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Aileen Noori a, Hilal Döğer b, Yasemin Demirhan a, Mehtap Ozdemir a,c, Lutfi Ozyuzer a, 
Gulnur Aygun a, Özge Sağlam d,* 
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A B S T R A C T   

In this study, we propose a new type of nanolithography procedure to fabricate orderly patterned metallic 
nanostructures using the electrohydrodynamic method and the reactive ion etching process. The electro
hydrodynamic process parameters were tuned so as to create patterning with precision, and fibers in nanoscale 
on silver-coated substrates. We also studied reactive ion etching with different durations on the well-patterned 
samples. The experiments show that applying a voltage of 400 V resulted in straight patterned fibers with a 
diameter of 208.7 ± 30.3 nm. The statistical analysis on scanning electron microscope (SEM) images showed a 
significant difference in the diameter of the fibers fabricated at 400 V compared to those at 500 V and 600 V. We 
also confirm that the etching process has no affect on the fiber diameter. Moreover, electron dispersive X-Ray 
spectrometer (EDX) results suggest that an etching duration of 7 min is sufficient to remove the silver coating 
that is not covered with the fibers, and protect the silver nanostructures underneath the fibers. Utilizing a low- 
cost nanolithography procedure, we obtain the orderly patterned silver nanostructures for possible integration 
into miniaturized devices.   

1. Introduction 

Electrohydrodynamic direct-writing printing, a versatile technique 
for fabrication of nano− /microfibers, has been widely used in various 
applications, such as flexible energy storage devices [1–3], flexible 
electronics [4–7], tissue engineering [8–10], field-effect transistors 
[11–13], and lab-on-a-chip devices [14–16]. This technique combines 
electrospinning and three-dimensional printing to construct low-cost, 
high-resolution, precisely controllable, and fibrous structured patterns 
or geometries. Optimally positioning and tuning the fibers’ diameter is a 
crucial task in applying the electrohydrodynamic direct-writing printing 
method. Specifically, the gap between the needle and the collector, the 
applied voltage, the nozzle/needle structure, the collector’s speed, and 
the pump flow rate are the main factors affecting the fiber morphology 
and orientation [17]. It is important to keep the distance between the 
electrode and the collector less than 1 cm to ensure continuous fibers 
with diameters of less than 100 nm when the applied voltage is relatively 
low [18]. Moreover, the viscosity, concentration, molecular weight, 
conductivity, and surface tension of the polymer (the main content of 

the ink), also play a critical role in printing precisely controlled nano
fibers [19]. 

The electrohydrodynamic technique allows fabrication and align
ment of conducting and flexible electrodes in the nanometer-scale. More 
recently, there have been numerous studies investigating the imple
mentation of the electrospun electrodes into electronic devices. Lee et al. 
have reported large-scale patterning of polycrystalline copper nanowire 
arrays with an average nanofiber diameter of 710 nm with 14.1 μΩ cm 
resistivity after a two-step calcination process [20]. They also demon
strated that the silver nanowire arrays can be fabricated by replacing 
copper content with the silver trifluoroacetate to produce a nanofiber 
diameter around 695 nm with an excellent thermal stability after a 
single step annealing process [21]. Another study demonstrated the 
electrospinning of kilometers-long, highly conductive silver fibers with 
the minimum diameter of ~200 nm for flexible electronics [22]. Orderly 
aligned patterns can also be produced for the usage in wire bonding into 
the integrated circuits by embedding nanowires or nanoparticles in the 
polymer matrix. The printed ribbons containing silver nanowires and 
polyethylene oxide composite structures were created by optimizing 
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polymer and process parameters [23]. Moreover, polymers, including 
nanoparticles, were utilized to produce aligned, conductive, and trans
parent electrodes with a minimum diameter of 500 nm at high applied 
voltage [24]. The results of above-mentioned studies imply that elec
trospinning of the polymers with a conductive nature can cause flash
overs, limiting the control of the precise nanopatterning due to the 
discharge of the high applied voltage between the needle and the col
lector [25]. Another patterning method with precision in nanotech
nology is electron-beam lithography using focused beams of electrons 
and photoresists [26]. However, this technique is both expensive and 
challenging to use on large scale applications and requires a high vac
uum environment. 

