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Abstract
The double-electrolyte etching method is a simple and effective way to fabricate ultra-sharp scanning tunnel microscopy 
(STM) tungsten tips. However, it is still challenging for this method to get ultra-sharp tungsten tips with high yield. In this 
work, significant enhancing of the yield is presented through optimized etching parameters as follows: temperature of 
26 °C, applied voltage 7.5 V, electrolyte concentration 4 mol  L−1 and length below the liquid lamellae of 2 mm. Under 
these conditions, the smallest tip radius is around 8 nm and the yield (radius < 10 nm) is 63.5%. These tips are capable 
of producing high-quality atomic resolution STM images, as demonstrated by testing on Si (111) and highly oriented 
pyrolytic graphite (HOPG) samples at room temperature. Furthermore, in order to find the relationship between the tip 
features and experimental etching parameters, an artificial neural network (ANN) model is built by machine learning. 
Garson’s algorithm is used to analyze the relative importance of each experimental parameter on tip features. The tip 
features can be estimated by this model with a correlation factor R over 0.85 indicating great predictive performance. 
Importance analysis indicates that the length of the tungsten wire below the liquid lamellae is the most important 
parameter to obtain high-quality STM tungsten tips in the double-electrolyte etching method. This result provides a 
clear direction for rapidly selecting optimized tip fabrication parameters in the future.

Keywords Scanning tunnel microscopy · Tungsten tips · Double-electrolyte etching method · Machine learning · 
Importance analysis

1 Introduction

With the development of nanoscience, there is a growing 
demand for high-resolution test instruments [1−3]. Scan-
ning tunnel microscopy (STM) that can directly image the 
surface of samples on the atomic scale has become one of 
the most powerful measurement techniques for nanosci-
ence [4–8]. The key component of STM is a probe tip which 
is used to collect the surface information of the sample [9]. 
And the resolution of the images strongly relies on the tip 
curvature radius of the probe tip. The smaller the tip cur-
vature radius, the higher the transverse resolution of the 

images [10]. However, commercial probes with a tip radius 
of less than 10 nm are very expensive, and they are so frag-
ile that any contact can damage the tip [11]. Therefore, 
researchers prefer fabricating ultra-sharp tips in their own 
laboratory. It has been a long-standing issue to fabricate 
tips with small radius by a simple and economical method.

Among various tip fabrication methods, direct current 
(DC) electrochemical etching of tungsten wire is widely 
used in laboratories because of its advantages of simple 
fabrication and low cost [12]. But it is challenging for the 
original DC electrochemical etching method to fabricate 
tips with radius less than 100 nm. As is known, the key 
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point of fabricating sharp tungsten tips by DC electro-
chemical etching method is to cut off the circuit as soon 
as possible once the tungsten wire breaks; otherwise, the 
residual current of electrochemical reaction will blunt 
the tip. The shorter the cutoff time, the smaller the tip 
radius [13–15]; in the original DC electrochemical etch-
ing method the circuit cutoff was controlled manually, 
which was inefficient and could not get a short enough 
time to fabricate tips of less than 100 nm. In order to 
obtain a shorter time, Ibe et al. designed a feedback 
control circuit based on the sharp drop of the current 
when the tungsten wire breaks [13]. Through this circuit, 
probes with tip curvature radius of 20 nm were obtained. 
Afterward, plenty of efforts have been made to cease the 
etching circuit more quickly by adding computer moni-
toring programs and designing more sensitive controls 
[16–29]. Via these effects, tips with curvature radius less 
than 10 nm can be fabricated. However, these strate-
gies were too complicated and required the support of 
sophisticated and expensive electronics. Researchers 
had to find other ways to avoid the influence of resid-
ual current on the tip radius. Lemke et al. [30] used a 
two-step method and added a non-conductive solution 
with different densities into conventional electrolytes. 
Since the lower part of the tungsten wire was out of the 
etching circuit when the tungsten wire drops, this stub 
was not affected by residual current and was selected as 
tip. They also proposed a new technique, named liquid 
lamellae method, by which spherical tips of 50 nm to 
100 nm radii were fabricated. But these lower tips had 
the issue that their long taper causes mechanical reso-
nance in STM measurements [11]. Klein and Schwitzge-
bel [31] presented a modified lamellae drop-off scheme 
for producing a lower tip with more ideal shape. But the 
tip radius was more than 25 nm and their intermedi-
ate inversion operation of tungsten wire complicates 
the preparation process. Kulawik et al. [32] proposed a 
double-lamella drop-off etching method that can cut off 
the circuit automatically in a short time by the weight 
of the stub when the tungsten wire breaks, whereas the 
curvature radius of their tungsten tip was still more than 
20 nm. Motivated by the urgent need of sharp tungsten 
tips for use in STM, double-lamella drop-off etching 
method is explored and further refined. Schoelz et al. 
[33] adopted the double-lamellae drop-off etching 
method to fabricate tungsten tips and found the rela-
tionship between the tip’s cone angle and the possibility 
of atomically resolved STM images. Based on the same 
method, Basnet et al. [34] used a simple but effective 
“etch stop” device to optimize the etching position of the 
tungsten wire. However, they do not focus on fabricat-
ing ultra-sharp tungsten tips. Recently, Li et al. [35] used 
double-electrolyte etching method to fabricate tungsten 

