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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
GegSh Tes, GeShTes, and Ag) gsdNg 0s50 5076 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 @09 eV for GgSh Tes, 1.76+-0.05 eV for
Ge,Sh,Te;, and 1.330.09 eV for AgIinSbTe. These values scale with the absolute melting
temperatures of the material. @003 American Institute of Physic§DOI: 10.1063/1.1610775

I. INTRODUCTION the viscosity can only be obtained by this method if the
biaxial modulus of the film is known. To our knowledge, no
The shear viscosity is a commonly measured property ofiterature values for the elastic constants of these Te alloys
amorphous materials® Surprisingly, this property has not are available. Furthermore, the modulus may depend on the
yet been determined for amorphous Te alloys that are usegteparation method, film thickness, and thermal history.
for optical data storage in commercial rewriteable storagerherefore, the biaxial modulus of the films studied here had
devices, such as digital video disks or compact disks. In thgg pe determined experimentally. This was done by measur-
data storage community, they are calfgthse change mate- ing the film stress as a function of temperature for films
rials. Laser heating can switch these films locally and reversgeposited on two different substrates.
ibly from the amorphous to the crystalline stité.These
states have different reflectivities and can therefore be disting cyvpERIMENTAL TECHNIQUES
guished optically. For a more widespread use of phase
change media, their durabilitycyclability) has to be in- For films that are much thinner than their substrates, the
creased. The limited durability of phase change media is bg€lation of the biaxial film stressy, to the measured sub-
lieved to be caused by irreversible mechanical deformationStrate curvaturey, is given by
For instance, upon the phase transitions, large stresses are 1 d2
built up due to the change in densifyin the amorphous o=~-Y, _s.
phase, stresses can be relaxed plastically by viscous flow. 6 dy
Therefore, knowledge of the time scales for viscous flow iswhereY,=E//1— v is the biaxial modulus of the substrate,
important to predict the extent of stress relaxation. This arg, and v are Young'’s modulus and Poisson’s ratio, respec-
ticle reports the study of shear viscosihereafter viscosity  tively, andds andd; are the thicknesses of the substrate and
of amorphous sputter-deposited phase change films as fim, respectively*® In amorphous films, this stress relaxes by
function of temperature and time. viscous flow according to the differential equativn
That the viscosity is time dependent has been observed .
for all amorphous materials® The effect is attributed to 7,7
structural relaxation. Atomistically, structural relaxation has ~ 6-7  Ys
been interpreted as a continuous change in flow defeGiheres andY;, respectively, are thénstantaneoysviscos-
concentratiort:'? This process also affects other material ity and the biaxial modulus of the amorphous film. By moni-
properties: Changes in diffusivity, enthalpy, entropy, free en+oring the substrate curvature as a function of time at a con-
ergy, Young's modulus, electrical resistance, and opticaktant temperature, viscosity can be determined if the
properties have been report€d®However, the changes in  piaxial modulusY; is known.Y; can be obtained from mea-
viscosity and diffusivity are the most pronounced. surements of stress versus temperature for films deposited on
The viscosity of thin Te alloy films was determined by two different substrate¥:?* If all deformation is elastic, the
measuring the substrate curvature in stress relaxation expeghange in the film stresdc with temperatureT is propor-
ments using a laser scanning apparafusbsolute values for  tional to the difference in the linear coefficients of thermal
expansionCTE) « of the substrate and film:
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TABLE |. Preanneal temperatuig,, measured slopAo/AT on Si and A}O; substrates, calculated biaxial
modulusY; and calculated linear CTk; for sputter-deposited thin films of three Te alloys for both the
amorphous and the crystalline states. The results for the crystalline state have been obtained for temperatures
below 140 °C.

To AcalAT (Si) Ac/AT (Al,O;) \7 as
Alloy State (°C) (MPaK™1) (MPaK™?) (GPa (1078 K™Y

GegShTes  amorphous 120 —0.375:0.001 —0.281+0.008 33.%5.8 14.6:1.9
crystalline 250 —0.895:£0.001 —0.723+0.010 62.4-10.8 17.2:2.3

Ge,Sh,Tes  amorphous 100 —0.384-0.001  —0.307+0.008 27.6:4.7 16.8-2.6
crystalline 250 —0.971x0.001 —0.846+0.009 45.2-8.2 24.4-3.8

AgInSbTe amorphous 100 -0.332£0.001 —0.303+0.011 10.5:2.2 34.4-12.9
crystalline 250 —0.672:0.001 —0.609+0.012 22.6:4.8 32.6:7.5

