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ABSTRACT: Micro- and nanoscale tubular structures can be formed by strain-
induced self-rolled-up nanomembranes. Precision engineering of the shape and
dimension determines the performance of devices based on this platform for
electronic, optical, and biological applications. A transient quasi-static finite
element method (FEM) with moving boundary conditions is proposed as a
general approach to design diverse types of three-dimensional (3D) rolled-up
geometries. This method captures the dynamic release process of membranes
through etching driven by mismatch strain and accurately predicts the final
dimensions of rolled-up structures. Guided by the FEM modeling, experimental
demonstration using silicon nitride membranes was achieved with unprecedented
precision including controlling fractional turns of a rolled-up membrane,
anisotropic rolling to form helical structures, and local stress control for 3D

hierarchical architectures.
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he technology to produce strain-induced self-rolled-up

nanomembrane tubes has attracted much attention in the
nanofabrication research community since the pioneer work by
Prinz et al. in 2000." These tubes have been proposed as a new
platform for the design of novel devices for electronics,
photonic, and biological applications with unprecedented
functionalities and extremely small footprint.”~® The essential
element of the technology involves planar, multilayered,
patterned surface structures containing one or several strained
layers supported by a sacrificial layer. Nanomembrane
deposition methods include plasma enhanced chemical vapor
deposition (PECVD), metal—organic chemical vapor deposi-
tion (MOCVD), molecular beam epitaxy (MBE), and so forth.
The tube material systems can usually be classified into four
main categories: amorphous films,”~'* epitaxial single crystal
films,"*"3~"5 strained polymer bilayers,"® and hybrid material
systems.”'“™>! Various material systems, such as epitaxially
deposited lattice-matched heterojuctions,”*"*~'* spun-on
Iayers,m’11 and semiconductor substrates,”®****> have been
used as the sacrificial layers.

Curving of multilayered thin film structures due to mismatch
strain between layers is well understood and documented by
Freund and Suresh.”* When the mismatch strain is sufficiently
large to bring the layered structures into the range of
geometrically nonlinear response, bifurcation occurs that leads
to a rolled-up tubular shape.’*** In thin film roll-up
experiments, the mismatch strain driven buckling in layered
structures is activated by releasing the constraints of the
substrate via etching off the sacrificial layer. The rolling process
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continues until the entire sacrificial layer underneath the
layered thin film is etched away, resulting in a multiple-turn
three-dimensional (3D) tubular structure on the substrate. The
diameter of the innermost tube is thus a key geometrical
parameter determining the final dimension. For devices where
performance is sensitive to geometric shapes, such as high
frequency electronics and optics, it is crucial to precisely control
the inner diameter.

Analytical and numerical methods have been developed to
quantitatively calculate or simulate the value of the inner
diameter for tubes with different layered structures from
macroscopic level down to nanoscale level. As early as 1925, a
model for bimetallic thermostat deflection was developed by
Timoshenko.*® This classic continuum model for macroscopic
structures has since been modified to take into consideration
the surface stress to give a more accurate calculation for the
bending curvature of strained bilayer nanoscale thin films.*”**
The finite element method (FEM) has also been applied to
study the effect of geometric dimension on the deformation of
a bilayer structure under static conditions.”” Both the analytical
and numerical methods have been successfully used to
accurately estimate the inner diameter for many specific layered
structures.>®®" However, in modern electronics and optics
applications, thin film structures often contain more than two
sublayers, and the top strained layer is usually patterned to
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perform specific functions. The patterned layer makes the
mismatch strain (and thus stresses) distributions across the
entire strained layer nonuniform. The complexity of the
practical topography makes it impossible to use an analytical
method to determine the inner diameter of the final rolled-up
structure. Numerical method is preferred in these circum-
stances. Moreover, to understand the kinetics involved in the
rolling process dynamic simulations must be carried out.

In this paper, a method of using FEM to do transient quasi-
dynamic simulations of the rolling up process of any strained
layer construction is employed. Extremely high accuracy of the
numerical modeling method is confirmed by comparing the
numerical and the experimental results. Examples of complex
rolled-up 3D hierarchical structures are also demonstrated by
utilizing the local stress variation introduced by prepatterned
straining layer.

