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Chapter 1 Introduction 

 

 

In recent decades, the nanostructured thin films which consist of discretely 

nano-sized three-dimensional elements have been attracting a great deal of attention 

because of their characteristic physical properties, such as alterable thermal conductivity 

[1,2], anisotropic magnetic property [3-5], tunable refractive index [6-9] and excellent 

mechanical properties [10-16]. These outstanding features stem from the unique 

geometry of the micro- and nano-structures, which could strongly affect various 

physical properties of thin film [17-20]. Among these nanostructured thin films, the thin 

film composed of helical shaped nanosprings is a representative one due to its large 

deformation reversibility and the anisotropy of mechanical behaviors [13, 15, 21, 22]. 

Because of these unique mechanical properties, nanospring thin films have shown great 

potential in improving the sensitivity and reliability of advanced electronic devices 

[23-26]. 

 

Until now, several methodologies including photolithography method [27, 28], 

metalorganic chemical vapor deposition [29, 30] and vapor-liquid-solid growth [31, 32] 

have been developed to fabricate thin films consisting of discretely nano-sized 

three-dimensional elements. However, it should be noted that it is extremely difficult to 

precisely control the geometric configuration of nano-sized elements in these 

nanostructured thin films by using aforementioned methods. Recently, the glancing 

angle deposition (GLAD) method is developed to fabricate thin films with various 

shaped nano-elements on a substrate [33-38], such as slant, zigzag and helical 
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nano-elements. GLAD is intrinsically a physical vapor deposition technique with high 

efficiency for bottom-up nanofabrication of the thin film consisting of helical 

nanosprings. This method combines oblique angle deposition (OAD) with substrate 

motion control, which can produce different nano-sized columnar films with controlled 

shapes and density [39-42]. Figure 1 shows the process of fabricating a nanospring thin 

film using the GLAD technique. The trajectory of incoming vapor atoms have a large 

incident angle with respect to the substrate surface normal. These atoms make numerous 

islands at the early stage of deposition. Once islands are formed, successive atoms 

cannot reach the other side by the oblique deposition due to the shadow effect. Thus, 

each island grows in one direction and forms a slanted nano-bar. As the substrate rotates 

during the deposition, the growth direction is twisted, and this results in bars with 

helical shape.  
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Fig.1 (a) Schematic depiction of nanospring thin film growth by glancing angle 

deposition (GLAD) technique. (b) The nanostructured thin film consisted of numerous 

helical nanospring. 
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Because nanospring thin films are composed of distinctly separated nano-elements 

rather than being a continuous solid film, entirely different and novel mechanical 

behaviors are expected. For nanospring thin film, its mechanical properties usually 

possess strong anisotropy due to the geometrical anisotropy of nanospring. Since the 

nanospring could easily deform in the transverse direction compared with the 

longitudinal one, the thin film of arrayed nanosprings is expected to show strong 

anisotropy in deformation. Hirakata et al. found that the nanospring thin films showed 

strong characteristic anisotropy that the solid one could hardly attain, and the stiffness 

and its anisotropy strongly depended on nanospring shape [43, 44]. In addition, the 

mechanical properties of nanospring thin films show great dependency on the 

morphology of helical nano-elements. For example, the anisotropy can be controlled by 

the height of nanospring and the helical spring could offer large elongation than column 

which make nanospring film could have giant elastic limit [45, 46]. Very recent studies 

by Sumigawa et al. [13, 14] revealed that by inserting a nanospring thin film at the 

bi-material interface in multi-layered materials, the stress singularity at the interface 

edge was relaxed and thus interfacial delamination between dissimilar materials was 

prevented. This remarkable characteristic of the nanospring thin film could be used to 

protect the device from malfunction induced by interface delamination.  

 

Because the mechanical behavior of the helical nanospring can be significantly 

modified by the density (the average distance between adjacent nanosprings), 

geometrical configuration (different turns) and dimension (height and wire diameter) of 

the nanosprings [11, 39], a desired nanospring thin film with certain mechanical 

response could be achieved by controlling the GLAD fabrication process. Although 
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nanospring thin films with different geometric configurations have already been 

developed, due to experimental difficulties in applying load and precise measurement of 

minute parameters, mechanical properties of both thin film as well as single individual 

nanospring have not been clearly clarified. Therefore, to insure the reliability of 

components constructed by nanospring thin film in further applications, it is of critical 

importance to clearly investigate the deformation and fracture behaviors of nanospring 

thin film. 

 

High electrical conductivity is an intrinsic requirement for the further application of 

nanospring thin films in advanced electronic devices. Copper (Cu) and aluminum (Al) 

have been widely adopted in electronic devices due to their well conductivity. However, 

it should be noted that Cu [35] and Al [47] are low-melting metals. This results in 

apparent difficulties to fabricate nanospring thin films with precise geometric shapes by 

using GLAD technique induced by the high adatom mobility , because nanosprings are 

grown on a substrate by limited adatom diffusion and atomic-scale self-shadowing 

effect [48, 49], which prevents the vapor flux from reaching the regions behind early 

nuclei. Although nano-whiskers of Cu and Al have been formed on planar morphologies 

at a high temperature, the shape and the distribution of nano-whiskers were completely 

uncontrollable [50, 51]. Thus, it is difficult to achieve a precise geometric configuration 

of arranged nanoelements of low-melting metals in nanostructured thin films by using a 

common GLAD method. To suppress the high atom mobility of low-melting metal, 

holding the substrate at low temperature is a possible method. However, due to 

experimental difficulties, the effect of substrate temperature on the formation of 

nanospring thin films have not been clearly investigated, and critical substrate 
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temperature for forming nanosprings with different morphologies has not been clarified.  

 

For the design of microelectronic devices, not only the electrical conductivity but 

also the yielding behavior of metals should be carefully considered, because it is one of 

important properties avoiding the malfunction during actual application. Therefore, in 

order to assure the reliability of components consisting of nanospring thin film, it is 

necessary to precisely evaluate the yielding behavior of nanospring thin film. It is well 

known that nanoscale material possesses much higher yield stress than that of its bulk 

counterpart due to Hall-Petch mechanism [52-55]. Thus, the yield stress of nanospring 

thin film constructed by numerous individual nano-sized elements is expected to be 

significantly increased. In addition, the helical spring has been found to possess much 

lower vertical stiffness than that of bar and zigzag springs, and thus the helical shape 

can sustain large reversible deformation [56]. As a results, the shape of discrete 

nanospring also strongly affects the elastic limit of nanospring thin film. Up to now, 

although many experimental investigations have been conducted to clarify the 

mechanical properties of nanospring thin films, the study focus is mainly placed on the 

anisotropy of stiffness and the shape effect of various nanoelements on the mechanical 

properties [14, 21, 37, 39]. There has been no study on the yielding behavior of 

nanospring film, and effect of the size and the shape of individual nano-sized spring on 

the elastic limit of whole thin film has not been investigated. 

