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Phase-Change Materials in Optically
Triggered Microactuators

Johannes A. Kalb, Qiang Guo, Xiaoqiang Zhang, Yi Li, Chornghaur Sow, and Carl V. Thompson

Abstract—Phase-change materials have been extensively used
for optical data storage in commercial rewritable compact disks
and digital video disks. These materials are also widely considered
for next-generation phase-change random access memories to re-
place current Flash memories. We suggest a different application
of phase-change materials in optically triggered microactuators.
The suggested device consists of a thin film of a phase-change ma-
terial deposited on a microfabricated cantilever. A laser-induced
phase transformation in the film initiates a cantilever deflection
since the transformation is accompanied by a large density change.
We analyze quantitative criteria for material selection and opti-
mization of device dimensions for the largest possible actuation
angles and deflections. The resulting analytical model is both
verified numerically and applied experimentally. Furthermore, we
show that these cantilevers offer a convenient way to measure
film stresses and film strains associated with laser-induced phase
transformations. [2007-0276]

Index Terms—Actuators, laser annealing, stress measurement,
tellurium alloys.

I. INTRODUCTION

IN REWRITABLE compact disks (CD-RWs) and digital
video disks (DVD-RW and DVD-RAM), a thin film of a

phase-change material (usually an SbTe alloy) is locally and re-
versibly switched between the amorphous and crystalline states,
using pulsed laser heating and fast cooling to amorphize the
material and using laser heating to crystallize the material. The
amorphous and crystalline states can be optically distinguished
due to their pronounced difference in reflectivity [1]–[3]. Re-
cently, phase-change materials have also been employed in
industrial test devices for electronic nonvolatile data storage [2],
[4]–[6]. In these so-called phase-change random access mem-
ories (PCRAM, PRAM, or PCM), electrical power provides
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the heat that is necessary for the transformation between the
amorphous and crystalline states, which can be distinguished
subsequently by their pronounced difference in electrical con-
ductivity [7]–[9]. Due to their higher speed, larger number of
write–erase cycles, and better scaling characteristics, PCRAMs
show high potential to replace current Flash memories, i.e.,
to serve as the next generation of nonvolatile memories for
portable multimedia devices [2], [4]–[6].

Phase-change materials are characterized by a large density
or volume difference between the amorphous and crystalline
phases, [7], [9]–[11] on the order of 6%–9%, which is related
to the large optical contrast between the two phases [12], [13].
However, such a large volume change can induce a large film
stress in the gigapascal regime [10]. Wafer curvature (WC)
measurements during furnace heating of amorphous SbTe films
deposited on Si wafers have revealed that a substantial part of
this stress is inelastically relaxed during crystallization [10].
This effect is undesirable in data storage since it leads to
material fatigue and therefore limits the maximum number
of write–erase cycles. It is therefore important to develop
materials and methods for which volume changes and their
effects are minimized. This could enable phase-change media
to compete with those data-storage media that can sustain far
more write–erase cycles than Flash memories, such as dynamic
RAMs and magnetic hard drives.

Stresses or strains induced locally by laser-induced crys-
tallization have not yet been systematically investigated for
SbTe alloys. Therefore, we present a study of laser crystal-
lization of amorphous phase-change films deposited on rec-
tangular microfabricated cantilever beams [Fig. 1(a) and (b)].
The associated volume contraction upon crystallization induces
cantilever bending [Fig. 1(c)] that provides a measure of the
stress or strain in the film. In addition, such a system could
serve as a microactuator in a switch or for a movable mirror.
Since the cantilever movement is controlled externally without
the need for electronic components near the cantilever, arrays
of these devices could be manufactured on a wide range of
substrates and at potentially low cost. Large-area optically trig-
gered micromirror arrays could, for example, be manufactured
on expansive substrates, and images could be written and erased
with external laser sources. The actuation could even be re-
versible if subsequent amorphization could counterbalance the
crystallization-induced cantilever movement. However, this pa-
per only focuses on crystallization, i.e., nonreversible actuation.
It should be noted that even though many amorphous films can
be laser crystallized, phase-change materials are particularly
suitable for this application due to their large volume change
between the two phases, which would induce high actuation
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Fig. 1. (a) Schematic side view of a microfabricated cantilever of length l0
with a fixed support on the left side. A thin film of an amorphous phase-change
material has been deposited on the cantilever. The thicknesses of the cantilever
and film are hs and hf , respectively, and are not drawn to scale. (b) Schematic
top view of the cantilever in (a). The film is laser crystallized in the region l1 ×
w × hf and remains amorphous in the region l2 × w × hf . The cantilever
underneath does not undergo a phase transformation during this process. Due
to the volume contraction in the region l1 × w × hf , the cantilever moves
upward. (c) Schematic side view of the cantilever shown in (a) and (b) after
laser crystallization. For clarity, the thickness of the structure is not indicated.
All dashed lines and curves are guides to the eye. The crystallized region of
length l1 curves with a radius r. The remaining part of the cantilever that is
still coated with an amorphous film is aligned as a tangent to the dashed circle
at x = a. It is inclined by the actuation angle α toward the original horizontal
cantilever position before laser crystallization. δ is the actuation height.

angles α’s [Fig. 1(c)]. While minimum volume changes are de-
sired for memory applications, maximum volume changes are
desirable for actuation applications of phase-change materials.
However, it should also be noted that materials with smaller
volume changes could be used in applications for which smaller
actuation angles are acceptable.

