative predictions of the crys-
tal nucleation rate in the undercooled liquid as a function
of temperature.® In this article, we present unambiguous
experimental evidence of the glass transition by DSC
measurements for the phase change materials mentioned
above.

Il. EXPERIMENTAL TECHNIQUES

A solution of 3 vol% polymethyl methacrylate
(PMMA) dissolved in chlorobenzene was deposited by
spin coating (4000 revolutions per minute) on glass mi-
croscope slides. Films of composition Ge,Sb,Te,,
Ge,Sb,Tes (the material of choice in DVD-RAM), and
Agg 0551N0 0655b0 50 T€ 20 (similar in composition to the
material of choice in DVD+RW and DVD-RW, hereafter
AglIn-Sb,Te) were deposited on those PMMA layers by
dynamic direct current magnetron sputtering from a
single commercial target. Films of composition
Ge,Sb,Te; were deposited on thin plates of stainless
steel by static direct current magnetron sputtering from a
single commercial target. For all depositions, the back-
ground pressure was approximately 10~ mbar, and the
working pressure during sputtering in Ar ambient was
7 x 107 mbar. The sputtering powers were 50 W
(Ge,Sb,Te,), 25 W (Ge,Sb,Tes and Agln—-Sb,Te), and
100 W (Ge,Sb,Tes). The deposition rates were approxi-
mately 0.25 nm/s (Ge,Sb,Te,, Ge,Sb,Tes, and Agln—
Sb,Te) and 2 nm/s (Ge,Sb,Tes). The target diameters
were 5 cm (Ge,Sb,Tes and Agln—Sb,Te) and 10 cm
(Ge,Sb,Te, and Ge,Sb,Tes). The target—substrate dis-
tance was 5 cm in all cases. The film thicknesses were
1500 nm (Ge,Sb,Te,, Ge,Sb,Tes, and AgIn—-Sb,Te), and
7000 nm (Ge,Sb,Tes). The film compositions were con-
firmed previously by inductively coupled plasma emis-
sion spectroscopy, energy dispersive x-ray spectroscopy,
and Rutherford backscattering.”>'***7-2® After deposi-
tion, the PMMA layer underneath the Ge,Sb,Te,,
Ge,Sb,Tes, and Agln—Sb,Te films was dissolved in ac-
etone. For Ge,Sb, Tes, the substrate was bent so the films

could be peeled off. Both methods gave sample frag-
ments on the order of a few square millimeters. X-ray
diffraction (XRD) showed that the structure of the as-
deposited films was amorphous. The samples were pre-
pared without capping layers.

A power-compensated DSC (Perkin Elmer Pyris1/
Diamond, Wellesley, MA), calibrated with the melting
point and enthalpy of fusion of indium and zinc, was
used to measure the heat flow, H = dH/dt (H is en-
thalpy), into the sample. About 5-10 mg film fragments
were sealed in standard aluminum pans and scanned at
constant heating and cooling rates. The atmosphere was
high-purity argon. In contrast to our previous study by
DSC,?! special attention was paid to the measurement of
the baselines to observe and measure structural relaxa-
tion curves.

lll. RESULTS AND DISCUSSION

Figure 1 displays the heat flow as a function of
temperature 7 for all as-prepared alloys. A scan rate of
T = +40 K/min turned out to be most useful to reveal the
thermal signals. From earlier XRD measurements, the
large exothermic peak upon heating of the initially amor-
phous sample (lower solid curve in Fig. 1, labeled “first
scan”) can be identified with crystallization.>>-*%-2%-2°
The coordinates of the peak position, 7, , and Hp, and the
heat of crystallization AH_ are given in Table I. For
Ge,Sb,Tes and AgIn—-Sb,Te, the values for AH. in Table
I agree with the values reported in our earlier study.?' For
Ge,Sb,Tes, AH,. in Table I is higher than our earlier
value, which was only an estimate due to overlapping
signals, baseline reproducibility problems, and strong
baseline curvature.*' In the present study, these problems
have been solved by using thoroughly polished DSC fur-
naces. This resulted in a significantly improved similarity
between the two furnaces, which enabled us to minimize
baseline curvature. Yamada and co-workers>> obtained a
value of AH_, = 3.1 kJ/mol for Ge,Sb,Te,, which coin-
cides with the value obtained in this work (Table I).

