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ABSTRACT

This paper reports a phenomenon occurring between phase change material (PCM) germanium telluride (GeTe) and a thin encapsulation
layer of alumina when the PCM undergoes the phase transformation, consistent with dewetting of the PCM from the surrounding alumina.
Massive structural change, including formation of large voids, which take up to 21.9% of the initial GeTe volume after 10 000 phase change
cycles is observed. Electrical and mechanical characterization of the structure confirms this interpretation. A rapid thermal annealing test of
blanket films on alumina that demonstrates dewetting further validates this conjecture. The dewetting and associated gross material
displacement can lead to an extraordinary actuation corresponding to a one-time 44 nm height change for a 178 nm GeTe thick layer.

However, control of this phenomenon is required to build reliable actuators that do not suffer from rupture of the encapsulation layer.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0137456

Chalcogenide-based phase change materials (PCMs), such as
Ge2Sb2Te5 and GeTe, have been heavily studied and widely used over
the past decade owing to their nonvolatile switching behavior between
the crystalline phase and amorphous phase.” '~ The crystalline phase
has highly ordered periodic atomic arrangement, while the amorphous
phase atoms do not have long-range order. The crystalline to amor-
phous phase transition, referred to as the “reset” process, is achieved
by thermally melting the PCM and quenching it rapidly to prevent
rearrangement of the atomic structure. The amorphous to crystalline
phase transition, also referred to as the “set” process, requires an
annealing temperature below the melting temperature with sufficient
time so that the atoms can rearrange into the energetically favorable
crystalline configuration. The difference in atomic arrangements gives
the two phases attractive material property contrast in optical reflectiv-
ity, electrical conductivity, and mechanical density. The high contrast
in optical reflectivity allows applications in rewritable optical storage,
such as Digital Video Disk and Rewritable Compact Disk, and emerg-
ing applications in optical communications, such as nonvolatile wave-
guides and photonic memories.” * The enormous contrast in electrical
conductivity allows development of nonvolatile phase change random
access memories,” which are being investigated for use in neuromor-
phic computing circuits, ” and high frequency RF switches."”'" The
density change makes PCMs also remarkably interesting for designing

nanoscale actuators. Among all the chalcogenide-based PCMs, GeTe
has the greatest density change between the amorphous and crystalline
states, close to 8%,"” and a corresponding work density of 100 J/em?,
which is one of the highest ever reported for any actuator materials.'”
The density change induced by a volumetric change of GeTe has been
harnessed to build the liner stressor for FinFETs'* and the phase
change nanomechanical relay (PCNR),”” a device that relies on
mechanical actuation through GeTe phase transformation and which
is the focus of this work.

In this work, we report and explain the experimental evidence
that the net actuator displacement upon cycling between the two
phases of GeTe can exceed the expected 8% (under the idealized con-
ditions of expansion in only one dimension) and reach 24.7% of the
initial height of the PCNR test structure. In fact, it is observed that the
encapsulation layer continuously deforms during the phase change
cycling and the relative height change, defined as the cap maximum
height change in the crystalline GeTe state, reaches 45.6% on average.
This very large actuation and cap layer deformation have never been
reported before. Analysis of a specifically designed test structure was
performed to investigate the mechanism behind this unexpectedly
large actuation displacement. The test structure was based on a simpli-
fied PCNR structure without the top metallic and source/drain con-
tacts for ease of optical observation of the GeTe behavior through the
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transparent alumina encapsulation [shown schematically in Fig. 1(a)].
Endurance cycling test is conducted, and intermediate states are char-
acterized to study the progress of the device deformation. One cycle is
defined as two distinct heating cycles, encompassing the volume
changes from the crystalline phase (c-GeTe) to the amorphous phase
(a-GeTe) and back to c-GeTe. Different structures with different
dimensions of the functional GeTe volume and heater are designed to
examine the impact of temperature gradients and encapsulation stiff-
ness, which have all been previously reported as affecting the behavior
of the PCM,'“ % as well as the dewetting force, which has not been
reported as a design variable before.