 

Because of difficulties in applying loading to nanospring thin film and precise 

measurement of minute quantities, a few experimental studies have been carried out for 

the compression testing of nanospring films by means of an atomic force microscope 
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(AFM) combine with a nano-indentation device [11, 13-15, 57]. However, since the 

indentation tip is much larger than the size of a single nanospring, the load is applied on 

numerous nanosprings and thus obtained mechanical properties represent the average. 

Because the shape of nanospring fabricated by GLAD technique is not exactly same duo 

to the random atom diffusion, it is difficult to clearly understand the mechanism and 

mechanics of deformation/fracture characteristics of nanospring thin films in detail by 

these experiments. On the other hand, several recent experimental studies were 

performed on an individual nanospring by compression tests [58-60]. However, only 

mechanical properties in the elastic region were evaluated because the adjacent 

nanosprings block the deformation of target one. Thus, it is necessary to develop a 

tension method to investigate the mechanical property of the single nanospring under 

large deformation especially for fracture behavior. Moreover, for experiments using 

AFM or nano-indentation devices, the obtained information from the ex situ 

experiments is limited by either a lack of quantitative stress-strain information or by the 

incapability of monitoring the evolving the local and global deformation process. So, 

the in situ experimental methodology using electron microscopy is required to obtain 

details on the deformation and fracture processes for the nanospring. 

 

In this dissertation work, thin films consisting of helical shaped nanospring are 

fabricated by GLAD technique with the precise control of substrate temperature, and the 

mechanical properties of the nanospring thin film as well as the individual nanospring 

are investigated by experimental investigation and numerical analysis. The thesis is 

organized as follows. 
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In chapter 2, a novel experimental device is developed to precisely control the 

substrate temperature during glancing angle deposition and thin films consisting of 

low-melting Cu and Al nanosprings with helical shape are successfully fabricated. 

Moreover, the effect of substrate temperature on the geometrical configuration of 

nanospring thin films is also investigated. 

 

In chapter 3, a thin film composed of nickel helical nanosprings is fabricated, and its 

yielding behavior is characterized by loading tests using an atomic force microscope 

(AFM). In addition, the effect of size and shape of the single nanospring on the elastic 

limit of the thin film is investigated by finite element method (FEM) analysis. 

 

   In chapter 4, an in situ tensile method inside a scanning electron microscopy (SEM) 

is developed for single silicon nanospring prepared by GLAD technique. Experiments 

are conducted for several nanosprings to clarify the difference in the deformation and 

fracture properties among individual nano-element extracted from the same film and 

elucidate the mechanism in detail. 

 

  In chapter 5, the obtained results from chapter 2 to chapter 4 are summarized. 
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Chapter 2 Substrate Temperature Control for the Formation 

of Metal Nanosprings 

 

 

2.1 Introduction 

 

Glancing angle deposition (GLAD) is a physical vapor deposition technique in which 

the deposition angle and in-plane direction of the substrate are changed during deposition, 

which enable us to fabricate nanostructured thin film [1-5]. By controlling the deposition 

angle, the rotation speed of substrate and the growth rate, thin films composed of different 

nano-sized structures with various shapes including slant-, zigzag- and helical-shaped 

elements can be fabricated [6-11]. These nanostructured thin films have unique 

mechanical behaviors due to their characteristic nanoelements [12-16]. Thin films 

consisting of nanosprings have attracted considerable attention for various mechanical 

applications because they enable an extremely large elastic strain, which is very difficult 

to be achieved in solid films [17].  

Electrical devices such as large-scale integrated circuits and nano/micro 

electromechanical systems contain large numbers of dissimilar interfaces because they 

are manufactured by the lamination of thin films. When the electronic device under 

loading or the surrounding temperature changed, the stress concentrate will appear near 

the free edge of interface, which could induce crack initiation at this point will bring about 

fatal malfunction of the device. Therefore, fracture often occurs in these devices at the 

electrical bonding interfaces between the dissimilar metallic materials. According to 

previous work, by inserting such a thin film between dissimilar components, the stress 
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singularity near the interface edge can be eliminated because of the low lateral stiffness 

of the nanospring thin film [18, 19]. Although fracture can be prevented by the insertion 

of a thin film of nanosprings at the interface as the characteristic mechanical properties 

eliminate the stress concentration, high electrical conductivity is required across the 

inserted thin film. Such a thermal interface element fabricated with GLAD copper (Cu) 

square spirals has recently been demonstrated [20]. 

In GLAD technique, nanosprings are grown on a substrate with atomic-scale 

shadowing (self-shadowing) and limited adatom diffusion [3, 4, 21], which prevents the 

vapor flux from reaching the regions behind evaporated nuclei. However, for low melting 

temperatures such as Cu [22] and Al [23], self-shadowing effect does not function 

effectively during the deposition because of their high adatom diffusion. According 

previous works [24, 25], although there have been previous reports of Cu and Al 

nanowhiskers formed on planar morphologies at elevated temperatures, the shape and the 

array structure of these nanowhiskers were uncontrollable, which emphasizes the 

difficulty of controlling the three-dimensional shapes of arranged nanoelements for 

metals with low melting temperature. Thus, to produce nanosprings of Cu and Al metals, 

it may be effective to hold the substrate at a low temperature to suppress surface diffusion. 

Although some Cu [26, 27] and Al [28] nanoelements have been produced by GLAD 

technique, there has no studies about the conditions for control of nanoshapes at low 

temperature. 

Hence, in this chapter, a device was developed to control the temperature during 

GLAD and prepare a film consisting of Cu and Al nanoelements with controlled helical 

shapes. The substrate temperature for controlling the nanoshapes in the thin films was 

then investigated. 
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2.2 Experimental procedure 

 

Figure 1(a) shows a schematic of the deposition apparatus, which consists of a 

vacuum evacuation system [turbomolecular pump (exhaust rate: 1000l/min) and rotary 

pump (exhaust rate: 90l/min)], a vapor evaporation system [vacuum chamber (inside 

diameter: 250 mm, base pressure: < 5×10-5 Pa), an electron beam (EB) evaporator (supply 

power: 3 kV), a manipulator with a rotation stage, and a quartz-type thickness meter], a 

temperature control system {stainless pipe for liquid nitrogen (LN2) flow, a heater 

installed in the stage, a rod-shaped movable thermocouple [Type-K (chromel / alumel)]}, 

and a control apparatus. The distance between the evaporation source and the centerline 

of the substrate was 400 mm. Figure1 (b) shows the detailed configuration of the rotation 

stage, which consists of a Cu disk-shape substrate holder (60 mm diameter, 6 mm thick) 

mounted on an Inconel stage and a phosphor bronze ribbon. The phosphor bronze ribbon, 

of which the ends are joined to the outside surface of the stainless pipe, is in direct contact 

with the side surface of the stage. During GLAD, the stage is rotated in the in-plane 

direction while it maintains contact with the phosphor bronze ribbon. The LN2 flowing in 

the stainless pipe decreases the substrate temperature through the stage and the phosphor 

bronze ribbon. The substrate temperature is controlled by the heater installed in the stage 