Two different substrates with different values fer, are  hours at a higher temperatuiig, (Table ), in order to elimi-
needed in order to solve for the two unknowrisand «; . nate viscous flow during the measurements. The measured
The substrate curvature was measured using a laser scaiopesA o/AT were averaged over several measurements on
ning apparatus previously describ®dln this apparatus, a different samples. Reversible behavior was observed over
scanned laser is reflected to monitor the radius of curvatureepeated cooling and heating cycles, which implies that all
of a substratén situ during annealing. The sample rests in- deformation was elastic. Subsequently, the film was heated
side a furnace, which is itself placed inside a vacuum chamabove the crystallization temperatuie,, so thatAo/AT for
ber. The temperature is measured by four thermocoupleshe crystalline state could additionally be determindd (
which are placed next to the sample. The vacuum chamber is 190°C for GgSbTe;, 155°C for GgSh,Te;, and
evacuated to 10° mbar and backfilled with a titanium- 170 °C for AginSbTe for a heating rate of 5K/min as deter-
gettered flowing helium—hydrogen mixtu{@5% helium and mined from electrical resistance measurements on the
5% hydrogeinto 170 mbar overpressure. As a result, no oxi-films).?*?4The crystalline nature of the films after annealing
dation was observed. The helium significantly improves theabove T, was corroborated by XR&"?* Thermal cycling
thermal uniformity of the chamber. Stress relaxation datayas also observed to be reversible in the crystalline state, so
were taken at a constant temperature for about 24 h. Subsghat values ofY; and«; for the crystalline state could also be
quently, the temperature was raised by 20 or 30 °C and amdetermined. The decreases in film thickrt@smon crystalli-
other set of relaxation data was taken. This procedure wagation of 9.0% (GgSb,Tes), 6.5% (GeSh,Te;), and 5.5%
repeated as long as the film did not crystallize, i.e., the re¢AginSbTa had to be considered for the analysis. The results
laxation data were only taken at temperatures sufficientlyn Table | for the crystalline state have been obtained for
below the crystallization temperature. temperatures between 20 °C and 140 °C. At higher tempera-
Phase change films of compositions ,SBTes,  tures(between around 140 °C and 250 °@)¢/AT differed
Ge,ShyTes, and Ag osdNo.ossSky soT€n.20 (hereafter AgInS-  gightly. Literature values for the biaxial modti?® and the
bTe) were deposited on §100) (200 um thick) and ALOs  CTES’ of the substrates were used;=180.5 GPa for Si
(0001 (265 um thick) substrates by direct current magne- (100), Y =609.0 GPa for AlO; (0001, as=(2.90+0.30)
tron sputtering. The background pressure was approximately 1076 K=! for Sj and a.=(5.67+0.35)x10 ¢ K~* for
10~° mbar and the working pressure during sputtering in am|,0,. The large uncertainties i are associated with the
Ar ambient was % 10 ° mbar. The sputtering power was temperature dependence af in the temperature interval of
100 W. As determined from x-ray diffractiotXRD) mea-  jnterest. According to Table ¥; is about a factor of 2 higher
surements, the structure of the as-deposited films was efgr the crystalline state than for the amorphous state for all
tirely amorphous, i.e., no evidence of partial crystallizationmaterials. Even though higher biaxial moduli for the crystal-
during deposition could be observed for all three alloys. Thajne state are commof,a factor of 2 is unusual. The CT&
composition of the films was determined by inductive of the amorphous and crystalline states are similar in value.
coupled plasma emission spectroscopy and energy dispersiyg, investigate this further, Gneisen’s lag® was applied.
x-ray analysis. The film thickness was approximatelyri,  The values for the Grneisen constany (which is propor-
as determined by optical spectroscopy and profilometry. Thggnal to the product of’; anda and typically ranges from

substrate dimensions were about 2.5 cm by 0.6 cm. 1 to 3 were 0.62-0.25 and 1.2% 0.53 for amorphous and
crystalline GeSh;Tes, respectively; 0.620.27 and 1.38
IIl. RESULTS AND DISCUSSION +0.60 for amorphous and crystalline £&,Tes respec-

tively; and 0.490.34 and 0.960.52 for amorphous and
crystalline AgInSbTe, respectively. For all amorphous
The biaxial moduliY; of the thin amorphous Te alloy phases,y appears to be quite low. Therefore, we conclude
films were obtained from stress versus temperature measurtat the biaxial moduli are unusually low for the amorphous
ments on films deposited on &i00 and ALO; (0001 sub-  phases rather than unusually high for the crystalline phases.
strates. Initially, the samples were preannealed for severd&or different Te alloys, the modulus increases with increas-

A. Elastic constants
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FIG. 1. Stress relaxation as a function of time for annealing temperatures dflG. 2. Logarithmic plo{In(a(t)/ao)] of Fig. 1 for T=80 °C. The decreas-
60°C, 80 °C, and 100 °C for a thin film of amorphous,Sk,Te; sputtered  ing slope in the data implies that the viscosity increases with time. The stress
onto a Si substrate. Negative stresses are compressive. The initial stressiginormalized with respect to the initial stress,, at T=80 °C. The data
room temperature is nearly zero. During heatup, stresses are induced dueate fitted with a bimoleculafsolid line, Eq.(6b)] and a unimolecular
the different CTEs of substrate and film. For comparison with Table 11, this[dashed line, Eq(6a)] relaxation equation. The fitting parameters for the
sample is numbered “4-22536." bimolecular process arg,=(5.74+0.56)x 10" Pa s andy=(1.13+0.03)

