
UC Berkeley
UC Berkeley Previously Published Works

Title
Synthesis of Ultrathin Copper Nanowires Using Tris(trimethylsilyl)silane for High-
Performance and Low-Haze Transparent Conductors

Permalink
https://escholarship.org/uc/item/2602n4rq

Journal
Nano Letters, 15(11)

ISSN
1530-6984

Authors
Cui, Fan
Yu, Yi
Dou, Letian
et al.

Publication Date
2015-11-11

DOI
10.1021/acs.nanolett.5b03422
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2602n4rq
https://escholarship.org/uc/item/2602n4rq#author
https://escholarship.org
http://www.cdlib.org/


1 
 

Synthesis of ultra-thin copper nanowires using 

tris(trimethylsilyl)silane for high-performance and low-haze 

transparent conductors  

 

Fan Cui, 1,2,3 Yi Yu,1,3 Letian Dou, 1,2,3 Jianwei Sun, 1,3 Qin Yang,1 Christian 

Schildknecht,2 Kerstin Schierle-Arndt2 and Peidong Yang1,2,3,4,5 * 

 

 

1Department of Chemistry, University of California, Berkeley, CA 94720, USA. 2California 

Research Alliance (CARA), BASF Corporation, Berkeley, CA 94720, USA. 3Materials Sciences 

Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA. 4Kavli Energy 

NanoSciences Institute at the University of California, Berkeley and the Lawrence Berkeley 

National Laboratory, Berkeley, California 94720, USA. 5Department of Materials Science and 

Engineering, University of California at Berkeley, Berkeley, California 94720, USA. 

*Correspondence and requests for materials should be addressed to P. Yang (email: 

p_yang@berkeley.edu). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 
 

Abstract: Colloidal metal nanowire based transparent conductors are excellent 

candidates to replace indium-tin-oxide (ITO) owing to their outstanding balance between 

transparency and conductivity, flexibility, and solution-processability. Copper stands out 

as a promising material candidate due to its high intrinsic conductivity and earth 

abundance. Here, we report a new synthetic approach, using tris(trimethylsilyl)silane as a 

mild reducing reagent, for synthesizing high-quality, ultra-thin, and mono-dispersed 

copper nanowires, with an average diameter of 17.5 nm and a mean length of 17 μm. A 

study of the growth mechanism using high-resolution transmission electron microscopy 

reveals that the copper nanowires adopt a five-fold twinned structure and evolve from 

decahedral nano-seeds. Fabricated transparent conducting films exhibit excellent 

transparency and conductivity.  An additional advantage of our nanowire transparent 

conductors is highlighted through reduced optical haze factors (forward light scattering) 

due to the small nanowire diameter.   

 

 

  



3 
 

  Transparent conductors are indispensable in consumer electronics, such as touch panels, 

displays, photovoltaic devices, and electro chromic windows. 1-4 The majority of current 

technologies rely on indium-tin-oxide (ITO)-based thin films, which have high optical 

transparency and low electrical resistivity.5 However, ITO suffers from several 

drawbacks, including the high cost of sputtering manufacturing techniques,6 low 

flexibility,7 the scarcity of indium, and strong optical absorption in the near infrared 

(NIR) wavelength window. A wide variety of materials, such as conducting polymers,8 

graphene,9 carbon nanotubes (CNTs),10 patterned metal gratings11 and metallic nanowire 

meshes,12 have been explored in an attempt to replace ITO as a transparent conductor. 

Among these alternative materials, metal nanowire network is currently among the most 

promising avenue to replace ITO and has received growing attention over the years.13-17 

Copper is a promising candidate for nanowire-based electrodes as it has high intrinsic 

conductivity (only second to silver), and it is very abundant (1000 times more abundant 

than silver).6 It has been well established through theoretical simulations and experiments 

that the transparency/conductivity performance of a metal nanowire mesh film is largely 

determined by the aspect ratio of nanowires (over 400 is desired).18 To achieve high 

transparency and good conductivity, many works have been devoted towards 

synthesizing long copper nanowires with small diameter. One approach to making copper 

nanowires is via electrospinning/metal evaporation.19 Copper nanowires can also be 

obtained via colloidal chemistry by reducing Cu ion/ion complex in presence of capping 

ligands. Notably, large aspect ratio copper nanowires (with diameter ranging from 15 to 

100 nm) were successfully synthesized using reducing agents such as glucose,20 ascorbic 

acid,21 hydrazine,22 and even primary amines with assist of high pressure (hydrothermal), 

23 catalysts (Pt24(a) , Ni2+ 24(b)) or choice of more active Cu precursor.25 Using these Cu 

nanowires, thin films with good optical transmittance and electric conductivity have been 

achieved. Another important, yet often overlooked parameter of transparent conductor is 

haze: a measure of the scattering of light by a material that is responsible for the 

reduction in contrast and sharpness of objects viewed through it. The large amount of 

forward scattering due to dense microstructures limits the commercial appeal of metal 

nanowire conducting films. According to simulations, with the same area coverage, the 

haze factor of a nanowire mesh film is approximately linear to nanowire diameter (for 
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nanowire with diameter smaller than 100nm). 26 Hence, the metal nanowires’ diameter 

should be small (e.g. <20 nm) to keep light scattering (haze) at a minimum and to afford 

a good transparency/conductance trade-off, while at the same time not too thin to 

introduce stability issues during film fabrications. 27, 28 

 

