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Large-area Ag nanowires are ordered by spontaneous spreading of volatile droplet on a wettable solid
surface. Compared with other nanowires orientation methods, radial shaped oriented Ag nanowires in a
large ring region are obtained in an extremely short time. Furthermore, the radial shaped oriented Ag
nanowires are transferred and aligned into one direction. Based on the hydrodynamics, the coactions among
the microfluid, gravity effect and the adhesion of substrate on the orientation of the Ag nanowires are clearly
revealed. This spreading method opens an efficient way for extreme economic, efficient and “green” way for
commercial producing ordered nanowire arrays.

g nanowires and other nanowire materials are of great interest for applications due to their important

optical and electronic characteristics. However, their disordered arrangement seems to be problematic for

use in microelectronics and photonics device fabrication'”. With alignment, the 1D structure of nano-
wires enhances their dielectric, electric, and optical properties. 1D structure such as Ag nanowires, carbon
nanotubes, large area ordered nanowires or nanorods shaped materials have potential applications in the field
effect transistors, which performances depend on degree of nanowire ordering; asymmetric conductive films
which often need large area of ordered Ag nanowires (about several centimetres); or Ag nanowires SERs sub-
strates which performances largely depend on the density and the degree of nanowire ordering®>. In recent years,
many techniques have been developed for nanowires alignment, such as Langmuir-Blodgett®, fluid flow’, sus-
pension evaporation®, blown bubble?, electro spinning’, and mechanical force technique'’. Among these nano-
wire orientation methods, the evaporation of nanowires suspension is proved to be an economical way for
nanowires orientation'"'*. By the evaporation induced capillary flow, nanowires can be oriented on a solid surface
by drying a drop of solution containing non-volatile solutes'*'*. However, there are still limitations in the needs of
strict evaporation condition, long time cost (about several hours)" and compatibility of materials.

A similar flow of volatile solutes exists on a solid surface during the spreading process'. Therefore, the
spontaneous spreading of volatile droplet on a wettable solid surface can be considered to align nanowires.
Meanwhile, a large uniform film can be easily obtained on a solid or a liquid surface by the spreading of the
suspension'®'”. However, the alignment of nanowires by spontaneous spreading of droplets on solid surface has
been seldom reported.

Results

Herein, we applied the spontaneous spreading of volatile ethanol droplet to align Ag nanowires on solid substrate
(e.g. glass and silicon are chose in our experiment). Ag nanowires with average 200 nm in diameter and 30 pm in
length used in this study were fabricated according to previous reports'®'", as shown in Fig. 1(b). Considering the
dispersion ability of Ag nanowires and the spreading conditions of liquid on solid surface®’, Ag nanowires are
subsequently suspend in ethanol, as shown in Fig. 1(a). The Ag nanowires ethanol suspension can be considered
as a quasi-stable suspension within half an hour. During this time, the dispersion and the mass fraction of Ag
nanowires have no obvious changes. Then, the Ag nanowires suspension (about 1wt%) is dropped on silicon
surface. In general, we assembled arrays of Ag nanowires through the liquid spreading and evaporation on solid
surface, as shown in Fig. 1(c). Similar with the most familiar spreading phenomenon: tears of wine formed on the
cup wall®, after only about 50 s, a circle shaped Ag nanowires layer is formed on silicon surface by dropping 5 uL
of suspension.
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Figure 1| Suspension of Ag nanowires spreading on silicon surface. (a)
Ag nanowire suspension; (b) SEM image of the Ag nanowires; (c) Image of
the Ag nanowires array with diameter about 4 cm which is left after the
suspension evaporates. The Ag nanowires array is dyed and the diameter is
marked by yellow dot line.

A typical example of parallel assembly of Ag nanowires (Fig. 2)
shows that virtually all the Ag nanowires are uniformed aligned along
the spreading flow direction in a large ring region. As shown in
Fig. 2(a), apart from the central region, the scope of ordered Ag
nanowires is larger than 2 cm®. Due to the preparation technology
of Ag nanowires, the lengths of some nanowires are much shorter
than others (length range from 5 to 60 um) (Fig. 2(b) to 2(f)).
However, we found that no matter what length of the Ag nanowires,
nearly all of these nanowires are aligned along the radius of the circle
in the ring region (Fig. 2(b) to 2(f)). In these images, there are some
large deviations of Ag nanowires with respect to the flow direction
pointed out by yellow dot circles which we will discuss below
(Fig. 2(d) and Fig. 2(f)). In order to further study the degree of
alignment, we counted the distribution of angles of Ag nanowires
in each images and calculated their standard deviation o, as shown in
Table L

Through the statistics, we found that the average standard devi-
ation of the angles of Ag nanowires is 5.15. Although the density of

Table | | The average angles of Ag nanowires, which is the average
angle of the directions of Ag nanowires with that of the vertical
direction in each image and the angles standard deviation (the
numbers are the image label in Fig. 2.)