The upper solid curve in Fig. 1 is the rescan of the
crystallized sample. It does not reveal thermal transfor-
mations and was reproduced in several additional heating
cycles as long as sample and reference remained at the
same positions in the DSC furnaces. Hence, the rescan
serves as a baseline for the first scan (lower curve). A
comparison of these two curves shows a heat release to
the left side of the main crystallization peak, starting at a
temperature 7. This cannot be ascribed to crystallization
because the isothermal time lag T for nucleation at the
temperature 7', (defined as the time at which the first
crystal nucleates) is too long to allow crystallization.*®
Furthermore, the isothermal crystal growth velocity u
is far too slow at 7, to observe crystallization.*" For
example, our earlier measurements of crystallization
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FIG. 1. Heat flow as a function of temperature: (a) Ge,Sb,Tes, sample age: 27 days; (b) Ge,Sb,Te,, sample age: 106 days; (c) AgIn—Sb,Te,
sample age: 33 days; (d) Ge,Sb,Tes, sample age: 3 days; and (e) Ge,Sb,Tes, sample age: 39 days. Lower solid curve: first scan for the initially
fully amorphous sample (heating). Due to its large extension, the main (exothermic) crystallization peak is not entirely shown for all alloys to make
the baseline more visible. The quantities associated with the main crystallization peak are shown in Table I. Upper solid curve: rescan of the
crystallized sample (heating, reproduced in additional scans). The scan rate was 7 = 40 K/min for all alloys, except for Ge,Sb, Tes, where it was
T = 5 K/min. Comparison of the first scan and the rescan (the latter serves as a baseline) reveals the onset of observable structural relaxation at
T,, the onset of surface crystallization at 7,, and the onset of the endothermic signal characteristic of the glass transition at 7.

parameters by atomic force microscopy (AFM)?*-3!

showed that 7(140 °C) ~ 50 min and u(140 °C) ~ 8 A/min
for Agln—Sb,Te, and 7(115 °C) ~ 4 h and u(115 °C) ~ 4
A/min for Ge,Sb,Tes. The exothermic heat flow at T,
can be ascribed to structural relaxation of the amorphous
phase, which is usually accompanied by heat release
(dotted curve in Fig. 2).'7**7* As shown in Figs. 1(d)
and 1(e), the onset temperature 7', for observable struc-
tural relaxation increases with increasing sample age (the
time the sample was stored at room temperature before
the experiment). The heat release during structural re-

750

laxation AH, was obtained from the area to the left of
the vertical dashed line in Fig. 1 (integral from T, to T,
for the GeSbTe alloys and from T, to T, for AgIn—Sb,Te)
and is given in Table I. The comparison of Figs. 1(d) and
1(e) shows that sample age affects AH,,,. For this reason,
a “quantitative” comparison of AH, and T, between
different alloys is not possible since their aging times at
room temperature have been different (see caption of
Fig. 1). The main point of Fig. 1 is to show “qualita-
tively” that structural relaxation is present in all alloys. A

broad, exothermic signal from structural relaxation has
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TABLE I. Peak coordinates 7, , and Hp of the main crystallization
peak (not entirely shown in Figs. 1 and 3 for better baseline visibility)

during the first scan of the initially amorphous sample.

T, HY AH© AH !