The basic test structure [Figs. 1(a) and 1(b)] is formed by a stack
of tungsten, alumina, GeTe, and alumina deposited on a 100 nm alu-
minum nitride (AIN) underlayer, which serves as an electrical insula-
tion layer and prevents current leakage from the heater to the silicon
substrate. A 50 nm thick bow-tie shape W heater, which is used to
induce the phase change of GeTe through Joule heating, is patterned
on top of the AIN layer. The functional GeTe block is chosen to be
180 nm thick and is deposited by co-sputtering Ge and Te, and the
composition is characterized to be 46:54. A mechanically compliant
enclosure of 30 nm of refractory alumina, deposited by atomic layer
deposition (ALD), surrounds the GeTe volume (deposited as two dif-
ferent layers) to direct and constrain the mechanical deformation dur-
ing the phase change process. The use of alumina also mitigates the
oxidation of the W heater and prevents interlayer diffusion at high
temperatures as suggested by the Ellingham Diagram. Ground signal
ground (GSG) probe pads are designed to apply the heating signal to
the test structures using microwave probes that can maintain high
speed pulse integrity. Complementary devices were also fabricated in
which the GeTe functional volume has two extended electrical

(d)
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connections made by crystalline GeTe and connected to W pads to
allow periodic electrical characterization of the PCM during cycling
[Fig. 1(c)]. The high resistance contrast between the two phases is used
as an indication of phase change and to determine the minimum
power to amorphize (MPA) and the minimum power to crystallize
(MPC) for each cell before the endurance cycling test.

A finite element analysis (FEA) model is constructed to simulate
the device behavior and facilitate the structure design. The model uses
experimentally measured material properties and thermal boundary
resistance between AIN and W (see Sl of the supplementary material),
which is one of the most critical parameters in setting the device tem-
perature profile. Although other TBRs are present in the structure,
their effect is negligible in determining the steady state temperature of
the GeTe as the thermal path above the heater is dominated by the
GeTe layer itself. The temperature profile discrepancy between the
simulation and experiment results derived from the W thermometer is
11%. Primary results suggest that net actuator displacement and abso-
lute height change are related to the void formation and growth that is
observed in the endurance test.

There are many reported factors that could induce voids inside
the PCMs, such as electrical field'®'? or temperature gradient'””’
induced element segregation subsequently leading to void formation
or dewetting forces. We designed structures where GeTe and heater
have different dimensions to examine the potential factors. The test
cells are indexed according to the heater size and GeTe width. For
example, if the heater is 6 x 2 um and the GeTe on top of it is 2 um
wide, the cell will be labeled as “W2L6-G2” [Fig. 1(c)]. To examine
dewetting effects, we compare W1L6-G1 cells where the GeTe is fully
melted during the crystalline to amorphous transition, and W1L6-G2
cell where the volume of the GeTe is melted only on top of the heater

(b)

Oscilloscope

Cap: 30nm Al,0,

Phase Change:
GeTe 180nm

Cap: 30nm Al,O

Heater: 50nm W
Electrical insulator: 100nm AIN
Substrate: 0.5mm Si

Cross Section A-A’

*~| Chl
™loo0o00 [— /S\\:/g
A
Source-
p 50Q meter

Signal Generator

FIG. 1. The basic test structure: (a) 3D model of the test structure. The drawing aims to show all the materials in the structure. The GeTe layer is fully encapsulated in the
actual device; (b) cross-sectional view of the device with all the material stacks and corresponding thickness; (c) W2L6-G2 cell layout with the 6 x 2 um? heater size and 2 um

wide GeTe; (d) Test circuit setup for a W2L6-G2 cell with the two electrical connections.
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the remaining unmelted GeTe acts as an anchor for the molten
regions. To examine the temperature gradient effect, the heater size
was varied while keeping the GeTe volume the same. This approach
permits to test the effect of temperature gradient in the range from 2.3
x 10° to 2.2 x 107 K/m (see S2 of the supplementary material).
Although the electric field can affect element segregation and void for-
mation, the electric field inside the connection paths associated with
the resistance measurement is about 1V/cm, and its impact on the
material is negligible.