II. CANTILEVER DESIGN AND OPTIMIZATION

Analytical and numerical strain analyses of the bilayer sys-
tem in Fig. 1 were performed in order to understand for which
conditions the highest possible angle α and the highest possible
deflection δ can be obtained for a given volume change and
for given dimensions l1 and l2 [(Fig. 1(c)]. This facilitates
both stress and strain measurements and allows the design of
optimized optically triggered actuators. The analysis is initially

performed in a general way, i.e., no specific material parameters
are assumed. An ideal thickness ratio h = hf/hs of film and
cantilever is calculated as a function of their elastic constants
[Fig. 1(a)].

A. Analytical Analysis

Using Fig. 1(c), the following can be derived geometrically:

α =
1
r
· l1 (1)

δ = r · (1 − cos(α))︸ ︷︷ ︸
d

+ (l0 − l1) · sin(α)︸ ︷︷ ︸
g

(2a)

where l0 = l1 + l2 is the length of the cantilever. The quantities
d, g, r, α, and δ are shown in Fig. 1(c). Equations (1) and (2a)
are exact for any angle α between 0◦ and 360◦. For small angles,
which typically occur in deflection experiments or actuation
applications, sin(α) ≈ α and 1 − cos(α) ≈ α2/2, so that (2a)
simplifies to

δ =
1
r
· l1 ·

(
l0 − l1

2

)
. (2b)

It is assumed in the following that each of the two layers in
Fig. 1(a) is elastically isotropic so that an equibiaxial stress
(or an equibiaxial strain) occurs in each layer as a result of
the crystallization-induced volume change in the region l1 ×
w × hf . Edge effects (nonuniform stresses and strains close to
the boundary of this region) are assumed to have no significant
impact on the radius of curvature r of the region l1 × w × hf

(a numerical verification of this assumption follows in the next
section). We analyze the problem for the general case that
hf does not need to be small compared with hs. Therefore,
both stress and strain in either layer vary linearly through
the layer thickness [14], [15]. At the interface between the
regions l1 × w × hf and l0 × w × hs, a lateral (or in-plane)
elastic mismatch strain εm and an associated lateral (or in-
plane) elastic mismatch stress σm occur [14], [15] (note that
for h � 1, εm and σm reduce to the in-plane biaxial film strain
and the in-plane biaxial film stress, respectively, which are then
essentially independent of thickness coordinate). The radius r
[Fig. 1(c)] can then be calculated analytically from Stoney’s
equation, which, for arbitrary film thickness ratio h = hf/hs,
has the general form [14], [15]

1
r

=
εm

hs
· p(h,m). (3)

εm is zero before the crystallization-induced volume change
and is defined positive afterward. p(h,m) is a function of the
thickness ratio h and the biaxial elastic modulus ratio m =
Mf/Ms, where Mf = Ef/(1 − νf ) and Ms = Es/(1 − νs)
are the biaxial elastic moduli of the film and cantilever, respec-
tively. E and ν are the Young’s modulus and Poisson’s ratio of
the respective layer. p(h,m) is given by [14], [15]

p(h,m) =
6hm(1 + h)

1 + 4hm + 6h2m + 4h3m + h4m2
(4)



1096 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 17, NO. 5, OCTOBER 2008

Fig. 2. Plot of (4). h = hf /hs and m = Mf /Ms, where hf and hs are
shown in Fig. 1. Mf and Ms are the biaxial elastic moduli of the film and
cantilever, respectively. Since the actuator deflection α and the actuation height
δ are proportional to the quantity p(h, m) [(5) and (6)], a maximum value for
p(h, m) is desired.

and is shown in Fig. 2. Since (3) and (4) only depend on
the modulus ratio, a replacement of the biaxial modulus M =
E/(1 − ν) by the plate modulus M = E/(1 − ν2) would not
significantly affect the result as long as the Poisson ratio of
film and cantilever are approximately equal. It should be noted
that any stresses that relax plastically during or after the phase
transformation do not contribute to the cantilever curvature
and therefore do not enter (3). Therefore, 3 · εm ≤ |ΔV/V |,
where |ΔV/V | is the crystallization-induced volume change
of a hypothetically unconstrained amorphous material, which
is around 6%–9% for phase-change materials [7], [9]–[11],
[16]. The “=” sign in the aforementioned expression applies
to a purely elastic phase transformation, whereas the “<” sign
holds for a transformation that includes plastic stress relaxation.
Therefore, for phase-change materials, εm should be on the or-
der of 2%–3% (or 0.02–0.03) for a purely elastic transformation
and smaller otherwise.