Figure Alloy °O) (kW/mol) (kJ/mol)® (kJ/mol)®

1(a) Ge,Sb, Tes 190.2 —-0.126 0.99 +0.05 39+0.1

1(b) Ge,Sb,Te, 164.6 —-0.398 0.34+0.05 3.1x0.1

1(c) AgIn-Sb,Te  184.3 —-0.987 0.72+0.05 43=x0.1

1(d) Ge,Sb,Tes 173.4 -0.776 0.80+0.05 39=x0.1

1(e) Ge,Sb,Tes 172.9 -0.900 0.58+0.05 39=x0.1

3(a) Ge,Sb, Tes 2159 —-0.664

3(b) Ge,Sb,Te, 168.1 -0.478

3(c) Agln-Sb,Te  184.3 —1.249

3(d) Ge,Sb,Tes 183.3 -1.002

“T., is the peak crystallization temperature.

pr is the peak heat flow signal. The heating rate was 7 = 40 K/min for
all scans, except for the scan shown in Fig. 1(a), where it was 7 = 5 K/min.

For this reason, the peak height in Fig. 1(a) is lower.

°AHg, is the heat that is released in the amorphous phase during structural
relaxation (integral of the thermal curve in Fig. 1 from 7, to T, for the
GeSbTe alloys and from T, to T5 for AgIn-Sb,Te; i.e., the area to the left
of the vertical dashed line in Fig. 1).

9AH, is the heat of crystallization (determined by the area underneath the
dotted line in Fig. 1). AH, in Fig. 3 is the same as in Fig. 1 (for the same
alloy) but is not listed here.

°1 kJ/mon = 1000/(eN,) eV/atom = 10.4 meV/atom. e: elementary charge;
N,: Avogadro’s number.

also been observed in many other amorphous materials
and is attributed to the presence of a spectrum of activa-
tion energies for the sites where relaxation occurs.*>*>=7
Prolonged isothermal annealing, for example at room
temperature, eliminates the sites with the lowest activa-
tion energies. As a result, upon heating a lower heat of
relaxation AH, and a higher onset 7, are observed.

At the temperature 7,, an onset to a small exothermic
peak occurs for the GeSbTe alloys (this peak is less
pronounced for Ge,Sb,Tes). This can be ascribed to
heterogeneous nucleation at the (naturally oxidized)
sample surface. It is known from cross-sectional trans-
mission electron microscopy that the sample surface of
naturally oxidized GeSbTe alloys crystallizes prior to the
rest of the film.***® Surface crystallization effects similar
to those shown in Fig. 1 have also been observed in
4-point-probe electrical film resistance measurements’’
and stress measurements*® upon heating naturally oxi-
dized GeSbTe alloys of the same composition as those
studied here. For Agln—Sb,Te [Fig. 1(c)], no indication
for surface crystallization is observable. It is possible that
this alloy oxidizes significantly more slowly than the
GeSbTe alloys due to the lack of Ge. This suggests that
the predominate oxide at the surface of the GeSbTe al-
loys is GeO,.

Crystallization of Ge,Sb,Te, and Ge,Sb,Tes has been
studied intensely by DSC over the past 20 years, but all
of those studies have focused on the determination of the
peak crystallization temperature Tc’p.21_23’29’38’41_43

H A

dH/dt or dH/AT

T T T

FIG. 2. (Top graph) Schematic evolution of the enthalpy H as a func-
tion of temperature 7. The solid lines (a) and (b) denote isoconfigu-
rational states (amorphous phase). The undercooled liquid (equilib-
rium) is denoted by solid line (c). Structural relaxation of the amor-
phous phase changes the enthalpy of the amorphous phase toward the
enthalpy of the undercooled liquid (short solid arrows). Dotted curve:
Enthalpy evolution during continuous heating without pre-annealing
(corresponds to Fig. 1). Dashed curve: Enthalpy evolution during (1)
pre-annealing, (2) cooling, and (3) subsequent continuous heating at
the “same” rate as for the dotted curve (corresponds to Fig. 3). (Bottom
graph) Time or temperature derivative of the enthalpy H as measured
in the DSC. The dashed (dotted) curve in the lower graph corresponds
to the dashed (dotted) curve in the upper graph. Endothermic signals
are positive. The onset of structural relaxation at 7, is accompanied by
an exothermic signal. 7', depends on thermal history: the more relaxed
the amorphous phase is, the higher 7, [Figs. 1(d) and 1(e)]. If the
pre-anneal is long enough (vertical dashed arrow labeled 1 in the top
graph), the exothermic heat release at 7, is not observed during sub-
sequent heating. The onset of the endothermic signal characteristic of
the glass transition at 7% is more pronounced if the sample is pre-
annealed (dashed curve in the bottom graph).

