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 Conductive and transparent coatings consisting of silver nanowires (AgNWs) are 16 

promising candidates for emerging flexible electronics applications. Coatings of aligned 17 

AgNWs offer unusual electronic and optical anisotropies, with potential for micro-circuits, 18 

antennas, and polarization sensors. Here we explore a microfluidics setup and flow-induced 19 

alignment mechanisms to create centimeter-scale highly conductive coatings of aligned 20 
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AgNWs with order parameters reaching 0.84, leading to large electrical and optical 1 

anisotropy. By varying flow rates, we establish the relation between the shear rate and the 2 

alignment and investigate possible alignment mechanisms. The angle-dependent sheet 3 

resistance of the aligned AgNW networks exhibits an electronic transport anisotropy of 4 

~10x while maintaining low resistivity (<50 Ω/sq) in all directions. When illuminated, the 5 

aligned AgNW coatings exhibit angle- and polarization-dependent color, and the polarized 6 

reflection anisotropy can be as large as 25. This large optical anisotropy is due to a 7 

combination of alignment, polarization response, and angle-dependent scattering of the 8 

aligned AgNWs. 9 

 10 
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Introduction 1 

The large aspect ratio and electrical conductivity of silver nanowires (AgNWs) offer promising 2 

ingredients for emerging electronic and optical applications, including conducting inks and pastes 3 

used in circuits.1,2 AgNW films, for example, are attractive candidates for transparent conductive 4 

coatings in flexible touch-screen displays, due to their high visible light transparency and 5 

tolerance to planar strain.3-5 Moreover, the one-dimensional (1D) nature of these wires 6 

induces anisotropy in electrical conductivity and optical appearance, and some nanowire 7 

assemblies with anisotropic properties have been found to exhibit enhanced performance 8 

in nanocomputing devices,6 antennas,7-9 polarized-light-based sensors,10 and surface 9 

enhanced Raman spectroscopy (SERS).11 10 

The performance of AgNW-based devices usually depends on the density and organization 11 

of the AgNWs. When AgNWs are used in flexible electronics to replace ITO, the combination of a 12 

low areal density for optical transparency and a percolated network of AgNWs for conductivity 13 

is required. In the literature, this performance is generally achieved from isotropic percolating 14 

nanowire networks at a low areal density.5,12-14 15 

Films with high areal density of AgNWs, on the other hand, offer the possibility to 16 

generate anisotropic optical and electrical properties that ultimately offer many more ways 17 

to modulate signals. For example, the fabrication of AgNW-based optical elements with 18 

polarization sensitivity and the synthesis of conducting devices with anisotropic conductivity 19 

require both a high degree of alignment and a large areal density. In a related vein, the creation 20 

of plasmonic waveguides, based on single15-17 or multiple9,18 nanowires, could rely on plasmonic 21 

interactions among nanowires19, which would benefit from aligned nanowires with high areal 22 
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density. To this end, films of aligned nanowires offer the possibility to tune the coupling between 1 

individual nanowires and thus introduce novel collective responses, which could be more 2 

sensitive than conventional, continuous metal films. Moreover, nanowire films hold potential to 3 

be flexible and stretchable, which could be also useful for mechano- and thermal-sensing. 4 

Many methodologies for deposition and alignment of 1D nanomaterials such as 5 

nanowires or nanotubes have been explored.10,11,20-29 Self-assembly at oil-water-air 6 

interfaces25 and Langmuir−Blodgett methods30 have been used to align AgNWs. More 7 

recently, capillary-based techniques including capillary printing,31 meniscus-dragging,32 H-8 

dip,33 and bar-coating34 have been used to create large-scale aligned or cross-aligned AgNW 9 

coatings on flat substrates. Nevertheless, these techniques can only print AgNWs along one 10 

specific direction,32,33 or require external mechanical force.31 Therefore, they are not suitable 11 

for parallel printing of complex circuitry. Microfluidic channels, where the shear force and 12 

flow geometry can be well-controlled, thus, offering more flexibility for depositing AgNW 13 

coatings with pre-designed patterns. Indeed, shear flow has been used for aligning 14 

nanotubes and nanowires. Huang et al., first explored this method to align nanowires within 15 

a microfluidics apparatus.35 They created nanoscale network structures with a very low areal 16 

density. Later, Liu et al. employed shear flow in circular glass capillaries to prepare more 17 

dense and aligned AgNW coatings.11 Though very efficient, because of geometric constraints, 18 

these nanowires cover only the interior of circular glass tubes. Clearly, there remains a need 19 

for new methods to assemble AgNWs into scalable and aligned structures of high areal 20 

density with adequate light transmission, to achieve electrical and optical anisotropy for 21 

applications such as polarization light sensors and plasmonic waveguides. 22 
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In this contribution, we employ flow-assisted assembly to generate centimeter-scale 1 