Substituting (3) into (1) and (2b) gives

α =
εm

hs
· p(h,m) · l1 (5)

δ =
εm

hs
· p(h,m) · l1 ·

(
l0 − l1

2

)
. (6)

Therefore, for given parameters l0, l1, and εm, the following
two design rules have to be followed in order to maximize α
and δ and thereby to optimize the actuation magnitude.

1) hs should be minimized.
2) p(h,m) should be maximized.

While rule 1) appears intuitively clear, rule 2) implies that an
ideal value hideal(m) may exist for a given modulus ratio m.
hideal was found by differentiating (4) with respect to h (while
treating m as a constant), equating the result to zero, and then

Fig. 3. Ideal ratio hideal(m) of film thickness to cantilever thickness that
results in maximum actuator deflection. hideal(m) only depends on the biaxial
modulus ratio of the bilayer, m = Mf /Ms. For example, if the film and
cantilever have the same biaxial modulus, hideal(m = 1) = 1/2.

Fig. 4. Maximum value in (4), pmax(m) := p(hideal(m), m), as a function
of biaxial modulus ratio m = mf /ms. hideal(m) is the ideal thickness ratio
from Fig. 3 that results in maximum actuator deflection.

solving for h. Fig. 3 shows the result. A simple example is
the case in which the film and cantilever have the same biaxial
modulus, i.e., m = 1. Fig. 3 shows that hideal(m = 1) = 1/2,
i.e., the film should be half as thick as the cantilever for ideal
deflection performance. Inserting hideal(m) into (4) gives the
maximum value pmax(m) := p(hideal(m),m) as a function of
m (Fig. 4).

We now compare the performance of Si and SiN, which
are technologically important cantilever materials. Ge2Sb2Te5

is chosen as the phase-change film since this material is well
understood and most widely used in phase-change recording
[1], [2], [4]. The biaxial modulus of Ge2Sb2Te5 films is Mf =
45.2 ± 8.2 GPa [17]. (100) Si has a well-established biaxial
modulus [18] of M

(Si)
s = 180.5 GPa, which, in combination
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Fig. 5. Section through the surface in Fig. 2 for a biaxial modulus ratio
m = 0.15, which corresponds to a bilayer of Ge2Sb2Te5 and SiN. The
quantity p(h, m = 0.15), which is proportional to the actuation angle α and
the actuation height δ [(5) and (6)], is maximal for the value hideal = 1.12.

with the Ge2Sb2Te5 film, gives m(Si) = Mf/M
(Si)
s = 0.25 ±

0.05. It follows that h
(Si)
ideal = 0.91 ± 0.06 (Fig. 3) and p

(Si)
max =

0.66 ± 0.03 (Fig. 4). Therefore, the Ge2Sb2Te5 film thickness
should be about 91% of the Si cantilever thickness. Young’s
modulus E

(SiN)
s for SiN films can vary substantially between

roughly 190 and 270 GPa [19], [20]. We take E
(SiN)
s = 219 ±

25 GPa, which we determined for the SiN cantilevers used for
the experiments to be described in Section III. This value was
measured by cantilever bending using an atomic force micro-
scope (AFM, Digital Instruments 3100) in contact mode [21].
Poisson’s ratio for the SiN cantilever is assumed to be ν

(SiN)
s =

0.27, as suggested by literature data [19]. This gives m(SiN) =
Mf/M

(SiN)
s = 0.15 ± 0.03, h(SiN)

ideal = 1.12 ± 0.09 (Fig. 3), and

p
(SiN)
max = 0.58 ± 0.04 (Fig. 4). Hence, the Ge2Sb2Te5 film

should be about 12% thicker than the SiN cantilever. Therefore,
for the same lateral dimensions, Si cantilevers can exhibit an
actuation angle α and a deflection height δ that is higher by
about 0.66/0.58 = 1.14 or 14% compared to SiN cantilevers.

Fig. 5 shows a section through the surface in Fig. 2, for
m(SiN) = 0.15. The curve is characterized by a relatively broad
maximum at h

(SiN)
ideal = 1.12, which indicates that even moder-

ate deviations from the suggested ideal thickness ratio h
(SiN)
ideal

during manufacturing would still yield almost the same value
p
(SiN)
max = 0.58 and, therefore, the same ideal actuation angle α

or actuation height δ. This is of benefit for potential applications
that require tight performance variations between devices that
are manufactured from different film deposition runs.

As an example for a Ge2Sb2Te5 film on a SiN cantilever,
we take εm = 0.01 or 1% (which would imply that roughly
one-third to one-half of the induced stress upon crystallization
relaxes plastically), hs = 200 nm (as a consequence, hf =
1.12 · 200 nm = 224 nm as outlined earlier), p

(SiN)
max = 0.58,

l1 = 3 μm, and l0 = 13 μm. Equations (5) and (6) then give
α = 5◦ and δ = 1 μm.