Numbers of Average angles
Ag nanowires (degree) o (degree)
(d) 117 72.98 6.63
el 64 68.27 5.00
( 120 23.99 3.83
Average - - 5.15

ordered Ag nanowires has slightly increases along the radius of the
circle in the ring region, the degree of nanowire ordering has no
obvious change in different position along the ring radius. This result
indicates that Ag nanowires are aligned well along the circle radius in
the large ring region. Indeed, alignment of Ag nanowires has been
found to extend up to 4 cm” and seems to be limited by the volume of
the droplet, on the basis of experiments carried out with volumes
ranging from 1-10 pL.

In addition, no matter what volume of the droplet, the arrange-
ment of Ag nanowires is random in the central region of the circle.
The detail results of the arrangements of Ag nanowires in the central
region are shown in Fig. S1.

Discussion

Based on the framework of shear flow, we theoretically analyze the
factors controlling the alignment and the density changes of Ag
nanowires in the ring region. Schematic diagrams are used to reveal
the effect of the spreading on this special alignment as shown in
Fig. 3(a). Different from the evaporation method®, the orientation
of Ag nanowires is mainly occurs in the spreading process by a CCD
device equipped on microscopy (see the Supporting Information).
Specifically, the spreading microfluid near the substrate surface
resembles a shear force and aligns the Ag nanowires in the spreading
direction before they are immobilized on the substrate as shown in
Fig. 3(a). Subsequently, some of the ordered Ag nanowires in the
suspension are gradually sink onto solid substrate due to the gravity
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Figure 2 | Parallel assembly of Ag nanowires array. (a) Top view optical image of a circle shaped thin layer of Ag nanowires; (b) Optical microscopy
image of Ag nanowires in the ring region; (c) Optical microscopy image little further away from (b); (d) Optical microscopy image of Ag nanowires in the
edge region; (e), (f) Higher resolution of optical microscopy image of (b) and (c). Ag nanowires which are not well aligned are pointed out by yellow
dashed circle. All optical microscopy images are obtained under bright field mode of microscope.
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Figure 3 | Schematic of orientation of Ag nanowires during spreading and evaporation process. (a) Spreading directions of microfluid and the
movements of Ag nanowires near the substrate during spreading process; (b) Retracting directions of microfluid and the movements of Ag nanowires at

the initial of shrinkage of the suspension.

effect. And others are carried out by the spreading flow and sink on
the substrate along the circle radius. Obviously, the spreading flow
rate and the adhesion forces of the substrate which can be attributed
to the van der waas force between Ag nanowires and substrate surface
are the most importation factors that lead to the final alignment of Ag
nanowires on solid substrate surface. On the equilibrium of the two
factors, ordered Ag nanowires can be adhered and aligned on solid
substrate. Although the adhesion forces of the substrate mainly
depended on the contact area between Ag nanowires with substrate
can be approximate as a constant, the spreading flow rate of the
microfluid is decreased with the spreading radius and the duration
of the spreading flow*>. Based on the changes of the flow rate of the
spreading microfluid, we could clearly understand the adhesion and
alignment of Ag nanowires on solid substrate surface during the
spreading process. At the initial stage of the spreading process, Ag
nanowires are already well ordered in the suspension due to the high
shear forces of the high rate of the spreading flow. However, under
such high shear forces, the substrate cannot catch the ordered Ag
nanowires out of the suspension and align onto its surface. Most Ag
nanowires near the substrate are washed away by the fast spreading
flow, which is proved by our CCD observation. As the spreading
process proceeds, the spreading rate is greatly decreases with the
spreading radius and flow duration. At this stage, Ag nanowires near
the substrate are easily adhered and aligned on the substrate surface
far away the central due to the decrease of the shear forces in the
suspension. Thus, there is a small density change of ordered Ag
nanowires along the spreading direction on the solid substrate sur-
face (Fig. 2(b) and 2(c)). Because the Ag nanowires are already
oriented in the suspension, the flow rate change seems have little
influence on the alignment of Ag nanowires on solid surface during
the spreading process.