AgNW coatings at high areal density (approximately 40% areal coverage or 104 2 

nanowires/mm2), with high conductivity (<10 Ω/sq), and with controlled electric and optical 3 

anisotropy on planar surfaces. The robust method enables experimental control of 4 

alignment via variation of the shear rate of the AgNW suspension near the substrate surface.  5 

We systematically investigate the angular dependence of coating sheet resistance and 6 

optical properties. These properties are strongly affected by AgNW alignment. The 7 

anisotropy of electric conductivity is ~10x in well-aligned AgNW coatings. Moreover, by 8 

combining polarized illumination and detection of scattered light from the aligned AgNW 9 

coatings, the degree of polarized reflection anisotropy can reach up to ~25x. The films also 10 

have good transparency (~70%) in the normal incidence across the visible spectrum. The 11 

performance and features of AgNW films based on our deposition technique, along with 12 

those from previous literature, are reported in Table 1. Our transparent coatings in the 13 

planar geometry have comparatively high areal density and larger electrical and optical 14 

anisotropy due to better control of AgNW orientation and concentration. These features 15 

make them attractive for components in micro-/nano-circuits and optical sensors. 16 

 17 

Results and discussions 18 

Preparation of AgNW coatings 19 

Thin coatings of AgNWs are prepared by flowing nanowire suspensions through thin 20 

rectangular microfluidic channels, as shown in Fig. 1A. At the beginning of the coating 21 

preparation, we utilize a syringe pump (Harvard Instrument) to drive the flow of 2 mL of 22 
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nanowire suspension through the channel at a constant volumetric flow rate, Q, ranging 1 

from 0.5 to 5 mL/min. The flow of AgNW suspension creates boundary shear at a rate 2 

ranging from 10 𝑠!"	to 1000 𝑠!"  near the top and bottom glass walls of the channel, 3 

respectively. As a result, a fraction of the nanowires are observed to deposit onto the glass 4 

slide surface that is exposed to the AgNW suspension. Subsequently, 1 mL pure ethanol is 5 

flowed through the channel to remove excess nanowire suspension, followed by a gas 6 

purge and drying to remove liquid remaining inside the channel. AgNWs deposited on the 7 

top and bottom walls of the channel are not washed out with the main flow because the 8 

Van der Waal forces are of order 10-6N36 between the nanowire and the glass slide and are 9 

therefore strong enough to prevent the shear flow forces (of order 10-9N) from displacing 10 

the nanowire. At the end of the preparation process, a uniform thin layer of AgNWs forms 11 

at the surface of each glass slide as shown in Fig. 1B. The coated glass slides are then 12 

separated for further characterization. 13 

As shown in Fig. 1C-E micrographs, nanowires coated on the surface of the glass slides 14 

exhibit increased alignment with increasing suspension flow rate through the channel.  The 15 

deposited nanowires are poorly aligned at low flow rates, i.e. 0.5 mL/min, as shown in Fig. 16 

1C-i. With increasing flow rate, i.e. to 2 mL/min and 5 mL/min, the deposited nanowires 17 

begin to align along the flow direction over the whole area inside the microchannels (Fig. 18 

1C-ii and iii). While aspects of this flow alignment effect have been explored and utilized in 19 

previous studies,11,20,35,37,38 the present experimental methods provide a simple and robust 20 

way to generate centimeter-scale and potentially patternable AgNW coatings on a flat 21 

substrate with high areal density and controlled alignment.  22 
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 1 

Alignment of AgNWs 2 

We characterize the microscopic structure of nanowire networks by analyzing the 3 

micrographs obtained by both optical and scanning electron microscopy (SEM). Examples 4 

of micrographs are shown in Fig. 2A-C. They are taken from samples prepared at three 5 

different suspension flow rates: 0.5, 2, and 5 mL/min, respectively. For analysis, each 6 

individual nanowire in the field-of-view is approximated by a straight-line segment. The 7 

orientation, θ, and length, l, of the AgNW are then recorded by image processing using 8 

software ImageJ. Here we define 𝜃 = 0° as the direction of the flow.  9 

The distributions of the nanowire orientation are shown in the histograms of Fig. 2D.  10 