tips with curvature radius less than 10 nm, but the yield 
was only about 30%, which was not enough to meet the 
demand for tips in the application.

In this work, high-yield fabrication of ultra-sharp tung-
sten tips for STM was designed and demonstrated by the 
double-electrolyte etching method. Moreover, a machine 
learning method, artificial neural network (ANN), was used 
to build up the model of tip fabrication under different 
experimental conditions and distinguish the importance 
degrees of different parameters that affect the features of 
the tungsten tips.

2  Experiment

2.1  Experimental details

The experimental setup based on the double lamellae 
method is shown in Fig. 1a. The full etching circuit and 
the mechanism behind the double-electrolyte etching 
method are shown schematically in Fig. 1b. The tungsten 
wire clamping device is connected with the depth microm-
eter through a series of linkage devices. The accuracy of 
the depth micrometer is 0.01 mm so that the length of 
the tungsten wire (diameter 0.2 mm and 0.25 mm, purity 
99.9%, Shuanghua Group Qianchui Metal co., LTD.) below 
the liquid lamellae can be accurately adjusted. The metal 
ring used in the experiment is made of stainless steel 
(diameter 8 mm, thickness 0.3 mm). The liquid lamellae 
were formed by NaOH (flake, purity 97%, Aladdin) solu-
tion. The liquid lamellae must be kept flush with the stain-
less steel ring before each etching process to ensure the 
same thickness of the liquid lamellae. The concentrations 
of NaOH solution used in the experiment were 1, 2, 3, 4 
and 5 mol  L−1. The crucible contains saturated NaCl (AR, 
Aladdin) solution. Beneath the crucible is the lifting plat-
form, which can adjust the distance between the tungsten 
wire and the crucible. The DC power supply (LONG WEI DC 
Power Supply PS-302D) can provide voltage from 0 to 24 V 
with electric current precision of 0.01 A.

2.2  Modification of the experimental setup

Several improvements were made to the conventional 
experimental setup of double-electrolyte etching method: 
First, a temperature control box was applied to guaran-
tee the entire reaction process proceeds at a stable tem-
perature, which is very important for the etching process. 
The effects of temperature fluctuation on electrochemi-
cal etching reaction will be discussed later. Second, the 
stainless steel anode was changed into a stainless steel 
crucible coated with graphite. On the one hand, this 
change ensures that bubbles are generated evenly in all 



Vol.:(0123456789)

SN Applied Sciences          (2020) 2:1246  | https://doi.org/10.1007/s42452-020-3017-4 Research Article

directions and will not aggregate to form larger bubbles 
which would affect the liquid level stability. On the other 
hand, the electrolysis of the stainless steel was avoided, 
which can produce metal ions and affect the etching pro-
cess. Finally, a tungsten wire clamping tool was designed, 
as shown in Fig. 1c and d. This tool, which can hold vari-
ous types of tungsten wires, is convenient to use. When a 
tip is fabricated, the same tungsten wire can be lowered 
down slightly for the next tip etching, without taking the 
wire out.