Even though in some studies of Ge,Sb,Te, and
Ge,Sb,Tes a heat release is visible in the amorphous
phase,?**"*? this effect has neither been related to struc-
tural relaxation nor surface crystallization, mostly be-
cause no reference was made to a reproducible baseline.
Our earlier study®' revealed indication of such a heat

J. Mater. Res., Vol. 22, No. 3, Mar 2007 751



J.A. Kalb et al.: Calorimetric measurements of structural relaxation and glass transition temperatures in sputtered films

PR (S T N ST TN (NN T ST SR TN NN SN SR T S NN S 003 YR N T TR TN SN NN T T TR TR NN SR SR T T Y
0.04 =
\cfo_hf//
= _ L =~ 0.02+ -
£ 00s cooling £
5 0.02 L i 0.01 T3 -
g rescan S rescan
0.01+ - - L
E T3 i}/ E 0.00
5 0.007 - 3 -0.01- -
2 =
= -0.01- - =
g 5 -0.02- i
= 0.02- -
) first scan (2) Gey4SbTes 003 firstscan (b) Ge SboTey |
08T ""——TJT 17— — T T T T T T T T T T T T T T T T T
100 200 300 400 100 200 300 400
(a) Temperature (°C) (b) Temperature (°C)
R S — S
0.04 , L
. 0.034 \—\thfg,‘_ = 0,034 M—
S 0.02- -2
§ 0.01 = 0027 i
& T < 0.01 -
5 0.00 3 -5 0.00- T3 rescan i
< -0.017 2 0.01- -
Lg 0025 E -0.02- i
= -0.03 = -0.03- -
3 -0.04+ 3 -0.04 -
“0.05 first scan (c) Agln-SbyTe -0.057 first scan (d) GepSbyTes -
-0.06 —/——Hr———F———1—— -0.06 -———— T
100 200 300 400 100 200 300 400

(c) Temperature (°C)

(d)

Temperature (°C)

FIG. 3. Heat flow as a function of temperature on pre-annealed samples: (a) Ge,Sb,Tes, pre-anneal for 47 h at 136 °C; (b) Ge,Sb,Te,, pre-anneal
for 40 h at 100 °C; (c) AgIn—Sb,Te, pre-anneal for 48 h at 112 °C; and (d) Ge,Sb,Tes, pre-anneal for 37 h at 114 °C. Lowest curve: first scan
for the initially amorphous sample (heating). Due to its large extension, the main (exothermic) crystallization peak is not entirely shown for all
alloys to make the baseline more visible. The quantities associated with the main crystallization peak are shown in Table I. The rescan of the
crystallized sample (heating) was reproduced in additional scans. Top curve: cooling signal (reproduced in additional scans). For clarity, an
arbitrary offset has been added to the cooling signal. The scan rate was 7" = +40 K/min for all alloys. The onset of the endothermic signal

characteristic of the glass transition occurs at a temperature 7.

release for Ge,Sb,Tes at around 100 °C as well, but base-
line reproducibility problems and strong baseline curva-
ture hampered the precise interpretation of this effect.
The calorimetric signal of the glass transition is an
endothermic step since the heat capacity increases due to
the availability of configurational degrees of free-
dom.'”*>* In Fig. 1, onset for such a step is visible only
for Agln—Sb,Te at a temperature T5. For the other alloys,
crystallization interferes, as is common in many other
glasses. Because the glass transition is a kinetic phenom-
enon, it is sometimes possible to reveal T, by pre-

