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ABSTRACT 
 
This study investigates the changes in the mechanical and 
morphological properties (hardness, elastic modulus, 
surface roughness and dimensions) of the FIB-milled GC 
sample heat-treated at 1400oC for different times (0, 10, 
20 and 30 min) using nano/micro-indentation, optical 
microscope, optical interferometer, scanning electron 
microscope and atomic force microscope. The FIB milled 
structures had white surfaces, and they were surrounded 
by a faint circular area.  As the temperature hold-time 
increased, their surfaces became dim as a result of both 
the diffusion of gallium into the surface and the 
evaporation of exhaustible gallium source. Additionally, 
FIB-milled depth was 25-30 nm increased after heat-
treatment regardless of increasing the temperature hold 
time. The surface roughness for both milled and un-
milled surfaces increased to less than Ra = 5 nm with the 
increase of the temperature hold time. Both the uniform 
distributions and the highest values of the hardness and 
elastic modulus for the GC mold were obtained after heat-
treatment at 1400oC for 10-20 min. 

 

1. INTRODUCTION 
 
The needs for high-throughout, high-resolution and cost-
effective forming techniques of glasses have increased in 
the application fields of micro/nano devices such as 
optical-lenses, filters, bio-chips, and others [1-3].  
Recently, glass imprint processes, where the nano/micro 
patterns on the mold are physically imprinted into glass 
material at elevated temperature and pressure, have been 
actively studied for this purpose [1,2].  

Because conventional mold materials such as silicon 
(or silicon oxide) and nickel are not feasible for glass 
forming (due to their poor heat resistance and difficulty 
of release after imprinting), there is also a great demand 
for a new mold material with properties (such as hardness 
and thermal expansion coefficient) more suitable for the 
glass imprint application. A glassy carbon (GC) with a 
wide range of applications, such as electrodes, sliding 
parts and biomaterials [4-6], is one of promising 

candidates because it has high operating temperature 
(2000oC), chemical stability, high hardness, wear 
resistance and gas impermeability. Moreover, replicated 
glass structure can be easily removed from GC mold after 
imprinting since the cohesion between GC and glasses is 
generally poor. The thermal expansion coefficient is 
especially important in glass imprinting, where a 
temperature over 1300°C is typically required in the 
imprinting step for quartz. A thermal mismatch between 
the mold and the glass substrate could result in pattern 
distortions or a stress build-up during the cooling cycle, 
which would affect the pattern fidelity. In this regard, GC 
mold and glass substrates make a very good pair for the 
imprint process. 

The issue of creating low-cost nano/micro mold has 
been greatly alleviated due to the advancement of 
mechanical molding process, such as nanoimprint [7]. 
FIB milling technique is one of the most promising 
techniques for this purpose because it offers various 
advantages such as the high flexibility in the working 
shapes, the dimensions, and the material selectivity [8]. 
Even though FIB milling has been considered too slow 
for mass production, this technique has some distinct 
advantages when used in combination with pattern 
transfer techniques, such as imprint. Recently, promising 
works concerning focused ion beam (FIB) milling for the 
fabrication of nano/micro mold have been published [2,9].  

However, it should be considered that the beam of Ga+ 
ion with an accelerated voltage of 30–50 keV can induce 
the damage of sample surface, and then produce artifacts 
including implantation, amorphization, and mixing [8]. 
Such phenomena result in the changes in both mechanical 
properties and dimensions of the FIB milled mold. 
Furthermore, the implanted gallium in the FIB milled 
material can desorb during heating cycles and redeposit 
on and diffuse into the material surface [10]. For example, 
a GC mold surface can be contaminated by the 
precipitation of gallium ions during heating in the imprint 
process because the implanted gallium ions precipitate 
during annealing above 250oC [2]. 

It was also reported that this kind of defect can be 
improved by pre-heating in vacuum at a higher 
temperature than imprint temperature [2]. However, 
further works are still needed because the reliability and 
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lifetime of mold is one of the most important issues for 
the acceptance of imprint-based technology in industrial 
applications. 

In this study, the effects of heat-treatment conditions 
(1400oC - 0, 10, 20 and 30 min) on the mechanical and 
morphological properties (hardness, elastic modulus, 
surface roughness and dimensions) of a FIB milled GC 
sample were investigated. Changes in morphological 
properties such as dimensions, surface appearance and 
roughness, were investigated using optical microscope 
(OM), scanning electron microscope (SEM), atomic force 
microscope (AFM) and optical interferometer. 
Furthermore, indentation tests were performed to evaluate 
the elastic-plastic properties (hardness and elastic 
modulus) of FIB-milled GC at the submicro-scale. 
Understanding of the deformation in FIB-milled GC will 
aid in improving the reliability and lifetime of GC mold. 
 