The test equipment setup includes an Agilent 81110A pulse gen-
erator, an Agilent DSO70212B oscilloscope, connected through a T-
adaptor to the heater with GSG probes, and a separate Keithley 2401
source-meter connected to the electrical connection pads with two DC
probes [Fig. 1(d)]. The pulse generator supplies a voltage pulse to the
heater which induces the GeTe phase change, while the oscilloscope
detects the heater electrical response to the input pulses. The voltage
response is not only used to monitor the heater behavior but also can
be used as a thermometer based on the measured W heater thermal
coefficient of resistance (TCR).”' The source-meter is used to measure
the GeTe resistance, which shows the state of the GeTe, and detects
the failure of devices. A MATLAB program is written to control the
pulse generator and source-meter operation. It allows sequential oper-
ation of the tools and prevents signal crosstalk. In the programmed
endurance test, a 300 ns MPA pulse is applied first to transform c-
GeTe to a-GeTe, followed by a 1.5 us MPC pulse that transforms a-
GeTe back to c-GeTe. The average MPA for W1L6-G1 and W2L6-G2
cells are 73.7 and 100.7 mW, respectively, and the average MPC for
W1L6-G1 and W2L6-G2 cells are 29.9 and 32.1 mW, respectively. A
25ms delay in between the pulses allows devices to reach a thermal
equilibrium before the next phase change. Thus, one operation cycle
takes about 50ms without the source-meter measurement. The
source-meter is turned on to measure the GeTe resistance after an
MPA pulse or a MPC pulse, after the pulse generator has completed
pulsing. Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) are used to check the test cell intermediate states at
1,10, 100, 1000, and 10 000 cycles for better understanding of the cap

(a) c-GeTe absolute height change
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deformation and voiding behavior. Transmission electron microscopy
(TEM) is applied to cycled devices for understanding the cross-
sectional structure and element stoichiometry using Energy dispersive
x-ray spectroscopy (EDS). 100 nm thick sample slices are prepared via
Focus Ton Beam (FIB).

The endurance test is focused on test cells W1L6-G1 and W2L6-
G2. The voltage responses of all the heaters remain the same during
the test, meaning that the heat supply is not a variable. AFM results of
the W1L6-GI cell after a cycle where the GeTe stays in the crystalline
state show the cap absolute height increases with cycling [Fig. 2(a)].
After 10,000 cycles, the cap absolute height increment reaches 45.6%
on average compared with the initial height. The encapsulated volume
is computed by integrating AFM data of the tested cells at the initial
state and after 10000 cycles. The comparison shows 21.9% volume
change on average for three W1L6-G1 tested samples (see S3 of the
supplementary material). The extra volume is coming from large voids
captured by the SEM images. The SEM results also show the void for-
mation and aggregation process [Figs. 3(a)-3(d)]: small voids first
appear randomly inside the GeTe functional volume within the first
few cycles, and with the cycle number increasing, small voids aggregate
to form larger ones and migrate to the boundary of the device. The
void aggregation is also suggested by the increase in resistance of the
amorphous state GeTe [Fig. 3(¢)]. The material agglomerates toward
the center of the structure due to voiding and narrows the electrical
conduction path. Thus, the continuous absolute height change can be
explained via the agglomeration of GeTe toward the center of the cell.

In addition to this one-way trend with cycling of the actuator
position when crystalline, the net actuator displacement between a-
GeTe and c-GeTe was also extracted from the AFM results, which rep-
resents the useful stroke of the actuator. This net actuator displace-
ment between a-GeTe and c-GeTe is 9.5nm on average, excluding
extreme values. On top of this average behavior, much large actuation
is sporadically observed at certain cycles in the endurance test and
reaches 44 nm on average [Fig. 2(b)]. Thus, the amount of actuation is
much greater than the 8% expected from the phase change. From the
intermediate state observation, the large net displacement occurs when

(b) a-GeTe and c-GeTe height differences

L]
L
L]
%
£
£
o
< 30
% ® WI1L6-G1 0902
£ e WIL6-G1 0904
£ ® WI1L6-G1 0906
S22
£ .
5 |° :
= .
10 o
L] ®
L] L ]
10° 10! 102 10° 10¢
# of cycles

