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Micro and nanostructures with well-defined shape and dimensions are the hallmark in the design of scalable
nanomaterials, yet the properties and precise geometry of such nanoscale building blocks are largely unknown.
This work sheds light into the microstructure, material properties and mechanical behavior of individual
nanosprings fabricated by seeded Glancing Angle Deposition (GLAD), with the purpose of designing highly com-
pliant interfaces with drastically reduced coupling between normal and shear deformation. The mechanical re-
sponse in tension/compression and bending of individual amorphous Si (aSi) nanosprings with 4 or 10 coil
turns and different seed spacings was obtained with the aid of MEMS devices: The normal and bending spring
stiffness valueswere in the range of 7–215 N/m and 1–31 N/m, respectively, resulting in estimates for the normal
and shearfilm stiffness in the range of 90–1000 MPa and15–150MPa, respectively. The true geometry ofGLADSi
springs was determined via SEM tomography and was incorporated in modified analytical and finite element
models which, in turn, were used to compute the material modulus of aSi nanostructures fabricated by GLAD.
TEM studies revealed that GLAD Si nanosprings are comprised of tightly bundled fine fibrils which impart flaw
tolerance and reduce the effective elastic modulus.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

Interfaces are often the weakest link between materials with elastic
property mismatch and/or significant differences in the coefficient of
thermal expansion. In such material systems, insertion of a compliant
interface could mitigate the interfacial stress while increasing the sys-
tem toughness and resistance to failure. Softmaterials, such as polymers
and low homologous temperature metals, provide high interfacial com-
pliance, however, at the expense of temperature sensitivity and low
strength. Therefore, it becomes apparent that an effective interface ma-
terial should possess the thermal stability and properties of common
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ceramics or metals, and a microstructure that is designed to provide
high compliance and resistance to fracture. In the recent years, several
applications have been shown to benefit from films comprised of
discrete nanoelements, such as thermal interfaces for high power mi-
croelectronics [1] and nanostructured thin films for high capacity
electrochemical anodes that are subject to large volumetric expansion
[2–4]. Films and interfaces comprised of metallic or ceramic
nanosprings, for example, reduce the coupling between normal and
shear deformation and transform macroscopic shear forces into locally
normal and bending forces on individual nanosprings. Such films are
often fabricated by Glancing Angle Deposition (GLAD) which does not
require photolithography to fabricate intricate, 3D micro and nano-
structures. Among the advantages of this method are its compatibility
with microelectronics processing, the capability for large area fabrica-
tion on virtually any flat surface, and the option to terminate the
nanospring arrays with a fully integrated cap that facilitates uniform
load transfer to all nanosprings in a film. In general, GLAD can produce
films of slanted, straight, or helical micro- or nano-elements of mono-
lithic or hybrid materials [5–10] by controlling the rotation speed of
the substrate, the deposition rate, and the deposition angle. By this
method, micro or nanostructures grow competitively due to “self-
shadowing” because of the very shallow “glancing” angle (N80°) of the
incident vapor with respect to the substrate. The nuclei that finally
grow form a dense array of slanted columns. If slow substrate rotation
is applied, the slanted columns evolve into helices: a full rotation of
the substrate results in the growth of one full turn of a helix (spring).
Unseeded nanospring films have been the most commonly fabricated
GLADmaterials, however, according to a recent study [11] they have in-
consistent wire thickness and coil diameter, which limit our ability for
versatile design of filmswith desirablemechanical stiffness. On the con-
trary, substrate seeding yields orderly arrays of nanostructures [12]
with uniform geometry and tailorable properties. The latter still remain
unexplored, because very little is currently known about the coupled re-
lationships between the GLAD parameters, the material properties of
GLAD-deposited structures, and the geometry andmechanical behavior
of individual GLAD structures.