under a fixed LN2 flow rate. 
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FIG. 1. (a) Schematic illustration of the deposition apparatus including the substrate 

temperature control system, and (b) detailed configuration of the rotation stage at the end 

of the manipulator. 
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A double-faced, highly polished square silicon (Si) (100) (2×2cm2, 550µm thick) is 

tightly attached to the Cu substrate holder with Kapton tape. The substrate temperature Ts 

is measured with the movable thermocouple, which is arranged at a location facing the 

substrate surface and is in contact with the center of the substrate under a constant 

pressure. The thermocouple was calibrated and preliminary measurements confirmed that 

the variance of the temperature distribution on the substrate was within 1% under similar 

conditions using thin film thermocouples directly attached to the substrate surface. When 

the substrate temperature was confirmed to be stable for more than 30 min after reaching 

the target temperature, GLAD was performed within 10s after removal of the 

thermocouple. The substrate temperature was measured again by bringing the 

thermocouple into contact with the substrate within 10 s after completion of the GLAD 

process. The difference between the temperatures measured before and after deposition 

was ± 1.5 °C. The thermal capacity of the Cu substrate holder is one hundred times or 

more greater than that of the Si substrate; therefore, the heat produced on the thin substrate 

during deposition was immediately absorbed by the Cu holder. In this work, the average 

value of the temperatures measured before and after deposition was defined as the 

representative substrate temperature, Ts. 

GLAD was performed using the EB evaporator at 1.0×10-3 Pa on a Si substrate with 

a native oxide layer (SiO2). The incidence angle α, defined as the angle between the 

incident flux and the substrate normal, is set to 84°. The angular accuracy of the tilting 

stage was 0.1°. Cu thin films were deposited at Ts = 453, 353, 323, 300, and 253 K, while 

the substrate was rotated so that n, the number of turns in each helix, was 4. Al thin films 

were formed at Ts = 300,253, and 233 K with n = 3. The substrate was rotated in the in-

plane direction at a rate of 0.1 rpm. The deposition rate, which was monitored with a 
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thickness meter, was 5 Å/s. All thin films produced were observed using field-emission 

scanning electron microscopy (FE-SEM; Hitachi High-Tech, S-5500) after deposition. 

 

2.3 Results and discussion 

 

To determine the growth of the nanosprings, we focused on the axis line that passes 

through the center of nanoelement. When the axis line possessed a periodic shape with 

the target number of turns (Cu: n = 4 and Al: n = 3), it was determined that nanosprings 

were successfully grown. Figures 2(a)-2(e) show cross-sectional FE-SEM images of Cu 

thin films. At Ts = 453, 353, and 323 K [Figs. 2(a)-2(c)], isolated nanoscale protrusions 

without a periodic axis line were formed on the substrate. Their shape was irregular, but 

almost symmetrical with respect to the longitudinal axis. Full-grown protrusions were 

sparse, but low (100-200 nm height) protrusions were observed among them. At Ts = 300 

and 253 K, the axis lines of the nanostructures had a periodic shape with n = 4, which 

indicated that helices were successfully grown. Therefore, the critical temperature to 

produce Cu nanosprings was between Ts = 300 and 323 K. 
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FIG. 2. FE-SEM images of Cu nanostructure arrays deposited at substrate temperatures 

of (a) 453, (b) 353, (c) 323, (d) 300, and (e) 253 K. 
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Figure 3 shows the average heights ℎ̅, the outer diameter at a height of 200 nm �̅�200, 

the wire diameter at a height of 200 nm �̅�200, the ratio of the wire diameter at a height of 

300 nm to that at 100 nm �̅�300/�̅�100, and the angle of the coiled line axis with respect to 

the substrate normal, �̅� . ℎ̅  and �̅� decreased while �̅�  and �̅� 300/�̅� 100 increased with 

increasing substrate temperature. 

 

 

 

 

 

FIG. 3. Dependence of feature dimensions for Cu nanoelements on substrate temperature 
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To provide further information on the understructure, the nanosprings were examined 

by x-ray diffraction (XRD) analysis with achromatic Cu Kα radiation (λ = 1.542 Å), and 

the results are shown in Fig.4. The thin film of Cu nanosprings produced at Ts = 300 K 

have strong (111), (200), (220), and (311) textures normal to the surface. The grain size 

dg was calculated as 27 nm using Scherrer’s formula [29] [dg = 0.9λ/ (βcosθ)], where β is 

the full width at half maximum of the diffraction peak and θ is the diffraction angle. 

 

 

 

 

FIG. 4. XRD pattern for thin film of Cu nanosprings produced at Ts = 300 K. 
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Figures 5(a) - 5(c) show cross-sectional SEM images of Al nanostructures. At Ts = 

300 K, the axis lines of the nanostructures did not have a periodic shape. Although the 

nanostructure was wavy at Ts = 253 K, no periodic shape could be identified. Al helices 

were successfully produced at Ts = 233 K; therefore, the critical temperature to produce 

a thin film of Al nanosprings was somewhere between Ts = 233 and 253 K. 

 

 

 

 

FIG. 5. Al nanostructure arrays deposited at substrate temperatures of (a) 300, (b) 253, 

and (c) 233 K. 
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Figure 6 shows ℎ̅, �̅�200, �̅�200, �̅�300/�̅�100, and �̅� for Al nanoelements as a function of 

the substrate temperature. ℎ̅ and �̅� decreased while �̅� and �̅�300/�̅�100 increased with 

increasing the substrate temperature. 

 

 

 

 

 

 

FIG. 6. Dependence of feature dimensions for Al nanoelements on substrate temperature. 
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Figure 7 shows an XRD pattern for the Al thin film produced at Ts = 233 K. Unlike 

Cu, only the (200) texture was observed. It has been reported that the orientation of 

crystallographic texture is strongly dependent on the material [30] and the deposition 

parameters (e.g., substrate surface conditions [31] and element shape [32]). Thus, a 

systematic study is required in future work to clarify the preferred texture of nanosprings 

produced by GLAD. The grain size dg, calculated using Scherrer’s formula, was 63 nm. 

 

 

 

 

 

 

 

FIG. 7. XRD pattern for thin film of Al nanosprings produced at Ts = 233 K. 
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Figure 8 shows the dependence of the nanostructure shape on the substrate 

temperature Ts, normalized by the melting temperature of the target material, Tm. The 

results for nickel (Ni), which were obtained separately in another project, are also plotted 

for comparison. The critical temperatures to produce Cu, Al, and Ni nanosprings were 

Ts/Tm = 0.22–0.24, 0.25–0.27, and 0.22–0.26, respectively (Tm = 1358 K for Cu, Tm = 933 

K for Al, and Tm = 1728 K for Ni). These values correspond to the critical homologous 

temperature (Ts/Tm = 0.24 ± 0.02) [33] at which the morphology of the nanostructure 

changes from broad columns (protrusions) to rods with high aspect ratios during GLAD 

for materials with melting temperatures above 1500 K (such as tantalum[34–36], niobium 

[37], chromium[36], and silicon[38, 39]). It should be noted that this is different from the 

critical homologous temperature Θ (= Ts/Tm) [40], which corresponds to a transformation 

from a nanocolumn (nanoprotrusion) to a planar morphology. 