B. Numerical Analysis

To verify the analytical model, a finite-element analysis
(FEA, Abaqus 6.5) was performed with the cantilever shown
in Fig. 1. The FEA serves as a benchmark for the analytical
model described before. Dimensions of l0 = 50 μm and hs =
hf = 200 nm were chosen, which are close to the dimensions
used in the experiments (Section III-D). Two cases were simu-
lated, one with w = 2.5 μm and one with w = 5 μm. Quadratic
continuum (3-D solid) elements with reduced integration were
used (full integration gave almost exactly the same result).
These elements are suitable due to the 3-D nature of the
problem (the cantilever is not thin compared to its width). Both
film and cantilever were assumed to be elastically isotropic.
The biaxial modulus and the Poisson ratio were chosen to
be equal to the values for SiN and Ge2Sb2Te5 mentioned in
Section II-A. For Ge2Sb2Te5, a Poisson ratio of ν = 0.3 was
assumed, a typical value for inorganic solids [19]. The elastic
part of the crystallization-induced volume change was simu-
lated by a hypothetical elastic and isotropic thermal contraction
during a hypothetical temperature decrease: For simulation
purposes, both effects are equivalent. A hypothetical linear
thermal expansion coefficient of αth = 10−5/K was assigned
to the region l1 × w × hf (Fig. 1), whereas a zero thermal
expansion coefficient was assigned to all other regions. A
temperature decrease of |ΔT | = 1000 K was then applied to
the entire model, which resulted in a linear isotropic contraction
of |εm| = αth · |ΔT | = 10−2 or 1%. Since this analysis treats
only the elastic contraction, this hypothetical process yields the
same cantilever deflection as the crystallization-induced elastic
volume decrease that induces the lateral elastic mismatch strain
εm = 10−2 discussed earlier (any inelastic stress relaxation was
not simulated since only the elastic part induces a cantilever
curvature). The size of the finite elements in the simulation
was decreased until the calculated values for angle α and
deflection δ reached saturation values (mesh convergence).
During this process, a substantially denser mesh was used
in the region where the phase transformation occurred. The
smallest simulated element size was 25 nm. Several simulations
were run to vary the length l1 between 0.5 and 14 μm. The
circles in Fig. 6 show the results for the 5-μm-wide beam
(results for the 2.5-μm-wide beam are almost identical and
therefore not shown). For comparison, the solid curves rep-
resent the analytical model from (5) and (6). The numerical
and analytical analyses deviate by less than 10% for 0.5 μm ≤
l1 ≤ 2 μm and by less than 5% for 2 μm < l1 ≤ 14 μm.
This small deviation still holds if the biaxial modulus for SiN
or Ge2Sb2Te5 is increased or decreased by a factor of two
from the values mentioned previously. Therefore, using the
FEA as a benchmark, it can be concluded that edge effects
(which are neglected in the analytical calculation) close to the
clamped edge of the cantilever (rim of the region l1 × w ×
hf ) influence the angle α and height δ [Fig. 1(c)] by only
about 5%–10%. It should be noted that Sader [22] has derived
analytical correction terms to Stoney’s deflection value δ for
clamped cantilevers. His treatment, however, is only valid if
the film thickness is negligible compared with the cantilever
thickness, which is not the case in this paper. A derivation of
such correction terms for thick films is complex and beyond the
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Fig. 6. (Circles) Finite-element simulation results compared with (solid lines)
analytical calculations from (5) and (6) for cantilever deflection angles α’s and
heights δ’s [cf. Fig. 1(c)]. Input parameters were l0 = 50 μm, hs = hf =

200 nm, and εm = 10−2. Material parameters were Es = 219 ± 25 GPa
and νs = 0.27 (SiN cantilever) and Mf = (45.2 ± 8.2) GPa and νf = 0.30
(Ge2Sb2Te5 film).

scope of this paper. Therefore, it has to be kept in mind that
the uncertainty of the analytical model in Section II-A can be
up to 5%–10%.

III. EXPERIMENTAL APPLICATION

A. SiN Cantilever Fabrication

Since Si cantilevers offer only a 14% better performance
than SiN cantilevers, the latter were chosen for fabrication
as they are both easier and less expensive to fabricate. Low-
stress Si-rich SiN films were deposited on both sides of double-
side-polished (100) Si wafers using chemical vapor deposition
(CVD) at 775 ◦C, using a vertical thermal reactor (Silicon
Valley Group, VTR 6000). The Si wafers were 675 ± 25 μm
thick and had a diameter of 150 mm. The gas flow rates
were 250-sccm dichlorosilane (H2Cl2Si) and 25-sccm ammo-
nia (NH3), and the pressure was 250 mtorr. The deposition rate
was 3.1 nm/min. The film thickness and the refractive index
were hs = 211 ± 3 nm and n = 2.25 ± 0.01, respectively, as
determined by ellipsometry (KLA-Tencor, Model UV1250SE).
Previous wafer curvature (WC) studies [23] have shown that
this gas recipe gives SiN films with an average tensile stress
on the order of 125 MPa. hs was chosen to be as small as
practically possible in order to give a large actuator deflection.
However, a SiN thickness below about 200 nm would have
greatly increased [23] the risk of pin-hole formation during wet
etching in potassium hydroxide (KOH; see hereafter).