FIG. 2. Endurance test results of W1L6-G1 type devices: (a) AFM results about the absolute height change of the alumina cap in the c-GeTe state going from 1 to 10000
cycles. The absolute height is obtained from averaging the peak value with its nearest three data points of each height profile. Further details about post-processing of these
data are reported in S3 of the supplementary material. A continuous increment in displacement can be detected. (b) AFM results on the net displacement changes of the func-
tional volume between the a-GeTe and c-GeTe. The maximum height change reaches 47 nm. Except the occasional large change, the height change is on average 10 nm.
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FIG. 3. SEM images of void formation and growth: (a) as-deposited state where no
voids are visible; (b) after 10 cycles where small voids start to appear; (c) after
1000 cycles where more voids appear and start aggregating; (d) after 10 000 cycles
where voids aggregate to form larger voids at the sides of the device; (e) resistance
change of the functional GeTe volume in both crystalline state and amorphous state
after 10, 100, 1000, and 10000 cycles. The voiding has less effect on the crystal-
line state resistance due to the intrinsic low resistivity of the material, while it shows
a clear impact on the amorphous state resistance when the GeTe aggregated
toward the center of the structure and overall resistance increased an order of mag-
nitude with cycling.

both agglomeration of GeTe and the phase change volume expansion
participate in the actuation cycle. Once the voids aggregation finishes,
net actuator displacement falls back to the lower steady state value.
The void formation and aggregation observed from the tested
devices are similar to the thermally activated dewetting process (some-
time referred to as agglomeration) which usually includes void nucle-
ation and subsequent void growth.”>*” The formation of large voids
and their migration to the boundary can be explained if the phenome-
non is understood as dewetting. First, the voids nucleate from the
inherent voids™* and randomly appear inside the GeTe as shown in
Fig. 3(b). Then, small voids start to aggregate and reduce the contact

ARTICLE scitation.org/journal/apl

area with the cap. Voids aggregates at the two edges of the actuator,
reducing the effective contact area between GeTe and alumina. This,
in turn, minimizes the total energy of the free surfaces and subse-
quently lowers the free energy of the system. As the voids continue to
build up with cycling due to dewetting and the GeTe agglomerates
toward the center, net displacement in the GeTe thickness can exceed
8% of the GeTe volume change, leading to the large actuation in our
test devices. TEM results on the cross section of W2L6-G2 devices
after 1000 cycles and 10 000 cycles [Figs. 4(a) and 4(b)] show that all
the voids locate only at the interface between the alumina and the
GeTe which supports the dewetting assumption. Tests on the W1L6-
G2 devices also validate the results. Thermal simulation has suggested
that unlike the fully melted W1L6-G1 device, the W1L6-G2 cell has
only part of the GeTe material melted with the same power applied.
This would change the boundary at the side from “molten GeTe-
alumina” to “molten GeTe-solid GeTe.” We hypothesize that GeTe
will not dewet from itself, and, therefore, the large voids seen in Fig.
3(d) will not appear at the sides but will appear in the center where the
GeTe is in contact with alumina. The SEM result of W1L6-G2 both
with and without electrical contact behaves as predicted [Figs. 4(c) and
4(d)] after 10 000 cycles.

To further confirm that dewetting exists between the alumina
cap layer and the GeTe, we have conducted a screening test by deposit-
ing 200 nm GeTe on top of 30 nm alumina [Fig. 5(a)] and treated these
samples with rapid thermal annealing (RTA) from 300 to 700°C
under an N, atmosphere. The results of the experiment clearly show
dewetting happening between the GeTe and alumina, with the process
accelerating with increasing temperature. The experimental results for
the samples heated to 400 °C via RTA for different dwell times going
from 1 to 10 min [Figs. 5(b)-5(e)] show the process of dewetting of
GeTe from alumina. The dewetting process follows the so-called “hole
growth” method,”” where a hole, or void, of a critical size starts to
grow and because of capillary energy driven retraction, mass starts to
accumulate at the edge of the hole to form a rim and nearby valley.
The edge retracts with time such that the rim height increases, and
the valley deepens to the point of pinch-off, which results in the
formation of an island and a new hole edge. The final shape of the
islands depends on the distance between holes, and in the case of
GeTe and alumina, the non-circular shape indicates a fractal
growth mode. This happens because the initial voids are sparse
and the rims of the growing voids breakup into strands, which sub-
sequently leads to the formation of non-circular islands.” In addi-
tion, the dewetting happens at a temperature lower than the
melting temperature starting at around 400 °C, suggesting that the
co-sputtered GeTe film is in a metastable state and can start to
dewet in its solid state. Molten state dewetting can hardly be seen
from the test because without any proper encapsulation, GeTe
melts and evaporates away from the substrate.