 

 

 

FIG. 8. Nanostructures formed by GLAD as a function of Ts/Tm. 
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A structure zone model (SZM) has been proposed for solid films grown under typical 

conditions where the flux is normal to the substrate surface [41]. In the SZM, the 

microstructures of films are classified into three distinct structural zones (zones I, II, and 

III), independent of the material, as a function of the homologous temperature Ts/Tm. In 

zone I (Ts/Tm ≤ 0.2), low adatom mobility leads to narrow columnar structures 

characterized by ballistic growth, which results in a film containing voids between fibroid 

columns. In zone II (0.3 ≤ Ts/Tm ≤ 0.5), a polycrystalline structure appears in the 

evaporated film because adatoms actively fill the voids between nuclei through surface 

diffusion. In zone III (0.5 ≤ Ts/Tm), bulk diffusion is dominant and causes recrystallization 

as the film grows. The critical temperature obtained in this work corresponds fairly well 

with the boundary between zones I and II in the SZM model, where surface diffusion 

becomes active. Thus, for Ts/Tm < 0.22, diffusion was sufficiently suppressed to maintain 

the shape of the nanoelements, which enabled the successful production of Cu and Al 

nanosprings using GLAD. 
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2.4 Conclusions 

 

In this chapter, a developed GLAD system successfully produced Cu and Al 

nanosprings by maintaining the substrate temperature at Ts/Tm < 0.22, which corresponds 

to the transitional homologous temperature between zones I and II in the SZM for a solid 

film. This indicates that the formation of Cu and Al nanosprings is dependent upon the 

surface diffusion activity. XRD analysis indicated that the Cu and Al nanosprings were 

composed of coarse oriented grains with high crystallinity.  
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Chapter 3 Elastic limit of a thin film consisted of nickel 

nanosprings  

 

 

3.1 Introduction 

 

By inserting the nanospring thin film [1-10] at the interface between dissimilar 

materials, the stress concentration at the interface is eliminated, and thus interface 

delamination is successfully prevented within the multi-layered electronic devices [11-

15]. For the potential application in advanced electronic devices, beside the electrical 

conductivity, the yielding behavior of nanospring thin films which might induce the fetal 

malfunction of electronic devices should be also carefully considered.  

The shape and size of nanoelement could strongly influence the mechanical properties 

of thin film [5, 6]. For example, as tall helical nanoelement has different vertical and 

lateral stiffness, a thin film comprising of them shows strong characteristic anisotropy [14, 

15]. Moreover, the anisotropy can be controlled by the height of nanoelement. As the 

stiffness of element is depending on the shape (slant bar, zigzag and spring), the apparent 

elastic modulus of film is also controllable [16, 17]. It is well known that helical shape 

can sustain large reversible deformation. Thus we expect a thin film composed of helical 

nanoelements (nanospring thin film) may has giant elastic limit. For the design of 

microelectronic devices, the engineer pay attention to the yielding behavior of metals. 

Although, there are many research work focus on the mechanical properties of GLAD 

thin film [6, 8, 9, 11, 14], there has been no work on the yield behavior of nanosprings 
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film. 

 Thus, in this chapter, a thin film composed of nickel nanosprings is fabricated, and 

its elastic limit are characterized by loading tests using an atomic force microscope 

(AFM). Then, based on the experimental results, we numerically analyzed the stress 

distribution in nanospring by finite element method (FEM). 

 

3.2 Experiment procedures 

3.2.1 Tested material  

 

Figure 1(a) shows the process of forming a nanosprings film using the GLAD 

technique. The atoms are deposited on the substrate with an oblique angle α (the angle 

between the incident direction and the normal of the substrate) and these make numerous 

islands at the early stage of deposition. Once islands are formed, successive atoms cannot 

reach the other side by the oblique deposition (shadow effect). Thus, each island grows 

in one direction and forms a slanted nano-bar. As the substrate rotates during the 

deposition, the growth direction is twisted, and this results in bars with helical shape [1-

6]. 
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Fig. 1. (a) Schematic depiction of nanospring thin film growth by glancing angle 

deposition (GLAD) technique. (b) Cross-sectional SEM images of thin film that consist 

of Nickel helical nanospring and (c) Top-view SEM image. 
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The material investigated here is a thin film of nickel nanosprings formed on a 525-

μm-thick  silicon (100) substrate by the deposition using electron-beam evaporation 

with an oblique angle α of 86° under vacuum (1.0×10-3 Pa). In order to apply the load, 

the cap layer is deposited on the top of nanosprings as shown in Fig. 1b. The rotation 

speed of the substrate is 0.4 deg/s. Table 1 shows the average size of nanospring measured 

by a scanning electron microscope (SEM). 

 

 

 

 

 

Table 1 Dimensions of a single nickel nanospring. 

n hs (nm) d (nm) R (nm) L (nm) 

4 400 25 62.5 135 
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3.2.2 Loading method 

 

A compression load, Fv, is applied to the nanosprings film using an atomic force 

microscope (AFM) [18] with a loading apparatus (Hysitron: Tribosocope) that can 

precisely measure the vertical displacement of the loading tip δv during compression as 

shown in Fig. 2. Additionally, by observing the AFM image of the specimen, we can 

apply the load at the desired position. The curvature of hemispherical diamond tip is 

approximately 10.44 μm which is much larger than the nanosprings and their spaces as 

shown in Fig. 2. The loading rate dFv/dt is 5 μN/s. 
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Fig. 2. Illustration of the loading method by the atomic force microscope (AFM) with a 

hemispherical tip and the magnified picture of loading area. 
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3.3 Results and Discussion 

3.3.1 Elastic limit 

 

Figure 3 shows load-displacement curves under compression. After the applied load 

reaches Fv = 19.0 μN (δv = 19.2 nm), the nanospring is unloaded. There is no difference 

between the loading and unloading curves, which indicates fully “elastic” deformation. 

Then, same load (Fv = 19.0 μN) is applied at the same position in order to confirm the 

reversible deformation. As the second loading and unloading curves are almost the same 

as the first, as shown in Fig. 3 (a), there is no inelastic (plastic) deformation. In a similar 

way, Figure 3(b) clarifies that no inelastic deformation appears in the loading up to Fv = 

20.2 μN (δv = 20.9 nm). However, when the load reaches 21.9 μN (δv = 21.7 nm), the 

second loading curve is different from the first, as shown in Fig. 3(c). This indicates that 

a residual displacement remains after the first loading. In other words, the nanopsrings 

undergo inelastic deformation. However, as the inelastic deformation is small, it is not 

clear in the load-displacement curves. Therefore, we apply a higher load of 23.0 μN in 

order to identify the appearance of plasticity. As shown in Fig. 3(d), the remaining 

displacement reaches 5 nm after fully unloading (Fv = 0 μN). This demonstrates that the 

nanosprings yield somewhere between δv = 20.9 nm (Fv = 20.2 μN) and δv = 21.7 nm (Fv 

= 21.9 μN). 