For the image in Fig. 2A, the probability distribution is very broad and flat, suggesting a 11 

predominately random distribution of the nanowire orientation.  By contrast, the 12 

probability distribution of nanowire orientation from images in Fig. 2B and 2C exhibits a 13 

clear peak near θ = 0o. The presence of these peaks clearly demonstrates that the 14 

orientations of deposited AgNWs are biased toward the flow direction.  These different 15 

distributions of nanowire orientation are also consistent with the intensity patterns 16 

generated by laser light scattering.  As shown in the insets of Fig. 2E, the AgNW coating with 17 

random distribution of nanowire orientation exhibits a nearly isotropic scattering pattern 18 

in the k-space, while the one with aligned AgNWs exhibits a strongly anisotropic scattering 19 

pattern. 20 

We further quantify alignment by the two-dimensional nematic order parameter defined 21 

as39,40  22 
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 𝑆 = 2< 𝑐𝑜𝑠# 𝜃 >− 1 . (1) 1 

where S = 0 corresponds to a random distribution, and S = 1 corresponds to perfect 2 

alignment. Using the distribution of q in Fig. 2D, the three samples shown in Fig. 2A-C give 3 

S values of 0.16, 0.61, and 0.84, respectively. 4 

The shear rate near the glass surfaces plays an important role in controlling the degree 5 

of alignment of AgNWs in these flow-deposited coatings. Given the density, ρ, viscosity, µ, 6 

and flow rate, u, of the AgNW suspension, together with the geometry of the channel 7 

(height, H, and width, W), the Reynolds’ number, Re = ρuH/η , is of order 10!# . This 8 

indicates that flow is laminar. Therefore, assuming no-slip boundary conditions, for a 9 

volumetric flow rate, Q, the shear rate near the wall can be calculated as γ = 6Q/(H#W). 10 

In Fig. 2E, we plot the nematic alignment order parameter of the deposited AgNW coatings 11 

deposited versus shear rates. The suspended nanowires that have made point-contact with 12 

the glass surface respond to the high shear rate near the surface, introduced by the rapid 13 

channel flow, by adopting a preferred orientation parallel to the flow. 14 

To better understand the flow-induced alignment behaviors, we perform semi-quantitative 15 

analyses on experimental observations. We first rule out gravity or sedimentation effects, since 16 

AgNWs adhere equally to both top and bottom surfaces of the thin channel.  Therefore, a 17 

possible explanation for the effect of flow-induced alignment could derive from a competition 18 

between directional shear flow and random rotational diffusion of the AgNWs. At a low shear 19 

rate, the rotational diffusion dominates and gives rise to a more isotropic organization of the 20 

AgNWs, but at large shear rates the flow defines the orientation. We then estimate the Peclet 21 

number (Pe) for the AgNW suspension, defined by the ratio between the shear rate and the 22 
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rotational diffusion constant of the nanowire, 𝐷$ , as33,41 𝑃𝑒 = �̇�/𝐷$ = 𝜋�̇�𝜇𝐿%/4𝑘&𝑇 , where 1 

𝜇 ≈ 1.2	mPa ∙ s is the viscosity of the AgNW suspension and 𝐿 ≈ 30	µm is the average length 2 

of AgNWs.  For the range of experimental shear rates, �̇� = 10	to	1000	s!", Pe is of the order of 3 

10' to 10(. The large Pe imply that shear flow should dominate over rotational diffusion in all 4 

the experimental flow conditions used for preparing AgNW coatings. We believe that the key to 5 

the alignment of nanowires on the glass surface occurs when the rods make contact with the 6 

surface (i.e. rather than in the bulk fluid). Just after making contact, and assuming this contact 7 

occurs at one end of the nanowire with the other end free, the nanowires can pivot and will 8 

respond to flow shear-stresses near the surface. Here, the most plausible mechanism is a 9 

competition between electrostatic forces that pull the nanowire to the glass substrate and the 10 

hydrodynamic drag force of the shear flow that rotates the AgNWs along a direction parallel to 11 

the flow when they get contact with the glass surface. Here, by assuming a line charge density 12 

𝛿 for the nanowire and a surface charge density 𝜎 for the glass surface, we can estimate the 13 

ratio between electrostatic torque (𝑀)*)+)	and hydrodynamic torque (𝑀,-.$/),  14 

                                 
!!"#$%

!&'&(

~
"