X 10 Pa, and for the unimolecular procegs=(9.00+0.20)X 10" Pa's

and k,=(4.66+0.08)x 10 ° s'1. The bimolecular process fits the data
ing melting temperatur&,, as observed for materials in gen- Si9NY better fGimo/ Xinima=0.94).
eral. T, was obtained from differential scanning calorimetry
measurementS and is given in Table IIl. It should be men-
tioned that the results for; and as obtained for the crystal-
line state differ slightly from results published previoutly.
This is due to the more appropriate choice of substrates i
this project(Si and AbO3), which exhibit much more stable
elastic behavior upon heating than the glass substrates e
ployed in Ref. 10.

metastable equilibrium, i.e., sufficiently below the glass tran-
sition temperaturéthe glass transition temperature is not be-
H)w the crystallization temperature for all three alloys as
shown previously® the increase of the viscosity with time
an be described by a unimolecular= —k, - n) or a bimo-

If:lecular (1= —k,-n?) annihilation reaction of the flow de-
fects, wherek, is a thermally activated rate equation con-
stant:

Stress relaxation was measured for thin Te alloy films Ko XH(~ Qrei/ksT). ©
deposited on Si substrates. Figure 1 shows the result for At constant temperature, unimolecular relaxation kinetics re-
Ge,Sh,Te; sample. Results for GBb Tes and AginSbTe are  sult in an exponentially increasing viscosity 7(t)
qualitatively similar. The initial stress at room temperature is= 70- €Xp(;-t)] and bimolecular relaxation kinetics in a lin-
nearly zero. Compressive stresses are induced upon heatifg'ly increasing viscosity[ 7(t)= 7o+ 7-t], where 7
due to the different CTE of film and substrate. During each=nNo70K; is constantn, and 7, are the initial flow defect
run at constant temperature the stress relaxes according g@ncentration and initial viscosity at the specific temperature,
Eq. (2). Figure 2 shows that the stress does not relax expoespectively. For an exponentially increasing viscosity, Eq.
nentially and that, therefore, the viscosity is time dependent2) has the solution
The decreasing slope implies that the viscosity increases o(t) v

o . f
with time. The data for different temperatures and the other In —) = 6K
two alloys are qualitatively similar. The time dependence of r770
the viscosity in amorphous materials is caused by structuralvhere o is the initial stress at the specific temperature. A
relaxation and is generally explained by a model that atlinearly increasing viscosity results in
tributes viscous flow to irreversible shear rearrangements

o 2511,12,31 a(t) f
that occur at specifisitesor flow defectd=>1123%5f con- In(— =——.In
centrationn. In the regime of Newtonian flow, this model 90 67

yields Equations(6a) and(6b) were used to fit the stress relaxation
kg T Qio data by a Ieast-square; fitFing routﬁ‘?efhis is shown for
) F{k ~T)’ (4) Ge,Sh,Te; at T=80°C in Fig. 2. The bimolecular and the
B unimolecular fits differ only slightly because the viscosity is
whereQj, is the isoconfigurational activation energy for the increasing very slowly with time. Nevertheless, the bimo-
viscosity andkg is Boltzmann’s constant. Far away from lecular equation was found to fit the data slightly better for

B. Stress relaxation and viscous flow

[1—-exp(—k;-1)], (6a)

0o

1+1ot). (6b)
7o

oc
K n
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Arrhenius representation for thin films of Te alloys sputtered onto Si sub-

strates. Each coqnegted group of ane to four points originate from t_he SAMEG. 4. Arrhenius plot of initial and final viscosity for annealing tempera-
sample. The solid linegcircles represent GgSh Te;, the dashed lines tures of T,=60 °C, T,=80 °C, andTs=100°C. The duration of the an-

(squarek Ge,ShTes, and the dotted linegiriangles; AginShTe. nealing runs was between one and two days. For comparison with Fig. 1 and
Table II, the sample numbers are “2-41524" (&, Tes, solid line,
circles, “4-22536" (Ge,Sh,Te;, dashed line, squargsand “8-ag37”

all temperatures, for all of the samples investigated, and fO{AglnSbTe, dotted line, trianglgsThe slope of the line connecting the final

Il th Te all ’ Fitti | t of the data Vi |(§i d viscosity atT; (T,) with the initial viscosity afT, (T5) is equal toQjs,/Kg

a _ree € alloys. Fi ”?g_ only par O_ € data yielde _ap'if structural relaxation during heatup is neglected. This sloe, Q) is

proximately the same fitting parametgr Because of this highest for GgSb, Te; and lowest for AginSbTe.

