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Viscosity and elastic constants of thin films of amorphous Te alloys
used for optical data storage
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The biaxial modulus and the linear coefficient of thermal expansion of sputtered amorphous
Ge4Sb1Te5 , Ge2Sb2Te5 , and Ag0.055In0.065Sb0.59Te0.29 thin films were determined from stress versus
temperature measurements on two different substrates. Viscous flow was measured by stress
relaxation at constant temperature using wafer curvature measurements. The shear viscosity
increased linearly with time, which can be attributed to bimolecular structural relaxation kinetics.
The isoconfigurational activation energy was 1.9460.09 eV for Ge4Sb1Te5 , 1.7660.05 eV for
Ge2Sb2Te5 , and 1.3360.09 eV for AgInSbTe. These values scale with the absolute melting
temperatures of the material. ©2003 American Institute of Physics.@DOI: 10.1063/1.1610775#
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I. INTRODUCTION

The shear viscosity is a commonly measured propert
amorphous materials.1–5 Surprisingly, this property has no
yet been determined for amorphous Te alloys that are u
for optical data storage in commercial rewriteable stora
devices, such as digital video disks or compact disks. In
data storage community, they are calledphase change mate
rials. Laser heating can switch these films locally and reve
ibly from the amorphous to the crystalline state.6–9 These
states have different reflectivities and can therefore be dis
guished optically. For a more widespread use of ph
change media, their durability~cyclability! has to be in-
creased. The limited durability of phase change media is
lieved to be caused by irreversible mechanical deformat
For instance, upon the phase transitions, large stresse
built up due to the change in density.10 In the amorphous
phase, stresses can be relaxed plastically by viscous
Therefore, knowledge of the time scales for viscous flow
important to predict the extent of stress relaxation. This
ticle reports the study of shear viscosity~hereafter viscosity!
of amorphous sputter-deposited phase change films a
function of temperature and time.

That the viscosity is time dependent has been obse
for all amorphous materials.1–5 The effect is attributed to
structural relaxation. Atomistically, structural relaxation h
been interpreted as a continuous change in flow de
concentration.11,12 This process also affects other mater
properties: Changes in diffusivity, enthalpy, entropy, free
ergy, Young’s modulus, electrical resistance, and opt
properties have been reported.13–16 However, the changes in
viscosity and diffusivity are the most pronounced.

The viscosity of thin Te alloy films was determined b
measuring the substrate curvature in stress relaxation ex
ments using a laser scanning apparatus.17 Absolute values for
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the viscosity can only be obtained by this method if t
biaxial modulus of the film is known. To our knowledge, n
literature values for the elastic constants of these Te all
are available. Furthermore, the modulus may depend on
preparation method, film thickness, and thermal histo
Therefore, the biaxial modulus of the films studied here h
to be determined experimentally. This was done by mea
ing the film stress as a function of temperature for film
deposited on two different substrates.

II. EXPERIMENTAL TECHNIQUES

For films that are much thinner than their substrates,
relation of the biaxial film stress,s, to the measured sub
strate curvature,k, is given by

s5
1

6
•Ys•

ds
2

df
•k, ~1!

whereYs5Es/12ns is the biaxial modulus of the substrat
Es andns are Young’s modulus and Poisson’s ratio, resp
tively, andds anddf are the thicknesses of the substrate a
film, respectively.18 In amorphous films, this stress relaxes
viscous flow according to the differential equation19

s

6•h
1

ṡ

Yf
50, ~2!

whereh andYf , respectively, are the~instantaneous! viscos-
ity and the biaxial modulus of the amorphous film. By mon
toring the substrate curvature as a function of time at a c
stant temperature, viscosityh can be determined if the
biaxial modulusYf is known.Yf can be obtained from mea
surements of stress versus temperature for films deposite
two different substrates.20,21 If all deformation is elastic, the
change in the film stressDs with temperatureT is propor-
tional to the difference in the linear coefficients of therm
expansion~CTE! a of the substrate and film:

Ds

DT
5Yf•~as2a f !. ~3!
8 © 2003 American Institute of Physics
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TABLE I. Preanneal temperatureT0 , measured slopeDs/DT on Si and Al2O3 substrates, calculated biaxia
modulusYf and calculated linear CTEa f for sputter-deposited thin films of three Te alloys for both t
amorphous and the crystalline states. The results for the crystalline state have been obtained for temp
below 140 °C.