In addition, large deviations of few Ag nanowires with respect to
the flow direction (Fig. 2(d), 2(e) and 2(f)) can be attributed to the
insufficient rotation of Ag nanowires near the substrate. In detail,
some of Ag nanowires initially very close to the solid surface and then
firmly adhere on the substrate that shear forces cannot rotate them
during the spreading process. This irregular adhesion of Ag nano-
wires on silicon (glass) surfaces could be affected by the aspect ratio
of Ag nanowires and the concentration of the suspension (discussed
in the Supporting Information). Finally large deviations of few Ag
nanowires with respect to the flow direction are left on the solid
substrate surface.

Accompanied by the spreading process, there is always exists the
high rate of evaporation on the suspension surface as shown in
Fig. 3(a). Due to the evaporation of the suspension, the spreading
process is quickly finished, which only takes 20-30 s. As the spread-
ing process finished, the shrinkage process of the suspension thin
film begins subsequently. The thin circle suspension film shrinks and
vanishes rapidly from the edge to the center in only 10-15 s. During
this process, standard Newton’s rings can be clearly observed on the
film as shown in Fig. 4. Obviously, as the film shrinks and vanishes
rapidly from the edge to the center, the angle changes of the flow
direction are 180 degrees (Fig. 3(b)). Ordered Ag nanowires in the
edge of the suspension film are pulled out of the suspension by the
pinning force F between the nanowires and the substrate. During this
stage, for anti-Brown movement abilities of Ag nanowires in low
shear force suspensions® and the 180 degrees changes of flow dir-
ection in the suspension, the shrinkage of the thin film has little effect
on the oriented arrangement of Ag nanowires. During this process,
obvious Newton’s rings emerge on the thin suspension film due to
the rapid and uniform thinning of the suspension film (from several
microns into near one hundred nanometers in only 3-5 s). As the
thinning of the suspension film, Ag nanowires in the suspension are
directly adhered on the substrate and cannot move by the thin film.
Finally, as the Newton’s rings disappear, a radial shaped alignment of
Ag nanowires array is left on the substrate.

Through above analysis, the large area of Ag nanowires array
formed on solid surface can mainly attributed to spreading shear
flow and adhesion of the substrate during the spreading process.
Compared with the evaporation method®'*', in our case, the evap-
oration induced retracting of the suspension film has little effect on
the alignment of Ag nanowires on solid substrate which shows sig-
nificant differences.

By above spreading method, the obtained Ag nanowire arrays
could meet small scope application in devices by direct transfer tech-
nology®. For the needs of large scope of Ag nanowire arrays (about
order of square centimeters) in one direction, we provide a simple
device to transfer Ag nanowires on to a target substrate. A schematic
diagram of the Ag nanowires transfer device is shown in Fig. 5. This
device contains a connecting rod and rubber roller. A thermal release
tape is adhered onto the surface of the rubber roller. When the con-
necting rod rotates, the rubber roller rotates due to rolling friction
induced by the rotation of the connecting rod. The radial aligned Ag
nanowires can be uniformly adhered and oriented in the same dir-
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Figure 4 | Optical images of Newton’s rings on silicon surface. (a) Newton’s rings at the initial of the shrinkage process of the suspension thin film; (b) to

(f) Newton’s rings on silicon surface after 10 s, 20 s, 30 s, 40 s and 50 s.

ection on the tape as shown in Fig. 5(b) and 5(c). The density of Ag
nanowires can be controlled by the number of turns of the cylinder.
Then, the large scope Ag nanowire array on the thermal release tape
(shown in Fig. S2) can be further transferred onto a target substrate.

In summary, the spontaneous spreading of volatile droplet on
solid surface are proved as an extremely easy, fast and economic
way for Ag nanowires alignment on a solid surface. In the orientation
process, we discovered that Ag nanowires are ordered by the spread-
ing microfluid in the suspension and then adhered on the solid
surface. Furthermore, the shrinkage of the suspension film induced
by the evaporation has no obvious influence on the orientation of Ag
nanowires, which shows great differences with that by the similar
evaporation orientation methods. A simple device is designed to
transfer and align the radial shaped oriented Ag nanowires into a
target substrate into one direction. This work has provided a very
efficient way for commercial production of nanowires arrays in a
wide range of fields.