consistency, it can be concluded that structural relaxation is

bimolecular rather than unimolecular for all three alloys. In o _ _ _

fact, bimolecular relaxation kinetics have been reported irfor this simulation, andQ;s, was determined in order to

several studies of other amorphous mateﬁﬁ?s[:igure 3 match the boundary conditions Correctly. Table Il shows the

displays the fitting parametéy for measurements on several results for several samples. The correction @, due to

Samp|es as a function of temperature in an Arrhenius repreﬁtrUCtura' relaxation was of the order of 0.1 eV for all of the

sentation. Each connected “group” of one to four points

originates from the same samplgis highest for GgSb; Te; TABLE Il. Isoconfigurational activation energ®;s, for the viscosity of

and lowest for AgIinSbTe at all temperatures. The temperasputter-deposited thin films of three amorphous Te alloys, determined during

ture dependence af can be approximated by an Arrhenius heatup(heating ratel) by matching the measured viscosify at the end of

equation: the anneal run at temperatufig and the measured viscosity, at the
) beginning of the anneal run &, for several samples.
7 eXP Qrae/ kg T). (7 -
This is also expected theoretically by the combination of 1 o T2 e ! Qiso
p y by Sample (°C) (Pas (°C) (Pas (K/min)  (eV)
Egs.(4) and(5):
Ge,Sh Tes
Qrate= Qiso— Qrel (8) 7-41508 80  1.%10 110 2.4x10° 5 1.68
. R 3-41532 80  4.X10% 100 2.%<10% 3 1.67
Average values foR . obtained from the slopes in Fig. 3 100 3.0x104 120 2.0<10 3 181
are shown in Table 11l 2-41524 60  6.K10® 80  1.4x10% 3 2.00
Figure 4 shows initial and final viscosities for three an- 80  5.6x10% 100  1.3x10“ 3 2.20
. 5 3
nealing temperatures of,;=60°C, T,=80°C, andT; 100 5.2¢10% 120 9.4¢10° 2 253
° : o 4-41543 60  3.%10® 80  1.1x10% 5 1.86
=100 °C for one sample per Te alloy. The lines indicate the 5 4
) . c : : . 80 2210 100 1.1x10 5 1.75
change of the viscosity with time during the entire experi-  g.41547 70  1.&10° 100  2.4< 10 5 1.92
ment. When heating the sample framto T, or from T, to
T4, the film viscosity undergoes two simultaneous evolu-  GaSkiTes \
tions: Isoconfigurational changéviscosity decreaseand 322523 60 3810 80 10107 2 185
: guratio Chang Yy 80  2.1x10'° 100  7.6<10% 3 1.01
struc_tural relaxatlor(w_scosny increase If no structgral re- 422536 60 @ 1.&10% 80  5.7x 101 4 1.75
laxation occurred during heatu@;s,/kg would be given by 80  82x10"“ 100 4.1x10'° 4 1.72
the slope of the straight lingas indicated in Fig. 4 How- ~ 622546 70  1.X10'* 100  1.810% 5 1.59
ever, in grder to determin®;g, corr(_actly, structural relax- AginSbTe
ation during heatup has to be considered. Therefore, correco-ag3s 80 2310 100  1.4<10% 5 1.63
tions of Q, Were made by a computer simulation, which 8-ag37 60  2x10“ 80  1.7x10% 5 1.38
. . . . . 4 3
simultaneously takes into account the isoconfigurational 80 1210 100  1.310* 5 1.30
: . . . 1-ag45 70  2.&10%* 90  1.5x10'° 5 1.44
change and structural relaxatiémccording to Fig. Bduring 3 )
. L N 16-ag90 70  3.310% 105 1.0x10 5 1.26
heatup. Themeasuredsiscosities at the beginning and atthe 17,091 70 1810 90  3.4<102 5 0.97

end of each heatup process were used as boundary conditions
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TABLE lll. Average values of the activation ener@y,.. of the viscosity increase ratg, isoconfigurational
activation energyQjs, for the viscositys, activation energyQ, of the rate equation constakt, and melting
temperatured,, .2

Qrae Qiso Qrel Th Qiso Qrel
Alloy (ev) V) V) °C) Ke Trm Ko Tm

GeSh Tey 0.22£0.04 1.94+0.09 1.72:0.13 6855 23.4x1.3 20.8£1.7
Ge,Sh,Tey 0.35-0.04 1.76+0.05 1.42-0.09 6215 22.9-0.8 18.4-1.3
AgInSbTe 0.19-0.06 1.33:0.09 1.14:0.15 5375 19.0£1.4 16.3:2.3

aSee Ref. 30.
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