Alloy State
T0

(°C)
Ds/DT ~Si!
(MPa K21)

Ds/DT (Al2O3)
(MPa K21)

Yf

~GPa!
a f

(1026 K21)

Ge4Sb1Te5 amorphous 120 20.37560.001 20.28160.008 33.965.8 14.061.9
crystalline 250 20.89560.001 20.72360.010 62.4610.8 17.262.3

Ge2Sb2Te5 amorphous 100 20.38460.001 20.30760.008 27.664.7 16.862.6
crystalline 250 20.97160.001 20.84660.009 45.268.2 24.463.8

AgInSbTe amorphous 100 20.33260.001 20.30360.011 10.562.2 34.4612.9
crystalline 250 20.67260.001 20.60960.012 22.664.8 32.667.5
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Two different substrates with different values foras are
needed in order to solve for the two unknownsYf anda f .

The substrate curvature was measured using a laser s
ning apparatus previously described.22 In this apparatus, a
scanned laser is reflected to monitor the radius of curva
of a substratein situ during annealing. The sample rests i
side a furnace, which is itself placed inside a vacuum cha
ber. The temperature is measured by four thermocoup
which are placed next to the sample. The vacuum chamb
evacuated to 1025 mbar and backfilled with a titanium
gettered flowing helium–hydrogen mixture~95% helium and
5% hydrogen! to 170 mbar overpressure. As a result, no o
dation was observed. The helium significantly improves
thermal uniformity of the chamber. Stress relaxation d
were taken at a constant temperature for about 24 h. Su
quently, the temperature was raised by 20 or 30 °C and
other set of relaxation data was taken. This procedure
repeated as long as the film did not crystallize, i.e., the
laxation data were only taken at temperatures sufficie
below the crystallization temperature.

Phase change films of compositions Ge4Sb1Te5 ,
Ge2Sb2Te5 , and Ag0.055In0.065Sb0.59Te0.29 ~hereafter AgInS-
bTe! were deposited on Si~100! ~200 mm thick! and Al2O3

~0001! ~265 mm thick! substrates by direct current magn
tron sputtering. The background pressure was approxima
1026 mbar and the working pressure during sputtering in
Ar ambient was 731023 mbar. The sputtering power wa
100 W. As determined from x-ray diffraction~XRD! mea-
surements, the structure of the as-deposited films was
tirely amorphous, i.e., no evidence of partial crystallizati
during deposition could be observed for all three alloys. T
composition of the films was determined by inducti
coupled plasma emission spectroscopy and energy dispe
x-ray analysis. The film thickness was approximately 1mm,
as determined by optical spectroscopy and profilometry.
substrate dimensions were about 2.5 cm by 0.6 cm.

III. RESULTS AND DISCUSSION

A. Elastic constants

The biaxial moduliYf of the thin amorphous Te alloy
films were obtained from stress versus temperature meas
ments on films deposited on Si~100! and Al2O3 ~0001! sub-
strates. Initially, the samples were preannealed for sev
ct 2003 to 140.247.57.148. Redistribution subject to A
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hours at a higher temperature,T0 ~Table I!, in order to elimi-
nate viscous flow during the measurements. The meas
slopesDs/DT were averaged over several measurements
different samples. Reversible behavior was observed o
repeated cooling and heating cycles, which implies that
deformation was elastic. Subsequently, the film was hea
above the crystallization temperature,Tc , so thatDs/DT for
the crystalline state could additionally be determined (Tc

'190 °C for Ge4Sb1Te5 , 155 °C for Ge2Sb2Te5 , and
170 °C for AgInSbTe for a heating rate of 5K/min as dete
mined from electrical resistance measurements on
films!.23,24The crystalline nature of the films after annealin
aboveTc was corroborated by XRD.23,24 Thermal cycling
was also observed to be reversible in the crystalline state
that values ofYf anda f for the crystalline state could also b
determined. The decreases in film thickness10 upon crystalli-
zation of 9.0% (Ge4Sb1Te5), 6.5% (Ge2Sb2Te5), and 5.5%
~AgInSbTe! had to be considered for the analysis. The resu
in Table I for the crystalline state have been obtained
temperatures between 20 °C and 140 °C. At higher temp
tures~between around 140 °C and 250 °C),Ds/DT differed
slightly. Literature values for the biaxial moduli25,26 and the
CTEs27 of the substrates were used:Ys5180.5 GPa for Si
~100!, Ys5609.0 GPa for Al2O3 ~0001!, as5(2.9060.30)
31026 K21 for Si and as5(5.6760.35)31026 K21 for
Al2O3 . The large uncertainties inas are associated with the
temperature dependence ofas in the temperature interval o
interest. According to Table I,Yf is about a factor of 2 highe
for the crystalline state than for the amorphous state for
materials. Even though higher biaxial moduli for the cryst
line state are common,28 a factor of 2 is unusual. The CTEa f