We conduct compression test three times at different locations on the thin film, and 

Table 2 lists the yield displacement and relevant apparent yield strain 휀Y
′ . For various 

loading, the yield displacement 𝛿v,Y has little fluctuation around 22.7 ± 1.9 nm, which 

indicates that yield displacement is an intrinsic property for the nickel nanosprings film. 

The apparent yield strain of nanosprings film 휀Y
′  is given by: 
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                                    휀Y
′ =

𝛿v,Y

ℎ𝑠
                               (1) 

where hs is height of nanospring. As the film yields at 𝛿v,Y
′

 = 20.8 ~ 24.6 nm, the apparent 

yield strain is 5.2 ~ 6.15×10-2, as listed in Table 2. Since the yield strain of a bulk Ni is 

휀Y = 2.9 ~ 4.4×10-4 [19], nanosprings film has about 200 times larger one. This means 

that the Ni nanosprings film has giant elastic limit than the bulk counterpart.  
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Fig. 3. The load versus displacement curves of compression test in location 1 with various 

maximum loading values. 
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Table 2 Yield displacement and apparent yield strain of 3 locations. 

Location No. 𝜹𝐯,𝐘, nm 𝜺𝐘
′  

1 21.7 5.4 × 10-2 

2 24.6 6.15 × 10-2 

3 20.8 5.2 × 10-2 
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3.3.2 Effect of helical shape 

 

In order to extract the effect of helical shape on the apparent yield strain, we conduct 

an approximate analysis on the spring and a bulk with a same mechanical behavior such 

as the elastic constants and the yield stress.  

The vertical displacement δspring of a loading spring roughly has the following 

relationship [20]: 

                               𝛿spring =
64𝑛𝑊𝑅3

𝑑4𝐺
                               (2) 

where W, G, n, R and d are denoted as the loading value, the shear modulus, the number 

of turns, the radius of the spring and the diameter of the wire, respectively. The maximum 

shear stress on the wire is given by [20]:  

                                𝜏max =
16𝑊𝑅

𝜋𝑑3                                   (3) 

Combing Eq. (2) and (3) and assuming the Tresca yield criterion, 𝜏Y, for simplicity, the 

yield apparent strain ε’ spring of spring has the form,   

                                휀sping,Y
′ =

4𝜋𝑛𝑅2𝜏Y

𝐺ℎs𝑑
                               (4) 

where hs is the spring height. On the other hand, the yield strain of solid film under 

uniaxial tension is given by 

                              휀solid,Y =
𝜎Y

𝐸
=

2𝜏Y

𝐸
                                (5) 

Thus, the ratio γ of 휀spring,Y 
′ to 휀solid,Y can be estimated using the following expression: 

                    𝛾 = spring,Y
′

solid,Y
=

2𝜋𝑛𝑅2𝐸

𝐺ℎs𝑑
                          (6)  

By inserting G = E/ {2(1+ν)}, n = 4, R = 62.5 nm, E = 200 GPa, hs = 400 nm, d = 25 nm 

and ν = 0.31 into Eq. (6), we obtain γ ≈ 25. This means that the helical shape increases 

the yield strain by approximately 20 times because the torsional shear stress is dominant 
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in the spring wire. As this is much smaller than the experimental result shown in section 

3.1 (200 times), the giant elastic limit of nanospring film cannot be explained by only the 

shape effect of nanoelements. 
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3.3.3 Size effect of element 

 

It is well known that the yield stress (yield strain) of a nanometer-scale metal is 

remarkably higher than that of the bulk [21, 22]. The main causes are the understructure 

of materials; fine grains [23, 24], higher density of vacancies [25], starvation of 

dislocation source [26] and so on. Thus, we can suspect size effect (morphology of 

understructure) is another indispensable factor. The stress in a nanospring is analyzed 

using a three-dimensional finite element method (FEM) under linear elastic condition 

with Young’s module of 200 GPa and Poisson's ratio of 0.31[19]. In the model, the shape 

and size of the nanospring are carefully reproduced depending on the average values 

obtained from the SEM images. Because the stress concentrates near the bottom due to 

the smaller diameter, the region is divided into fine meshes. Fixing the nodes at the bottom 

of nanospring, uniform distribution of compressive displacement, 𝛿v,Y = 22.7 nm, is 

applied to the nodes at the top of nanospring, as shown in Fig. 4(a). Here, as the load is 

applied to the spring through the cap layer as shown in Fig.1(c), the lateral displacement 

is restricted at the top of nanospring. Then, we apply the compressive displacement 

instead of the load. 

Figure 4(b) shows the distribution of von Mises stress in the single nanospring model. 

The maximum stress appears at the internal surface of the first turn of the nanospring 

because it has thinnest wire diameter, and has a magnitude of about 1.2 GPa. Although 

this must bring about the yielding in the spring, it can not be experimentally observed 

because the localized plastic zone is very small. The magnitude of yield stress is 

approximately 20 times higher than that of bulk nickel, about 60 MPa [19]. 

On the other hand, it is suspected that the yield stress 𝜎Y and yield strain 휀Y of solid 

Ni thin film (with a thickness of 15 ~ 17 µm) [27] are approximately 10 times larger than 
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that of bulk Ni. This suggests that the size effect (morphological of understructure) 

increases the elastic limit for nanosprings film around 10 times. As it has been reported 

that the GLAD film usually has nano-sized grains, this might be attributed to the 

morphology. However, to examine the detail of understructure is beyond the target in this 

work and remains for future work. 

It should be noted that the Ni nanosprings can absorb 200 times larger reversible 

(elastic) strain than the bulk Ni. Thinking the rough assumption in the analysis, the size 

effect provides the enhancement of approximately 10 ~ 20 times and the shape effect 

provides another 10 ~ 20 times. Designing the shape and size of elements, we can 

optimize the elastic limit. However, it remains for future work because the main purpose 

of this study is to show experimentally the existence of giant elastic limit caused by the 

nanosprings. 
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Fig. 4. The finite element model (FEM) of single nanospring: (a) The yield displacement 

(𝛿v,Y = 22.7 nm) is applied at the top of FEM model. (b) The distribution of von Mises 

stress in single nanospring at the yield condition. 
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3.4 Conclusions 

 

In this chapter, we investigated the elastic limit of a thin film comprising of Ni 

nanosprings fabricated by the GLAD technique applying compression by an AFM. The 

results are summarized as follow: 

 

1. The Ni nanosprings thin film has giant elastic limit whose apparent yield strain is 

evaluated as 휀Y
′  = 5.2 ~ 6.2×10-2, which is almost 200 times larger than that of bulk 

Ni (휀Y = 0.29 ~ 0.44×10-3). 

2. The “shape effect (helical shape)” provides a high tolerance to the reversible 

deformation. In the material tested, the shape effect gives is around 10 ~ 20 times. 