In this study, we focused on developing a new low-cost lithography 
procedure using electrospun nanofibers fabricated by the electro
hydrodynamic method. Unlike the studies mentioned above, we used 
nanofibers as a tool, instead of simply relying on their conductive na
ture. The direct patterning of polyethylene oxide was performed to allow 
the nanofibers to form a mask for the protection of the metal parts un
derneath the fibers. Thus, firstly, electrospun nanofibers were placed on 
silver-coated substrates by direct writing. In order to reach the optimal 
conditions (i.e. ideal physical properties and patterning of the fibers), we 
studied the process parameters of applied voltage, the tip-to-collector 
distance, platform speed, feed rate of the polymer, and type of auxil
iary electrode. The metal surface, covered with nanofibers, was etched 
by ion beam etching to attain the patterned metallic nanostructures. An 
EDX analysis of elemental distribution showed that nanofibers were 
successful in protecting metal regions. To examine the thickness and 
three-dimensional morphology of the nanofibers before and after the 
etching process, we used atomic force microscopy (AFM) to confirm that 
that the fibers were not etched, and that the silver underneath fibers was 
still intact. These results suggest that it is possible to successfully 
develop a new lithography procedure to obtain metallic nano- 
architectures without the need for advanced facilities and optical masks. 

2. Materials and methods 

The polyethylene oxide (PEO) in powder was purchased from Sigma 
Aldrich (average Mv ~4,000,000) and used as received. The PEO solu
tion at 2 wt % was prepared in deionized water by stirring for 96 h and 
left to rest for 30 h at room temperature. The precise patterning can be 
obtained at low voltage without fibers breaking using a stretchable 
polymer with long polymeric chains [27]. Therefore, we selected a 
superelastic polymer with a high molecular weight for a continuous 
electrospinning process. 

A single syringe pump was used to supply the solution to a flat-ended 
stainless steel 30-gauge needle from a 1 mL syringe. The tip-collector 
surface distance was adjusted to approximately 1 mm to apply near- 
field electrospinning for a precise printing. A homemade substrate 
stage controlled by computer software was moved in the x-y axis. To 
achieve the optimized conditions for the patterning, we used two 

different techniques for initiating Taylor cone. In the first, an auxiliary 
electrode was mounted for 1 mm underneath the substrate and aligned 
with the upper needle, as illustrated in Fig. 1 (a). The voltage was 
applied at 1 kV between the top needle and the bottom electrode. The 
flow rate was kept constant as 2.5 μL/h, and Si/SiO2 substrates were 
patterned. In the second technique, a low level of voltage between 0.4 
and 0.6 kV was applied between the needle and the substrate, as shown 
in Fig. 1 (b). Silver coated Si/SiO2 substrates were placed on the 
movable stage. The polymer was supplied to the needle at a rate of 1 μL/ 
h. 

In general, the polymer jet cannot overcome the surface tension 
between the droplet and air because of voltage difference [27]. There
fore, a tungsten microprobe was applied manually to start the nanofiber 
fabrication, overcoming the surface tension by initiating a high local 
electrical field. 

The zero-shear viscosity of the polymer was measured by a rheom
eter (TA Instruments Discovery HR-2). The surface morphology and 
elemental composition of the fibers were examined by SEM (FEI Quanta 
250 FEG) combined with the EDX (Oxford Aztec). The nanofiber 
thickness and diameter were examined by tapping-mode AFM (Hitachi 
AFM5100N). 

Approximately 100 nm thick silver was coated on Si/SiO2 substrates 
by a physical vapor deposition system (Leybold Univex 300) operated at 
a rate of 0.7 Å/s under ~10− 6 Torr. The etching of the samples was 
performed by argon ion beam etching system (a custom-made set-up) 
with a rough pump, a turbomolecular pump (Agilent Varian Turbo-V 
301), an etching chamber, a multi-gas controller (MKS Instruments 
Type 647C), an end-Hall type ion source (Advanced Energy MCIS-12), a 
DC power supply (Advanced Energy Pinnacle Plus), a close cycle cooling 
system, a thermocouple vacuum gauge, and a cold cathode gauge 
controller [28]. The base pressure of the chamber was below 3 × 10− 6 

Torr, and the pressure during etching was ~10− 3 Torr. The plasma 
etching conditions were 30 sccm Ar, 70 mA beam current, 750 V beam 
voltage, and 49 W DC power. 