of the amorphous and crystalline states are similar in va
To investigate this further, Gru¨neisen’s law29 was applied.
The values for the Gru¨neisen constantg ~which is propor-
tional to the product ofYf anda f and typically ranges from
1 to 3! were 0.6260.25 and 1.2960.53 for amorphous and
crystalline Ge4Sb1Te5 , respectively; 0.6260.27 and 1.38
60.60 for amorphous and crystalline Ge2Sb2Te5 respec-
tively; and 0.4960.34 and 0.9660.52 for amorphous and
crystalline AgInSbTe, respectively. For all amorpho
phases,g appears to be quite low. Therefore, we conclu
that the biaxial moduli are unusually low for the amorpho
phases rather than unusually high for the crystalline pha
For different Te alloys, the modulus increases with incre
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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ing melting temperatureTm as observed for materials in gen
eral.Tm was obtained from differential scanning calorimet
measurements30 and is given in Table III. It should be men
tioned that the results forYf anda f obtained for the crystal-
line state differ slightly from results published previously10

This is due to the more appropriate choice of substrate
this project~Si and Al2O3), which exhibit much more stable
elastic behavior upon heating than the glass substrates
ployed in Ref. 10.

B. Stress relaxation and viscous flow

Stress relaxation was measured for thin Te alloy fil
deposited on Si substrates. Figure 1 shows the result f
Ge2Sb2Te5 sample. Results for Ge4Sb1Te5 and AgInSbTe are
qualitatively similar. The initial stress at room temperature
nearly zero. Compressive stresses are induced upon he
due to the different CTE of film and substrate. During ea
run at constant temperature the stress relaxes accordin
Eq. ~2!. Figure 2 shows that the stress does not relax ex
nentially and that, therefore, the viscosity is time depend
The decreasing slope implies that the viscosity increa
with time. The data for different temperatures and the ot
two alloys are qualitatively similar. The time dependence
the viscosity in amorphous materials is caused by struct
relaxation and is generally explained by a model that
tributes viscous flow to irreversible shear rearrangeme
that occur at specificsitesor flow defects.1–5,11,12,31of con-
centrationn. In the regime of Newtonian flow, this mode
yields

h}
kB•T

n
•expS Qiso

kB•TD , ~4!

whereQiso is the isoconfigurational activation energy for th
viscosity andkB is Boltzmann’s constant. Far away from

FIG. 1. Stress relaxation as a function of time for annealing temperature
60 °C, 80 °C, and 100 °C for a thin film of amorphous Ge2Sb2Te5 sputtered
onto a Si substrate. Negative stresses are compressive. The initial str
room temperature is nearly zero. During heatup, stresses are induced d
the different CTEs of substrate and film. For comparison with Table II,
sample is numbered ‘‘4-22536.’’
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metastable equilibrium, i.e., sufficiently below the glass tra
sition temperature~the glass transition temperature is not b
low the crystallization temperature for all three alloys
shown previously!,30 the increase of the viscosity with tim
can be described by a unimolecular (ṅ52kr•n) or a bimo-
lecular (ṅ52kr•n2) annihilation reaction of the flow de
fects, wherekr is a thermally activated rate equation co
stant:

kr}exp~2Qrel /kBT!. ~5!

At constant temperature, unimolecular relaxation kinetics
sult in an exponentially increasing viscosity@h(t)
5h0•exp(kr•t)# and bimolecular relaxation kinetics in a lin
early increasing viscosity@h(t)5h01ḣ•t#, where ḣ
[n0h0kr is constant;n0 and h0 are the initial flow defect
concentration and initial viscosity at the specific temperatu
respectively. For an exponentially increasing viscosity, E
~2! has the solution

lnS s~ t !

s0
D52

Yf

6krh0
•@12exp~2kr•t !#, ~6a!

wheres0 is the initial stress at the specific temperature.
linearly increasing viscosity results in

lnS s~ t !

s0
D52

Yf

6ḣ
• lnS 11

ḣ

h0
•t D . ~6b!