2.3  Double‑electrolyte etching method

The principle of the double-electrolyte etching method is 
shown in Fig. 1b. The crucible is connected to the positive 
pole of the power supply as an anode, and the tungsten 
wire is in contact with a cathode. As the anode material is 
a stainless steel crucible coated with graphite, the electro-
lytic reaction of water occurs. The reaction equation can 
be expressed by:

Another electrolytic reaction is the electrochemical 
etching of the tungsten wire, where the wire plays the role 

(1)Anode ∶ 4OH− − 4e− = O2 ↑ +2H2O

(2)Cathode ∶ 4H+ + 4e− = 2H2 ↑

of the anode and the stainless steel ring is the cathode. The 
chemical reaction process can be expressed by:

The tungsten filament in the liquid lamellae becomes 
thinner when the electrochemical reaction is happen-
ing. Until gravity exceeds the tension that the neck can 
withstand, the lower end of the tungsten wire drops off, 
forming the upper and lower tips. Meanwhile, the circuit is 
automatically cut off to avoid further etching of tungsten 
tip.

2.4  Exploration on experimental parameters

Under the double-electrolyte etching method, other fac-
tors that may affect electrochemical etching reaction and 
tip quality were systematically explored:

Since the diameter of commercial STM probe holder is 
0.3 mm and the matched tungsten wire has diameters of 
0.2–0.25 mm, electrochemical etching experiments were 
carried out on two types of tungsten wires (diameter of 
0.2 mm and 0.25 mm). Relatively, the most suitable and 
commonly used tungsten wire is 0.25 mm in diameter [33, 
34, 36–38]. So the experiment of exploring optimal etching 
conditions was carried out with tungsten wires diameter 

(3)Anode ∶ W(s) + 8OH−
→ WO2−

4
+ 4H2O + 6e−,

(4)Cathode ∶ 6H2O + 6e− → 3H2(g) ↑ +6OH−.

Fig.1  (a) Experiment setup 
with self-built thermostatic. 
(b) Schematic of the double-
electrolyte etching method. (c) 
Photograph of self-designed 
tungsten wire clamping tool. 
(d) Orthographic views of the 
designed tungsten wire clamp-
ing tool
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of 0.25 mm at different temperatures (20 °C, 23 °C, 26 °C 
and 29 °C), voltages (4 to 10 V), electrolyte concentrations 
(1 to 5 mol  L−1) and lengths of tungsten wires below the 
liquid lamellae (2 to 9 mm). In addition, electrochemical 
etching experiments were also carried out with tungsten 
wires diameter of 0.2 mm, which aim to enrich the data of 
machine learning. The temperature was adjusted by the 
temperature control box.

3  Results and discussion

For this study, over 1900 tungsten tips were fabricated 
to eliminate the influence of other uncertainties as much 
as possible. And all the tip radius data in the experiment 
are calculated from the high-magnification SEM images 
to ensure accuracy. The average tip curvature radius, tip 

aspect ratio and etching time under each set of conditions 
were calculated on average from ten sets of tip data.

3.1  Exploration of optimal etching condition

3.1.1  Influence of temperature on tip fabrication

Using the double-electrolyte etching method, the effects 
of temperature were studied. The temperature was set 
at 20 °C, 23 °C, 26 °C and 29 °C. And tungsten tips were 
fabricated under the following experimental conditions: 
electrolyte concentration of 3 mol  L−1, applied voltage of 
8.5 V and tungsten wire length below the liquid lamellae 
of 7 mm. The etching time and the success rate for fabri-
cating tungsten tips at different temperatures are shown 
in Table 1. When the temperature was 20 °C, it was too 
low to support the formation of liquid lamellae, as shown 
in Fig. 2a. And the experiment could not be performed. 