3. The “size effect (nano-sized element)” stem from the morphology of understructure 

leads to high yield stress (strain) for the springs, which enhances the relevant yield 

strain to the nanosprings film. The effect is a yield strain increase of approximately 

10 ~ 20 times in the examined Ni nanosprings film. 
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Chapter 4 In situ Observation of Tensile Behavior in a Single 

Silicon Nanospring 

 

 

4.1 Introduction 

 

Up to now, several methodologies have been developed to fabricate thin films 

consisting of discretely nano-sized sculptured elements [1-9]. Among these techniques, 

the glancing angle deposition (GLAD) method [10-25] is simple and efficient for 

forming the thin film of various shaped nano-elements on a substrate. In Chapter 3, the 

yield behavior of nanospring thin film has been investigated. However, the nanospring 

thin film is composed of numerous individual nanosprings, and each of them possesses 

non-uniform geometric shape. Therefore, to inquire the detailed information of 

deformation and fracture behaviors of nanospring thin films, mechanical properties of 

individual nanospring should be clearly clarified. 

There have been a few previous studies to investigate the mechanical properties of 

GLAD films before [26-33]. However, it is usually measured by compression tests. In 

their studies, the combination of atomic force microscope (AFM) and nanoindentation is 

a common loading methods. In these tests, just the average magnitude is obtained since 

plural nanoelements are compressed at the same time. In actually, the thin film is 

composed of nano-element with slightly different shape. Furthermore, compression tests 

cannot offer the elongation at the fracture. Although there have been reports where the 

load is applied on an individual nanospring, these experiments are conducted under 

compression in the elastic region [32, 33]. If tensile test on an individual element is 
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conducted, the detailed mechanism involved in elasto-plastic deformation and fracture 

of each element can be determined. However, there have been no previous reports of 

such tests. In addition, although in situ observation using electron microscopy would 

provide details on the deformation and fracture processes for the element material, there 

is another difficulty to apply the load correctly under the high magnification 

observation. 

In this chapter, a tensile testing method is developed for a single silicon nanospring 

prepared by the GLAD technique under in situ observation using scanning electron 

microscopy (SEM). Experiments are conducted for several springs to clarify the 

difference in the deformation and fracture properties among individual nanoelements 

extracted from the same film and elucidate the mechanism in detail. 

 

4.2 Experimental procedure 

4.2.1 Material and specimen 

 

The thin film composed of silicon nanosprings is formed on a 525 μm thick Si(100) 

substrate using the GLAD technique. As an evaporant, high purity silicon (99.999 %) 

pieces (Nilaco corp.) are used. The crucible diameter is 30 mm. The distance between 

the evaporation source and the substrate is 400 mm. GLAD is performed under a 

vacuum of 1.0×10-3 Pa using electron-beam evaporation, where the deposition angle and 

rotation speed of the substrate are 86° and 0.3°/s, and 88° and 3.0°/s, respectively, for 

the nanospring and the upper nanobar. The evaporation rate is set around 10Å/s, which 

is controlled by a feedback system. The total time of deposition process is about 40 

minutes. Figure 1 shows a cross-sectional image of the thin film composed of 
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nanosprings. A straight part (nanobar) is formed on the top of every nanospring for 

application of a tensile load. In this work, a loading tip is connected to a single 

nanoelement with an adhesive. In order to prevent the adhesive flow to the nanospring, 

the straight nanobar is established as a dummy part. Preliminary examination of electron 

diffraction patterns by means of a transmission electron microscope (TEM) clarifies that 

the GLAD film is an amorphous phase. Figure 2 shows the average size of 

nanoelements grown on the substrate, which is measured from SEM observation. 

 It should be noted that the spring wire diameter in the lower part of the nanospring 

is smaller than that in the upper part and there are numerous incomplete spring 

frameworks near the nanosprings on the substrate (See Fig. 1).  

The deposited nanosprings are densely distributed; therefore, it is difficult to pick up 

a single nanospring for application of a precise tensile load. Hence, adjacent 

nanosprings around the target nanospring are removed, as shown in Fig. 3, using the 

nanoprobe device described in the next section. Three single nanospring specimens are 

prepared for tensile tests as shown in Fig. 4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4 In situ Observation of Tensile Behavior in a Single Silicon Nanospring 

60 
 

 

 

 

 

 

 

 

 

 

 

        

 

Fig. 1. Cross-sectional SEM image of thin film composed of silicon nanoelements. 
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Fig. 2 Average dimensions of a nanospring (units: nm). 
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Fig. 3. Extraction of a single Si nanospring (a) by removal of adjacent nanoelements 

around the target nanoelement using a nanoprobe. (b) Individual Si nanospring isolated.  
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Fig. 4. SEM images of three nanospring specimens. 
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4.2.2 Experimental facility and conditions 

Tensile experiments are conducted using SEM (Hitachi High-Tech, SU-8230) with a 

specimen stage and two manipulators (Kleindiek, MM3A-EM), as shown in Fig. 5(a). 

One of the manipulators has a needle-shaped tungsten nanoprobe (GGB Industries Inc, 

PT-14-6705-B) (Fig. 5(b)), while the other is equipped with a force sensor (Seiko 

instruments Inc, NPX1CTP003) (Fig. 5(c)). The sensitivity of the force sensor is 0.02 

μN. The specimen substrate is fixed on the specimen stage, which can be rotated to give 

the best angle for observation and loading. Nanosprings adjacent to the target 

nanospring are mechanically bent and removed by operation of the nanoprobe, as shown 

in Fig. 3(a). The operation takes about 5 minutes for each specimen. 

Loading experiments are conducted using the other manipulator with the force 

sensor. Both manipulators have rotational freedom (y-z and x-y planes) and sliding 

freedom (y direction), which ensures correct tensile alignment on the specimen along 

the vertical center axis of the nanospring during the loading process. The resolution of 

the manipulators for stretching and rotating is 0.25 nm and 10-7 rad, respectively. The 

force sensor can measure tensile or compression forces. 

The loading tip is adhered to the top of a nanospring after a conductive epoxy 

adhesive (Kleindiek, SEM GLU), which was dropped on the side of specimen stage 

beforehand (See Fig. 6), is dipped. The adhesive is hardened by electron beam 

irradiation at 2.0 kV for 5 min, which is sufficient for tensile loading of a single 

nanospring.  

A tensile force is applied to the specimen by imposing a displacement on the top end 

of the single nanospring, while the bottom end is fixed on the substrate, as shown in Fig. 