  Here, we report a new synthetic approach for achieving ultra-thin high-quality copper 

nanowires with average diameter of 17.5 nm and mean length of 17 μm. For the first 

time, a tris(trimethylsilyl)silane is introduced as a mild reducing reagent in the metallic 

nano-structure synthesis. The silane approach is simple and straightforward, and it opens 

up new opportunities for inorganic nanomaterial synthesis. The nanowire growth 

mechanism is investigated by high-resolution transmission electron microscopy 

(HRTEM) and selected area electron diffraction (SAED). Transparent conducting thin 

films were next fabricated with excellent uniformity on glass substrates. The resulting 

thin films show improved conductivity, optical transparency, and reduced haze in 

comparison with reports thus far.  

 

  Figure 1a presents the chemical reaction and optical photos before and after the 

synthesis. In our synthesis, oleylamine (OLA) is used as a coordinating ligand for the 

CuCl2 precursor. During the reaction, the mixture forms Cu (II)-OLA complexes, which 

result in a clear blue solution. When the solution was placed under elevated temperature, 

Cu (II) species is gradually reduced to Cu(I) species at around 100 , which is indicated 

by a blue-to-light yellow color transition.29 With further increase of temperature to about 

165 , the clear yellow solution slowly turns reddish which marks the formation of 

copper nanoparticles. Apart from being a coordinating solvent to copper precursors, OLA 

also serves as a capping ligand on the copper nanowire surface.  Tris(trimethylsilyl)silane 

(TTMSS), which is widely used in organic synthesis, is introduced here as a mild 

reductant for the copper reduction, and it is found to play a key role for achieving high 

quality copper nanowires. Oleic acid serves as a supplementary ligand, to help enhance 

the copper nanowire dispersion and to prevent the wires from collapsing and aggregating 

at elevated temperatures (Figure S1). Figure 1b inset (left) shows the scanning electron 

microscopy (SEM) image of the ensemble copper product. The predominant products are 
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nanowires (with less than 10% of nanoparticles by counts) with an average length 

measured to be 17 μm. The right inset is the transmission electron microscopy (TEM) 

image of the as-grown nanowires. The nanowires have a mean diameter of 17.5 nm with 

a standard deviation of ~3 nm, which was calculated from 300 randomly selected images 

from different batches of the reaction. The x-ray diffraction (XRD) spectrum shown 

indicates that copper nanowires have a face-centered cubic (FCC) structure. The 2 theta 

peaks at 43.3°, 50.5°, 74.1°, 89.9°, and 95.1° correspond to the {111}, {200}, {220}, 

{311}, and {222} planes of the  FCC copper.  

 

  The detailed structure of the copper nanowires was analyzed using HRTEM and SAED 

as shown in Figure 2a-d. Copper nanowires were shown to have five-fold twinned 

pentagonal structure, which is commonly adopted by metal nanowires/nanorods 

materials.15,30,31 The five-fold symmetry of the as-grown copper nanowires can be 

visualized as consisting of five single-crystalline units (T1-T5) with a FCC structure, as 

illustrated in the insets of Figure 2a and 2c. Figure 2a and 2b show HRTEM images and 

SAED patterns with the electron beam perpendicular to one of the side facets (indicated 

by red dot line). In Figure 2b, two sets of FCC pattern are observed: one along the zone 

axis [001] generated from the subunit T1 and the other in [1-1-2] direction generated 

from T3 and T4. The Moiré pattern in Figure 2a is generated from the overlap copper 

FCC unit cell {111} and {220} planes. When the electron beam is directed parallel to the 

side facets, as shown in Figure 2c and 2d, the diffraction pattern corresponds to the 

overlap of two FCC patterns with [1-10] and [-111] zone axes. A comprehensive analysis 

of the diffraction patterns and HRTEM images suggests that the nanowires have a five-

fold symmetry with {100} facets as side surfaces and {111} planes bound at the ends. 

The growth direction is determined to proceed along [110] direction.  