2. EXPERIMENTAL PROCEDURE 
 
2.1. FIB milling, heat-treatment and glass imprinting 
 
Commercially available glassy carbon (GS-20, Tokai 
Carbon, Japan) with porosities of 2-3 vol.% was used as a 
mold material. A computer-controlled FIB system (model 
EIP-5400, Elionix, Japan) was used for the FIB milling of 
GC. The FIB instrument is equipped with a Ga liquid-
metal ion source and is operated at the accelerating 
voltage of 40 kV. The beam currents of 2 pA and 100 nA 
correspond to the spot sizes of 30 nm and 8 ㎛ , 
respectively. The desired structure was first defined in the 
WEACAD software before FIB milling. In order to keep 
FIB milled surfaces flat and clean, a multi-step milling 
method was used. In this method, FIB milling with a 
constant dwell-time (td1) was repeated to control milling 
depth. Twenty five squares (size of each square: 10×10 
µm2) were milled on the GC surface with the milling 
number of 10 times (td1=10 µs) under the same FIB 
milling condition (emission voltage: 6.1 kV, emission 
current: 2.66 µA, and probe current: 1 nA).  

Both heat-treatment and glass imprint tests were 
performed in vacuum using a hot-embossing equipment 
(max. load: 10 kN, max. heating temp.: 1400oC and 
vacuum pressure: 0.07 Pa), with an imprint velocity at 0.3 
mm/min. The heat-treatment procedure was as follows. A 
FIB milled GC sample was heated to 1400oC and the 
temperature was maintained for different times (0, 10, 20 
and 30 min). Subsequently, the GC was cooled to below 
200oC  without any coolant. The imprint procedure for 
quartz was as follows. A quartz sample was heated to an 
elevated temperature (1300oC) above the glass transition 
temperature, and the pressure and the temperature were 
maintained before completion of the imprinting and 
cooling. After cooling to a temperature (about 200oC) 

below the Tg of the glasses, the GC mold was removed 
from the glass substrate. Prior to imprint process, a FIB 
milled GC mold was heat-treated in vacuum at 1400oC 
for 10 min. 
 
2.2. Mechanical and morphological characterizations 
 
Indentation tests were performed using a commercial 
nanoindentation system (ENT-2100, Elionix, Japan) with 
a Berkovich diamond tip. The detailed description of the 
theory behind the nanoindentation test has been provided 
in numerous references [11,12]. Nanoindentation 
hardness is defined as the indentation load divided by the 
projected contact area of the indentation. It is the mean 
pressure that a material will support under load. From the 
load–displacement curve, hardness can be obtained at the 
peak load as 
 

A
PE max=                                                                     (1) 

 
where A is the projected contact area. For an indenter 
with a known geometry such as the Berkovich tip, the 
projected contact area is the function of contact depth, 
which is measured by the nanoindenter system in situ 
during indentation. Therefore, the projected area A can be 
measured and calculated directly from the indentation 
displacement.  

The elastic modulus was calculated using the Oliver–
Pharr data analysis procedure [11] beginning by fitting 
the unloading curve to a power-law relation. The 
unloading stiffness can be obtained from the slope of the 
initial portion of the unloading curve, S = dP/dH. Based 
on relationships developed by Sneddon for the 
indentation of an elastic half space by any punch that can 
be described as a solid of revolution of a smooth function, 
a geometry independent relation involving contact 
stiffness, contact area, and elastic modulus can be derived 
as follows [11]: 

 

rEAS
π

β2=                                                            (2) 

 
where β is a constant which depends on the geometry of 
the indenter (β = 1.034 for a Berkovich indenter), and Er 
is the reduced elastic modulus which accounts for the fact 
that elastic deformation occurs in both the sample and the 
indenter. Er is given by 
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where E and νi are the elastic modulus and Poisson’s 

ratio for the sample, and Ei and νi are the same quantities 
for the indenter. For diamond, Ei = 1141 GPa and νi = 
0.07.  

Especially, at low indentation depths, the tip radius and 
the surface roughness on the GC surface do not allow a 
correct interpretation of the data due to the change of the 
contact area in a variety of ways [11,12]. According to the 
pre-test results, indentation tests were carried out under 
the maximum load of 100 mN (which corresponded to the 
depth of about 1 µm).  