Equations~6a! and~6b! were used to fit the stress relaxatio
data by a least-squares fitting routine.32 This is shown for
Ge2Sb2Te5 at T580 °C in Fig. 2. The bimolecular and th
unimolecular fits differ only slightly because the viscosity
increasing very slowly with time. Nevertheless, the bim
lecular equation was found to fit the data slightly better

of

s at
e to
s

FIG. 2. Logarithmic plot@ ln(s(t)/s0)# of Fig. 1 for T580 °C. The decreas-
ing slope in the data implies that the viscosity increases with time. The s
is normalized with respect to the initial stress,s0 , at T580 °C. The data
are fitted with a bimolecular@solid line, Eq. ~6b!# and a unimolecular
@dashed line, Eq.~6a!# relaxation equation. The fitting parameters for th
bimolecular process areh05(5.7460.56)31013 Pa s andḣ5(1.1360.03)
31010 Pa, and for the unimolecular processh05(9.0060.20)31013 Pa s
and kr5(4.6660.08)31025 s21. The bimolecular process fits the da
slightly better (xbimol

2 /xunimol
2 50.94).
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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all temperatures, for all of the samples investigated, and
all three Te alloys. Fitting only part of the data yielded a
proximately the same fitting parameterḣ. Because of this
consistency, it can be concluded that structural relaxatio
bimolecular rather than unimolecular for all three alloys.
fact, bimolecular relaxation kinetics have been reported
several studies of other amorphous materials.1–5 Figure 3
displays the fitting parameterḣ for measurements on sever
samples as a function of temperature in an Arrhenius re
sentation. Each connected ‘‘group’’ of one to four poin
originates from the same sample.ḣ is highest for Ge4Sb1Te5

and lowest for AgInSbTe at all temperatures. The tempe
ture dependence ofḣ can be approximated by an Arrheniu
equation:

ḣ}exp~Qrate/kBT!. ~7!

This is also expected theoretically by the combination
Eqs.~4! and ~5!:

Qrate5Qiso2Qrel ~8!

Average values forQrate obtained from the slopes in Fig.
are shown in Table III.

Figure 4 shows initial and final viscosities for three a
nealing temperatures ofT1560 °C, T2580 °C, and T3

5100 °C for one sample per Te alloy. The lines indicate
change of the viscosityh with time during the entire experi
ment. When heating the sample fromT1 to T2 or from T2 to
T3 , the film viscosity undergoes two simultaneous evo
tions: Isoconfigurational change~viscosity decrease! and
structural relaxation~viscosity increase!. If no structural re-
laxation occurred during heatup,Qiso/kB would be given by
the slope of the straight lines~as indicated in Fig. 4!. How-
ever, in order to determineQiso correctly, structural relax-
ation during heatup has to be considered. Therefore, cor
tions of Qiso were made by a computer simulation, whic
simultaneously takes into account the isoconfiguratio
change and structural relaxation~according to Fig. 3! during
heatup. Themeasuredviscosities at the beginning and at th
end of each heatup process were used as boundary cond

FIG. 3. Fitting parametersḣ5dh/dt as a function of temperature in
Arrhenius representation for thin films of Te alloys sputtered onto Si s
strates. Each connected group of one to four points originate from the s
sample. The solid lines~circles! represent Ge4Sb1Te5 , the dashed lines
~squares!; Ge2Sb2Te5 , and the dotted lines~triangles!; AgInSbTe.
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for this simulation, andQiso was determined in order to
match the boundary conditions correctly. Table II shows
results for several samples. The correction forQiso due to
structural relaxation was of the order of 0.1 eV for all of th

-
eFIG. 4. Arrhenius plot of initial and final viscosityh for annealing tempera-
tures ofT1560 °C, T2580 °C, andT35100 °C. The duration of the an
nealing runs was between one and two days. For comparison with Fig. 1
Table II, the sample numbers are ‘‘2-41524’’ (Ge4Sb1Te5 , solid line,
circles!, ‘‘4-22536’’ (Ge2Sb2Te5 , dashed line, squares!, and ‘‘8-ag37’’
~AgInSbTe, dotted line, triangles!. The slope of the line connecting the fina
viscosity atT1 (T2) with the initial viscosity atT2 (T3) is equal toQiso /kB

if structural relaxation during heatup is neglected. This slope~i.e., Qiso) is
highest for Ge4Sb1Te5 and lowest for AgInSbTe.

