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Abstract 
Field Ion Microscopy (FIM) and Scanning Tunneling Microscopy (STM) have 

found a wide application in nanotechnology. These microscopes use a metallic 
nanotip for image acquisition. Resolution of FIM and STM images depends 
largely on the radius of nanotip apex; the smaller the radius the higher the 
resolution. In this research, for tungsten nanotip fabrication, electrochemical 
etching of tungsten wire was used in which a 0.3 mm diameter tungsten wire, a 
graphite tube, and KOH solution in deionized water was applied as anode, 
cathode, and electrolyte respectively. The most important parameters that govern 
the nanotip fabrication process are the time delay in turning off the voltage at the 
end of tip fabrication process, electrolyte concentration, immersion length of the 
tungsten wire, inner diameter of the cathode tube, and the process voltage. In this 
research, the effects of these parameters on the radius of nanotip apex were 
investigated by using Taguchi method. It was found that the process parameters 
can be ranked in terms of their impact on the radius of nanotip apex as process 
voltage, electrolyte concentration, wire immersion length, and inner diameter of 
the cathode tube, respectively. By setting the process parameters on the optimum 
level, the radius of the nanotip apex was decreased by 5 times in comparison to 
the mean value of the experimental results. The radius of the nanotip apex was 
improved down to about 10 nm under the optimum conditions. 
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Introduction 

Field Ion Microscopy (FIM) and Scanning Tunneling 
Microscopy (STM) have a wide application in 

nanoscience and nanotechnology. These microscopes 
use an ultra sharp metallic tip [1] for imaging the atoms, 
molecules, and nanostructures. In FIM, decrease of tip-
apex radius results in increase of field emitted current 
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[2], with the consequence of improvement of resolution 
and magnification of FIM images [3]. STM images 
resolution is also enhanced by reduction of tip apex 
radius [4,5,6]. 

During last decades, a variety of techniques and 
processes have been developed for fabrication of 
different metallic tips made from tungsten, platinum, 
platinum-iridium, gold, and silver [5]. Electrochemical 
etching process is the most popular method for 
fabrication of nanotips with desired quality, reliability, 
and reproducibility [6]. Tungsten is normally the first 
choice for fabrication of STM tips as it has a high 
mechanical strength as well as a good electrical 
conductivity [4,7-12]. 

For fabrication of STM/FIM nanotips, several 
researchers [4,7-18] have studied electrochemical 
etching and some of its related aspects. In  researches 
carried out by Kerfriden et al, it was observed that the 
length of the lower part of immersed tungsten wire 
within the range of 10 to 100 mm did not have a 
significant effect on the characteristics of the apex of the 
upper part of the wire [4]. To extend the domain of 
investigations, in the present research, the range of wire 
immersion length was selected between 2.5 to 7 mm and 
it was observed that the length of the lower part of the 
wire less than 7 mm has significant effect on the apex-
radius of the nanotip. 

For improvement of tip surface smoothness, Xu et al 
used a constant voltage, with the wire immersed below 
the nominal air/electrolyte interface by no more than 
one-half of the wire diameter and stopping the etching 
at different current levels. This process provided a tip 
radius range of approximately 100 nm to 5 µm and the 
surface roughness of about 0.3  nm RMS for a tungsten 
wire with 0.2 mm diameter [19]. In the present study, 
tungsten wire diameter of 0.3 mm and wire immersion 
length of 2.5 to 7 mm was used and the nanotip apex 
radius of 10 to 80 nm was obtained. 

The most important parameters that govern the 
nanotip fabrication process are the time delay in turning 
off the voltage at the end of tip fabrication process, the 
electrolyte concentration, immersion length of the wire, 
inner diameter of the cathode tube, and the process 
voltage. Decrease of this time delay and its influence on 
the tip sharpness have been the subject of researches 
through design and fabrication of different electronic 
circuits [8,20-23]. In the present work, an electronic 
control circuit was designed and implemented for 
monitoring the process automatically and turning off the 
voltage within 100 ns. To author's knowledge, 
optimization of other nanotip fabrication parameters has 
not been studied so far. In this research, an experimental 
set-up was designed and constructed for tungsten 

nanotip fabrication and for gaining minimum radius of 
the nanotip apex through optimization of the above-
mentioned process parameters by using Taguchi 
method. 