This study focuses on the material and mechanical behavior of indi-
vidual nanosprings in seeded GLAD films comprised of tall Si
nanosprings, in order to establish relationships between the deposition
parameters and the resulting nanospring geometry and mechanical
properties. These fabrication-structure-properties relationships will fa-
cilitate the informed design of thin films and interfaces with desirable
mechanical behavior that departs from that of bulk metals and ce-
ramics. The few early studies on the mechanics of SiO, Ti, and Cr GLAD
films used nanoindentation with a spherical tip and treated the
nanospring films as monolithic materials [13,14]. It was assumed that
the individual nanosprings are formed by perfectly circular nanowires,
which permitted the use of the analytical models by Ancker and
Goodier to estimate the spring stiffness [15,16]. However, the
shadowing process taking place during GLAD does not imply circular
wire cross-sections. Furthermore, the shear response of GLAD spring
films, which is of interest in most applications, has only been studied
by side-loading the capping layer of Ta2O5 nanospring films with an
Atomic Force Microscope (AFM) tip [17,18]. Among the shortcomings
of these efforts are the application of unaccounted moments by the
AFM tip during shear loading, the inability to apply a purely normal
force by the tilted AFM cantilever, and the application of a point force
on the cap of the film rather than uniform pressure. A direct measure-
ment of the stiffness of individual springs was attempted by Liu et al.
[19], who also used an AFM tip to load individual Si springs inside a
film. The authors reported spring stiffness values that were lower
than expected, attributing the issue to the application of off-axis loading
by the AFM tip. However, major uncertainties could also arise from the
assumption of a circularwire cross-section to facilitate the use of analyt-
ical springmodels [15,16] aswell as the unknownmaterial properties of
GLAD nanostructures.
The present study aims at quantifying and simulating the mechani-
cal behavior of GLAD nanosprings to enable the design of advanced in-
terfaces with desirable normal and shear stiffness. A systematic study
of the geometric parameters affecting the mechanical behavior of indi-
vidual amorphous Si (aSi) nanospringswas carried out. aSi was selected
because it is elastic and brittle at room temperature, thus eliminating
the convolution of structural spring deformation with material plastic-
ity. Experiments were conducted via Microelectromechanical Systems
(MEMS) type devices to measure the mechanical behavior of GLAD
nanocolumns and nanosprings in tension, compression and bending.
Transmission Electron Microscopy (TEM) and Scanning Electron Mi-
croscopy (SEM) studies provided themicrostructure and the precise ge-
ometry of individual nanosprings. For the first time, an accurate
description of the coil andwire geometrywas employed inmodified an-
alytical models and a Finite Element (FE) model for comparison with
the experimental results,which allowedus to estimate the effectivema-
terial properties of different nanostructures fabricated by GLAD.

2. Experimental methods and materials

2.1. Fabrication of Si nanospring films

Si nanospring films were fabricated by GLAD on unseeded (Fig. 1(a,
b)) and seeded (Fig. 1(c–f)) Si substrates at Micralyne in Edmonton,
Canada. The seeded films were deposited on a Si wafer in a hexagonal
pattern of 500 nm tall Si seed posts with 900 nm or 1500 nm spacing,
which were created via Deep Reactive-Ion Etching (DRIE). This seed ar-
rangement generates relatively uniform shadowing during substrate ro-
tation, and thus films with quasi-isotropic in-plane properties. The
substrate was titled at 85° and rotated at constant speed to control the
wire diameter, coil diameter, and helix angle. The deposition rate was
10 Å/s for all spring types, while the substrate rotation rate was 4.2°/
min for 4-turn springs and 10.6°/min for 10-turn springs. The geometry
of the resulting structures was spring-like, except for the 10-turn
nanosprings with 1500 nm seed spacing that were screw-like (Fig. 1
(f)). All nanospring types were 10 ± 0.5 μm high. Similarly, 10 μm
long aSi columns were fabricated on seeded substrates to measure the
material properties of the GLAD-deposited columns. The unseeded
films resulted in highly intertwined springs, with a broad distribution
of wire diameters (Fig. 1(a,b)). Therefore, unseeded films provide lim-
ited control on the mechanical properties and structural uniformity.
The spring intertwining can be reduced by increasing the number of
coil turns per unit length, as deduced from a comparison of Fig. 1(a)
and Fig. 1(b) where the separation between individual springs was in-
creased by reducing the spring pitch height from 2500 nm (4-turn
coils) to 1000 nm (10-turn coils), or by substrate seeding: increased
seed spacing reduces the overlap between adjacent springs (Fig. 1(c–
f)). Notably, the seed spacing and pitch height not only affect the ar-
rangement of nanosprings but also influence their geometry and
properties.