Positive photoresist of 800-nm thickness was spin coated on
the SiN film on the front side of the wafer. The resist was

exposed by contact lithography (EV Group, Model EV620)
with UV light using a mercury lamp through a photomask. The
photomask contained cantilevers of various dimensions (both l0
and w were varied between 2 and 100 μm). After developing
the resist, the SiN on the front side was etched in a gas-
phase process (LAM Research, Model 490B). The developed
photoresist served as an etch mask. The gas flow rates were
190-sccm sulfur hexafluoride (SF6) and 19-sccm oxygen (O2),
and the pressure was 300 mtorr. The time to etch through the
entire SiN film was about 3 min.

After removing any remaining photoresist in an O2 plasma
etcher for 3 min, the SiN cantilevers on the front side of the
wafer were released during wet etching [19] in a 20-wt% KOH
solution at 75 ◦C. The etch time was around 4 h, which corre-
sponded to a Si etch depth of around 200 μm. During etching,
the back side of the wafer was protected by the continuous SiN
film, for which the etch rate in KOH is essentially zero [19],
[24], [25].

After the release, a typical 50-μm-long and 5-μm-wide
cantilever was bent upward by about 800 nm as determined
by optical profilometry. Previous investigations have shown
[23] that the deposition of stoichiometric Si3N4 films by low-
pressure CVD results in a substantially larger initial cantilever
deflection. Therefore, we conclude that the Si-rich SiN films
are characterized by a lower stress gradient in the z-direction
than the stoichiometric films, which has initially motivated our
choice for the former.

B. Film Deposition on Cantilevers

Amorphous Ge2Sb2Te5 films were deposited on the SiN
cantilevers using direct-current sputtering from a single tar-
get. To avoid oxidation and to obtain reproducible interface
conditions, the Ge2Sb2Te5 film was sandwiched between two
thin layers of amorphous ZnS(80)–SiO2(20), which were de-
posited using radio-frequency sputtering from a single target.
ZnS(80)–SiO2(20) was chosen because it is frequently used
[26]–[31] as a capping layer in CD-RWs and DVDs. The
sputtering background pressure was 7 × 10−7 mbar, and the
working pressure during sputtering in Ar was 5 × 10−3 mbar.
The Ar flow rate was 15 sccm. For Ge2Sb2Te5, the sputtering
power was 300 W, and the deposition rate was about 4.0 nm/s,
which gave a film thickness of hf = 215 ± 10 nm. For
ZnS(80)–SiO2(20), the sputtering power was 1000 W, and the
deposition rate was about 1.8 nm/s, which gave a film thickness
of hcap = 5 ± 1 nm for both layers. As determined from X-ray
diffraction, the structure of the as-deposited Ge2Sb2Te5 films
was entirely amorphous, i.e., no evidence of partial crystalliza-
tion during deposition was found.

The influence of the two ZnS(80)–SiO2(20) layers on the
cantilever curvature after crystallization of the Ge2Sb2Te5 films
is negligible. First, no phase transformation [31] occurs in
the ZnS(80)–SiO2(20). Second, the capping layers are so thin
that they can be neglected in the calculations presented in
Section II-A. This was verified analytically for the present con-
ditions through the use of an equation based on (3) but extended
to multilayers [14]. Therefore, in combination with the SiN
thickness of hs = 211 ± 3 nm (Section III-A), the experimental
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Fig. 7. Schematic top view of the cantilever shown in Fig. 1(b) during
laser crystallization of a Ge2Sb2Te5 film. The continuous laser beam is
directed in the negative z-direction and remains on the optic axis of the lens.
The movement of the sample stage is programmed so that the laser spot
moves relative to the cantilever along the arrow. This method crystallizes
Ge2Sb2Te5 films on different cantilevers at the same power density, indepen-
dent of length l1.

thickness ratio is h=hf/hs =1.02 ± 0.05, which is close to the

desired ideal value of h
(SiN)
ideal =1.12 reported in Section II-A.

p(h,m) = 0.58 ± 0.03 has been calculated using (4) from the
experimental values, namely, h = 1.02 ± 0.05 and m(SiN) =
Mf/M

(SiN)
s = 0.15 ± 0.03 (Section II-A). The agreement of

the experimental value p(h,m) = 0.58 ± 0.03 with the desired

maximum value p
(SiN)
max = 0.58 ± 0.04 (Section II-A) is a result

of the broad maximum in Fig. 5: Even though we were not quite
able to manufacture cantilevers with the desired thickness ratio
hideal = 1.12, our cantilevers are still expected to exhibit the
maximum actuation angle α and maximum deflection δ.