Table 1  Statistics of tip etching time and fabrication success rate

Temperature 
(°C)

Applied voltage 
(V)

Electrolyte 
concentration 
(mol  L−1)

Length below the liquid lamellae (mm) Etching 
time ± 10 (s)

Success rate (%)

20 8.5 3 7 – 0
23 8.5 3 7 760 30
26 8.5 3 7 525 60
29 8.5 3 7 445 20

Fig.2  Images of the tips 
prepared by the double-elec-
trolyte etching method at dif-
ferent temperatures: (a) 20 °C, 
(b) 23 °C, (c) 26 °C, (d) 29 °C
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When the temperature was raised to 23 °C, although etch-
ing could be carried out, the etching time was so long 
that it risks lamellae rupture. The slow reaction rate at 
low temperature also made the formation of the “neck” 
incomplete, which resulted in an undesired tip shape as 
shown in Fig. 2b. For the temperature of 26 °C, both of the 
fabrication success rate and the tip shape improved. As 
shown in Fig. 2c, the shape of tungsten tip shows an ideal 
exponential curve which is preferred for quick and stable 
profile measurement during scanning [38]. A temperature 
of 29 °C was so high that there was an aggressive etching 
process which would break the liquid lamellae and make 
the etching position unstable. The tip fabricated under 
29 °C shows a desirable multi-diameter profile (Fig. 2d), 
but the success rate dropped down to 20%. Thus, 26 °C 
was chosen as the most suitable temperature. Under such 
etching conditions, electrolyte concentration of 3 mol  L−1, 
applied voltage of 8.5 V, tungsten wire length below the 

liquid lamellae of 7 mm and temperature of 26 °C, the aver-
age tip curvature radius is about 43 nm.

3.1.2  Influence of applied voltage on tip fabrication

During this series of tip fabrication, the effect of applied 
voltage on etching process was investigated. The tempera-
ture was set at 26 °C, the concentration of NaOH was 3 mol 
 L−1, the length of tungsten wire below the liquid lamellae 
was 7 mm, and the applied voltage was varied from 4 to 
10 V. As illustrated in Fig. 3a and b, fabrication success rate 
above 70% can be achieved in the voltage range between 
5 and 8 V. Voltages lower than 5 V made the etching time 
longer with increased risk of lamellae rupture. However, 
voltages higher than 8 V will cause violent vibration of 
bubbles and result in the rupture of the liquid lamellae. 
The high voltages will also produce multi-diameter tips, as 
Fig. 4 shows. Figure 3c and d shows the average curvature 

Fig.3  (a) Success rate of tip fabrication, (b) etching time of fabrication process, (c) tip average curvature radius and (d) tip curvature radius 
distribution under different applied voltages
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radius and the curvature radius distribution of the tung-
sten tips prepared under voltages of 5–8 V. The voltage of 
7.5 V presents the smallest average tip curvature radius 
and the highest yield of tips between 10 and 50 nm. So, 
7.5 V was selected as the most suitable applied voltage for 
the remaining study. 

3.1.3  Influence of electrolyte concentration on tip 
fabrication

Based on the results in Sects. 3.1.1 and 3.1.2, a tempera-
ture of 26 °C, voltage of 7.5 V and a tungsten wire length 