2.2. Mechanical characterization of individual Si nanosprings and
nanocolumns

Single nanosprings were isolated under a highmagnification optical
microscope with a use of a micromanipulation stage, and were placed
onto a MEMS device for testing in tension/compression and bending
via a MEMS-based optical metrology method [20]. The Si nanosprings
were fixed onto the MEMS devices via platinum (Pt) tabs deposited
with a Focused Ion Beam (FIB) (Fig. 2(a–d)), which fully constrained
the spring ends and approximated fixed-fixed boundary conditions.
Ultra-low FIB current averted any deposition of Pt onto the springs.
Only springs from seeded substrates (Fig. 1(c–f)) were tested because
the density and the irregular geometry of unseeded springs (Fig. 1(a,
b)) made it impossible to isolate them from their films. Finally, uniaxial
tension experiments with straight Si columns (Fig. 2(e)), also fabricated



Fig. 1. Side views of uncapped Si nanospring films comprised of (a) 4-turn coils on unseeded substrate, (b) 10-turn coils on unseeded substrate, (c) 4-turn coils with 900 nm seed spacing,
(d) 4-turn coils with 1500 nm seed spacing, (e) 10-turn coils with 900 nm seed spacing, and (f) 10-turn coils with 1500 nm seed spacing.
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by GLAD on seeded wafers, were performed to measure the unknown
elastic modulus of GLAD-deposited aSi at the same conditions as the
seeded nanosprings. The 10-μm long Si columns were fabricated with
the substrate titled at 85° while rotated at a speed that was at least an
order of magnitude faster than the rotation speed for the fabrication of
nanospring films [5,6].

Fig. 3(a,b) show the MEMS devices for tension/compression and
bending tests, respectively. The applied force is calculated from the
opening of the loadcell, namely the relative motion between areas 2
and 3 in Fig. 3(a,b), while, the spring extension/compression or bending
is obtained from the crosshead displacement which corresponds to the
relative motion between areas 1 and 2. The rigid body displacements of
areas 1, 2, and 3 were calculated via Digital Image Correlation (DIC)
from dark-field optical images obtained at 400× magnification, with
an accuracy of ~0.1 pixels (~20 nm) [20]. The initial tensile (or compres-
sive) nanospring stiffness was measured from the slope of the linear
segment of the force vs. nanospring extension (or compression) curves.
Similarly, the bending stiffness was calculated from the initial slope of
the linear segment of bending force vs. lateral deflection curves. The
cross-head loading rate was 30 nm/s and at least three specimens
were tested per spring type. The force constant of the MEMS devices
was calibrated as described in [21]. MEMS devices with calibrated stiff-
ness of 0.83 N/m and 7.44 N/m were used for the experiments with aSi
columns and springs, respectively. These loadcell stiffness values were
selected based on the estimated specimen stiffness in order tomaximize
the measurement accuracy.

2.3. Analytical and numerical modeling of GLAD nanosprings

The experimentally obtained tension/compression stiffness was
compared to analytical and numerical modeling predictions. Contrary
to prior works, the true, non-circular, geometry of thewires comprising
the nanosprings was determined and employed in revised analytical
and FE models. Wahl derived the stiffness of a spring with a circular



Fig. 2. Si springs isolated from films with (a) 4-turn coils with 900 nm seed spacing, (b) 4-turn coils with 1500 nm seed spacing, (c) 10-turn coils with 900 nm seed spacing, (d) 10-turn
coils with 1500 nm seed spacing, and (e) a Si column, mounted onto MEMS devices for testing. All scale bars correspond to 5 μm.
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wire cross-section, which is subjected to uniaxial loading while its ends
are fixed against rotation as [22,23]:

ka ¼ Gd4

8D3N

sinα− sinα0

cos3α0 sinα− sinα0 þ EI
GJ tanα cosα0− cosαð Þ

h i
0
@

1
A

−1

ð1Þ

where G is the shear modulus, GJ is the torsional rigidity, EI is the flex-
ural rigidity, D is the coil diameter, d is the wire diameter, α is the
pitch angle at a given displacement, α0 is the initial pitch angle, and N
is the total number of coil turns. In Wahl's [22,23] and the Ancker and
Goodier'smodel [15,16] described below, the shearmodulus G is paired
with the polar moment of inertia, Ip, for a circular wire cross-section,
which here, for generality, is substituted with the torsional rigidity GJ.
Eq. (1) was modified to account for the elliptical wire cross-section of
the GLAD springs, which is discussed in the next Section. Then, the
axial stiffness of a spring comprised of a wire with an elliptical cross-
section and both ends fixed against rotation can be calculated as:

ka ¼ 4GJ

πD3N

sinα− sinα0

cos3α0 sinα− sinα0 þ EIa
GJ tanα cosα0− cosαð Þ
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where the torsional constant of an ellipse with major axis a and minor
axis b is given by:

J ¼ πa3b3

a2 þ b2
� � ð3Þ

and the pitch angle, α, given by [22,23]:

tanα ¼ hp
πD

ð4Þ

where hp is the pitch length of the spring as shown in Fig. 4(a).
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Fig. 3. (a) A 10-turn spring mounted on a tension/compression MEMS device. (b) A 10-turn s
components 1, 2, 3 were computed via DIC. Insets show the 10-turn springs attached to the M
Ancker and Goodier [15,16] derived an equation for the axial stiff-
ness of a spring, assuming radial symmetry (every cross-section of the
spring experiences the same load) as:

ka ¼ Gd4

8D3N
1−

3d2

16D2 þ
1−ν

2 1þ νð Þ tan2 αð Þ
" #−1

ð5Þ

Similar toWahl's model, Eq. (5) wasmodified here to account for an
elliptical cross-section:

ka ¼ 4GJ

πD3N
1−

3ab

4D2 þ
1−ν

2 1þ νð Þ tan2 αð Þ
� �−1

ð6Þ

where the d2 term in Eq. (5) was replaced by 4ab, as the particular term
accounts for the shear deformation in thewire cross-section. Themodel
parameters in Eqs. (2), (6) are shown in Fig. 4(b).

3. Results and discussion

3.1. Geometry of GLAD nanosprings

Detailed SEM imaging (Fig. 5(a)) and FIB-tomography carried out at
different angles (Fig. 5(b)) provided the cross-section of the wires
forming the seeded nanosprings, which was approximated as elliptical.
On the other hand, the coil cross-section is hexagonal (Fig. 5(c)), but
could be closely approximated as circular. The hexagonal coil geometry
is due to shadowing by the neighboring springs that are arranged in a
hexagonal pattern (Fig. 5(d)). This hexagonal arrangement provides
themost uniform shadowing during substrate rotation and coil growth,
and, thus, quasi-isotropic in-plane properties.

There are several important considerations when evaluating the ge-
ometry of GLADnanosprings. First, itmust benoted that uncertainties in
thewire dimensions can have significant impact on the nanospring stiff-
ness which scales with the fourth power of the wire diameter, e.g. Eq.
(b)
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2

3

pring mounted onto a MEMS device for bending testing. The rigid body displacements of
EMS device grips with FIB-deposited Pt. The arrows point to the direction of actuation.
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Fig. 4. (a) Definition of the pitch angle. The pitch angle is calculated by uncoiling one turn of a helix with πD circumference and pitch height hp. (b) Geometrical spring parameters. The
particular spring geometry corresponds to a 4-turn spring with 900 nm seed spacing.
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(1). Moreover, the GLAD parameters, such as the seed spacing and the
angular rotation speed of the substrate, simultaneously affect the coil di-
ameter and the overlap between springs, or the coil diameter and the
Fig. 5. (a) Side view of a 4-turn Si spring from a film with 900 nm seed spacing. (b) Section of a
cross-section of individualwires (pointedby the arrows) comprising thenanosprings. (c) Top vi
conditions that lead to the hexagonal spring cross-section shown in (c).
wire diameter. As a result, for the same number of coil turns per unit
length, which is controlled by the substrate rotation speed, an increase
in the seed spacing from 900 nm to 1500 nm reduced the overlap
film of nanosprings by FIB-tomography at the growth angle of 32°, showing the elliptical
ewof the Si spring in (a). (d) Seeds arranged in a hexagonal pattern creating the shadowing



Table 1
Geometrical parameters of Si nanosprings. The values in the table are the mean ± one
standard deviation.