#

$%&')'$

()
		                                                                (2) 15 

where 𝜖0𝜖$  is the electrical permittivity of the AgNW suspension. The detailed illustration of 16 

those two torques can be found in the ESI. With the increasing shear rate, 𝛾, it is possible to 17 

transition from an electrostatic-dominated regime to a shear-flow-dominated regime. In the 18 

former regime, AgNWs are pulled down to the glass surface with random orientations before 19 

they can be aligned by flow; in the latter region, AgNWs are quickly aligned by the high shear 20 

rate near the surface. In our experiments, given the glass surface charge on the order of 21 

1𝑚𝐶/𝑚#, and a transition of shear rate at approximately 𝛾 = 100𝑠!", according to Eq. 2, the 22 
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nanowires carry a line charge density on the order of 3 × 10!"#𝐶/𝑚, or 20 effective charges 1 

per micron. Although further experimental confirmation of these predictions is difficult, the 2 

estimation is plausible for the observed transition of the AgNW orientation as a function of the 3 

shear rate near the surface.  4 

 5 

Electrical conductivity and anisotropy 6 

One advantage of our system versus literature11 is that we can break apart the 7 

microchannel to characterize the electrical resistance of the AgNW coatings on the surface 8 

of glass slides. To explore the angle-dependence of surface conductivity in our AgNWs 9 

coatings, we use a four-point probe setup and a rotating stage to measure the sheet 10 

resistance, Rs, at various angles, q, relative to the flow direction at the same location. The 11 

sheet resistances, Rs, of three AgNW coatings with different degrees of alignment are 12 

plotted in Fig. 3A as a function of q. For samples with good alignment, we find significant 13 

differences in measured sheet resistance at different angles. At the angle parallel to the flow 14 

direction, i.e. q = 0◦ and 180◦, the measured Rs are in the range of 3-5 Ω/sq. However, at θ 15 

= 90◦ and 270◦, Rs increases to ~42 Ω/sq, i.e., an order of magnitude higher. Accordingly, 16 

we extract the angle-dependent sheet resistance of these aligned samples as: 17 

 𝑅1,3 = 𝑎 sin(𝜃) + 𝑅0	.                                                            (3) 18 

Here a	and 𝑅0 are fitting parameters.  We find a good agreement between the data and the 19 

sinusoidal waveform. By contrast, the sheet resistance for an AgNW coating with random 20 

orientations show no angle dependence, ~ 3 Ω/sq.   21 
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    To further quantify the effect of alignment, we define the electrical anisotropy,  𝜎456, 1 

as the ratio between maximum and minimum sheet resistance measured at different angles, 2 

i.e. 𝜎456 = 𝑅1,748/𝑅1,765, and we plot the ratio as a function of the AgNW coating order 3 

parameter, S (Fig. 3B).  A strong anisotropy, 𝜎456  up to ~10 is reached for highly aligned 4 

AgNW coatings (𝑆 = 0.84). We note that alignment-induced electrical anisotropy has also 5 

been reported in coatings of carbon nanotubes (CNTs).40 Our observations about the change 6 

of anisotropy with degree of alignment, S, are roughly consistent with the results measured 7 

for the CNT coatings, which is well-described by a model assuming a Gaussian distribution of 8 

the orientations of 1D conducting elements on a planar substrate. Anisotropy of electrical 9 

conductivity in aligned AgNW coatings has been reported.  Ackermann et al.,42 reported 𝜎456 10 

varying from 1.06 to 27.6. However, high electrical anisotropy, i.e. 𝜎456 > 2, was observed 11 

only in samples with sheet resistance larger than 100 Ω/sq. To our knowledge, the well-12 

aligned AgNWs used in the present work are the first to exhibit a large anisotropy (~10) while 13 

maintaining low sheet resistance (<50 Ω/sq) in all directions. 14 

 15 

Optical anisotropy 16 

Interestingly, the anisotropy of the coatings has a direct impact on their optical 17 

properties. We characterize the optical response of coatings made of aligned AgNW using 18 

the setup shown in Fig. 4A.  In this setup, the sample is illuminated with a Tungsten halogen 19 

light source (HL-2000, Ocean Optics) at normal incidence angle (along -z direction), and the 20 