There are other factors than the dewetting force that contribute to
the void formation. The temperature gradient as the most pronouncing
factor has been examined on similar geometries. The stoichiometry of
Ge and Te of the device after 1000 and 10 000 cycles obtained from EDS
suggests small element segregation with less than 10% concentration
change, which is less than what would be expected given the element
thermal diffusivity in the melting state when a 10® K/m temperature gra-
dient is present’” and shows no indication of the segregation driven
void formation (see S4 of the supplementary material). Therefore, we
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FIG. 4. Evidence of dewetting between alumina and GeTe. (a) Dark-field TEM image of cross-sectional AA’ view of the W2L6-G2 #0602 cell after 1000 cycles. (b) Dark-field
TEM image of cross-sectional AA” view of the W2L6-G2 #1002 cell after 10 000 cycles where all the voids locate between alumina and GeTe boundary. SEM images showing
similar void formation despite varying mechanical boundary conditions for the melting GeTe: (c) W1L6-G2 cell with no electrical connection after 10 000 cycles showing all the
voids at the center (d) W1L6-G2 cell with electrical connection showing similar results after 10 000 cycles where the voids only aggregate to the center with no large voids at
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the sides.

conclude that dewetting is the main driving force for the devices
reported herein.

The controlled experiment between W1L6-G1 cells and W2L6-
G2 cells indicates that a stiffer cap confinement can suppress the dew-
etting effect. Based on its geometry, the W1L6-G1 cap flexural rigidity
is expected to be four times greater than the W2L6-G2 cap, and as
compared in S5 of the supplementary material, the formation and
aggregation of voids require longer time in W1L6-G1 cells. We attri-
bute this result to requiring greater energy to deform a more rigid cap.
The longer aggregation time directly impacts the life cycle of the
W1L6-Gl1 cell, which is greater than that of the W2L6-G2 cell. The life
cycle of the W1L6-G1 cell, on average, reaches 360000 cycles and
achieves a maximum of 1 x 10° cycles in some cases. This is substan-
tially larger than the life cycle of the W2L6-G2 cells, which usually fails
before 100 000 cycles. The failure is mainly caused by agglomeration
of GeTe toward the device center, producing a deformation stress
inside the cap that exceeds the alumina breaking point, which leads to

cracking of the cap and GeTe leakage. Both SEM images and electrical
characterization of the open circuit condition support this mechanism
(see S6 of the supplementary material). The capping material has the
same thickness for all the cells; thus, the longer device life cycle means
longer time is needed for the cap deformation, caused by GeTe
agglomeration due to dewetting, to reach its failure point. These same
results also indicate a reduction of dewetting driven material motion
with a more rigid cap.

In summary, we have identified a phenomenon of the PCM
interaction with the capping alumina material. The dewetting between
GeTe and alumina dominates the device behavior, leading to void for-
mation and growth, and the agglomeration of GeTe, minimizing con-
tact area and reducing the system energy. Dewetting can generate
large forces that drive the net actuator displacement to reach 24.7% of
the initial height, greater than the 8% expected from density change
between two phases. However, the absolute height also continuously
increased through cycling since no constraint is added to impede the
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FIG. 5. Fractal growth mode of 200 nm GeTe on 30 nm alumina from the RTA test. (a) SEM image of as-deposited GeTe; (b) SEM image of GeTe after 400 °C RTA for 1 min;
(c) SEM image of GeTe after 400 °C RTA for 10 min; (d) AFM image of GeTe after 400 °C RTA for 1 min—the average particle height is 402 nm; and () AFM image of GeTe

after 400 °C RTA for 10 min—the average particle height is 1151 nm.

dewetting process, which leads, eventually, to the breaking of the cap
and failure of the device in the end. Experiments have shown that hav-
ing stiffer confinement structures can suppress the dewetting progress
and extend the device endurance. Further improvement of the struc-
ture needs to be studied to help control the phenomenon and benefit
from the large displacement this class of nanoscale actuators can
produce.

See the supplementary material for additional information on
critical material parameter characterization, thermal and mechanical
simulation details, AFM data processing technique, evolution of voids
in different cells, GeTe stoichiometry analysis, and failure
characterization.
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