Spring type
(number of turns, seed
spacing)

Coil
diameter
(nm)

Major axis of
coil wire
(nm)

Minor axis of
coil wire
(nm)

Pitch
(nm)

4 turns, 900 nm 1530 ± 40 380 ± 10 160 ± 10 2500
4 turns, 1500 nm 1570 ± 40 470 ± 25 250 ± 30 2500
10 turns, 900 nm 1060 ± 25 350 ± 20 200 ± 15 1000
10 turns, 1500 nm 1320 ± 25 N/A N/A 1000
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between springs but increased the wire dimensions, Table 1. Further-
more, during substrate rotation, shadowing of the incident vapor by ad-
jacent springs causes themajor axis of the ellipticalwire cross-section to
point towards the coil axis. Based on the aforementioned consider-
ations, the geometrical parameters (major and minor axes) of the
wires comprising each type of seeded Si nanospring were measured
via SEM and FIB-tomography and are listed in Table 1. The minor and
the major axes of the 10-turn springs in films with 1500 nm seed spac-
ing are not reported because these structures deviated significantly
from a coil-like geometry.

3.2. Material behavior of GLAD Si columns

The material behavior of Si fabricated by the GLAD process is not
known, although the low temperature deposition implies that the struc-
ture is amorphous. Individual Si columns grown by GLAD were sub-
jected to microscale tension to obtain the material elastic modulus
and strength. Fig. 6 shows a force vs. extension graph of a Si column.
The Si columns were slightly tapered along their length, which was
taken into account in the calculation of the elastic modulus as:

E ¼ kL
πR2R1

ð7Þ

where k is the specimen stiffness in [N/m], L is the gauge length and R1
and R2 are the radii at the two ends of the column. The average elastic
modulus was calculated as 5.3 ± 1 GPa,which is ~5% of the elastic mod-
ulus (94 GPa) of aSi [24]. Using the smallest cross-sectional area as the
likely location of failure, the strength of the Si columns was estimated
as 97 ± 22 MPa, compared to the tensile strength of 425 ± 75 MPa of
aSi films [24].

In order to shed light into the reasons for the low elastic modulus of
the aSi columns compared to bulk aSi films, TEM imaging of individual
Fig. 6. Force vs. extension of an individual Si column, showing linearity up to 2.5%
extension.
aSi columns and springs was carried out to evaluate their microstruc-
ture. As shown in Fig. 7(a-c), the Si columns had a dendritic structure
while the nanosprings were fibrillar comprised of bundled fine nano-
wires. Thus, in GLAD, substrate seeding “bundles” a large number of
fine fibrils nucleating on each seed, and guides their growth in a tightly
wound (springs) or dendritic (columns) superstructure. This micro-
structure resulted in lower density and, thus, material modulus, with-
out, however, compromising the material strength. Due to their
dendritic structure, GLAD columns support load mainly through their
core, and the “branches” that are seen in Fig. 7(a), although comprise
large part of the column's cross-section, actually carry a limited load.
In comparison, the nanofibrils seen in the nanosprings in Fig. 7(b,c)
are largely continuous and more closely packed in the case of 10-turn
coils (Fig. 7(c)) compared to 4-turn coils in Fig. 7(b), as also deduced
from the different density contrast in the TEM images. These differences
are expected to result in different “material” properties for nanosprings
with different geometry, and higher effective material modulus for
nanosprings compared to columns. A comparison between the experi-
mental spring stiffness and the calculated values from the FE models
was employed in the next Sections to calculate the effective material
modulus of the different types of GLAD nanosprings.
3.3. Tension/compression and bending behavior of individual Si
nanosprings