6. A small preliminary load is applied to the nanospring, and the loading alignment is 
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carefully tuned using the ability of the manipulator to rotate and slide, while the 

specimen is monitored from the SEM image. Tensile experiments are conducted at a 

displacement rate dδv/dt of 2 nm/s. The elongation of the entire single nanospring, 

which is the displacement increment between the bottom end of nano-helix and the 

original point, as well as that in local regions of the nanospring are measured using 

2D-motion analysis software (Library, Move-tr/2D) on the basis of continuous SEM 

observations. The specimen fracture can be determined based on the monitoring of 

applied load and the in situ SEM observation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4 In situ Observation of Tensile Behavior in a Single Silicon Nanospring 

66 
 

 

 

 

       

Fig. 5. Experimental equipment, (a) the testing system and specimen stage, (b) the 

manipulator and nanoprobe, and (c) the manipulator and force sensor, and micrographs 

showing details of the force sensor. 
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Fig. 6. Schematic illustration of tensile testing with a single nanospring. 
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4.3 Experimental results and discussion 

4.3.1 Tensile properties 

 

Figure 7 shows the load versus displacement (Pv-δv) curve for Specimen 1 and 

snapshot micrographs taken from the in situ SEM video during tensile testing at loading 

forces of 0 µN (A), 0.26 µN (C), 0.80 µN (D) and after fracture (E). The Pv and δv are 

plotted based on the output data from the load sensor and the 2D-motion analysis 

software, respectively. The average stiffness of a single nanospring is 3.8 N/m and the 

fracture displacement is 256 nm, which represents an apparent fracture strain of ’f = 

3.03×10-1. It should be noted that there is a jump in the Pv-δv relation between points B 

and C indicated on the curve, where the slope changes after the jump, indicating a 

decrease in stiffness. The cause of this jump is discussed in the following section. After 

δv = 150 nm, the gradient increases. The height of the bottom zone of the nanospring is 

extended eminently by the concentrated deformation, as shown in Fig. 7(b). The 

increase in stiffness is attributed to the change in the shape of the elongated spring. 

Fracture occurs near the bottom of the spring where the spring wire diameter is smaller. 

Figure 7(c) shows SEM images of the nanospring before and after fracture. Based on 

the difference between the length of the nanospring before and after experiment, the 

residual deformation, δr, is obtained. Although micrograph (E) shows little change in the 

shape, a high residual displacement of 133 nm is observed at fracture, which is almost 

half of the fracture displacement. This signifies that a large plastic deformation occurs 

in the amorphous silicon spring under tension. 
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Fig. 7. Deformation and fracture behavior for Specimen 1 under monotonic tension; (a) 

load versus displacement curve, (b) microscopic features of the nanospring under tensile 

loads at Fv = (A) 0 µN, (C) 0.26 µN, and (D) 0.80 µN, and (E) after fracture, and (c) 

comparison of the nanospring before and after experiment. 
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Figure 8 shows Pv-δv curves for the three specimens tested. The springs clearly have 

different tensile behavior, even though they all are isolated on the same GLAD substrate. 

Specimen 3 is stiffer than the others, while the overall shapes of Specimens 2 and 3 are 

similar. The residual displacement indicates differences in the plastic deformation 

among the springs. There are distinct differences in terms of the fracture load and 

elongation among the springs, which means that both the deformation and fracture 

behavior are highly dependent on the individual spring. Moreover, careful observation 

reveals a jump in the Pv-δv curves for all specimens, although the load at each jump is 

different. The mechanical behavior reported for GLAD films in previous research is for 

loading of many springs [22, 24-26], so that the strength calculated is the average value. 

This is the first report to present distinct differences in the mechanical behavior of 

individual springs in a GLAD film.  

Table 1 gives the dimensions for each nanospring. Each spring possesses a different 

shape although they are isolated on the same GLAD film, which emphasizes the 

necessity to determine the tensile processes of individual nanosprings with different 

strengths, as shown in Fig. 8. 
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Table 1 Dimensions of specimens (units: nm). 

 dI dII dIII DI DII DIII hI hII hIII hs 

Specimen 1 49 84 87 128 148 187 308 292 243 843 

Specimen 2 79 99 138 138 138 167 293 288 239 820 

Specimen 3 89 118 138 133 165 148 286 296 242 824 

 

 

 

 

 

 

          

 

Fig. 8. Load-displacement curves for three specimens under tension. 
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4.3.2 Deformation in the bottom zone. 

Figure 4 and Table 1 show that the shape and size of each nanospring changes from 

the bottom to the top, which suggests that the deformation is not uniform. An advantage 

of in situ SEM video observation is that such nonuniform deformation can be 

investigated in detail. Here, a single spring is divided into three zones (I, II and III) and 

the displacement in each zone is measured under a load. Figure 9 shows the Pv-δv curve 

in the different zones of Specimen 1. As expected from the shape, where the turn 

diameter D, and the spring wire diameter d, are both smaller in the bottom turn, the top 

is stiffer while the bottom is more flexible. The stiffness in each zone from the bottom 

to the top is approximately kv1-I = 4.8 N/m, kv1-II = 9.8 N/m and kv1-III = 53.0 N/m, which 

confirms that the deformation of the spring is mainly governed by the bottom zone. 

The residual deformation after fracture can be measured from the SEM image, and 

the apparent residual strain after fracture from the bottom to top are ’r1-I = 1.58×10-1, 

’r1-II = 0 and ’r1-III = 0. Thus, during the tensile test, only the bottom zone is plastically 

deformed, while the other zones exhibit elastic deformation; the bottom zone dominates 

the deformation process and the concentrated strain results in fracture due to the 

nonuniform thickness in this zone. 

There is a jump in the Pv-δv curve in Fig. 9(a) that corresponds to that in Fig. 7(a), 

which confirms that it is associated with the bottom zone. Careful review of this zone 

before and after the jump reveals that the spring is initially connected to the substrate by 

two legs, as schematically illustrated in Fig. 9(d) and one of these legs breaks at the 

jump. As only one leg is then supporting the spring, the stiffness decreases. While 

numerous nuclei are formed at the early stage of spring growth during the GLAD 

technique, many stop growing, which leaves incomplete spring frameworks on the 
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substrate as shown in Fig. 1. Some neighboring nuclei connect with each other and a 

nanospring is formed on the connected nuclei. The jump in the Pv-δv curve is caused by 

a break in the weaker connection. The same mechanism is observed for Specimens 2 

and 3; therefore, it appears that the presence of multiple connection legs is common, and 

this plays a dominant role in the elastic properties of the spring during the early stage of 

tension.  

From careful examination of the bottom zone in Specimens 1 to 3, Specimen 3 is 

identified as having the thickest connection at the root (see Fig. 4). This may be the 

reason why Specimen 3 had the highest stiffness during the early stage of deformation, 

as shown as Fig. 8. The mechanical properties are significantly affected by this subtle 

difference in spring geometry. However, as the back side connection between the spring 

and nuclei cannot be observed using SEM, a qualitative discussion is not possible at this 

stage. 
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Fig. 9. Load-displacement curves for Specimen 1; (a) first (lower) zone, (b) second 

(middle) zone, (c) third (upper) zone, and (d) schematic illustrations of specimen 

separation at connection nuclei. 
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4.3.3 Elastic behavior 

Based on the theoretical equation of a helical spring, the deformation stiffness of 

zones I, II and III of nanospring is examined. The cross-sectional shape of nanospring is 

approximated by a circle. Elastic theory states that a helical spring has a vertical 

stiffness, kv,th [29]:  
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where G and  are the shear modulus and Poisson's ratio, respectively, and d, D, n and  

are the spring wire diameter, the coil diameter of the helical spring, the number of turns, 

and the pitch angle of the spring, respectively. It should be noted that this is an 

approximate estimate since the wire diameter of nanospring is gradually broaden toward 

the top and the boundary conditions at the ends are not strictly same. Figure 10 shows 

the relationship between the stiffness experimentally obtained and kv,th/G for the second 

and third zones in each specimen. Since the G of the amorphous Si of nanospring 

deposited by GLAD is unknown, kv,th/G is used as a parameter of the horizontal axis. 