The angle between the incident ion beam and the substrate surface 
was kept at 22.5◦ during the etching process because directing the beam 
perpendicularly at the sample can easily cause damage due to high 
etching and heating rates. The tilting of the holder provides greater 
control over the sidewalls of the sample and greater axial stability, and 
also prevents the possibility of redeposition of etched atoms onto the ion 
gun surface [29]. Therefore, the sample holder was also rotated with the 
rotary feedthrough for a smoother etched surface. 

We also performed a lift-off process to remove the polymer on the 
silver patterns. A methanol-water mixture with a 2:1 ratio was gently 
poured onto the substrate, which was then placed into the mixture at 
50 ◦C for 14 min. 

Data collected from SEM images were statistically analyzed with 
one-way ANOVA, where grouping factors were “applied voltage” and 
“etching process”. After a group effect from one-way ANOVA, P-values 
of the post hoc t-test were presented in P(A, B) format. The A and B 

Fig. 1. (a) The schematic showing how the electric field was applied between the needle and the auxiliary electrode (b) the experimental setup of the electro
hydrodynamic method, including the x-y stage controlled by a computer software, a power supply and a syringe pump. 
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represent the groups that were compared with respect to different pa
rameters e.g., applied voltage (400 V, 500 V, 600 V), and the etching 
process (as-deposited, 5 min, 7 min). SEM images of the 7 min etched 
samples were also analyzed due to the line edge roughness by a Matlab® 
based image processing software [30]. 

3. Results and discussion 

The zero-shear viscosity of the 2% PEO solution was determined as 
28.48 Pa⋅s. This value is in agreement with previous findings (e.g., 
28.70 Pa⋅s reported in [27]) and is a suitable value for patterning of the 
fibers via electrospinning. The slight difference is due to variations in the 
preparation procedure of the polymer. In general, platform speed and 
the applied voltage are two critical factors affecting the structure and 
printing of the nanofibers [31]. Therefore, the first method using an 
auxiliary electrode was studied with the platform speed of 95 or 250 
mm/min to achieve straight fibers in the nanoscale range. Fig. 2 shows 
the optical micrographs of the fibers patterned with 95 mm/min. The 
schematic of the pattern designed to be fabricated is illustrated in Fig. 2 
(c). The lower platform speed resulted in spiraling of the fibers with the 
smallest width, approximately 0.35 μm. Although continuous and 
almost completely straight fibers were produced, as shown in Fig. 2(b), 
the edgy corners could not be printed as proposed (Fig. 2 (a)). Fig. 3 
displays the results of patterning of the fibers at a higher platform speed. 
Even though the spiraling fiber geometry was not observed, it was not 
possible to print the pattern due to the platform’s high-speed, as 
demonstrated in Fig. 2 (c) and therefore a simpler grid pattern was 
printed as shown in Fig. 3 (a, b). Consequently, to the best of our 
knowledge, this is the first report of nanofibers’ patterning with a 
needle-type electrode as an auxiliary electrode, which was placed un
derneath the substrate and parallel to the nozzle. 

The conventional far-field electrospinning is studied with a distance 
of 5–15 cm and an applied voltage of 10–20 kV [19]. On the other hand, 
maintaining a distance of between 500 μm – 5 cm is approved as near- 
field mode of the electrospinning, essential for the accurate patterning 
of fibers and achieving a stable jet [32]. Both methods investigated in 
the current study can be considered as near-field electrospinning. 
However, the applied voltage could not support a stable jet that would 
allow precise printing because the second needle was mounted under
neath the substrate. The second technique, i.e. patterning with the 
grounded substrate rather than using an auxiliary electrode, allows the 
system to operate at lower applied voltage, resulting in thinner fibers. 
Applying the electric field directly onto the collector created a highly 
concentrated electric field [33] that was accompanied with lowering the 
flow rate of the polymer to 1 μL/h. After conducting a series of experi
ments, 700 mm/min was identified as optimized platform speed to 
operate at lower applied voltage. The platform speed should be retained 
higher than the first procedure because of the intensive electric field 
created by grounding the substrate. To investigate the effect of voltage 
on the fiber diameter, three samples coated with silver were applied at 

400 V, 500 V, 600 V and printed in a straight-line pattern. Fig. 4 displays 
the samples’ SEM images prepared with an increasing applied voltage 
from top to bottom. Similar to the conventional electrospinning process, 
it is also possible to control the diameter of nanofibers by changing the 
voltage. Thinner fibers with a diameter in the range of 208.7 ± 30.3 nm 
were achieved by decreasing the voltage to 400 V. 