Experiments 

In the experiments, electrochemical etching of 
vertically submerged tungsten wire was used for 
fabrication of the nanotip. Figure 1 shows schematic 
diagram of the nanotip fabrication process. Pure 
tungsten wire (99.95 %) with 0.3 mm diameter and a 
graphite tube was used as anode and cathode, 
respectively. A DC voltage was applied across these 
two electrodes. The most common electrolytes used for 
electrochemical etching of tungsten are KOH and 
NaOH [17, 20]. In the present research, KOH in 
deionized water was used as electrolyte. To eliminate 
the effect of environmental vibrations on the nanotip 
characteristics, a vibration isolation pad was used under 
the table. 

Experimental Details 

The basic electrochemical reactions governing the 
nanotip fabrication process are as follows [14]:  

cathode: 2 26H O 6e 3H (g) 6OH− −+ → +  (1) 

anode: 2
4 2W(s) 8OH WO 4H O 6e− − −+ → + +  (2) 

overall: 2
2 4 2W(s) 2OH 2H O WO 3H (g)− −+ + → +  (3) 

 

 

Figure 1. Schematic diagram of nanotip fabrication process; 
Thickness and height of graphite tube (also, height of 
electrolyte) are 8 and 20 mm, respectively. Lim, Dc, and Vp 
are wire immersion length, inner diameter of cathode tube, and 
process voltage, respectively. 
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As shown in Fig. 2-a, the electrolyte meniscus is 
formed around the tungsten wire when the wire is 
immersed into the electrolyte. The above electro-
chemical process generates radial flow of OH−  ions 
from the cathode graphite tube toward the anode 
tungsten wire. As shown in Fig. 2-b, the soluble 
tungstate ( 2

4WO − ) produced during the reaction are 
directed downwards to the free end of the tungsten wire 
by the radial flow of OH− ions and generate a dense 
viscous layer around the end of wire. According to Fig. 
2-b, the etching rate at the bottom of the meniscus is 
much higher than at the top in region 1. This can be 
explained by the increase of OH− density at the bottom 
of meniscus. Furthermore, the layer of 2

4WO −  generated 
around the lower end of wire prevents this region from 
etching (region 3). Thus, a necking phenomenon occurs 
at the bottom of the meniscus (region 2). Finally, this 
part of the wire becomes so thin that its tensile strength 
cannot sustain the weight of the lower end of the wire 
(Fig. 2-c); the latter breaks off and a very sharp tip with 
nanometric apex is left behind (Fig. 2-d). At this 
moment, if the applied voltage is not turned off, the tip 
apex starts to be etched and its radius will increase. 
Therefore, time delay in turning off the voltage has 
significant impact on the radius of the nanotip apex [9, 
23, 24]. In the present work, an electronic circuit was 
designed and implemented for monitoring the process 
automatically and turning off the voltage within 100 ns. 

Tungsten wire should be perpendicular to the 
electrolyte surface. Otherwise, fabricated tip will not be 
in symmetrical form. Fig. 3 shows two samples of 
fabricated tips with symmetrical and asymmetrical 
forms. 

Design of Experiments Based on the Taguchi Method 

To evaluate the effects of process parameters on the 
radius of nanotip apex, a specially designed 
experimental procedure is required. Classical 
experimental design methods are too complex and 
difficult to use. Additionally, a large number of 
experiments have to be conducted when the number of 
process parameters are high. Taguchi method, a 
powerful tool for reducing the number of experiments, 
was used to determine optimum process parameters for 
gaining minimum radius of the nanotip apex. In Taguchi 
method [25], influencing parameters are separated into 
two main groups: control factors and noise factors. The 
control factors are used to select the best conditions for 
stability in design of fabrication process, whereas the 
noise factors denote all factors that cause variation. 