A silicon nitride (SiN,) bilayer structure is studied here as a
model system. The bilayer structure consists of a bottom low
frequency (LF) SiN, layer (under compressive stress before
releasing from constraint) and the top high frequency (HF)
SiN, layer (under tensile stress before releasing from
constraint), as shown in Figure 1. Initially a fixed boundary
condition is applied to all nodes at the bottom of LF SiN, layer
to model the effect of the sacrificial layer. The materials are
assumed to be isotropic and linear elastic since the proposed
FEM modeling stays in elastic region but modeled with
geometric nonlinearities due to large deformation. Shell
element is used to model multiple-layer structures, and its
accuracy in modeling composite shells is governed by the
Mindlin—Reissner shell theory. Different thicknesses and
material properties are assigned to each layer. The Young’s
modulus E for both PECVD LF SiN, and HF SiN,, thin films
with similar growth condition was reported to be 210 GPa.>*~>*
Poisson coeflicient was chosen to be 0.28 for both LF SiN, and
HF SiN, thin films in simulation. Residual stresses of both LF
SiN, and HF SiN, are modeled by a fictitious thermal
expansion in FEM. The same temperature increment is
assigned to the nodes of all shell elements. To simulate the
compressive and tensile stresses, different coefficients of
thermal expansion were assigned to the LF SiN, and HF
SiN, layers. The premeasured residual stresses of each layer by
a FSM S00TC metrology tool can then be induced by applying
a proper temperature increment such that the measured
residual stresses for each thin film layer are achieved. Thermal
coefficient of LF SiN, is taken from literature. The fictitious
temperature increment of LF SiNx is then determined to be
1450 °C to achieve the measured value of residual stress in LF
SiN,. For other materials listed in Table 2, their thermal
coeflicients are fitted for each material to reach its respective
measured residual stress level when the fictitious temperature
increment is fixed at 1450 °C.

A moving boundary condition is used to model the etching
of the sacrificial layer. The rolling process of the strained
membrane is a nonlinear large deformation transient quasi-
dynamic process. This process is simulated by a series of FEM
simulations of static deformation by releasing the constraints on
the bottom segments in sequence. In our simulations, the
length of each segment is set to be less than 1/200 of the
circumference of the first turn. To apply the moving boundary
condition, a simulation loop shown in Figure 1 is realized. The
loop starts from Figure la by applying a fixed boundary
condition at the bottom of the bilayer to model the sacrificial
layer. In the next step, shown in Figure 1b, the constraint on
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Figure 1. Transient quasi-static FEM modeling of the rolling process
of bilayer membrane. (a) Initial structure with applied fixed boundary
condition to all element nodes. (b) Unfix the first segment and apply a
temperature increment AT to it. (c) Update the structure after static
simulation. (d) Unfix the next segment and apply a temperature
increment AT to it. (e) Update the structure after static simulation
and continue the loop until the last segment is simulated.

Table 1. Comparison of the Inner Diameter Experiment
Data with the Simulation Results

thickness of  thickness of HF measured calculated
LF SiN, SiN, /Ni/Au  inner diameter inner diameter
sample # (nm) (nm) (um) (um)
1 16 20/0/0 S.1 5.2
2 31 40/0/0 10.8 10.2
3 39 50/0/0 12.3 12.7
4 62 80/0/0 19.5 20.4
S 93 120/0/0 29.9 30.5
6 40 30/5/30 13.8 13.5
7 18§ 200/0/0 49.8 50.8
8 300 400/0/0 101.0 100.3

Table 2. Material Properties Set in FEM Simulation”

thermal

residual  Young’s expansion temperature

stress  modulus  Poisson coefficient increment
sublayer  (MPa) (GPa)  coefficient (1/°C) (°Cc)
LF SiN, —1133 210 0.28 2.75 x 107° 1450
HF SiN, +387 210 0.28 -9.61 x 1077 1450
Ni +790 200 0.31 -19 x 107° 1450
Au +380 79 0.44 —1.85x 107° 1450

“Signs — and + for the residual stress denote compressive and tensile
stresses, respectively.

the first segment AX is released and a fictitious temperature
increment AT = 1450 °C is applied to all nodes associated with
this segment. After that, static simulation is performed to obtain
an updated geometry shown in Figure lc. By repeating the
loop, the next segment is released and the same temperature
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Figure 2. A double helix structure rolled-up by anisotropic release. (a)
Geometry comparison between the fabricated structure and the
simulated structure. (b) Methodology to model anisotropic etching of
the single crystal silicon sacrificial layer.

increment AT is applied to obtain the next updated geometry
as shown in Figure 1d. The loop repeats until the last segment
is released.

Supporting Information Figure S1 shows different stages of
the rolling process from the transient quasi-static simulation of
a SiN, bilayer structure. Different colors in the strained
membrane represent the amount of displacement. The
transient quasi-static rolling process can be illustrated by
combining a series of simulation results in a time sequence
(movies are provided in the Supporting Information). Table 1
compares the values of the measured inner diameter of several
SiN,, tube samples with the corresponding designed inner
diameters, showing a high accuracy of the method. Samples #7
and #8 show the rolled-up SiN, bilayer with the largest inner
diameters (thickest film) reported so far, which was achieved
under the optimized fabrication process preventing SiN, from
self-cracking before rolling-up (more information can be found
in the Supporting Information). All samples have 20 nm thick
Ge as the sacrificial layer. Sample #6 has S nm Ni/30 nm Au
deposited on top of the bilayer, whereas all other samples are of
simple SiN, bilayer structures. SEM pictures with marked inner
diameter of the samples can be found in Figure S2 in the
Supporting Information. Table 2 summarizes the material
properties used in the simulations. For cases where there may
be more than two strained layer, simulations were carried out in
a similar way as described above.