below the liquid lamellae of 7 mm were selected to study 
the effect of electrolyte concentration on tip fabrication. 
As listed in Table 2, five groups of electrolyte concentra-
tions were selected from 1 to 5 mol  L−1. It was found 
that the electrolyte concentrations of 1 and 2 mol  L−1 
could only produce a certain degree of neck shrinking 
without leading to tungsten wire drop-off to produce 
a tip (shown in Fig. 5). When the electrolyte concentra-
tion was raised up to 3 and 4 mol  L−1, the tip can have 
sufficient neck shrinking to form a tip. The fabrication 
success rate dropped to 30% as the electrolyte concen-
tration increased to 5 mol  L−1, which is due to the bubble 
problem produced by the fast etching rate. When the 
concentration of electrolyte is 3 mol  L−1 and 4 mol  L−1, 
the success rate of tip fabrication is higher, and the etch-
ing time is much shorter than with the other concentra-
tions. The statistical analysis of the tip curvature radius 
prepared by electrolyte concentrations of 3 and 4 mol 
 L−1 is listed in Table 3. Combining the tip average curva-
ture radius and the distribution of tip curvature radius, 
4 mol  L−1 was selected as the electrolyte concentration 
for the following studies.

Fig.4  SEM images of tungsten tip fabricated at different voltages. (a), (b), (c), (d), (e), (f), (g), (h), (i) are voltages of 4 V, 5 V, 6 V, 7 V, 7.5 V, 8 V, 
8.5 V, 9 V and 10 V, respectively

Table 2  Success rate of tip preparation and etching time under dif-
ferent electrolyte concentrations

Concentra-
tion (mol 
 L−1)

Voltage (V) Length (mm) Etching time (s) Success 
rate (%)

1 7.5 7 – –
2 7.5 7 – –
3 7.5 7 563 70
4 7.5 7 452 80
5 7.5 7 362 30
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3.1.4  Influence of the length of tungsten wire 
below the liquid lamellae on tip fabrication

Based on the above exploration, the temperature was set 
at 26 °C, the applied voltage was set at 7.5 V and the elec-
trolyte concentration was set at 4 mol  L−1 to explore the 
influence of the length of tungsten wire below the liquid 
lamellae on tip preparation. Limited by the double lamel-
lae method, the distance between the stainless steel ring 
and the lower crucible could not be too small; otherwise, 
the liquid lamellae and the solution in the lower crucible 
will overlap. In this experiment, the minimum tungsten 
wire length below the liquid lamellae is 2 mm. Figure 6 
shows the statistical analysis of the tips fabricated under 
different lengths of tungsten wire. As shown in Fig. 6a 
and b, the etching time doesn’t show significant variation 
by increasing the tungsten wire length below the liquid 
lamellae. Similarly, the success rate of tip fabrication was 
maintained above 80%, but dropped drastically for a wire 
length below the liquid lamellae greater than 8 mm. From 
Fig. 6c, with the increase in tungsten wire length below the 
liquid lamellae, the tip average curvature radius gradually 
increases, which can be interpreted by the fact that the 
excessively long tungsten filaments leads to the occur-
rence of “immature” drop-off. When 2 mm tungsten wire 
was immersed under the liquid lamellae, the etched tip 

possessed the smallest average curvature radius and the 
yield of tip no more than 10 nm is 60% the highest yield 
between different lengths of tungsten wire below the liq-
uid lamellae. To confirm the yield of tips less than 10 nm is 
as high as 60%, 200 additional tips were fabricated under 
the conditions of the length below the liquid lamellae of 
2 mm. The distribution of tip radius is shown in Fig. 7. The 
radii of these 200 tips are all less than 50 nm and the yield 
of tip less than 10 nm increased to 63.5%, which may indi-
cate that the larger sample size tends to make the prepara-
tion of the tip more stable. Figure 8 shows the SEM images 
of tips less than 10 nm fabricated under these conditions. 
Figure 8a and b shows the SEM images of tips with mini-
mum curvature radius of about 8 nm. From further inves-
tigation of tip radius distribution, 2 mm was chosen as the 
optimal tungsten wire length below the liquid lamellae.  