The force vs. extension/compression curves provided the initial
spring stiffness. The reliability of these measurements depends on the
integrity of the FIB-deposited Pt tabs, whichwas confirmed after testing
to ensure that failure was not initiated at the grips. All springs tested in
tension or compression failed at random locations in the gauge section,
as shown in Fig. 8(a–c). Fig. 8(d,e) show the force vs. spring extension
and compression for the four types of seeded springs. Under tension,
all springs behaved quite linearly, with a maximum extension of 8.4
± 1.2% and 6.7 ± 1.0% for 4-turn springs with 900 nm and 1500 nm
seed spacing, respectively, and 5.3 ± 1.5% and 2.2 ± 0.5% for 10-turn
springs with 900 nm and 1500 nm seed spacing, respectively. Most
spring types allowed for larger amounts of compression because of lat-
eral deflection that was due to the eccentric loading of the springs, as
deduced from the spring geometry shown in Fig. 4(b). The average com-
pressive strain at failure was 17.4 ± 4.9% and 11.8 ± 2.0% for 4-turn
springs with 900 nm and 1500 nm seed spacing, respectively, and 4.8
± 1.3% and 3.5 ± 0.9% for 10-turn springs with 900 nm and 1500 nm
seed spacing, respectively. The tensile stiffness was 7.7 ± 1.8 N/m and
18.5 ± 3.7 N/m for springs from films comprised of 4-turn coils with
900 nm and 1500 nm seeding, and 19.2 ± 1.2 N/m and 215 ± 88 N/m
for springs from films comprised of 10-turn coils with 900 nm and
1500 nm seeding, respectively. Very similar were the initial compres-
sive stiffness values which are reported in Table 2.

Bending tests with individual nanosprings, simulating film shear
with constrained normal displacements, provided the bending stiffness
as the slope of the bending force vs. deflection curves that were rela-
tively linear until failure (Fig. 9(a)). The average bending stiffness
ranged from 1.1 ± 0.4 N/m for 4-turn coils (900 nm seed spacing) to
31 ± 15 N/m for 10-turn coils (1500 nm seed spacing), as shown in
Fig. 9(b). Notably, springs with 4 turns and 1500 nm seed spacing, and
10 turnswith 900 nm seed spacing had virtually the same experimental
tensile (18.5 ± 3.7 N/m vs. 19.2 ± 1.2 N/m) and bending stiffness (3.1
± 1.4 N/m vs. 3.4 ± 1.3 N/m), yet the two types of springs produced
films with very different intertwining (Fig. 1(d,e)). The ratio of the nor-
mal-to-bending stiffness of all types of springswas between 5.6 and 7.1,
which is the same as the ratio of the effective Young'smodulus-to-shear
modulus of the nanospring films. This value is 2–4.5 times the ratio of
Young's modulus to shear modulus of bulk metals (2.6), thus highlight-
ing the versatility of nanospring films to attain combinations of elastic
properties that are not possible in monolithic materials.



Fig. 7. TEM views of (a) a Si column, and Si springs comprised of (b) 4-turn and (c) 10-turn coils.
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3.4. Analytical and numerical calculation of individual nanospring response

The analytical expressions in Eqs. (2) and (6) are approximate solu-
tions for specific boundary conditions and large coil-to-wire diameter
ratios as explained in [15,16,22,23]. Importantly, the analytical models
calculate the stiffness of ideal coils constructed by “winding” a wire
around a cylinder following a helical path. Due to shadowing, the
major axis of the elliptical wire comprising the actual GLAD springs al-
ways points to the axis of symmetry of the spring. This consideration
about the coil growth during GLAD, along with the measured dimen-
sions reported in Table 1, were used in a FE analysis to compute the
compressive and tensile stiffness of the individual springs in Fig. 1(c–
e). The FE model geometry was generated starting with an ellipse
with its major axis tilted by the growth angle of the springs (Fig. 10).
The growth angle, measured from SEM images, was 32° for springs
with 4-turns, and 42° for springs with 10 turns. An example of the
meshedmodel of a 4-turn spring, from a filmwith 900 nm seed spacing,
is shown in Fig. 10. The FE calculations were conducted in ABAQUS™
using quadratic tetrahedral elements (C3D10) and a fine mesh. All six
Fig. 8.Matching failure segments of a (a,b) 4-turn and (c) 10-turn Si spring, fromfilmswith 900
individual 10-μm long Si springs.
degrees of freedom were fixed at one spring end, and the other end
was displaced along the coil axis while constraining all other degrees
of freedom. These FE models approximated the tension/compression
tests with individual nanosprings using MEMS. The FE models were
first benchmarked against the analytical solutions in Eqs. (1) and (5)
for ideal coils with circular wire geometry and the same coil-to-wire di-
ameter ratios as in the present springs. For 4-turn springs, the analytical
predictions by Eqs. (1) and (5) were in excellent agreementwith the FE
results, thereby providing confidence in the FE model parameters. Eqs.
(1) and (5) overpredicted the tensile stiffness of the 10-turn springs
with 900 nm seed spacing by 11.5% and 15.2%, respectively, due to the
reduction in the coil-to-wire diameter ratio from ~3 for 4-turn springs
to ~2 for 10-turn springs. This is because both Eqs. (1) and (5) are
more accurate for larger coil-to-wire diameter ratios.