TABLE II. Isoconfigurational activation energyQiso for the viscosity of
sputter-deposited thin films of three amorphous Te alloys, determined du

heatup~heating rateṪ) by matching the measured viscosityh1 at the end of
the anneal run at temperatureT1 and the measured viscosityh2 at the
beginning of the anneal run atT2 for several samples.

Sample
T1

(°C)
h1

~Pa s!
T2

(°C)
h2

~Pa s!
Ṫ

~K/min!
Qiso

~eV!

Ge4Sb1Te5

7-41508 80 1.531015 110 2.431013 5 1.68
3-41532 80 4.431014 100 2.931013 3 1.67

100 3.031014 120 2.031013 3 1.81
2-41524 60 6.131015 80 1.431014 3 2.00

80 5.631015 100 1.331014 3 2.20
100 5.231015 120 9.431013 2 2.53

4-41543 60 3.731015 80 1.131014 5 1.86
80 2.231015 100 1.131014 5 1.75

9-41547 70 1.931015 100 2.431013 5 1.92

Ge2Sb2Te5

3-22523 60 3.631015 80 1.031014 2 1.85
80 2.131015 100 7.631013 3 1.91

4-22536 60 1.631015 80 5.731013 4 1.75
80 8.231014 100 4.131013 4 1.72

6-22546 70 1.131015 100 1.831013 5 1.59

AgInSbTe
9-ag38 80 2.331014 100 1.431013 5 1.63
8-ag37 60 2.431014 80 1.731013 5 1.38

80 1.231014 100 1.331013 5 1.30
1-ag45 70 2.031014 90 1.531013 5 1.44
16-ag90 70 3.331013 105 1.031012 5 1.26
17-ag91 70 1.831013 90 3.431012 5 0.97
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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TABLE III. Average values of the activation energyQrate of the viscosity increase rateḣ, isoconfigurational
activation energyQiso for the viscosityh, activation energyQrel of the rate equation constantkr , and melting
temperaturesTm .a

Alloy
Qrate

~eV!
Qiso

~eV!
Qrel

~eV!
Tm

(°C)

Qiso

kB•Tm

Qrel

kB•Tm

Ge4Sb1Te5 0.2260.04 1.9460.09 1.7260.13 68565 23.461.3 20.861.7
Ge2Sb2Te5 0.3560.04 1.7660.05 1.4260.09 62165 22.960.8 18.461.3
AgInSbTe 0.1960.06 1.3360.09 1.1460.15 53765 19.061.4 16.362.3

aSee Ref. 30.
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samples and temperatures. Therefore, the isoconfigurat
change is still the dominant mechanism of viscosity cha
during heatup in the temperature and heating rate ran
investigated. The samples 16-ag90 and 17-ag91 in Tab
were measured immediately after sputter deposition. T
viscosity is about an order of magnitude lower than that
the other samples, which were measured several weeks
sputter deposition. Therefore, the latter had undergone
nificant structural relaxation while storing them at room te
perature. Average values forQiso from all samples investi-
gated are shown in Table III. The ratioQiso/kBTm is roughly
equal for all materials. Table III also shows the activati
energyQrel of the rate equation constantkr . Qrel is obtained
from Eq. ~8! and scales roughly withTm as well. This is in
line with well-known correlations between activation ene
gies of kinetic processes and the melting point.33

IV. CONCLUSIONS

~1! The biaxial moduli of amorphous Ge4Sb1Te5 ,
Ge2Sb2Te5 , and AgInSbTe thin films are a factor of
lower than the corresponding crystalline values. T
CTEs of the amorphous and crystalline phases are s
lar.

~2! Sufficiently below the glass transition temperature,
viscosity h of the amorphous phase increases linea
with time at constant temperature for all three materia
This is attributed to bimolecular structural relaxation k
netics.

~3! The viscosity increase rateḣ was determined as a func
tion of temperature from several measurements.ḣ is
highest for Ge4Sb1Te5 and lowest for AgInSbTe for tem
peratures between 60 °C and 120 °C.

~4! The average isoconfigurational activation energyQiso of
the viscosity and the average activation energyQrel of
the rate equation constantkr were determined from sev
eral measurements. These numbers scale roughly
the absolute melting temperature of the material.
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