3.1.5  Tip performance under the optimized etching 
condition

From the above systematic etching experiments, the opti-
mized etching conditions obtained are: temperature of 
26 °C, applied voltage of 7.5 V, electrolyte concentration 
of 4 mol  L−1 and length below the liquid lamellae of 2 mm. 
Under such etching conditions, the smallest tip curvature 
radius is around 8 nm. The yield of tips less than 10 nm 
is 63.5%. Moreover, tungsten tips fabricated under the 
optimized etching conditions exhibited excellent detec-
tion performance working in STM. Figure 9 presents two 
topographic STM images of Si (111) surface and HOPG sur-
face obtained at room temperature with these tips. The 
individual atoms of 7 × 7 reconstruction of Si (111) surface 
and the arrangement of two different positions of carbon 
atoms of HOPG surface were all clearly resolved, which can 
only obtained by ultra-sharp tips.

Fig.5  Tungsten wire obtained at different electrolyte concentrations: (a) 1 mol  L−1, (b) 2 mol  L−1, (c) 3 mol  L−1, (d) 4 mol  L−1, (e) 5 mol  L−1

Table 3  Curvature radius data of tip prepared at 3  mol  L−1 and 
4 mol  L−1

Concentra-
tion (mol 
 L−1)

Average cur-
vature radius 
(nm)

Less than 
10 nm(%)

10 ~ 20 nm 
(%)

20 ~ 50 nm 
(%)

3 34 0 0 100
4 32 0 20 80



Vol:.(1234567890)

Research Article SN Applied Sciences          (2020) 2:1246  | https://doi.org/10.1007/s42452-020-3017-4

3.2  Etching parameters importance analysis

ANN is one of the most effective machine learning meth-
ods [39]. By simulating the transmission process of human 
brain neurons, ANN can establish a large number of simple 
units that are known as neurons between input data and 
output data. Through continuously adjusting the intercon-
nected weights between neurons and inputs or outputs, 
the mean square error between the network output and 
the actual value can reach the specified target accuracy, so 
as to realize the continuous approximation of the network 
output. Because of the fascinating features of self-learn-
ing and self-adaptation, ANNs are widely used in various 
fields to deal with complex and unknown function rela-
tions, such as biology [40], agriculture [41], engineering 
[42] and energy [43].

In this work, an ANN was employed to find the relation-
ship between the tip features and etching parameters. 

Fig.6  (a) Success rate of tip fabrication, (b) etching time of fabrication process, (c) tip average curvature radius and (d) tip curvature radius 
distribution under different lengths of tungsten wire below the liquid lamellae

Fig.7  Tip curvature radius distribution under the length of tung-
sten wire below the liquid lamellae of 2 mm
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Four parameters: the length of tungsten wire below the 
liquid lamellae, applied voltage, electrolyte concentra-
tion and tungsten wire diameter, were taken as the input 
units. Accordingly, the tip curvature radius and the tip 

aspect ratio (the ratio of the etched length of the result-
ing tip to the diameter of the tungsten wire) were taken 
as the output units. An artificial neural network of 12 neu-
rons at 3 layers was established by a MATLAB program. 

Fig.8  SEM images of tips 
fabricated under the optimized 
conditions: length of tungsten 
wire below the liquid lamellae 
of 2 mm, temperature of 26 °C, 
applied voltage of 7.5 V and 
electrolyte concentration of 
4 mol  L−1

Fig.9  (a) STM image of Si 
(111) surface, image size is 
15 × 15 nm, tunneling param-
eters are Vb/It = 2.0 V/ 0.2 nA, 
room temperature. (b) STM 
image of HOPG surface, image 
size is 2 × 2 nm, tunneling 
parameters are Vb/It = 0.366 V/ 
0.5 nA, room temperature
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The architecture of this ANN is illustrated in Fig. 10. In 
order to train a good ANN model, 157 groups of etching 
parameters were input into the MATLAB program. These 

data were randomly classified into three parts: training, 
validation and test, which were used for model estab-
lishment, confirmation and prediction accuracy test, 