Methods

Preparation of Ag nanowires. Ag nanowires with average diameter of 200 nm and
length of 30 um were synthesized by the hydrothermal method. In detail, a specified

amount of silver nitrate (0.17 g), PVP (average molecular mass 360 k in terms of
monomeric units) (0.2 g), sodium sulfide (7.2 mg) were dissolved in 20 ml ethylene
glycol and stirred vigorously until to clear. The clearly solution was placed in a 50 ml
teflon-lined stainless autoclave, and then heated to 160°C and remained for 5 h under
autogenous pressure. After that, hoary turbid liquid were obtained when the auto-
clave was cooled to room temperature. Ag nanowires were centrifuged and washed
twice with anhydrous ethanol.

Orientation of Ag nanowires on silicon (glass) surface. All the experiments
were done in a normal atmospheric environment with natural air flow. The
experiments were carried out at room temperature and there were no additional
special conditions. The standard cleaning procedure of silicon and glass is
adopted. The silicon and glass are first cleaned ultrasonically in baths of acetone
for 10 min and then rinsed several times with deionized water. Thereafter,
silicon and glass are dried by nitrogen. Pipettes are used to drop the droplets on
solid substrate. In order to reduce the effect of impact flow and gravity flow on
the alignment of Ag nanowires, the distance between the pipettes orifice and the
silicon (glass) surface is controlled and fixed to be very small (3-5 mm). The
diameter and volume of the droplets are simply controlled by the size of the
pipette orifice. Generally, the diameter of the droplet can be controlled in the
range of 1-4 mm and the volume in the range of 1-10 pL. Then the droplet
spreads on the silicon (glass) surface and evaporates naturally on the substrate in
the normal atmospheric environment.

Characterization. The morphology of the Ag nanowires was determined by field
emission scanning electron microscopy (FESEM, JEOL Corp., Model JSM-6700F).
The arrays of Ag nanowires and the alignment movie of Ag nanowires were observed
using optical microscopy (Yongxiang corp., Model 10XB-PC).

Ag nanowires

Figure 5 | Schematics of a simple device for the transfer of large scope of Ag nanowire array. Right: Optical image of the transfer area in the ring region

and the transferred Ag nanowires on the tape.

SCIENTIFIC REPORTS | 4: 6742 | DOI: 10.1038/srep06742



10.

11.

12.

13.

14.

15
16.

1

~

18.

19.

20.

Mannsfeld, S. C. B. et al. Highly Efficient Patterning of Organic Single-Crystal
Transistors from the Solution Phase. Adv. Mater. 20, 4044-4048 (2008).
Schider, G. et al. Plasmon dispersion relation of Au and Ag nanowires. Phys. Rev.
B. 68, 155427 (2003).

Liu, J. W. et al. Ordering Ag nanowire arrays by a glass capillary: A portable,
reusable and durable SERS substrate. Sci. Rep. 2, 987 (2012).

Yu, G. H,, Cao, A. Y. & Lieber, C. M. Large-area blown bubble films of aligned
nanowires and carbon nanotubes. Nat. Nanotech. 2, 372-377 (2007).

Zhou, H. et al. Reversible macroscopic alignment of Ag nanowires. Chem. Mater.
23, 3622-3627 (2011).

Yang, P. D. Wires on water. Nature. 425, 243-244 (2003).

Huang, Y., Duan,. X. F., Wei, Q. Q. & Lieber, C. M. Directed assembly of one-
dimensional nanostructures into functional networks. Science. 291, 630-633
(2001).

Han, W. & Lin, Z. Q. Learning from “Coffee Rings”: Ordered structures enabled
by controlled evaporative self-assembly. Angew. Chem. Int. Ed. 51, 1534-1546
(2012).

Martin, B. R., Mbindyo, J. & Mallouk, T. E. Electric-field assisted assembly and
alignment of metallic nanowires. Appl. Phys. Lett. 77, 9 (2000).

Xu, F,, Durham, J. W., Wiley, B. J. & Zhu, Y. Strain-Release Assembly of
Nanowires on Stretchable Substrates. AcsNano. 5, 1556-1563 (2011).

Zhang, C. Y. et al. Facile one-step fabrication of ordered organic nanowire films.
Adv. Mater. 21, 41724175 (2008).

Deegan, R. D. et al. Capillary flow as the cause of ring stains from dried liquid
drops. Nature. 389, 827-829 (1997).