Next, a FE analysis was carried out for the true geometry of all types
of seeded nanosprings in Fig. 1, except for the 10-turn springs with
1500 nmseed spacingwhichwere not spring-like. Analytical and FE cal-
culations using the elastic modulus of the Si columns (5.3 ± 1 GPa) re-
sulted in nanospring stiffness values that were an order of magnitude
nmseed spacing, after subjected to tension. Force vs. (d) extension, and (e) compression of



Table 2
Normal stiffness of 10-μm long nanosprings derived from experiments. The standard de-
viation values were computed from the results of at least three tests.

Spring type
(# turns, seed spacing)

Compressive stiffness (N/m) Tensile stiffness (N/m)

4 turns, 900 nm 7.3 ± 2.1 7.7 ± 1.8
4 turns, 1500 nm 17.0 ± 1.5 18.5 ± 3.7
10 turns, 900 nm 23.0 ± 1.4 19.2 ± 1.2
10 turns, 1500 nm 187 ± 19 215 ± 88
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smaller than the experimental values. This result, corroborated by the
TEM images of the different microstructure of the GLAD columns and
springs, provided a strong indication that the material properties of
the different nanostructures fabricated by GLAD depend on the packing
and continuity of the fine nanofibrils. Therefore, the effective elastic
modulus was extracted for different nanospring types by comparison
of the FE calculations with the experimental data from tension tests.
The monotonic relationship between the spring constant and the
Fig. 9. (a) Bending force vs. deflection of 10-μm long Si nanosprings. (b) Spring ben

e

Helical 

Tilted 
ellipse 

path 

Fig. 10. (Left) Si spring model generated with a 32° tilted elliptical wire cross-section. Inset s
constructed based on the geometry shown on the left.
shear modulus, Eq. (5), simplifies the solution of the inverse problem
and minimizes the error in the calculation of the shear modulus. In
the absence of further quantitative information, the Young's modulus
was calculated from the shear modulus by assuming isotropy and a
Poisson's ratio value of 0.22 [25]. For 4-turn nanosprings with either
900 nm or 1500 nm seed spacing, a Young's modulus value of 40 GPa
provided an agreement between the experimental and the FE tension/
compression values of the nanospring stiffness (Fig. 11). Similarly, for
the 10-turn nanosprings, a Young's modulus of 53 GPa provided an
agreement between the experimental tensile stiffness and the FE calcu-
lations (Fig. 11). Given the nanofibrillar structure of the Si nanosprings,
the true Poisson's ratio can be very different from the value of bulk aSi.
However, the spring stiffness is a weak function of the Poisson's ratio: a
10% uncertainty in the value of the Poisson's ratio results in 1.6% uncer-
tainty in the calculated spring stiffness.