Taguchi proposed to acquire the characteristic data by 
using orthogonal arrays, and to analyze the performance 
measure from the data to decide the optimum process 
parameters. This method uses a special design of 
orthogonal arrays to study the entire parameter space 
with small number of experiments only. 

According to Taguchi method, the main function of 
process should be defined at first. In this research, the 
radius of nanotip apex was defined as the main function 
of the nanotip fabrication process. The most important 
influencing process parameters are: 
a) Time delay in turning off the process voltage: 

With design and fabrication of an electronic circuit it 
was fixed at 100 ns. 

b) Electrolyte concentration (Ec): It was selected 
between 1 to 4 M/lit. 

c) Tungsten wire immersion length (Lim): In 
researches curried out by Sophie Kerfriden et al. [4], 
it was observed that the length of the lower part of 
tungsten wire within the range of 10 to 100 mm did 
not have a significant effect on the characteristics of 
the apex of the upper part of the wire. To extend the 
domain of investigations, in this research, the range 
of wire immersion length was selected between 2.5 
to 7 mm. 

 

 

Figure 2. Sequences of nanotip generation. 

 

 

Figure 3. Two fabricated nanotips with symmetrical (left) and 
asymmetrical (right) forms. In this figures, the white scale bar 
is equal to 200 μm. 
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d) Inner diameter of cathode tube (Dc): It was 
selected between 40 to 110 mm. 

e) Process voltage (Vp): Minimum required voltage for 
starting anodic dissolution of tungsten in KOH 
electrolyte, is 1.43 volts [26]. On the other hand, use 
of a voltage above 4 V causes growth of a thick 
oxide layer on the tip apex [14]. This prevents the 
tunneling current in STM. Therefore, the process 
voltage was selected in the range of 2 to 3.5 volts. 
The above-mentioned process parameters were used 

as control factors and four levels were defined within 
the given ranges for each parameter as shown in Table 
1. To select an appropriate orthogonal array [25, 27] for 
the experiments, the total degrees of freedom must be 
computed. The degrees of freedom are defined as the 
number of comparisons between process parameters that 
needed to be made to determine which level is better 
and specifically how much better it is. A four-level 
process parameter counts for three degrees of freedom. 
In the present study, the possible interactions between 
the process parameters are ignored. Therefore, there are 
12 degrees of freedom owing to four process parameters 
in four levels in the nanotip fabrication process. 

Once the degrees of freedom are known, the next 
step is selection of an appropriate orthogonal array to fit 
the specific task. The degrees of freedom for the 
orthogonal array should be greater than or at least equal 
to those for the process parameters. In this study, a L16 
(45) orthogonal array was used because it has 15 degrees 
of freedom (which is more than the 12 degrees of 
freedom of the process parameters). This array has five 
columns and sixteen rows and it can handle five four-
level process parameters, at most. Each process 
parameter is assigned to a column and 16 process 
parameter combinations are required. Therefore, only 16 
experiments are needed to study the entire process 
parameter space using the L16 orthogonal array. The 
experimental combinations of the process parameters 
using the L16 orthogonal array is presented in Table 2. 

The experiments were conducted according to the 
selected orthogonal array. Then, two series of pictures 
of the fabricated nanotips were taken by scanning 
electron microscope (SEM; LEO1455VP) with the 
magnifications of 100-200X and magnifications of 100-
200KX as shown in Figs. 4 and 5, respectively. The 
experimental conditions used for these results are given 
in Table 2. The radius of nanotips apex (Rt) was 
measured by using the latter pictures and the results 
have been shown in Table 2. 

