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Elastic Modulus of Amor phous Ge,Sb,Tes Thin Film M easured
by Uniaxial Microtensile Test

Yunjung Choi and Young-K ook L ee”

Department of Materials Science and Engineering, Yonsel University,
134 Shinchon-dong, Seodaemun-gu, Seoul 120-749, Korea

The dastic property of an amorphous Ge;Sh,Tes thin film was investigated by uniaxial microtensile test using
amorphous GeSb,Tes films deposited on both sides of a polyimide substrate. The elastic modulus of the
amorphous Ge;Sh;Tes thin film was determined by the rule of mixture as 20.2+ 1.3 GPa, comparable to
that converted from the biaxia modulus measured by wafer curvature measurements. However, the eastic
modulus measured by nanoindentation tests is higher than those measured by uniaxia microtensile test and
by wafer curvature measurements, as the viscoelagtic recovery component of the amorphous Ge,Sb,Tes film
is not implied in the initid dope of the unloading curve in nancindentation tests.
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1. INTRODUCTION

A cedll of phase-change random access memory (PRAM)
is a resigtor consisting of chacogenide materias that typi-
caly include a Ge-Sb-Te compound, where the phase consti-
tutes the information bit depending on the presence of a
crystaline or an amorphous phase!” During the PRAM
operation, thermal stress caused by a temperature gradient
and the differences in the therma expansion coefficients
between the phase change materials and surrounding materi-
als is introduced, and phase transformation stress is also
occurred.”* These stresses are closdly related to the failure
and durability (cyclability) of PRAM cdlls.

For these reasons, the mechanica properties of Ge-Sb-Te
thin films have been investigated using various experimental
techniques, such as wafer curvature messurements, > nanoin-
dentation tests*® and Brillouin light scattering.? However,
uniaxia microtensiletests of Ge-Sb-Tethin films have yet to
be reported, most likely dueto the difficulty in specimen fab-
rication inherent in Ge-Sb-Te thin films, although microten-
sle tests of thin films of gold, silicon, and auminum™**?
have been conducted. In this study, therefore, the Young's
modulus of an amorphous Ge,Sh,Tes (a-GST) thin film was
investigated by uniaxial microtensile test using a newly
devised specimen. Thiswasthen compared with the reported
values as determined by the wafer curvature and by nanoin-
dentation measurements.

* Corresponding author: yklee@yonsei.ac.kr

2. EXPERIMENTAL PROCEDURE

Figure 1(a) showsthe geometry and dimensions of the ten-
sile specimen used here. A polyimide film (DuPont Kapton®
Type HN) with athickness of 25 mm and with high thermal
durability was used as a substrate. Ge;Sb, Tes thin films were
deposited on one side of the polyimide substrate and then on
the reverse side, without an interlayer between the film and
substrate™ at room temperature by DC-magnetron sputter-
ing using a stoichiometric target. The base pressure was 6.0
x 10® Torr and the process pressure during the sputtering
processin Argon ambient was 1.0 x 10° Torr. The sputtering
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Fig. 1. (a) Geometry and dimensions of a tensile specimen and (b)
photograph of a microtensile tester.
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Fig. 2. (8) Engineering stress-strain curves of polyimide and composite (polyimide and amorphous Ge,Sb,Tes) films deformed at a constant ten-
sile speed of 1.0 mnV/s, and average crack spacing between neighboring cracks in the direction parallel to tensile axis as afunction of strain (gray
circle). (b) and (c) are the surface images of the amorphous Ge,Sh,Tes film deformed by 0.6% and 4.5%, respectively. The micro-cracks are

observed vertically to tensile direction.

power was 200 W. The chemical composition and crystd druc-
ture of the as-deposited filmswere measured by Auger eectron
gpectroscopy and by X-ray diffraction, respectively. The chem-
ical composition was determined to be Ge s, sTes26 and
the structure was found to be amorphous. The a-GST film
thickness of each side of the substrate was 500 nm, as deter-
mined by a scanning e ectron microscope.

A microtendle tester (Linkam, TST 350) is shown in Fig.
1(b). Both ends of the tensile specimen were gripped by jaws
which were 15 mm apart. A load cell with acapacity of 20N
was used to measure the applied force. Thetensile tests were
carried out at constant speeds of 1.0 mm/s, 1.5 mm/s, and 2.0
mm/s a room temperature. In-situ observations of the film
surface were made using an optica microscope during the
tendle tests.

3. RESULTS AND DISCUSSION

Figure 2(a) shows the engineering stress-strain curves of
both a polyimide film and a composite film consisting of
polyimide and a-GST. Three polyimide filmsand three com-
posite films were tested at each tensile speed, and the rla
tionship between the sressand strain wasfound to be generdly
reproducible under each condition. There was no effect of
the tensile speed on the Young's modulus of the polyimide
(Es) in the range of 1.0 mm/s to 2.0 mm/s. However, the
yidd stress of polyimide, which was determined using an
offset strain of 0.2%, changed dightly from 55 to 60 MPaas
the tensile speed increased from 1.0 mm/sto 2.0 mm/s.

The composite film exhibited a higher Young's modulus
and greater flow stress compared to the polyimide film.
However, because the a-GST thin film was very brittle,
micro-cracks were generated in thisfilm as it underwent ten-
sile deformation. As shownin Fig. 2(b), acrack formed ver-
ticaly in the tendile direction at 0.6% strain; with additiona

strain, the number of cracks increased congtantly (Fig. 2(c)).
Crackstraversed the width of the specimen. The dependence
of the average crack spacing between neighboring cracks on
the strainisaso shown in Fig. 2(a). After the onset of crack-
ing a 0.6% dstrain, the average crack spacing decreased rap-
idly as the strain increased to approximately 1.5% and then
gradually decreased further to approximately 5 um. Findly,
some fragments of the a-GST thin films were detached from
the substrate during the tensile tests.