AgNW coatings are placed in the xy-plane. The camera or detector is placed in the xz-plane 21 

with the polar angle, f, measured relative to the z-axis. The angle between the polarization 22 
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of the incident light and the y-axis is defined as a. For aligned AgNW coatings, the angle 1 

between the nanowire alignment direction and the y-axis is defined as b.  2 

The images in Fig. 4B show the optical images of a well-aligned AgNW coating (S=0.84) 3 

with light polarized along the y-axis (α = 0°) and x-axis (α = 90°), recorded at 𝜙 = 60°. The 4 

sample appearance varies from orange to yellow-green when α changes from 0° to 90°. In 5 

addition, a sharp decrease of the scattered light intensity occurs when	β is rotated from 6 

0°	to 90° , for both α = 0°  and α = 90° . By contrast, the color and intensity from the 7 

coatings of poorly aligned AgNWs remain the same (Fig.5A, B) 8 

We further investigate the color-changing mechanism by taking micrographs of the 9 

AgNW coatings using a microscope with a polarized light source. As shown in insets in Fig. 10 

4C, under the reflection mode, i.e. 𝜙 = 0°, and when the polarization and the AgNWs are 11 

aligned (𝛼 = 0° and 𝛽 = 0°), the sample is mostly yellow. By contrast, the sample appears 12 

blue-green when the polarizer is perpendicular to the AgNW alignment (𝛼 = 90° and 𝛽 =13 

0°). In the transmission mode (𝜙 = 180°), the trends are opposite, as shown in insets in Fig. 14 

4D. 15 

To more quantitatively explain the color differences, the reflectance and transmittance 16 

spectra are recorded. As shown in Fig. 4C, when 𝛼 = 0°, the intensity of reflected light 17 

increases as a function of wavelength between 420 nm and 800 nm. When 𝛼 = 90° , 18 

however, the reflected intensity decreases.  These findings are consistent with the colors 19 

observed from the optical microscope (insets in Fig. 4C).   20 

The transmittance spectra recorded by the UV-Vis spectrometer are plotted in Fig. 4D.  21 

While we did not optimize for transparency, the films retained good light transmission 22 
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across the visible spectral range (~70%). The aligned AgNW coating exhibit absorbing 1 

valleys for illumination in both polarization directions. However, these two valleys are 2 

centered about two very different wavelengths. For 𝛼 = 0°  and 𝛽 = 0° , a strong 3 

absorption peak arises at long wavelengths, within the range of 600-650 nm, as shown in 4 

Fig 4D. For 𝛼 = 90° and 𝛽 = 0°, the peak absorption arises at much shorter wavelengths, 5 

i.e., ~380 nm. These spectra exhibit features similar to those of spectra reported for AgNWs 6 

in solution43 and aligned AgNW bundles.30,33 Prior simulation44 and experimental11,33,45 7 

work explains the absorption peak at short (long) wavelength as due to the transverse 8 

(longitudinal) surface plasmon resonance (SPR) of the electrons in the AgNWs30. Specifically, 9 

the absorption peak at short wavelength is due to the transverse surface plasmonic 10 

resonances (SPRs) induced by electron oscillation along the AgNW diameter, and the 11 

absorption at the long wavelength is due to the longitudinal SPRs (induced parallel to the 12 

AgNW long axis). The broadening of the peaks could be due, in part, to the polydispersity 13 

in the AgNW distribution and to the coupling of electromagnetic waves among neighboring 14 

nanowires. 15 

 When stimulated by polarized light, the wavelength of the absorption peak depends 16 

on the angle between the individual nanowire and the light polarization. This angle-17 

dependent absorption is clearly seen in micrographs of randomly oriented AgNWs in Fig. 18 

5E and 5F, where an individual AgNW imaged in transmission appears yellow or green 19 

depending on its orientation relative to the light polarization. However, because of the 20 

random orientation of AgNWs, the overall spectra of the whole AgNW coating does not 21 

show absorption valleys, as seen in Fig. 5C and 5D. By contrast, when AgNWs are aligned 22 
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along the same direction, the SPR absorption spectra of the aligned individual AgNWs are 1 

approximately the same and the sample as a whole exhibits a clear valley in its transmission 2 

spectra, as shown in Fig 4D and 4E.  3 

We systematically quantify the angle-dependent light intensity under various 4 

illumination and observation configurations to fully explore the optical anisotropy of the 5 

strongly aligned AgNW coating (S=0.84) at 650 nm. The polar plot in Fig. 6A shows the 6 

intensity, I, of the reflected light, i.e.	𝜙 = 0°, as a function of the angle between the 7 

input polarizer and the AgNW alignment direction.  The plot in Fig. 6A clearly 8 

demonstrates optical anisotropy; however, the value, 	
9!"#

9!$%

= 1.7, is rather small and 9 

the normalized light intensity peak at 180° is quite broad with Full-Width-at-Half-10 