Results 

In the Taguchi method [25], a loss function is used to 

calculate the deviation between the experimental value 
and the desired value. This loss function is further 
transformed into a signal-to-noise (S/N) ratio. There are 
several S/N ratios available depending on type of 
characteristics; lower is better (LB), nominal is best 
(NB) and higher is better (HB). In this research, radius 
of the nanotip apex was selected as the nanotip 
fabrication process performance characteristic. Lower 
radius for nanotip apex is the indication of better 
performance. Therefore, for radius of the nanotip apex 
“LB” was selected as optimum process performance 
characteristic. For LB, the S/N ratio (η) for the 
experimental results can be expressed as: 

2
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1

110log
n

ti
i

R
n

η
=

⎛ ⎞
= − ⎜ ⎟

⎝ ⎠
∑  (4) 

where Rti is the radius of nanotip apex fabricated in ith 
repeated experiment (nm) and n is the total number of  
 
Table 1. Process parameters and their levels 

parameter Level Unit
І ІІ ІІІ IV 

Ec electrolyte concentration 1 2 3 4 M/lit
Lim wire immersion length 2.5 4 5.5 7 mm
Dc cathode tube inner diameter 40 55 75 110 mm
Vp process voltage 2 2.5 3 3.5 V 

 
Table 2. Experimental layout using an L16 orthogonal array 

signal/noise ratio (dB)Rt nm VpDc LimEc Expt. No.
-35.5630 60 1 1 1 1 1 
-33.9794 50 2 2 2 1 2 
-34.8073 55 3 3 3 1 3 
-33.0643 45 4 4 4 1 4 
-27.9588 25 4 2 1 2 5 
-30.8814 35 3 1 2 2 6 
-34.8073 55 2 4 3 2 7 
-33.9794 50 1 3 4 2 8 
-35.5630 60 2 3 1 3 9 
-36.2583 65 1 4 2 3 10 
-33.0643 45 4 1 3 3 11 
-35.5630 60 3 2 4 3 12 
-33.9794 50 3 4 1 4 13 
-30.8814 35 4 3 2 4 14 
-34.8073 55 1 2 3 4 15 
-38.0618 80 2 1 4 4 16 
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Figure 4. SEM images of the fabricated nanotips taken at magnifications of 100-200X and shown from left to right and up to down 
corresponding to the experiments No.1-16 of Table 2. In this figures, the white scale bar is equal to 100 μm. 

 

 

Figure 5. SEM images of apexes of the fabricated nanotips taken at magnifications of 100-200KX and shown from left to right and 
up to down corresponding to the Expt. No.1-16 of table 2. In this figures, the white scale bar is equal to 100 nm. 
 

 
repetition of each experiment (n equals 1 in this study). 
Regardless of category of the performance charac-
teristics, a greater η value corresponds to a better 

performance. Therefore, the optimum level of the 
process parameters is the level with the greatest η value. 
The S/N ratios of L16 experiments are shown in Table 2. 
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The mean values of S/N ratio for the process parameters 
in different levels are calculated by using the S/N ratio 
given in Table 2 as below: 

1

1 m

ij ijk
km

η η
=

= ∑  (5) 

where ijη is the mean value of S/N ratio for parameter i 
in level j, m is the total repetition of level j for 
parameter i, and ijkη  is the S/N ratio related to kth 
appearance of level j for parameter i. The results of 
these calculations are shown in Table 3. Influence of 
different levels of the process parameters on the S/N 
ratio are shown in Fig. 6. According to the results 
shown in Table 3 and Fig. 6, it can be concluded that: 
1. Electrolyte concentration (Ec): Curve of Ec shows 

a maximum for S/N ratio at 2 M/lit. This 
corresponds to minimum value for the radius of 
nanotip apex.  

2. Tungsten wire immersion length (Lim): The radius 
of nanotip apex has a little decrease with wire 
immersion length up to 4 mm but beyond that it 
increases.  

3. Inner diameter of cathode tube (Dc): with increase 
of inner diameter of the cathode tube to 55 mm, the 
radius of the nanotip apex decreases and more than 
55 mm, the radius increases. 

4. Process voltage (Vp): With ignoring a little 
reduction of the S/N ratio from 2 to 2.5 V, the radius 
of nanotip apex decreases inversely with process 
voltage up to 3.5 V. It must be regarded that at more 
voltages a thick oxide layer appears on the apex of 
the tip. 
Therefore, optimum level of the process parameters 

for minimum radius of the nanotip apex are electrolyte 
concentration of 2 M/lit (level 2), wire immersion 
length of 4 mm (level 2), cathode tube inner diameter of 
55 mm (level 2), and process voltage of 3.5 V (level 4). 