Far-field electrospinning fabricates fibers with larger diameters 
when a higher voltage is applied because a greater amount of polymer is 
ejected [34]. On the other hand, near-field electrospinning favors the 
production of thicker fibers at higher voltage due to the reduction of 
bending instabilities [18]. Bisht et al. reported that it was possible to 
control nanofibers’ morphology, and their diameter and patterning on 
2D and 3D substrates using the appropriate PEO ink formulation [27]. 
The study proposed a continuous, direct writing with a low voltage of 
200 V with relatively slower collector speeds of 20–40 mm/s. On the 
other hand, when the patterns were fabricated at 600 V, instead of 
straight fibers, looped fibers were observed due to the bending in
stabilities. We also used the same concentration of the polymer with a 
different preparation method. Moreover, other studies have demon
strated that nanofibers at higher applied voltages with a faster stage 
speed could be directly written [35,36]. Huang et al. presented a high 
voltage near-field direct writing with 800 V applied voltage and 400 
mm/s collector speed and fabricated straight patterns with approxi
mately 200 nm thick fibers [35]. In another study, nanofiber diameter 
was reduced to ~40 nm when 120 mm/s collector speed was applied 
with the voltage of 500 V [36]. Therefore, in this study we selected a 
voltage between 400 and 600 V for the fabrication of nanofibers for a 
straight morphology. 

Our objective was not only to achieve straight fibers with nanoscale 
diameters but also to demonstrate the methodology of a new type of 
lithography technique. In this regard, the samples were etched after 
performing the electrohydrodynamic method by ion beam etching to 
remove the silver coating that was not covered by nanofibers. Fig. 4. also 
displays SEM images of patterned nanofibers before and after etching 
with different durations. As shown in SEM results, the diameter varied 
along the length of a fiber, as also observed in previous reports [36,37]. 
Therefore, the fiber diameter data measurements from SEM images were 
analyzed to elucidate the effect of the voltage and etching process on the 
fiber morphology. 

The effects of a larger diameter with the voltage were statistically 
tested with one-way ANOVA, suggesting that at least one group is 
different from the others (One-way ANOVA, F (2, 46) = 42.2, p < 0.001, 
for “as-deposited”). Post hoc t-test for pairwise comparison shows that 
changing applied voltage from 400 V to 500 V or 600 V significantly 
increased the diameter (P(400 V, 500 V) < 0.05, P(400 V, 600 V) <
0.05), and the diameter did not further increase after 500 V. The analysis 
was also carried out to check whether the similar effect of applied 
voltage was observed on the etched fiber diameters. The analysis 
confirmed that at least one voltage group (i.e. 400 V, 500 V, 600 V) was 
different from the others (One-way ANOVA, F(2, 43) = 142.3, p < 0.001, 

Fig. 2. Optical micrographs of the patterns fabricated with an auxiliary electrode at the deposition speed of 95 mm/min (a) 10× magnification (b) 100× magni
fication (c) the schematic illustration of the pattern. 
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for “5 min”; F(2, 42) = 45.3, p < 0.001, for “7 min”). Post hoc t-test for 
pairwise comparison for etched samples suggests that with increase in 
the voltage [P(400 V, 500 V) < 0.05, P(400 V, 600 V) < 0.05, for “5 min” 
and “7 min”) there was no increase in the fiber diameter after 500 V [P 
(500 V, 600 V) = 0.14, for “5 min”; P(500 V, 600 V) = 0.39, for “7 min”]. 
Analysis of the effect of the etching process on the fiber diameter 
fabricated at different voltages showed no significant differences be
tween etching groups (i.e. “as-deposited”, “5 min”, “7 min”; One-way 
ANOVA, F(2, 51) = 0.7, p = 0.5 for 400 V; F(2, 35) = 2.29, p = 0.12 
for 500 V; F(2, 48) = 1.54, p = 0.22 for 600 V). The results confirmed 
that fiber diameter did not change with the etching process, or the 
duration of the etching process up to 7 min, which was a critical point in 
time for the nanolithography technique. Moreover, the mean value of 
LER of the 7 min etched sample fabricated at 400 V was calculated as 
22.58 ± 3.57 nm (inspection length: 2 μm) by measuring 15 different 
spots in SEM images. 