752

annealing the amorphous phase.*** This is schemati-
cally shown in Fig. 2: During the pre-anneal, equilibrium
[curve (c)] is approached by structural relaxation (verti-
cal long dashed arrow). This increases the shear viscos-
ity'®1%; i.e., the viscosity in the isoconfigurational state
(b) is higher than in state (a). During subsequent con-
tinuous heating (dashed curve in Fig. 2), structural
relaxation is initially not observed due to the large vis-
cosity (or equivalently, low atomic mobility). This is in
contrast to a sample that was not pre-annealed (dotted
curve, Fig. 2), for which structural relaxation is observed
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at T, for the same heating rate. During further heating of
the pre-annealed sample (dashed curve in Fig. 2), the
mobility increases and structural relaxation becomes fi-
nally very pronounced, leading to a strong endothermic
signal in the DSC associated with the glass transition
(dashed curve, bottom of Fig. 2). Figure 3 shows the
scans on pre-annealed samples. The film fragments were
pre-annealed in the DSC under the same condition as for
the subsequent heating scan. Pre-anneal time and tem-
perature were chosen in such a way that the surface crys-
tallization was complete. Isothermal surface crystalliza-
tion parameters (crystal nucleation rate and crystal
growth velocity) determined by AFM>**! were used for
the calculation of the appropriate pre-anneal time and
temperature. Hence, no surface crystallization signal ap-
pears in Fig. 3 at a temperature 7,. This additionally
facilitates the detection of the glass transition, the onset
of which appears at a temperature 75. However, the main
crystallization peak interferes so that the endothermic
step associated with the glass transition (Fig. 2) cannot be
resolved entirely. The peak crystallization temperature
T., of the pre-annealed samples increases by a few
Kelvin (Table I) due to a higher viscosity in the amor-
phous phase prior to crystallization. For AgIn—Sb,Te,
T, was not affected by the pre-anneal. The reason for
this behavior remains unclear.

Because the alloy Ge,Sb,Tes was scanned both with
a heating rate of 5 K/min [Fig. 1(a)] and 40 K/min
[Fig. 3(a)], the reader may be tempted to use the variation
in T, , as a function of heating rate for a Kissinger analy-
sis to reveal the total activation energy for crystalliza-
tion.** However, such a procedure is not appropriate for
our data due to the increase in T, for pre-annealed
samples. A systematic investigation of a series of
samples with the same thermal history but different heat-
ing rates would be required for this analysis. This is
outside the scope of this work.

Figure 3 also reveals heat release in the crystalline
phase during the first heating scan (lowest curve). Com-
parison of this curve with the rescan reveals that this heat
release is irreversible. Possible explanations are crystal-
to-crystal transformations, phase separation, and grain
growth. Indeed, an irreversible crystal-to-crystal-
transformation between a cubic and a rhombohedral
phase was reported by XRD for Ge,Sb,Te, and
Ge,Sb,Te5 around 200-300 °C.***%%*° On the other
hand, a separation of an AgSbTe, phase was reported*’
upon annealing the alloy Ag osIng 135bg 40 T€( 50 (Similar
in composition to our AgIn—Sb,Te) for 1 h at 350 °C.

Ge,Sb,Tes exhibits a reversible transformation of
0.27 + 0.04 kJ/mol between 300 and 350 °C (Fig. 3).
However, this transformation is not visible in the first
scan. Hence, it is likely that phase separation during the
first heating scan creates a high-temperatures phase,
which transforms reversibly upon subsequent cooling

and heating. For the other alloys, the cooling curves do
not show any transformations (top curves in Fig. 3).

IV. CONCLUSIONS

The endothermic signal of the glass transition tem-
perature T, could be observed in the DSC for all phase
change alloys studied in this work by pre-annealing the
amorphous phase. T is within 10 K of the crystallization
temperature upon continuous heating at 40 K/min. The
presence of the glass transition in this temperature range
is corroborated further by the observation of structural
relaxation upon continuous heating of the amorphous
phase, since structural relaxation is usually most pro-
nounced in the vicinity of the glass transition. The heat
released during structural relaxation is on the order of
0.5-1.0 kJ/mol and depends on thermal history.

Knowledge of the glass transition temperature is very
helpful to estimate the temperature dependence of the
viscosity. Because the crystal nucleation rate and crystal
growth velocity crucially depend on this temperature
dependence, more reliable calculations of crystallization
parameters should now be possible based on the results
of this article.
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