The relative effect of different process parameters on 
the radius of nanotip apex was obtained by analysis of 
variance (ANOVA). The relative importance of 
influence of the process parameters on the radius of 
nanotip apex was investigated to determine more 
accurately the optimum combinations of the process 
parameters by using ANOVA [25, 27]. In this analysis 
method, total sum of dispersion squares (Stotal) is 
calculated by 

( )
2

1

p

total i m
i

S η η
=

= −∑ , (6) 

where p is the total number of experiments, iη is the S/N 

ratio of the ith experiment, and mη is the overall mean 
of  S/N ratio. 

For each parameter, sum of squares (the difference 
between the average sum of the square of total S/N 
ratios at each level and the ratio of square of the total 
sum of S/N ratios divided by total number of 
experiments) (

cES for parameter Ec) is given by 

2
2 2 2 21 (1) (2) (3) (4)

c

c

E c c c c
E

TS E E E E
N N
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where cE (1) , cE (2) , cE (3) , and cE (4) are the sum of 
S/N ratio of experiments with parameter Ec at levels 1, 
2, 3 and 4, respectively and 

cEN is the repetition of each 

level of parameter Ec. T is the sum of total S/N ratio of 
the experiments and N is the total number of 
experiments. A similar 

imLS , 
cDS and 

pVS values were 

calculated for Lim, Dc and Vp. 
The error sum of squares (Se) is calculated as below: 

( )c im c pe total E L D VS S S S S S= − + + +  (8) 

 
Table 3. The mean value of S/N ratio for process parameters 
in different levels 

S/N (dB) Level 
Vp Dc Lim Ec  

-35.15 -34.39 -33.27 -34.35 І 
-35.60 -33.08 -33.00 -31.91 ІІ 
-33.81 -33.81 -34.37 -35.11 ІІІ 
-31.24 -34.53 -35.17 -34.43 VІ  

 

 

Figure 6. Mean value of S/N ratios of nanotip apex radius 
against different levels of process parameters. 
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Table 4. Analysis of variance of the S/N ratio for process parameters 

Source Degree of freedom (f) Sum of Squares (S) Variance (V) = (S/f) F-ratio = (V/Ve) ³P(%) = (S/Stotal) * 100

Ec ¹L -1 = 3 23.685 7.8949 17.16 26.7 

Lim  3 12.116 4.0388 8.78 13.7 

Dc  3 5.245 1.7484 3.80 5.9 

Vp  3 46.117 15.3725 33.40 52.1 

Error (e) 15-(4*3) = 3 1.381 0.4602  1.6 

Total ²N-1 = 15 88.544   100 
¹L: number of level for each parameter 
²N: total number of experiments 
³P: percentage contribution 

 
Calculation of other factors of ANOVA; degree of 

freedom, variance, F-ratio, and percentage contribution 
are described in Table 4. 

The results of ANOVA for the process parameters 
are presented in Table 4. The greater values of F-ratio 
and percentage contribution for a parameter determine 
the more impact on the radius of nanotip apex. 
Therefore, the process parameters can be ranked in 
terms of their impact on the radius of nanotip apex as 
process voltage, electrolyte concentration, wire 
immersion length, and inner diameter of the cathode 
tube, respectively. 

Discussion 

According to Figure 2(b-d), it is observed that the 
necked region becomes thinner and more lengthened by 
effect of etching and elongation under load wL (weight 
of the lower part of the wire) until the lower part of the 
wire is separated. The sequences of nanotip fabrication 
can be divided into three stages; 1) before separation of 
the lower part of the wire 2) moment of separation 3) 
after separation. 

The sum of effects of these three stages determines 
the final apex-radius of the nanotip. The drastically 
influencing factors on the nanotip apex radius in 
mentioned stages can be summarized as follow: 
1. The amount of dw (minimum diameter of the 

tungsten wire at the necked region) at the end of the 
first stage; smaller dw results in smaller apex-radius. 