Other complex rolled-up structures can be fabricated by
taking advantage of anisotropic etching of the sacrificial
layer. 435 Complicated three-dimensional structures, such as
spirals, are difficult to simulate by traditional numerical
methods. However, such processes can be simulated by
controlling the moving boundary conditions to mimic the
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Figure 3. SEM images of precisely fabricated 100 ym inner diameter rolled-up SiN, bilayer structures with designed fraction of turns. (a) One-fourth
turn. (b) Two-fourths turn. (c) Three-fourths turn. (d) Full turn with inner diameter measured as indicated.
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Figure 4. A coaxial structure rolled-up by local stress control. (a)
Design of the planar structure required to form a coaxial rolled-up
structure with two different inner diameters. (b) Simulated rolled up
structure with inner diameters 7 and 14 ym for the first turn and the
second turn. (c) Fabricated structure with measured inner diameter.
The inner diameter is 6.66 um for the first turn and 13.71 pm for the
second turn. The thickness of LF SiN, is 20 nm and the thickness of
HE SiN,, is 20 nm. The thickness of metal layer in Area Al is S nm Ni/
20 nm Au. The thickness of metal layer in Area A2 is S nm Ni/100 nm
Au. The thickness of Ge sacrificial layer is 10 nm.

actual anisotropic etching process. As an example, Figure 2a
shows the design of ladder-shaped rectangular strip of a SiN,
membrane with dimensions shown in the top-left picture.** It is
placed on top of single crystal silicon sacrificial layer oriented at
an angle of 15° clockwise relative to the (110) facets.
Anisotropic etching of the sacrificial layer leads to etching of
the bottom left and top right corners first and finally results in a
left-handed double helix structure. In the FEM modeling, the
anisotropic etching process can be represented by moving the
fixed boundary conductions along the direction of etching of
the sacrificial layer as shown in Figure 2b, that is, the front of
the fixed boundary in the simulation lies in the direction 15°
relative to the (110) facets. The simulation follows the same
loop illustrated above. Because the ladder rungs have the same
curvature as the rest of the membrane and play a minor role in
the shape change, they are not considered in the current FEM
model. The simulation results are illustrated in a movie in the
Supporting Information. The simulated rolled up structure

shows good agreement with the measured results shown in
Figure 2a on the right.

The FEM modeling allows us to precisely control the
number of turns of a rolled-up tube by predesigning the length
of the layered structures, which is very important in many
applications. Figure 3 shows the scanning electron microscopy
(SEM) images of computationally designed SiN, bilayer rolled-
up with 1/4, 2/4, 3/4, or a full-turn with a 101 ym inner
diameter. The seamless full-turn tube fabricated shown in
Figure 3d demonstrates the extremely high accuracy of the
FEM model.

In certain applications, local stresses can be engineered by
patterning the top strained sublayer, which is used to obtain
special rolled-up geometry for electrical, optical and biological
functions. More complex 3D shapes may be achieved once the
mechanics of rolling deformation is understood and numerical
simulations are employed. A simple practical case is shown in
Figure 4a, Ni/Au layer is deposited on top of SiN,, bilayer with
different thicknesses in two areas Al and A2. Because FEM
allows setting the material properties for different shell
elements such as the number of sublayers and sublayer
dimensions, it is easy to model this complicated case by
defining local area Al and A2 individually and “gluing” them
together to perform transient quasi-static simulations. The
rolled-up structure is designed to form a tube-in-tube structure
with different inner diameters. With different thicknesses of the
metal layer deposited on top, local stress is tunable to form
different inner diameters. The inner diameter for the outer tube
is designed to double that of the inner tube. Figure 4b shows
the simulated structure with measured inner diameters of the
first and second turn, and Figure 4c shows the measured inner
diameters of the inner and the outer tubes which precisely fit
the simulation.

In conclusion, we employed an FEM approach with a moving
boundary condition to precisely model the geometry and
dimensions of rolled-up structures. The precision of such
approach is demonstrated by the excellent agreement between
experiments on SiN,, bilayer structure and numerical simulation
results. The inner diameters and the number of turns of hollow
cylindrical spiral structures can be precisely simulated. Complex
structures formed by anisotropic sacrificial layer etching or
through local stress control can also be precisely modeled. The
universality of this approach has significant impact on the
precise control of tubular and curved nanostructures for
improving the design accuracy and research efficiency in
nanoelectronics, nanophotonics, and biomedical applications.
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Detail of experimental and additional figures depicting
experiment results. This material is available free of charge
via the Internet at http://pubs.acs.org.
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