Maximum (FWHM) of approximately 92°. This result is consistent with previous studies 11 

where weak optical anisotropy (<2x) is observed from individual aligned nanotubes and 12 

from AgNWs in both transmission and reflection modes.10,11,46 13 

Next, we illuminate the aligned AgNW coating with unpolarized light and measure 14 

the intensity of scattered light at 𝜙 = 60°; for this measurement, the angle of aligned 15 

AgNW coating, b, is varied by rotating the sample. The results are shown in Fig. 6B, which 16 

exhibits a large anisotropy, 	
9!"#

9!$%

= 7.2, and a narrow peak of normalized intensity with 17 

FWHM of approximately 24°. For comparison, the intensity of unpolarized light 18 

scattered by a coating with randomly oriented AgNWs shows no variation as a function 19 

of b. These results indicate that the coating with aligned AgNWs scatters more light in 20 

the direction perpendicular to the AgNW alignment direction, and less light in the 21 
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direction parallel to the alignment direction. This type of effect is observed in optical 1 

gratings with parallel stripe structure on the surface.47 It is also worth noting that the 2 

aligned AgNW coating scatters less light in total when integrating over 𝛽, compared to 3 

a randomly oriented AgNW coating. This scattering could potentially potential affect 4 

the haze of the coating. Reduction of haze by alignment has been studied previously31 5 

and is expected to decrease with better alignment, but we leave quantification of haze 6 

in our samples for future work. 7 

Finally, we combine the two anisotropic effects by measuring the intensity of light 8 

scattered from polarized light source. Specifically, for 	𝛼 = 0° , and the intensity of 9 

scattered light at a constant azimuthal 𝜙 = 60° is measured as a function of different 10 

angles b. As shown in Fig. 6C, this configuration produces a very large optical anisotropy, 11 

with 
9!"#

9!$%

= 25.6 , and a very narrow peak, with FWHM of approximately 15°. The 12 

comparison of normalized light intensity versus b for various values of 𝛼 is shown in Fig. 13 

6D. Clearly, the directional alignment of AgNWs and the polarization optical absorption 14 

and scattering properties of the individual AgNWs contribute to overall optical anisotropy 15 

of the well-aligned AgNW coating.  When the two mechanisms are combined, we observe 16 

a much higher anisotropy than reported in earlier studies. 10,11,46 17 

Large optical anisotropy has been shown to improve the resolution of signals such as 18 

those arise in polarization images or surface-enhanced Raman spectroscopy (SERS),30 and 19 

large anisotropy is desirable in nanowire-based polarizers for polarization light sensors.  20 

Normally, researchers can use the different responses of aligned metal nanowires under 21 

different polarization light conditions to achieve the optical anisotropy. Previous studies 22 
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showed that transmission or reflection modes typically give an optical anisotropy of less 1 

than 2x,11,25 in agreement with the results shown in Fig. 6A. Here, we have uncovered a 2 

novel way to further increase the optical anisotropy that relies on the light scattered by the 3 

aligned AgNWs. This detection configuration, wherein well-aligned AgNW coatings are 4 

illuminated with polarized light and the light scattered by the coating is detected at 5 

different polar angles, takes advantage of both the intrinsic polarization properties of 6 

AgNWs and the angle-dependent scattering of aligned the AgNWs to achieve greater optical 7 

anisotropy, which can be as large as 25x as demonstrated in Fig. 6C.  8 

 9 

Conclusions 10 

We developed a simple and robust flow-induced alignment method for preparing 11 

centimeter-scale planar conductive silver nanowire coatings with high degrees of anisotropy. 12 

Specifically, we demonstrated patterning of a 5 mm by 2 cm film strip of AgNWs with an 13 

orientational order parameter that was tunable from 0.16 to 0.84 and had concomitant 14 

variation in electrical and optical anisotropy. The alignment can be tuned by varying the shear 15 

rate of nanowire suspension near the substrate during the deposition process. As a result of the 16 

preferred direction of AgNWs, coatings consisting of highly aligned AgNWs exhibit large 17 

anisotropy in both electrical conductivity and optical properties. For electrical conductivity, an 18 

anisotropy of ~10x is achieved, while the overall sheet resistance remains low. A very large 19 

optical anisotropy of ~25x is observed in the scattered polarized light due to the combination of 20 

the intrinsic polarization property of individual AgNWs and “grating” effects of the aligned 21 