Optical microscope (OM), atomic force microscope 
(AFM), scanning electron microscope (SEM) and optical 
interferometer were used to investigate the morphologies 
of the processed samples. Although FIB image could be 
used to measure the dimension in situ, this imaging mode 
damages the finished pattern. Additionally, a small 
amount of Ga+ ions is implanted in the sample during 
imaging.  

 
3. RESULTS AND DISCUSSION 

 
Fig. 1 shows the optical images of the FIB-milled glassy 
carbon surface heat-treated at 1400oC for different times 
(tH = 0, 10, 20 and 30 min). The heating temperature was 
set at 100oC above forming temperature for quartz (about 
1300oC). As shown in Fig. 1 (a), the FIB milled structures 
had white surfaces, and they were surrounded by a faint 
circular area. As the tH increased, their surfaces became 
dim as a result of both the diffusion of gallium into the 
surface and the evaporation of exhaustible gallium source. 
After heat-treatment at 1400oC for 20 min, there was no 
difference in color between the FIB milled and un-milled 
surfaces, as shown in Fig. 1 (c).  

Surface roughness of FIB-milled and un-milled glassy 
carbon surfaces heat-treated at 1400oC for different hold-
time (0, 10, 20 and 30 min) was measured using the 
contact-mode AFM (C-AFM). In Fig. 2, the C-AFM 
images of FIB-milled surfaces are shown as examples. 
Variations of surface roughness for both regions are 
shown in Fig. 3. As a whole, surface roughness increased 
to less than Ra = 5 nm with the hold-time at the maximum 
temperature (1400oC) mainly resulting from the increase 
of the micro-pores volume. 

One problem of AFM measurement system is that the 
AFM tip cannot be perpendicular to the sample surface. 
This limit leads to the measured profile of the pattern 
cross section being asymmetric. Therefore, the 
morphological change of the milled surfaces was 
measured using an optical interferometer, as shown in Fig. 
4. The variation of the FIB-milled depth is shown in Fig. 

5. One distinctive aspect is that the milled depth was 25-
30 nm increased after heat-treatment at 1400oC. However, 
the effect of the temperature hold-time on the milled 
depth was negligible. 

 
X200                         X500 

(a)  

(b)  

(c)  

(d)        
 

Fig. 1 Optical images of FIB-milled glassy carbon 
surfaces heat-treated at 1400oC for (a) 0 (raw), (b) 10, (c) 
20 and (d) 30 min 

 

 

 
 

Fig. 2 C-AFM images of FIB-milled GC surfaces heat-
treated at 1400oC for (a) 0, (b) 10, (c) 20 and (d) 30 min.  

 
Indentation tests were carried out at each region A, B, 

C of GC sample (as marked in Fig. 6) heat-treated at 
1400oC for different times. In each region, indentation 
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test was repeated from 5 to 10 times at different positions 
(which are randomly chosen) on the surface of the sample 
before and after heat-treatment. As an example, the 
optical image of indents made on FIB-milled surfaces 
(Region A) heat-treated at 1400oC for 30 min are shown 
in Fig. 7. 
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Fig. 3 Surface roughness of FIB-milled and un-milled GC 
surfaces heat-treated at 1400oC for different times. 
 

 
 
Fig. 4 Morphological change of FIB-milled glassy carbon 
surfaces heat-treated at 1400oC for (a) 0 (raw), (b) 10, (c) 
20 and (d) 30 min measured using optical interferometer. 
 

Fig. 8 shows the variation of load-displacement curves 
for each region A, B, C of the sample surface with 
different heat-treatment conditions. Before heat-treatment, 
the penetration of the indenter for the FIB-milled surface 
(region A) was shallower than that for the un-milled 
surfaces (region B and C). With increasing the 
temperature hold time (tH), the difference in the shape of 

load-displacement curve among the regions A, B, C 
decreased due to the diffusion of Ga, and that was 
minimized at tH = 20 min. In addition, the increase in 
surface roughness by heat-treatment (previously 
mentioned in Fig. 3) had almost no influence at an initial 
stage of the loading curve, as shown in Fig. 8.  

