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ABSTRACT 
 

A proper understanding of material behavior with 
decrease in the sample size especially at nano-scale has 
received significant importance in realizing MEMS devices. 
Ti-rich NiTi films were deposited by sputtering a NiTi alloy 
target (45:55) on (100) silicon substrates. Gallium ion (Ga+) 
Focused Ion Beam (FIB) technique has been used to create 
nano-structures of different dimensions and aspect ratios in 
these films. The influence of FIB process parameters such 
as ion current and etching time on etching rate and etch 
depth to generate various features at nano-scale is reported. 
The etched depths were found to be directly proportional to 
the ion current. The etching rate for NiTi film was 25 
nm/minute approximately for a beam current of 0.35 nA. 
Scanning electron microscopy has been used to examine the 
surface morphology of etched areas of nano-pillars, 
pyramids and beams in different aspect ratios. Nanoindenter 
(Agilent Technologies G-200) has been used to investigate 
the young’s modulus and hardness of these nanostructures 
and the phase transformation has been studied. In this paper, 
we observed that the two phases responsible for shape 
memory effect are more stable in nano-pillars compared to 
the corresponding values in bulk. Size effect on feature 
shape, size and aspect ratio on recovery stress values are 
also studied. 
 
Keywords: shape memory alloys (SMA), magnetron 
sputtering, focused ion beam (FIB) micro-machining, 
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1 INTRODUCTION 
 
Nickel–titanium (NiTi) shape memory alloys have the 

potential to be ideal nano-scale actuators because their large 
displacements / recoveries inherent in the material. 
Depending upon the application of stress or change in 
temperature, NiTi can alter its crystallography and 
ultimately return to the original structure, recovering the 
deformation. This behavior has already been exploited 
primarily as an actuator for various micro-electrical–
mechanical systems (MEMS) [1-4]. However, knowledge of 
the fundamental mechanical properties on small-scales is 
still lacking, and is necessary in order to optimize any 
proposed devices.  

Nano sensors and actuators which form a part of  
Micro-Electro-Mechanical Systems (MEMS) and Nano-

Electro-Mechanical Systems (NEMS) have drawn a lot of 
attention of researchers and emerged into one of the major 
research areas recently. Therefore, the new technologies to 
fabricate nano-scale structures are growing quite rapidly. 
One of the key technologies to develop new nano-structures 
is photo-lithography, which still has many difficulties to be 
resolved to make further progress. Focused ion beam (FIB) 
micro-machining can be one of the alternative approaches 
to replace photolithography technologies in some 
applications. Even a very small ion beam diameter in FIB is 
enough for maskless etching and maskless implantations [5-
6]. In order to fabricate  MEMS/ NEMS devices, it is quite 
important to understand the fundamental characteristics of 
FIB system completely as well as that of the structures 
generated by FIB.  

In this study, we have investigated the fundamental 
etching characteristics of Gallium ion (Ga+) FIB to create 
the nano-structures on sputter deposited Ti-rich NiTi thin 
films. A conventional microscopy method such as scanning 
electron microscopy (SEM) is good enough to acquire 
topography, depth of etched surfaces and to identify the 
nano-structure device dimensions. Initially, three 
experiments were carried out to investigate the influence of 
various etching parameters on these features. The first 
experiment was to examine the surface topography of NiTi 
film after being bombarded with FIB in the dot-mode and 
the area-mode. The second experiment was performed to 
find out the relationship between the ion beam current and 
the etched depth of the holes on NiTi film. The last 
experiment is done  to investigate the correlation between 
the ion beam current and etched depth, ion current on etch 
rate, and etch depth variation with exposure time on NiTi 
films Although in some studies SEM has already been used 
to investigate the effects of focused ion beam etching [5-7]. 
These results obtained from our investigation provided 
more details on the etching characteristics of NiTi films 
with FIB and micro-machining of sub-micron features viz. 
pyramids, beams and pillars. A better understanding of FIB 
characteristics of NiTi films will contribute to the creation 
of nano structures in the future. 

 
2 EXPERIMNTAL  

 
Thin films of NiTi were deposited by DC magnetron 

sputtering from an   NiTi alloy target (45:55 :: Ni:Ti at. %) 
on (100) oriented Si wafer substrates at ambient  
temeprautre. Argon was used as sputtering gas at a working 
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pressure of 1.5 x 10-3 mbar. Prior to film deposition, the 
oxide layer and other target contaminations were minimized 
by pre-sputtering of the alloy target in a closed shutter 
position. The presputtering was carried out for 15 minutes. 
The film thickness was measured by creating a step on the 
substrate and measuring the step height using a surface 
profilometer. The thickness of the deposited films was ~2 
µm. The composition of the films as determined by energy 
dispersive x-ray spectroscopy (EDAX) was found to be Ni: 
48.8 at% and Ti: 51.2 at. %.  The film composition was also 
cross-checked by Rutherford back scattering (RBS) 
technique and it was found to be 49 at% Ni and 51 at % Ti,  
(± 0.5%). The films deposited at ambient condition 
deposited  films were subsequently annealed at 500 º C for 
four hours at a vacuum of 10-6 mbar. The temperature was 
raised to the annealing temperature at a ramp rate of 
50°C/min. 