C. Experimental Method

A laser diode (Shanghai Uniwave Technology, Model
DPGL-2200, 532-nm wavelength, continuous operation,
Gaussian beam profile, TEM00 mode) was coupled into an
optical microscope using a beam splitter, which was aligned
on the optic axis and focused on the sample through a 100×
objective lens. The laser output power was adjustable up to a
maximum of 250 mW. The computer-controlled sample stage
could be moved laterally in two dimensions. A charge-coupled
device camera was connected to the microscope, and the image
of the sample was displayed on a monitor.

In order to laser-crystallize the region l1 × w × hf of the
amorphous Ge2Sb2Te5 film (Fig. 1), the sample stage un-
derneath the objective lens was moved perpendicular to the
cantilever direction, while the cantilever was irradiated with
the continuous laser beam (Fig. 7). The stage velocity was
0.1 mm/s, which is far slower than the velocity at which heat
conduction in Ge2Sb2Te5 and SiN occurs [32]. Due to the
Gaussian beam profile, the temperature increases toward the
middle of the laser beam. To ensure complete crystallization
of the region l1 × w × hf , overlapping lines were crystallized.
The associated reannealing of already crystallized regions does
not affect the stress state of the film since stress relaxation in
the crystalline phase occurs on a time scale of minutes to hours
[10], [33]. This method allowed the consistent comparison
of neighboring cantilevers of identical dimensions l0 × w but
different crystalline length l1 since it leaves the laser spot size

(and, therefore, the laser power density, i.e., the annealing tem-
perature) constant. Crystallization was immediately observed
on the monitor due to the pronounced increase in reflectivity
[11], [34] and the movement of the free cantilever end to a
position outside the focus plane of the lens [Fig. 9(a)]. Ablation
could be detected as a reflectivity decrease in the center of
the laser beam path. In order to find the ideal laser power
that enables crystallization but avoids ablation, the power was
decreased in small steps on different cantilevers until ablation
no longer occurred in the laser beam center. This threshold
power (460 ± 20 μW) was then used for the crystallization
experiments. The power was measured with a conventional
power meter underneath the objective lens at a laser spot di-
ameter of about 1.6 ± 0.2 μm (as measured from the width of a
crystallized line). It is assumed that this threshold power is large
enough to crystallize the film through its entire thickness hf . A
direct experimental verification of this assumption is difficult.
However, an indirect justification was performed: Laser lines
were crystallized into the continuous Ge2Sb2Te5 film next to
the cantilevers above the Si support. The threshold power was
determined for this condition in a similar way. The depth of the
surface dimple of these lines (which is a consequence of the
volume contraction upon crystallization) was measured using
an AFM (Digital Instruments 3100) and was found to be about
6.5%. This relative depth change agrees with literature values
for laser-crystallized marks that extend through the entire film
thickness of 85-nm-thick films [11], [34].

The cantilever height δ was measured both before and after
laser crystallization (to incorporate in the analysis any initial de-
flection due to as-deposited stresses in SiN and/or Ge2Sb2Te5).
The height measurement was performed both through the focus
setting of the optical microscope and using a noncontact pro-
filometer (Veeco/Wyko NT2000).

D. Experimental Results

Fig. 8 shows a 50-μm-long and 5-μm-wide cantilever after
deposition of amorphous Ge2Sb2Te5 but before laser crystal-
lization. The profilometer scan [Fig. 8(b) and (c)] reveals that
the cantilever is bent downward to δ0 = −1030 ± 50 nm at
its free end. Since the SiN cantilever was bent upward by
around 800 nm before the Ge2Sb2Te5 deposition (determined
by profilometry, not shown), the Ge2Sb2Te5 as-deposited stress
is slightly compressive. After laser crystallization along l1 =
4.6 ± 0.5 μm (cf. Figs. 1 and 7), the cantilever is bent upward
by δ∗ = 7340 ± 300 nm (Fig. 9). Therefore, the laser-induced
deflection change is δ = δ∗ − δ0 = 8370 ± 350 nm.

Fig. 10 shows a series of data points for different values of l1.
The cantilever deflection δ for those data points with l1 > 8 μm
was measured using the focus knob of the optical microscope
since the profilometer could not be used to measure the asso-
ciated large angles. For l1 < 8 μm, δ was measured using the
profilometer. The data were fitted to (2b), using l0 = 50 μm
and r as a fit parameter. This results in r = 27.8 ± 0.9 μm.
Using (3), this gives εm = 1.31% ± 0.08% for hs = 211 ±
3 nm and p(h,m) = 0.58 ± 0.03. A fit to the data in Fig. 10
based on the exact expression for δ [(2a)] gives an almost
identical fit curve and similar values: r = 27.0 ± 0.9 μm and
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Fig. 8. SiN cantilever of 211 nm thickness onto which a 215-nm-thick
amorphous Ge2Sb2Te5 film has been deposited. The cantilever dimensions are
l0 = 50 μm and w = 5 μm (cf. Fig. 1). (a) (Top view) Optical micrograph.
(b) (Top view) Profilometry scan. The colors represent height information (blue:
low elevation; red: high elevation). (c) Profilometry scan, cross section along
the line in (b). The cantilever is bent downward to δ0 = −1030 ± 50 nm.