2. At the second stage, the mechanism of separation of 
the last atoms at the necked region is under influence 
of etching performance. Chemical composition and 
ion orientation within the adjacent layers to the neck 
and physical behavior of the layers like motions 
within the layers and beyond them, electrical 
attraction or repulsion of the ions to the necked 

material and potential gradient nearby the neck 
determine the etching performance. Meanwhile, fine 
separation of the lower part of the wire is affected by 
proper combination of etching of the necked region 
and its simultaneous stretching under wL. 

3. At the third stage, during time delay in turning off 
the voltage, the nanotip apex starts to be etched and 
its radius will increase. Therefore, the etching rate 
can affect the nanotip apex radius at this stage; the 
higher the etching rate the higher the apex-radius. 
The dw is a function of etching rate and elongation 

rate of the necked region. The wL is a function of Lim, 
etching rate of the lower part of the wire, and the 
amount of the tungstate deposited on the lower part of 
the wire during the process. 

The above-mentioned stages are functions of 
interaction of etching rate and elongation rate which 
themselves are dependent upon the Ec, Lim, Dc and Vp. 

It seems that, if the etching rate is low, the selective 
etching from the neck diminishes and the whole body 
immersed into the electrolyte will be attacked almost 
uniformly. Therefore, wL and dw will decrease almost 
with the same rate. Consequently, the elongation of the 
necked region and reduction of dw will be low at the 
first stage and the final apex-radius will be high. On the 
other hand, if the etching rate is high the opportunity of 
elongation of the necked region during the first stage 
will be low and during the second stage the dominant 
mechanism of separation will be etching. Consequently, 
again, the nanotip apex radius will be high. If the 
etching rate of the necked region is in proper interaction 
with its elongation rate (optimum etching rate), 
reduction of dw and elongation of necked region will be 
high during the first stage. This will provide the necked 
region to be lengthened further at later stages of etching, 
leading to separation of the lower part of the wire. This 
will give rise to low nanotip apex radius. 
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Figure 7. Image of the nanotip apex with minimized radius. 

 

 

Figure 8. Image of apex of fabricated nanotip in experiment 
No. 16. 

 
Confirmation Test 

The confirmation test was the final step in 
optimization of nanotip apex radius based on the 
Taguchi method results. After determining the optimum 
levels of nanotip fabrication parameters, a new 
experiment was conducted by setting the parameters on 
the optimum level. In this experiment, the achieved 
nanotip apex radius was about 10 nm and the S/N ratio 
was -20 dB. The improvement of S/N ratio was 13.9512 
dB and the radius of nanotip apex was decreased by 5 
times in comparison to the mean value of experimental 
results shown in Table 2. SEM image of the apex of the 
fabricated nanotip with minimized radius is shown in 
Fig. 7 and, for comparison, the SEM image of apex of 
fabricated nanotip in experiment No. 16 is shown in 
Figure 8. 

In this paper, influence of the parameters of nanotip 
fabrication process on the radius of nanotip apex was 
investigated by using Taguchi method. The combination 
of optimum level of process parameters was obtained by 
using the analysis of signal-to-noise (S/N) ratio. The 
level of importance of effect of the process parameters 
on the nanotip apex radius was determined by using the 
analysis of variance (ANOVA). It was found that the 
optimum level of the process parameters for gaining 
minimum radius of the nanotip apex is electrolyte 
concentration of 2 M/lit, wire immersion length of 4 
mm, cathode tube inner diameter of 55 mm, and voltage 
of 3.5 V within the range of experiments. The process 
parameters can be ranked in terms of their impact on the 
radius of nanotip apex as process voltage, electrolyte 
concentration, wire immersion length, and inner 
diameter of the cathode tube, respectively. By setting 
the process parameters on the optimum level, the radius 
of nanotip apex was decreased 5 times in comparison to 
the mean value of the experimental results. The 
minimum nanotip apex radius of about 10 nm was 
achieved under the optimum conditions. 
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