 Focused Ion Beam (FIB) system (STRADA 201) has 
been used for micro-machining studies of NiTi films. It 
enables the possibility of insitu SEM imaging and platinum 
deposition with in the equipment.  Gallium ions (Ga+) with 
ion energy of 30 KeV and aperture size of 100 µm are used 
in the present study. Initially, the influence of various 
micro-machining parameters such as the influence of ion 
currents on etch depth, etch rate, variation of etch depth 
with exposure time have been thoroughly studied and then 
different sub micron features such as beams, pyramids and 
pillars have created. Lastly, all these nano-structures have 
been imaged by SEM imaging.  

3  RESUTLS AND DISSCUSSIONS 
 

3.1 Effect of Ion Current on Etch Depth 
The etching characterstics were studied by creating two 

sets of patterns onto Ti-rich NiTi films.  Each set of pattern 
consists of  six squares of 5 µm X 5 µm  size.  

In the first set of samples the influence of ion beam 
current on etch rate at constant dwell time was studied 
where as in the second set of samples the influence of dwell 
time at constant ion beam current on  etch rate was 
investigated. The ion dose was kept constant at 1.5 nC/µm2 
for all the six patterns. 

 
 
 

 
 
 
 
 
 
 
 
Fig. 1 FIB SEM image recorded from FIB etched patterns 
on TiNi film  
 

 Fig. 1 shows the FIB secondary electron image of the 
first set of patterns after etching with different ion currents 
(0.01 nA to 2.7 nA).  

 
3.2 Influence of Ion Current on Etch Rate 
 

Fig. 2 demonstrates  the influence of ion current on the 
etch rate for patterns depicted in Fig. 1. It is observed from 
the graph that the etch rate increases almost linearly with 
the ion current within the entire ion current range.  

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig 2 Ga+ ion current dependence on Ga+ milled depth in 
TiNi Film surface.  
 

Higher ion currents such as 6.6 nA and 11.5 nA results 
in  over etching and prevalent sample charging  profiles and 
hence are not used for etching purpose. The etch rate is 
calculated by the linear fit of the experimental data and was 
found to be 25 nm/minute at 0.35 nA beam current. The 
other parameters such as dwell time, pixel space, exposed 
area and  exposed duration have been kept constant as two 
minutes during the etching process. Then these patterns are 
directly imaged by secondary electron imaging. 

 
3.3 Etch Depth dependence with Dwell Time 

The influence of etched depth  variation with the beam 
exposure time keeping the ion beam current constant at 0.35 
nA is shown in Fig. 3. The exposure time durations of  10, 
30, 60, 90, 120 and 150 seconds were considered in the 
present measurements.  

 
 

 
 
 
 
 
 
 
 
 
 

 
Fig. 3 The influence ion irradiation time on etched depth  at 
constnat beam current of 0.35 nA in NiTi film 
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The etch depth was found to be in the range between  
50 nm to 500 nm. A linear increase with increase in the 
dwell time is  observed and etch rate has been calculated by 
linear fit.  An exposure time of 10 seconds resulted in etch 
depth of 50 nm. A connstant beam current of 0.35 nA, dwell 
time of 2 minutes has been selected and kept constant for 
fabrication of all nano-structures. 

 
3.4 Fabrication of Submicron Features 
 
Various nano-structures have been fabricated by 

choosing triangular, square and circular shapes as the three 
basic shapes. These shapes have been created by choosing 
various arm lengths viz. 0.5 µm, 1 µm, 2 µm and 4 µm for 
all the patterns. In the case of sub-micron pyramid features, 
the  tringular patterns have been generated by considering 
the above  arm lengths as one arm of tringle in the aspect 
ratio of 1:1. The pyramid shaped nano-structures of NiTi 
created in 1:1 aspect ratio with  a ragne between 0.5 to 4 µm 
arm lengh are shown in Fig. 4 (a). Similar pyramid features 
have been created for 1:1.5 and 1:2 aspect ratios and were 
found to be satisfactory. The etching profiles have displayed 
prominent edge effect in smaller dimension pyramid 
features (arm diameter ~ 100 to 400 nm). These smaller 
dimension features got slightly distorted from the actual 
shape, whereas  higher arm diameter  pyramids such as 2 
µm and 4 µm  have perfect shapes  even at higher aspect 
ratios.  

 
 
 
 
 
 
 
 
 
 
 

Fig. 4 (a) pyramids and (b) beams nano-structures created 
by FIB milling of NiTi film in 1:1 aspect ratio. 
 