The calculated Young's moduli for 4- and 10- turn nanosprings were
also used in the modified analytical solutions given by Eqs. (2) and (6).
In Eq. (2) the moment of inertia I was substituted by Ia = πab3/4 for an
ding stiffness. Logarithmic scale is used to show all results in the same graph.

hows the elliptical cross-section of the coil wire. (Right) Meshed view of a 4-turn spring
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elliptical cross-section. As shown in Fig. 11, both analytical models con-
sistently underpredicted the experimental spring stiffness by 20–40%.
The difference in values between the analytical models and the
Fig. 12. Force vs. end displacement of a 4-turn spring with (a) 900 nm and (b) 1500 nm seed sp
compression (red). All curves are for 10-μm long springs. (d) Deformed geometry of a (i) 4-tur
10% compression, showing the buckling profile of the 10-turn spring. Both spring ends are cons
this figure legend, the reader is referred to the web version of this article.)
experiments must be put in perspective of the uncertainty in the esti-
mated spring stiffness. For example, small errors in the major and
minor wire axes, as well as variations of these values along a spring,
0.00 0.1 0.22 0.3 0.4

Displa
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acing, and a (c) 10-turn spring with 900 nm seed spacing, subjected to tension (blue) and
n spring and a (ii) 10-turn spring, both from films with 900 nm seed spacing, subjected to
trained for rotation and lateral deflection. (For interpretation of the references to colour in
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are amplified when calculating the spring stiffness: a 10% overestimate
in the value of the minor axis of a 4-turn spring (900 nm seed spacing)
would result in 29% increase in the stiffness predicted by Eqs. (2) and
(6). Thus, the lower values predicted by the analyticalmodels arewithin
the uncertainly in determining the geometry andmaterial properties of
GLAD nanosprings.

Furthermore, the FE model provided insights into the deformation
mode of each type of nanospring. Both types of 4-turn springs deformed
uniformly both in tension and in compressionwith small deviations be-
tween the tensile and the compressive response (Fig. 12(a,b)). On the
contrary, the smaller coil-to-wire radius ratio of 10-turn coils resulted
in spring buckling after 7.5% compression (Fig. 12(c,d)). A similar re-
sponse was observed in in situ SEM compression experiments of films
comprised of the same type of nanosprings [26]. The term buckling is
not used in its strict sense in this case, because no sudden instability
took place, rather a continuous lateral spring deflection until sudden
failure. In both cases of 4-turn springs, the initial compressive stiffness
agreed well with the tensile stiffness, but its value declined with in-
creasing force because the FE model simulated the true GLAD springs
which were loaded off-axis because the spring ends do not lie along
the spring axis (Fig. 4(b)), thus resulting in increasing lateral spring de-
flection under compression.

Finally, a comment is due about the implications of individual
nanospring properties on the effective response of their films. Given
the seed spacing and the range of the individual tensile and bending
spring stiffness values (7–215 N/m and 1–31 N/m), the normal and
shear stiffness of films comprised of these four types of springs are esti-
mated to be in the range 90–1000 MPa and 15–150 MPa, respectively,
namely well in the range of elastomers and thermoplastics. For the
most compliant 4-turn spring films, the ultimate tensile strain was up
to 8% and the shear strain as high as 30%, which further underscore
the robustness of thin films fabricated of brittle materials in the form
of compliant nanosprings.
4. Conclusions

The mechanical behavior of individual building blocks in thick films
comprised of aSi nanospringswas obtained for different geometrical pa-
rameters and types of loading. TEM characterization and FIB-tomogra-
phy provided new insights into the microstructure of GLAD materials:
The seeding process was shown to bundle a very large number of fine
fibrils nucleating on each seed and guide their growth in a tightly
wound (springs) or dendritic (columns) superstructure. This micro-
structure resulted in lower density and, thus, material modulus com-
pared to bulk aSi films deposited at low temperatures. Si columns
were shown to have the lowest elastic modulus of 5.3 GPa, while the ef-
fective Young's moduli of the material comprising the 4-turn and 10-
turn nanosprings were estimated to be 40 GPa and 53 GPa, respectively.
Nanosprings with the same number of turns per unit height had the
same material modulus. It was shown that the dimensions and seed
spacing of GLAD nanosprings could be designed to obtain a broad
range of very low normal (90–1000 MPa) and shear (15–150 MPa)
film stiffness. The experimental and modeling results presented in this
paper provide quantitative evidence of the versatility of nanosprings
as building blocks in the design of highly compliant interphases and
films with combinations of normal and shear stiffness values that are
not possible in bulk materials.
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