Fig.10  Architecture of artificial 
neural network

Fig.11  Regression of predicted 
data to experiment data. (a) 
Regression of predicted data 
to training data. (b) Regression 
of predicted data to valida-
tion data. (b) Regression of 
predicted data to test data. (d) 
Regression of predicted data 
to all experimental data. (For 
a perfect fit, the 45-degree 
line (Y = T), where the network 
outputs are equal to the 
targets, represents the most 
perfect fit.)
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respectively. Figure 11a, b and c displays the regression 
chart of network outputs (predicted data) with respect to 
targets (experimental data) for training, validation and test 
sets. Figure 11d shows the regression of predicted data 
obtained from intelligent model of ANN to all the input 
experimental data. The R value which measures the cor-
relation between predicted data and experimental data is 
used to evaluate the fitting performance of ANN models. 
An R of 1 means a very close relationship; 0 is a random 
relationship. As shown in Fig. 11, the correlation factors (R) 
are all over 0.85, which represents a great fit. The attractive 
property of ANN is to make learning-based predictions. 
Here, this ANN model was used to predict curvature radii 
and aspect ratios of 8 tips fabricated at new experimental 
conditions to test the predictive performance. The pre-
dicted results are illustrated in Fig. 12. It is found that the 
general trends of predicted values are consistent with the 
experimental ones. Specially, several predicted values are 
the same as the experimental ones, which means that the 
model made by ANN can give a credible guidance predict-
ing tip features under different experimental conditions.   

In the experiment of preparing tungsten tips by dou-
ble-electrolyte etching method, the optimal etching con-
ditions may have some deviation due to different experi-
mental conditions in different laboratories. In this case, the 
weight analysis of each experimental parameter on the 
tip feature is more meaningful, which can help research-
ers quickly find optimized experimental parameters. Gar-
son’s algorithm is a sensitivity analysis method for obtain-
ing the weight of influence factors by means of neural 
network [44]. In this algorithm, the product of intercon-
nected weights is used to calculate the influence degree 
or relative contribution value of input variables on output 
variables. After repeated testing and training of Garson’s 

algorithm by researchers, a mature formula was obtained 
and widely applied. The specific calculation formula is 
shown in Eq. (5) [45]:

where Qik denotes the weight of the ith input factor on 
the kth output factor, ωij denotes the interconnected 
weights between the ith input unit and the jth neuron 
and ϑjk denotes the interconnected weights between the 
jth neuron and the kth output unit.

For this ANN mode, Garson’s algorithm was used to cal-
culate the relative importance of each parameter. Table 4 
lists the interconnected weights of neutrons in input, neu-
ron and output. The weight of each factor on the tip fea-
tures is obtained with the data of Table 4 into Eq. (5) and 
shown in Fig. 13. This importance analysis shows that the 
length of the tungsten wire below the liquid lamellae is 
the most important factor, followed by applied voltage. In 
contrast, the electrolyte concentration and tungsten wire 
diameter have little effect on tip quality in the double-
electrolyte etching method.  

4  Conclusions

The double-electrolyte etching method was applied to 
synthesize ultra-sharp tungsten STM tips and enhance 
their yield. Adding a control box to stabilize the tem-
perature allowed a systematic study to obtain optimized 

(5)
Qik =

∑L

j=1

��ij�jk�
∑N

i=1 ��ij�
∑N

i=1

∑L

j=1

��ij�jk�
∑N

i=1 ��ij�

× 100%,

(I = 1,… ,N; j = 1,… L).

Fig. 12  (a) Prediction result by ANN and the experimental data of tip radius, (b) prediction result by ANN and the experimental data of tip 
aspect ratio
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electrochemical etching parameters. Under these condi-
tions, the smallest curvature radius is around 8 nm; the 
yield of ultra-sharp tungsten tips with the curvature radii 
below 10 nm is 63.5%. Such tungsten tips have been sta-
bly used to obtain high-quality STM images with atomic 
resolution, which were demonstrated with Si and HOPG 
samples. Furthermore, by using ANN and Garson’s algo-
rithm, the tip features are well predicted and the relative 
importance of four tip etching parameters was obtained. 
The length of tungsten wire below the liquid lamel-
lae was regarded as the most important factor in the 

double-electrolyte etching method, followed by applied 
voltage, the diameter of tungsten wire and electrolyte 
concentration.
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