Fig. 4 (b) demonstrates the sub-micron beams with      
0.5 µm, 1 µm, 2 µm and 4 µm as the arm lengths. These 
sub-micron beams have been fabricated in 1:1, 1:1.5 and 1:2 
aspect ratios, but higher aspect ratio sub-micron beams 
generated by FIB are  not included here.  

 
Fig. 5 (a) shows FIB fabricated sub-micron pillars with 

pillar diameter in the range  0.5 to 4 µm. All these pillars in 
the aspect ratio (height to diameter) of 1:1 are displayed in   
Fig. 5(a). Etching of pillars with smaller pillar diameter   
(<100 nm pillar diameter) has resulted in the pillar damage 
or pillar bending, even at smaller aspect ratios (<1).  

 
Higher dimension pillars such as pillar diameter of 1 or 

2 µm  have appeared in a perfect cylindrical shaped pillar  

 
Fig. 5 SEM image of FIB milled TiNi films sub-micron 

pillars with (a) 1:1 and (b)1:2 aspect ratios. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 FIB micro-machined NiTi nano-pillars in with higher 
aspect ratios (1:1.5 and 1:2)  with focus on side wall 
tapering 
 
formation for 1:1 aspect ratio. Higher aspect ratio pillars 
(1:2) with with pillar diameter of 0.5 to and 2 µm pillar 
diameter are shown in Fig.5(b). 

 
The SEM image of a single pillars with  pillar diameter 

of 1 µm and 2 µm is shown in Fig. 6 (a and b). Pillars with 
1 µm pillar diameter has 1:1.5 aspect ratio where as 2 µm 
pillar is  in 1:2 asepct ratio. An Increase in aspect ratio has 
resulted in increase in side tapering of the feature size. This 
side tapering has altered the top to bottom fetature 
dimensions.  

 
This side wall tapering has been minimized by gradual 

decrease in piller diameter by removing the material with 
simultaneous rotation of the sample 5-10º after each 
exposure followed by  another increment through the 360º 
to make a full rotation. Side wall tapering in high aspect 
ratio pillars has been  further minimized by etching the NiTi 
from larger diameter pillar to subsequent lower diameter. 
Exact cyllinderical shaped nano-pillars have been fabricated 
even with higher aspect ratios (1:4). The SEM image of  a 
nano-pillar with 1 µm  pillar diameter and 1:4 aspect ratio is 
shown in Fig 7 (a). 

 
The schematic diagram of micro-compression testing  

scheme  used for compression of nano-pillars is  shown in 
Fig. 7 (b). A Nano-indenter (Agilent Technologies G-200) 
with spherical indentor tip is used to for these 
investigations. 

1:1.5 1:2 
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Fig. 7 (a) High aspect ratio FIB nano pillar (1:4 aspect ratio) 
and (b) Schematic illustration of micro-compression testing.   
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. SEM image of  FIB fabricated nano-pillar of 1µm 
pillar diameter(1:4 aspect ratio) (a) before compression and 
(b) after compression and (c)The representative  engineering 
stress strain behaviour of  NiTi nano-pillars  of 500 nm and 
1 µm pillar diameter.  
 

SEM image recorded for a nano-pillar (1.0 µm pillar 
diameter) before and after micro-compression is shown in 
Fig 8 (a and b). The representative stress–strain curves for 
two nano-pillars with pillar diameters 500 nm and 1000 nm 
is shown in Fig 8 (c). These curves showed a significant 
increase in strength and work hardening of NiTi nano-
structures with decrease in pillar diameter. Both the pillars 
demonstrate for an appearance of elastic loading followed 
by displacement bursts, which has been consistently 
observed in other micro-pillar compression studies [7,8]. 
The magnitude of these bursts has been found to be 
extensive for small size pillar diameters. In the case of 500 
nm pillar diameter, the elastic modulus and the hardness 
values are found to 220 GPa and 12 GPa respectively. These 
hardness and modulus values are higher than those of NiTi 
films [9, 10]. The increase in modulus and hardness values 
could be ascribed to size effects.  

CONCLUSIONS 
 

The FIB etching characterstics of NiTi films deposited 
on silicon substrates have been investigated. The increase in 
Ga+ current has resulted in linear increase in etched depth. 
The influence of dwell time on etched depth at constant ion 
current is also reported. The etching rate for NiTi film is 
found to be  25 nm/minute  at a beam current og 0.35 nA. 
Larger beam currents resulted in over etching and severe 
smaple charging. The engineering stress strain curves 
showed a significant increase in strength and work 
hardening of NiTi as a function of decreasing diameter. The 
elastic modulus and hardness values are higher than those  
NiTi films. FIB micro-machining enables the patterning 
capability to generate three dimensional  sub-micron 
features with  different size, shape and aspect ratios.  
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