Huang, J. X,, Fan, R,, Connor, S. & Yang, P. D. One-step patterning of aligned
nanowire arrays by programmed dip coating. Angew. Chem. Int. Ed. 46,
2414-2417 (2007).

Liu, J. W, Liang, H. W. & Yu, S. H. Macroscopic-scale assembled nanowire thin
films and their functionalities. Chem. Rev. 112, 4770-4799 (2012).

. Bonn, D. Wetting and spreading. Reviews of Modern Physics. 81, 739 (2009).

Maki, K. L. & Kumar, S. Fast evaporation of spreading droplets of colloidal
suspensions. Langmuir. 27, 11347-11363 (2011).

. Arciniegas, M. P. et al. Self-Assembly of Octapod-Shaped Colloidal Nanocrystals

into a Hexagonal Ballerina Network Embedded in a Thin Polymer Film. Nano
Lett. 14, 1056-1063 (2014).

Madaria, A. R., Kumar, A. & Zhou, C. W. Large scale, highly conductive and
patterned transparent films of silver nanowires on arbitrary substrates and their
application in touch screens. Nanotechnology. 22, 245201 (2011).

Hu, L. B, Kim, H. S,, Lee, J. Y., Peumans, P. & Cui, Y. Scalable coating and
properties of transparent, flexible, silver nanowire electrodes. Acs Nano. 4,
2955-2963 (2010).

Tokuno, T. et al. Fabrication of silver nanowire transparent electrodes at room
temperature. Nano Res. 4, 1215-1222 (2011).

21. Vuilleumier, R., Ego, V., Neltner, L. & Cazabat, A. M. Tears of wine: The
Stationary State. Langmuir 11, 4117-4121 (1995).

22. De Gennes, P. G. Wetting: statics and dynamics. Reviews of Modern Physics. 57,
827-863 (1985).

23. Gaynor, W, Burkhard, G. F. & McGehee, M. D. Smooth Nanowire/Polymer
Composite Transparent Electrodes. Adv. Mater. 23, 2905-2910 (2011).

Acknowledgments

This work was supported by the National Natural Science Foundation of China (91333122,
51372082, 51172069, 50972032, 61204064 and 51202067), and Ph.D. Programs Foundation
of Ministry of Education of China (20110036110006), and the Fundamental Research
Funds for the Central Universities and Science and Technology Program Foundation of
Suzhou City (SYG201215).

Author contributions

H.D., RQ.D. and M.C.L. planned and experiment designed; H.D. wrote the manuscript
draft; R.Q.D. did the experiments; H.D., RQ.D., M.C.L,, ].J.H., Y.F.L. and M.Y.T. co-revise
the manuscript; H.D. and R.Q.D. processed data and prepared the figures; All authors
reviewed the manuscript.

Additional information
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Supplementary information accompanies this paper at http://www.nature.com/
scientificreports

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Dai, H. et al. Ordering Ag nanowire arrays by spontaneous
spreading of volatile droplet on solid surface. Sci. Rep. 4, 6742; DOI:10.1038/srep06742
(2014).
@@@@ This work is licensed under a Creative Commons Attribution-NonCommercial-
CAmTs ShareAlike 4.0 International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative
Commons license, users will need to obtain permission from the license holder
in order to reproduce the material. To view a copy of this license, visit http://
creativecommons.org/licenses/by-nc-sa/4.0/

| 4:6742 | DOI: 10.1038/srep06742


http://npg.nature.com/reprintsandpermissions
http://npg.nature.com/reprintsandpermissions
http://www.nature.com/scientificreports
http://www.nature.com/scientificreports
http://creativecommons.org/licenses/by-nc-sa/4.0/
http://creativecommons.org/licenses/by-nc-sa/4.0/

	Title
	Figure 1 Suspension of Ag nanowires spreading on silicon surface.
	Figure 2 Parallel assembly of Ag nanowires array.
	Table I The average angles of Ag nanowires, which is the average angle of the directions of Ag nanowires with that of the vertical direction in each image and the angles standard deviation (the numbers are the image label in Fig. 2.)
	Figure 3 Schematic of orientation of Ag nanowires during spreading and evaporation process.
	Figure 4 Optical images of Newton’s rings on silicon surface.
	Figure 5 Schematics of a simple device for the transfer of large scope of Ag nanowire array.
	References