Here, n = 1 in each zone and the stiffness is measured under low load conditions. The 

stiffness is approximately proportional to kv,th/G, so that relation (1) governs the 

deformation in most areas of the spring, except the bottom zone. This signifies that the 

deformation stiffness is governed by the nano-helix shape. 

  It should be noted that the stiffness is dependent not only on the zone, but also the 

nano-helix shape. Figure 10 indicates that the fluctuation in nano-helix shape, as listed 

in Table 1, causes the difference in the stiffness, which is consistent with elastic theory. 
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Fig. 10. Relationship between stiffness kv, and kv,th/G for the first and second zone of the 

specimens. 

 

Elastic theory also indicates that the maximum shear stress τmax, in a spring wire is 

given by [34]: 
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Fig. 10. Relationship between stiffness kv, and kv,th/G for the first and second zone of the 

specimens. 

 

Elastic theory also indicates that the maximum shear stress τmax, in a spring wire is 

given by [34]: 
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Figure 11 shows the calculated τmax and ’r 
for each zone in the nanosprings. There is no 

apparent residual strain ’r when τmax is less than 0.8 GPa, whereas ’r increases 

significantly above 0.8 GPa. This indicates that the yield stress of the amorphous Si for 

nanospring is estimated to be around 0.8 GPa. 
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Fig. 11. Distribution of maximum shear stress τmax, and apparent residual strain ’r, for 

the different zones of the specimens. 
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4.4 Conclusions 

 

In this chapter, a tensile testing method was developed for measuring the mechanical 

properties of single nanoelements extracted from an aggregate layer under in situ SEM 

observation. Specimens were isolated from amorphous silicon nanosprings prepared by 

the GLAD technique. The results obtained are summarized as follows: 

 

1. Three single nanosprings were successfully isolated using a nanoprobe, and tension 

was applied to the top of the springs using a probe with a load sensor until failure 

occurred. The deformation and fracture processes were continuously monitored 

using in situ SEM during the tensile test. 

2. Each nanospring exhibited different load-displacement relations, even though they 

are from the same GLAD layer. The in situ SEM observation confirmed that this 

was mainly due to differences in spring geometry. In particular, the connected 

nuclei at the spring bottom had a significant effect on the stiffness during the early 

stage of tensile loading. 

3. The spring wire diameter and the coil diameter varied between the top and bottom 

of a spring; therefore, the deformation process was nonuniform. However, elastic 

spring theory was found to be approximately valid for the deformation 

characteristics in the elastic stage, where the deformation was mainly governed by 

the shape of the nanoelement. 

4. The bottom zone of the nanospring, which had the smallest wire and coil diameters, 

played a dominant role in plastic deformation and failure occurred here. The yield 

stress of the nanosprings was estimated to be approximately 0.8 GPa based on the 
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maximum shear stress of the spring wire. 
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Chapter 5  Conclusions 

 

Nanostructured thin film consisting of discretely nano-sized three-dimensional 

nanosprings has attracted considerable attention for the promising potential application 

in advanced electronic devices due to its unique physical properties. Although the 

glancing angle deposition technique (GLAD) has been developed to fabricate thin films 

consisting of discretely nano-sized three-dimensional elements, there are still some 

unclear points. For instance, some critical issues in the precise fabrication and the exact 

evaluation of mechanical properties of nanospring thin films are still required to be clearly 

investigated. Therefore, in this thesis, a novel experimental method basing on the precise 

control of substrate temperature is developed to fabricate the nanospring thin films of 

low-melting metals, and the substrate temperature effect on the morphology of 

nanospring thin films is clarified. In addition, the deformation and fracture behaviors of 

nanospring thin films as well as the individual nanospring are investigated by 

experimental and numerical studies. The obtained results are summarized as follows. 

 

In chapter 2, a developed GLAD system which can precisely control the temperature 

of substrate during glancing angle deposition is developed to make films consisting of 

low melting temperature metal nanoelements with a controlled shape (helix) and to 

explore the substrate temperature for controlling the nanoshapes. This novel GLAD 

system capable of both cooling a substrate and measurement of its temperature is used to 

form thin films consisting of arrays of Cu and Al nanosprings on silicon substrates by 

maintaining the substrate temperature at Ts/Tm<0.22 (Ts is the substrate temperature and 

Tm is the melting temperature of target material). The critical homologous temperature 
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(Ts/Tm) to produce Cu and Al nanosprings corresponds to the transitional homologous 

temperature between zones I and II in the structure zone model for the solid film, where 

surface diffusion becomes dominant. In addition, the X-ray diffraction analysis indicated 

that the Cu and Al nanospring thin films were composed of coarse oriented grains with 

diameters of several tens of nanometers. 

 

 

In chapter 3, the vertical compression loading is conducted to investigate the elastic 

limit of the thin film consisting of nickel helical nanosprings by an atomic force 

microscope (AFM). As a helical element has large reversible deformation limit in general, 

a characteristic behavior is expected on the yielding of the film. The load versus 

displacement curves indicate that the nickel nanosprings thin film has outstanding elastic 

limit. The apparent yield strain is evaluated as 𝜀𝑌
′  = 5.2 ~ 6.2×10-2, which is around 200 

times of that in bulk nickel (𝜀Y = 0.29 ~ 0.44×10-3). After comparing the maximum shear 

stress in the helical spring and the solid film, the shape effect (helical shape) is only 

around 10 ~ 20 times stemmed from the difference in the stress condition (torsion). The 

origin of difference is attributed to the size effect of nanosprings, as nano-scale metals 

have higher yield strain than that of bulk counterpart because of the difference in the 

understructure morphology. The combination of shape effect and size effect brings about 

the giant elastic limit on the film. 

 

 

In chapter 4, a tensile testing method is developed for measuring the mechanical 

properties of single nanoelements extracted from an aggregate layer under in situ SEM 

observation. Specimens are isolated from amorphous silicon nanosprings prepared by 



Chapter 5 Conclusions 

87 
 

GLAD technique. In situ observation reveals that the single nanospring undergoes a large 

longitudinal elastic elongation until fracture (about 40% of the fracture displacement) due 

to the helical shape. At the early stage of deformation, there is a jump in the load-

displacement relation due to partial breaking of the connected legs at the root of the 

nanospring. The tension induces plastic deformation and fracture at the bottom zone 

where the wire diameter is smaller. Examination based on the element geometry at local 

zones indicates that deformation in the elastic stage is governed by the element shape. 

The yield stress of the amorphous silicon for nanospring is estimated to be approximately 

0.8 GPa. 
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