The dtress-gtrain curve of the a-GST was converted by
applying the following rule of mixturé™ to the stress-strain
curves of the polyimide and composite films. Thisis shown
inFig. 3.
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Fig. 3. The measured stress-strain curves of polyimide and composite
(polyimide and amorphous Ge,Sh, Tes) films and the calculated stress-
strain curve of pure amorphous Ge;Sh;Tes. The tensile speed was 1.0
mmy/s.
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Oc = FC/VVT = O-fAf+ O-sAs (l)

Here, o, F, W and T are the siress, force, total width and
total thickness of the sample, respectively. A isthe cross-sec-
tiond area fraction. Also in the equation, f, s, and c refer to
the a-GST, polyimide, and composite film, respectively. The
elastic modulus was determined to be the dope of the stress-
srain curve a a strain range of 0% to 0.6%. The Young's
moduli of the polyimide substrate (Es) and composite film
(Ec) are 3.0+ 0.1 GPaand 3.7 £ 0.1 GPa, respectively. The
cross-sectiond areafractions of the a-GST and polyimide, A¢
and A, are 1/26 and 25/26, respectively. Therefore, the Young's
modulus of the a-GST (E;) is20.2 + 1.3 GPa.

The Young's modulus of the a-GST thin film determined
by uniaxia microtensile test is compared with earlier mea-
surements by different experimental techniquesin Table 1.

In the wafer curvature measurement of the elagtic defor-
mation of the thin films, the change in the film stress Ao
with the temperature T is proportional to the biaxia modulus
of the film M; and the difference in the therma expansion
coefficient ¢ of the substrate and the film (Ao/AT = M¢(os —
o). Thebiaxid modulus (Ms = E¢/ (1 — v)) isrelated to the
Young's modulus with the Poisson's ratio, 1+. However, an
accurate v; value of Ge,Sh, Tes thin film has not been reported
thus far. Hence, it is smply assumed to be 0.3"? The E;
vaue measured by the uniaxid microtendile tests in this
study is coincident with the Young's modulus converted
from the M¢ value assuming u is 0.3, as shown in Table 1.
The Young'smodulus of a-GST thin filmswith the thickness
range of 300 nm to 1000 nm™>?

However, the E values measured by the nanoindentation
tests were much greater than those measured by the uniaxia
tensile and the biaxial bending tests. If the a-GST thin film
and the substrate do not have asimilar Young's modulus and
Poisson’sratio, the substrate can affect the e astic property of
the a-GST film during the nanoindentation tests™ In both
nanoi ndentation tests shown in Table 1, a silicon wafer (E =
165 GPa, v=0.27)™ was used asthe substrate. To minimize
the influence of the silicon substrate on the E; vaue, the E;
data obtained in the shallow indentation depth region were
averaged, and King's model™*" including a substrate com-
pliance term was applied for the E; value. In spite of these
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corrections, the nanoindentation test continued to result in a
high E; vadue, possibly due to the differences in the elastic
recovery behavior of amorphous materias compared to that
of crystalline materials.

Generaly, the deformation of a solid consists of three
components. reversible elastic deformation that recovers
instantaneously upon unloading, viscoelagtic deformation
that recovers with time, and irreversible viscoplastic defor-
mation. For crystaline materias, the viscodastic dtrain is
negligible compared to the viscoplagtic strain, especialy
near room temperature. For amorphous materids, the vis-
coelagtic contribution isamagjor part of the deformation. The
viscod asticity is caused by time-dependent atomic diffusion
inside short-range ordered amorphous materials™

The elastic and viscoelastic deformations occur in the a-
GST thinfilmsat low elagtic stresslevelsin the wafer curva-
ture measurements™ and microtensile tests. For the nanoin-
dentation test, during the loading, dastic, viscodastic, and
viscoplagtic deformations were induced. Upon unloading,
elagtic recovery promptly occurred while the viscoelastic
recovery exhibited time-dependency.®**

The E; values measured by nanoindentation in Table 1
were determined by the dope of the initid part of the load
(P) —theindentation depth (h) curve obtained during unload-
ing without the contribution of the viscoelagtic recovery pro-
cess. Therefore, the initid dope of the unloading curve (dP/
dh) is steeper than that accompanying the viscoe astic recov-
ery component, leading to ahigh E; value.

4. CONCLUSIONS

The Young's modulus E; of an amorphous GeSh, Tes thin
film was invegtigated via uniaxid microtensile test. The
measured E; value was 20.2 + 1.3 GPa, which is coincident
with that converted from the biaxial modulus measured by
the wafer curvature measurements. However, the E; value
measured by nanoindentation is much larger than those
assessed in a uniaxial tensile test and/or by wafer curvature
measurements. Hence, this work demongtrates a useful
method of measuring the mechanical properties of thin films
without the need for a complex fabrication procedure for
microtensle test specimens.

Table 1. Comparison of elastic modulus of amorphous Ge,Sb, Tes thin film

Film thickness Young's modulus Biaxial modulus

Reference Test method Substrate (nm) (GPa) (GPa)
Thiswork Uniaxial microtensile Polyimide 500 20.2£1.3 -
Kalb® Curvature measurement  Si (100), Al,Os 1000 19.3¢ 27.6+4.7
Parkl® Curvature measurement  Si (100), Glass 300 20.7* 29.5+1.9
Park® Nanoindentation Silicon 300 33.9+0.7
Hong!” Nanoindentation Silicon 400 31-35

*The values were converted from the measured biaxial modulus values.
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