Fig. 9 shows the relationship between heat-treatment 
condition and mechanical properties including indentation 
hardness and elastic modulus. Both hardness and elastic 
modulus of FIB-milled surfaces were improved more than 
those of un-milled surfaces. Higher hardness and elastic 
modulus of FIB-milled surface than un-milled surface 
may be explained by the formation of a dense amorphous 
surface layer. It is well established that ion irradiation of 
glassy carbon with energetic ions leads to the formation 
of a dense amorphous surface layer [13]. Such 
amorphization causes the wear resistance to improve. It 
should be noted that the actual hardness and modulus of 
the FIB-milled buried layer may be higher than the 
measured apparent values, because the amorphous layer 
is so thin that the indentation load could be influenced 
from the soft substrate. In all regions A, B and C, the 
highest values of hardness and elastic modulus were 
obtained by the 10 min-1400oC heat-treatment. This may 
be explained by the Ga+ concentration in region C 
dropped due to both further diffusion of Ga+ ion. A 
relaxation of the residual stress by the heat-treatment was 
considered as another possible reason. 

Fig. 10 shows an array of sample subwavelength split-
ring resonators (SRRs) structures milled by FIB before 
and after heat-treatment at 1400oC for 10 min. The width 
of the smallest line structure was about 1 µm. As expected, 
the difference in color between the FIB-milled surface and 
un-milled surface decreased after heat-treatment. 
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Fig. 5 Variation of FIB-milled depths at different heat-
treatment conditions. 
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(a)  (b)  
 
Fig. 11 (a) Optical and (b) SEM images of FIB-milled GC 
mold for optical lens. 

In Fig. 11 and Fig. 12, a GC mold for lens pattern were 
prepared by multi-step FIB milling (emission voltage: 
5.89 kV, emission current: 3.19 µA, and probe current: 1 
nA) and subsequently heat-treated at 1400oC for 10 min. 
The maximum depth of master structures before and after 
heat-treatment measured using optical interferometer was 
158 nm and 181 nm, respectively. 

Fig. 13 shows the lens pattern replicated on quartz 
surface. Lens pattern was fabricated with good fluidity 
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Fig. 8 Load-displacement curves for the indentation on glassy carbons heat-treated at 1400oC for (a) 0 (raw), (b) 10, 
(c) 20 and (d) 30 min (the maximum indentation load: 100 mN). 
 

 
 
Fig. 6 Optical image of FIB-milled 
GC surface, where A, B, C is region 
for indentation tests 
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Fig. 9 (a) Hardness and (b) elastic modulus values for glassy carbons heat-
treated at different conditions 

 

 
 
Fig. 7 Optical image showing 
indents on milled surfaces (region 
A) heat-treated at 1400oC for 30 
min. 

 
 
Fig. 10 Optical images of sub-micro pattern on GC surface (a) before and (b) 
after heat-treatment for at 1400oC for 10 min. 
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under the conditions of temperature: 1320oC, pressure: 
0.305 MPa, imprint-hold time: 300 s. The maximum 
height of replicated lens structures was 175 nm. 

 

  
 
Fig. 12 Optical image of 
GC mold (Fig. 12) heat-
treated at 1400oC for 10 
min. 
 

 
Fig. 13 3D images of lens 
pattern replicated on quartz
surface measured using
optical interferometer 
 

 
4. CONCLUSIONS 

 
In order to obtain the proper heat-treatment condition for 
GC mold fabrication, FIB-milled GC sample was 
maintained at 1400oC for different times (tH = 0, 10, 20 
and 30 min) and its mechanical properties, surface 
roughness and dimensional changes were investigated. 
Obtained results can be summarized as follows  

(1) SEM and OM observation result showed that the 
FIB-milled structures had white surfaces, and they were 
surrounded by a faint circular area.  As the tH increased, 
their surfaces became dim as a result of both the diffusion 
of gallium into the surface and the evaporation of 
exhaustible gallium source. After heat-treatment at 
1400oC for 20 min, there was no difference in color 
between the FIB-milled and un-milled surfaces.  

(2) Morphological data measured using an optical 
interferometer showed that the FIB-milled depth was 25-
30 nm increased after heat-treatment regardless of 
increasing the tH. Such dimensional change should be 
considered when a mold is designed.   

(3) C-AFM analysis results showed that the surface 
roughness for both milled and un-milled surfaces 
increased to less than Ra = 5 nm with increasing the tH. 

(4) In both hardness and elastic modulus, the FIB- 
milled surface indicated larger values than the un-milled 
surfaces due to the formation of a dense amorphous 
surface. Both the uniform distributions and the highest 
values of mechanical properties for the GC mold were 
obtained after heat-treatment at 1400oC for 10-20 min. 
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