Fig. 9. Cantilever from Fig. 8 after laser crystallization along a length l1 =
4.6 ± 0.5 μm (cf. Figs. 1 and 7). (a) (Top view) Optical micrograph focused
on the fixed cantilever end. The free cantilever end is outside the focal plane
and is therefore not visible. The crystalline phase is characterized by a higher
reflectivity than the amorphous phase. (b) (Top view) Profilometry scan. The
colors represent height information (blue: low elevation; red: high elevation).
(c) Profilometry scan, cross section along the line in (b). The cantilever is bent
upward to δ∗ = 7340 ± 300 nm.

Fig. 10. Cantilever deflection δ at its free end as a function of the laser-
crystallized length l1. The cantilever dimensions are l0 = 50 μm and w =
5 μm (cf. Figs. 1 and 6). The data are fitted with (2b), using the radius of
curvature r as a fit parameter.

εm = 1.35% ± 0.08%. This shows that the small-angle approx-
imation [(2b)] holds. The elastically accommodated volume
change upon laser crystallization is then |ΔV/V |el = 3 · εm =
4.05% ± 0.25%. This value does not yet account for the un-
certainty in the deflection δ in the analytical model, which is
estimated to be on the order of 5% for l1 > 2 μm (cf. end of
Section II-B). Since δ is proportional to εm [(6)], the corrected
value is |ΔV/V |el = 4.05% ± 0.45%, which takes into account
this uncertainty.

We have also crystallized the amorphous Ge2Sb2Te5 films
on the SiN cantilevers in a furnace to check if the induced
cantilever curvature is consistent with the laser-crystallization
results. We used a crystallization temperature of 180 ◦C and
a crystallization time of 1 min since it is known that anneal-
ing under these conditions leads to complete crystallization
[8], [10], [35]–[38]. As a result, the radius of curvature of
the furnace-crystallized cantilevers, as estimated directly from
profilometer scans, is r = 29 ± 5 μm. A more precise mea-
surement was not possible due to the fact that the angle α
was larger than 90◦. Since this value for r agrees with the
value found for laser crystallization, it can be concluded that
the laser had crystallized the Ge2Sb2Te5 film through its entire
thickness, without significant ablation. In addition, it can be
concluded that the laser transformed the film into its cubic
(and not its hexagonal) crystal structure: Former studies have
shown that furnace crystallization of amorphous Ge2Sb2Te5

films at temperatures below about 310 ◦C results in the cubic
structure, whereas furnace annealing above 310 ◦C gives the
hexagonal structure [8]. The density of the hexagonal structure
is 2% higher than that of the cubic structure [39], so that a
potential laser crystallization into the hexagonal phase should
give a substantially smaller radius of curvature compared with
furnace crystallization into the cubic structure, which was not
observed.

IV. DISCUSSION

The elastically accommodated volume change, |ΔV/V |el =
4.05% ± 0.45%, is significantly larger than expected from
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available literature data: WC measurements [10] on 1000- and
85-nm-thick Ge2Sb2Te5 films deposited on 200-μm-thick Si
wafers have shown that a tensile film stress of about σ

(WC)
m =

165 ± 10 MPa occurs upon crystallization (independent of
the heating rate, which was between 0.1 and 20 K/min). Since
the Ge2Sb2Te5 film was much thinner than the Si wafer in the
former study, both film stress σ

(WC)
m and film strain ε

(WC)
m

are essentially constant along the direction normal to the
wafer [14], [15]. Therefore, using Mf = 45.2 ± 8.2 GPa, [17]
the furnace-crystallization-induced elastic film strain in [10]
is ε

(WC)
m = σ

(WC)
m /Mf = 0.37% ± 0.07%, and the elastically

accommodated volume change is |ΔV/V |(WC)
el = 3ε

(WC)
m =

1.10% ± 0.21%. This is almost four times smaller than the
value of |ΔV/V |el measured in this paper. Therefore, the
relatively stiff Si substrates in the WC study [10] are observed
to induce more plastic stress relaxation in the Ge2Sb2Te5 film
than the much thinner and, therefore, much more flexible SiN
cantilevers in this paper. Since the actuation angle α and height
δ are proportional to |ΔV/V |el [(5) and (6)], this paper shows
that phase-change materials are far more useful for applications
in externally triggered microactuators or switches than it could
be estimated a priori from available literature data.