To confirm the removal of silver coating on the uncovered parts, and 

the presence of the silver underneath the nanofibers, we performed an 
EDX analysis on the fibers and uncovered spots of the sample etched for 
5 and 7 min (see Fig. 5). In the case of 5 min of etching, it was still 
possible to observe the silver coating was on the uncovered parts and 
underneath the nanofibers, and etching was applied for a further 2 min 
to remove the silver from the exposed parts of the substrate. Fig. 5 (b) 
shows that the silver covered by fibers remained intact, but that no trace 
of silver was observed on the undeposited parts, confirming that elec
trospun nanofibers protected the silver coating. 

Morphology and height profiles of the nanofibers were characterized 
by AFM for the as-spun, and 7 min etched sample (see Fig. 6). The fiber 
diameter and thickness in nonetched regions were 715.63 ± 299.6 nm 
and 93.47 ± 26.96 nm, respectively (calculated based on 72 data 
points). On the other hand, the nanofibers in the 7 min etched regions 
had 518.98 ± 193.79 nm diameter and 117.36 ± 33.43 nm thickness, 
(calculated from 108 data points). The etching process reduced fiber 
diameter while protecting the nanostructures, but slightly etched away 

Fig. 3. Optical micrographs of the patterns fabricated with an auxiliary electrode at the deposition speed of 250 mm/min (a) 20× magnification (b) 100×
magnification. 

Fig. 4. SEM images of the samples fabricated by the second technique and patterned at an applied voltage of (a–c) 400 V, (d–f) 500 V, and (g–i) 600 V.  
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the silver in the y-direction. This result suggests that longer etching 
times could further reduce the thickness of the silver layer, and even 
break the nanostructures. 

The polymer on the silver nanopatterns was removed after the 
etching process. The width and thickness of the metallic patterns were 
calculated as 473.83 ± 130.39 nm and 102.04 ± 14.40 nm, respectively, 
from 107 data points collected by AFM. The reduction in both directions 
of the nanopatterns confirmed the success of the lift-off process in 
removing the polymer. 

4. Conclusion 

In summary, we presented a new strategy for the printing of Ag- 
based nanopatterns using electrohydrodynamic printing and reactive 
ion etching. This involved optimizing the process parameters for elec
trospinning to create precisely patterned straight nanofibers. Thus, we 
used two different techniques to utilize the conditions for a home-made 
experimental setup. In the first, the auxiliary needle mounted under
neath the substrate was grounded. Although the nanofibers were suc
cessfully structured, some issues were observed in the morphology of the 

fibers and the patterning. In the second technique, the substrate was 
grounded directly, and due to the intense electric field on the substrate, 
the applied voltage was reduced to the range of 400–600 V. The SEM 
images show that straight nanofibers with a diameter of 208.7 ± 30.3 
nm were successfully obtained at the voltage of 400 V. Moreover, non- 
uniform morphologies in the fiber structure were observed at higher 
voltages. The etching process was applied for different durations; under 
the condition of 5 min of etching, the silver regions uncoated with the 
fibers were not fully removed, suggesting an insufficient etching dura
tion, while 7 min of etching of the substrates resulted in the removal of 
silver in the undeposited regions with protecting the silver nano
structures underneath the fibers, indicating a successful nano
lithography technique. In conclusion, the procedure enabled us to use 
the nanofibers as a tool to obtain patterned metallic nanostructures. In 
future studies, the fibers will be patterned on the gold substrates, in 
which the interdigitated electrodes will be fabricated for miniaturized 
electronic devices. 

Fig. 5. EDX results of the sample fabricated at 500 V etched for a) 5 min and b) 7 min.  

Fig. 6. AFM images and the height profiles of nanofibers electrospun at 400 V a) before the etching process b) after etching for 7 min.  
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