AgNWs network. Those highly conductive transparent coatings with large electrical and 22 
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optical anisotropy can be potentially used for design of novel flexible antennas, polarized-1 

light-based sensors, and for surface enhanced Raman spectroscopy. 2 

 3 

Experimental section 4 

Silver Nanowire Suspension. The silver nanowires (AgNWs) were purchased from 5 

BlueNano (SLV-NW-90). The average length and diameter of the nanowires are 30±5 µm 6 

and 90±20 nm, respectively. The nanowires are suspended in ethanol at a solid 7 

concentration of ~1 wt%. The nanowire suspension was used as-received. 8 

 9 

Assembly of The Microfluidic Channel. To fabricate the channels, two glass slides are 10 

attached (sandwiched) using two strips of double-sided tape, leaving a thin gap, as shown 11 

in Fig. 1A.  The resulting rectangular channels are typically 25 mm in length, 5 mm in width, 12 

and 200 to 600 µm in height. The two open ends of the channel are then connected to a 13 

syringe filled with AgNW suspension and a waste bottle. 14 

 15 

Electrical Characterization. The sheet resistances of the resulting AgNW coatings are 16 

measured using a four-point probe setup to eliminate the effect of contact resistance 17 

between the electrodes and coatings.  Four electrical probes made of thin gold wires are 18 

arranged to be parallel and equally spaced. The part of the probe that contacts the 19 

nanowire coating has length w = 2 mm, and each probe is separated by d = 0.5 mm, as 20 

shown in Fig. S3 in ESI.  A constant DC current, I, is applied through the two outmost probes, 21 

and the voltage, U, is measured between the two inner probes. The sheet resistance, Rs, is 22 
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then calculated by 1 

 𝑅1 =
:

9

;

.
 , (3) 2 

where Rs has a unit of Ω/sq. This setup permits measurement of the intrinsic electrical 3 

conductivity of the nanowire coatings. To explore the angle-dependence of surface 4 

conductivity of our AgNWs coatings, we place the coatings on a rotating stage wherein Rs 5 

can be measured at various angles relative to the flow direction at the same location. 6 

 7 

Optical characterization. The micrographs of AgNW samples are recorded using an optical 8 

microscope (Olympus BX61) in both transmission and reflectance modes. In addition, the 9 

reflectance and transmittance spectra are recorded by coupling, respectively, a fiber 10 

spectrometer (USB4000, Ocean Optics) and a UV-Vis spectrometer (Cary 5000, Agilent 11 

Technologies) to the Olympus microscope. 12 
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Table 1: Comparison of electrical and optical properties of AgNW films prepared with 1 

different aligning methods 2 

Sample 

preparation 

Alignment 

quantified

? 

Areal 

density/

fraction 

Sheet 

resistance 

Electrical 

anisotropy 

Transp

arency 

Linear 

Optical 

Anisotropy 

Patter

ning? 
Scale 

Self-

assembly at 

water-oil 

interface25 

N 
Close- 

packed 
NM NM NQ NQ N 10 mm 

Langmuir−Bl

odgett30 
N 

Close- 

packed 
NM NM NQ[a] NQ N 50 mm 

Flow 

through 

circular 

capillary 

tube11 

N NQ[b] NM NM NQ ~2 N 
300µm[c

] 

Capillary 

printing31 
Y 0.3-20% 10-50 Ω/sq ~1.7 90-95% NM N ~10mm 

Meniscus-

dragging32 
N 

3-

12x104 

NW/m

m2 

10 Ω/sq NM 70-95% 1.5 N ~10mm 

Dip-

coating42 
Y 

0.3-

2.6% 
50-107Ω/sq 1.06-27.6 97-99% NM N ~25mm 

H-dip33 N NQ 2-7 Ω/sq 1.2 60-80% 2-3 N ~100mm 

bar-

coating34 
Y NQ[b] NA NA 80-95% ~4 N 200mm 

Microfluidic

s (this work) 
Y 

104NW/

mm2 
3-5 Ω/sq ~10 70-80% ~25 Y 

~5mm 

wide 

Note:  3 

Y: Yes; N: No; NM: Not measured; NQ: Not quantified 4 

[a] Transmission spectra were measured but the intensities were not quantified 5 

[b] Micrographs of nanowire coatings were shown but the areal densities were not quantified. 6 