The total volume change upon crystallization of hypothet-
ically unconstrained Ge2Sb2Te5 into the cubic crystal struc-
ture, |ΔV/V |tot, was calculated [40] using ε

(WC)
m = 0.37% ±

0.07% and 6.5% ± 0.2% film thickness decrease as mea-
sured by X-ray reflectometry for the samples used in the WC
study.[10] For this purpose, it was assumed that the total
volume change is a sum of the elastically and inelastically
accommodated volume changes. The result is |ΔV/V |tot =
6.92% ± 0.32%. Therefore, 59% ± 12% of the crystallization-
induced volume change is accommodated elastically in this
paper but only 16% ± 3% in the WC study [10].

It should be noted that any potential ablation during laser
crystallization or any remaining amorphous regions would re-
duce the cantilever deflection δ. Since the analysis was based
on the assumption that the laser crystallizes the Ge2Sb2Te5

film through its entire thickness, the values of εm = 1.35% ±
0.08% and |ΔV/V |el = 4.05% ± 0.45% would, in this case,
serve as lower limits for the elastic mismatch strain and the
elastically accommodated volume change, respectively.

The use of laser light to externally trigger the move-
ment of microcantilevers was also investigated previously by
Elliott et al. [41], [42]. Their studies show that thin films of
amorphous AsSe alloys deposited on microcantilevers exhibit
a reversible optomechanical effect: upon irradiating the films
with laser light that is polarized parallel to the cantilever axis,
an upward movement is observed, whereas perpendicularly
polarized light induces a downward movement of the cantilever.
Their effect however requires continuous laser irradiation: After
switching off the laser power, the cantilever moves back to
the original position irrespective of light polarization history.
The cantilever in this paper, in contrast, remains displaced after
cessation of laser illumination. Moreover, the magnitude of this
displacement can be precisely controlled by the crystallized
length l1 (Fig. 10). This opens the door to new actuation
applications.

An interesting follow-up project would be to investigate
if the cantilever can be moved downward by reamorphizing
the laser-crystallized Ge2Sb2Te5. Under the assumption that
the elastically accommodated volume changes upon laser-
induced amorphization and laser-induced crystallization are
identical, the actuator movement would then be reversible.
Since Ge2Sb2Te5 is a marginal glass former [33], [35], [43],
crystallization can occur extremely fast. Therefore, very high
cooling rates [32] on the order of 1010 K/s are necessary
for successful amorphization: Laser-induced crystallization of
Ge2Sb2Te5 is possible [34], [44] with a pulsewidth of as short
as 10 ns (at a laser power on the order of 5–10 mW), whereas
laser-induced amorphization has been shown to be feasible [45]
within a pulsewidth window of around 20–100 ns (at a power
of at least 30 mW). Such a fast phase transformation could
possibly allow the operation of an actuator that can be switched
between two (or more) displacement states at a frequency of
around (100 ns)−1 = 10 MHz. This would be much faster than
the effect in Elliott’s studies, which proceeds on a time scale of
seconds to be fully observed [41], [42]. We have not attempted
the laser amorphization since we do not have access to a laser
with the aforementioned short pulsewidth and high intensity.
However, it should be noted that easier glass-forming materials
which do not require such a high cooling rate for amorphization
as Ge2Sb2Te5 might be more useful for reversible actuation.
Ge2Sb2Te5 however exhibits the advantages of a large vol-
ume change and a fast phase transformation. Nevertheless, the
fact that the cantilever is bent upward after crystallization (as
opposed to flat) would complicate the laser focus regulation,
which is necessary for a reproducible power density on the
sample during amorphization.

V. CONCLUSIONS

1) If designed properly, thin microfabricated cantilevers
coated with thin films offer a convenient method to mea-
sure film stresses or strains associated with laser-induced
phase transformations: For any material combination
in this bilayer configuration, an ideal film-to-cantilever
thickness ratio exists that results in the largest possible
cantilever deflection associated with the phase transfor-
mation in the film. This ideal thickness ratio depends
only on the biaxial modulus ratio of the two layers. For
Ge2Sb2Te5 films on Si or SiN cantilevers, this thick-
ness ratio is h

(Si)
ideal = 0.91 ± 0.06 and h

(SiN)
ideal = 1.12 ±

0.09, respectively. Moderate deviations from this ideal
value still result in almost the same optimum cantilever
deflection.

2) This method has been applied to measure the elastically
accommodated volume change upon laser crystallization
of 215-nm-thick Ge2Sb2Te5 films deposited on 211-nm-
thick SiN cantilevers. The result, |ΔV/V |el = 4.05% ±
0.45%, is almost four times larger than expected from
previous wafer curvature measurements. Since the can-
tilever deflection is proportional to |ΔV/V |el, this offers
previously unknown potential for applications of these
bilayers in externally triggered microactuators that can be
stabilized in multiple positions.
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