[c] Diameter of the inner surface of the capillary tube 7 
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 1 

Fig. 1: (A) Schematic of flow channels for preparing silver nanowire coatings. (B) Low 2 

magnification optical image of the deposited AgNW coating of approximately 40% areal 3 

coverage, showing centimeter-scale uniformity. Inset: Photograph of the same AgNW 4 

coating taken on top of the text, showing its transparency. (C) High magnification optical 5 

images of AgNW deposited under different flow conditions.  The shear rates of AgNW 6 

suspension near the glass substrate are 15 s-1(i), 100 s-1(ii), and 500 s-1 (iii), respectively. 7 

 8 
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 1 

Fig. 2: (A-C) SEM images of three AgNW coatings to illustrate analysis of the orientations of 2 

individual nanowires. (D) Histogram of the angle between the nanowire orientation and 3 

flow direction for three representative samples seen in Fig. 1C with different order 4 

parameters: S=0.16 (A), =0.61 (B), and 0.84 (C). (E) Order parameter of deposited AgNW 5 

coatings, S, as a function of shear rate of the flowing AgNW suspensions near the glass 6 

substrate, 𝜸. Insets: Light scattering patterns of a random and well-aligned AgNW coating 7 

in k-space. The colors show the intensity of the scattered laser light with red as the highest 8 

intensity and blue as the lowest intensity. 9 

  10 
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 1 

 2 

Fig. 3: Angle-dependent sheet resistance of the AgNW coatings.  (A) Sheet resistance as a 3 

function of measurement angle relative to the alignment of the AgNW coatings (i.e., with 4 

order parameters of 0.84, 0.61, 0.16.  Solid lines are fits to a sinusoidal function; (B) Electrical 5 

anisotropy as a function of order parameter. 6 

  7 
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 1 

Fig. 4: Angle-dependent optical properties of the aligned AgNW coating (S=0.84) under 2 

polarized illumination.  (A) Schematic of the optical measurement setup showing angles of 3 

AgNW alignment (𝜷), polarization of incident light (𝜶), and observation location (𝝓). (B) 4 

Photos taken at 𝝓 = 𝟔𝟎° and various b angles when the incident light is polarized parallel 5 

(top) and perpendicular (bottom) to the AgNW alignment direction. (C) Spectrum of 6 

reflected light for two different input polarization configurations: parallel (black line) and 7 

perpendicular (red line) to the AgNW alignment direction. Insets: Optical micrographs of 8 

AgNW coating in reflection. (D) Spectrum of transmitted light under parallel and 9 

perpendicular illumination. Insets: Optical micrographs of AgNW coating in the transmission 10 

mode. 11 
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 1 

Fig. 5: Angle-independent optical appearance and spectrum of randomly oriented AgNW 2 

coatings under polarized light.  (A) and (B) are photos of a random AgNW coating taken at 3 

various b angles, under incident polarization of 𝜶 = 𝟎° (A) or 𝜶 = 𝟎° (B) Isotropic coatings 4 

appear the same under different polarization and observation angles; (C) and (D) Spectra of 5 

reflected and transmitted light by randomly oriented AgNW coatings. (E) Micrograph of a 6 

randomly orientated AgNW coating under polarized light showing colors due to distributions 7 

of individual nanowires; (F) Zoom-in view showing individual AgNWs that exhibit different 8 

colors depending on their orientations. 9 
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 1 

 2 

Fig. 6: Angle-dependent light intensity from aligned AgNW coatings. (A) Reflected light 3 

intensity (𝝓 = 𝟎°) as a function of  b angles when the incident light (650nm) is polarized 4 

parallel to the AgNW alignment direction (𝜶 = 𝟎°); (B) Scattered light intensity (𝝓 = 𝟔𝟎°) 5 

as a function of 𝜷 when a random (green) and well-aligned (blue, S=0.84) AgNW coatings are 6 

illuminated with unpolarized light; (C) Scattered light intensity (𝝓 = 𝟔𝟎°) as a function of b 7 

when the incident light is polarized parallel to the AgNW alignment direction (𝜶 = 𝟎°); (D) 8 

Normalized light intensity vs. 𝜷 for a well-aligned AgNW (S=0.84) coating under different 9 

illuminating and observation configurations.  10 