 

  In an effort to better understand the one-dimensional growth mechanism, we 

investigated the product at the nucleation stage of the reaction. Figure 2e shows the 

reaction products after 2 hours. The primary products are nanoparticles with a small 

number of elongated rods observed in the solution. A closer examination revealed that 

some of the nanoparticles are pentagonally shaped. The crystal structures of these 
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nanoparticles were subsequently analyzed using HRTEM. Figure 2f shows the HRTEM 

image of one of the pentagonal dots, which exhibits a five-fold twinned structure. To 

further demonstrate the atomic details of the five twining and their twinning boundaries, a 

focal series of HRTEM images was utilized to reconstruct the exit-plane wave function in 

the middle area of the twin structure with optimized phase contrast. The result is shown 

with false color in the inset of Figure 2f, where perfect five sub-crystal lattices together 

with sharp twin boundaries can be observed. Moreover, the five-fold twin structure was 

confirmed by the FFT pattern of Figure 2f. The pattern (Figure 2g) gives an unambiguous 

representation of its five-fold symmetry. Note that nanoparticles with a square shape were 

also observed within this ensemble. These copper cubes were found to be single-

crystalline (Figure S3). Given the five-twinned nature of the copper nanowires, the 

pentagonal and not the cubic nanoparticles were believed to be the starting seeds of the 

nanowires. To further confirm this hypothesis, a comparison between the diameters of the 

nanowires and the irregular dots was made (Figure 2h). The average diameter of the 

particles was measured to be 16.1 ± 1.2 nm based on 300 randomly selected dots in the 

TEM images. The diameter of the seeds has a strong correlation with that of the 

nanowires.   

 

  Figure 2i summarizes the proposed mechanism. A Cu (II) complex is initially converted 

to a Cu (I) species at 100 , then reduced further to Cu (0) at 150  via TTMSS. It is 

believed that TTMSS decomposes at over 150°C with thermal cleavage of the Si-H bond. 

The silicon fragment can act as electron donor. It is relatively stable in the solution due to 

the protection of its bulky ligands and slowly reacts with the Cu (I) complex to produce 

Cu (0). Aside from acting solely as a reducing agent TTMSS plays a key role in forming 

ultra-thin nanowires: the mild reducing power of TTMSS affords sufficiently slow 

reduction kinetics to allow time for the nucleation of the nano-seeds and subsequent 

nanowire growth. The nucleation favors multiply twinned decahedral seeds bounded by 

the more closely packed {111} planes. Twinning is often observed among FCC structured 

materials (particularly noble metal elements), with low twin boundary energy and surface 

energy difference.32 The anisotropic elongation is modulated by OLA and a high 

concentration of amine is favorable to asymmetric growth. (See SI, Figure S4) This can 
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be explained by the fact that OLA preferentially binds with {100} over {111} planes.33 

Loosely packed {100} planes tend to offer more space for the attachment of bulky 

surfactants and copper complex. Moreover, the more closely packed {111} facets serve as 

low-surface energy sites for the deposition of Cu (0) species. The single-crystalline 

copper cubes, which nucleated before the five-twinned seeds, do not have a selected 

capping effect, and thus, do not serve as the seed toward anisotropic growth. These dots 

grow in size through Ostwald ripening during the reaction and account for undesired 

byproducts (Figure S5). The size of nanowires can be modified by changing reducing 

reagent amount and copper precursor concentration (See SI, Table S1). For example, 

nanowire diameter can be tuned from 15.5 nm to 22.5 nm when the molar ratio of 

TTMSS/CuCl2 decreases from 8 to 2 (Figure S6).  

 

  Following synthesis, we next fabricated high-performance copper nanowire electrodes 

on glass using a filtration method. A dilute copper nanowire suspension was filtered 

through a nitrocellulose membrane through vacuum filtration, and the resulting film was 

subsequently transferred onto a glass substrate by pressing it against nitrocellulose 

membrane. Then, the electrode was annealed under forming gas (10% hydrogen in argon) 

at around 200  to remove surface organic ligands and native oxides, and more 

importantly, to partially sinter the wires together to create intimate contact junctions 

(Figure S7). The heat treatment is found to have a considerable impact on the film 

properties. As shown in Figure S8 and S9, overheating easily breaks the copper 

nanowires due to their ultra-thin diameters and consequently depressed melting points, 

while under-heating does not provide enough thermal energy to weld the individual 

nanowires together.  

 

  Figure 3a shows the optical images of the copper nanowire transparent conductor with 

different loading amounts. Figure 3b shows their corresponding SEM images, 

transmittance spectra and measured sheet resistances. The films show great transparency 

from ultraviolet-visible range to infrared (350-1700 nm), rendering them suitable 

materials not only for displays in consumer electronics but also for photovoltaic cells or 

thermal applications, where transmission in the near-infrared region is also important. 
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Moreover, the conducting films exhibit outstanding performance in the trade-off between 

transparency and resistance as plotted in Figure 3c. For a film with transmittance of 77%, 

the sheet resistance is as low as 5.32 ohms/sq. As the transmittance increases to 86%, the 

sheet resistance increases slightly to 15.0 ohms/sq. Another sample shows 90% in 

transmittance and 34.8 ohms/sq in sheet resistance. This performance clearly stands out 

in comparison with other reports on solution-based copper nanowire/nanofiber 

transparent conductors that demonstrate 50 ohms/sq at 90%, 19 75 ohms/sq at 88%,22(b) 35 

ohms/sq at 85%, 24(a)  and 23.3 ohms/sq at 78%.24(b) Copper nanowire conducting films 

can also be fabricated on plastic substrates (Figure S10) via a modified processing 

approach. The nanowire film on PET shows great flexibility and the sheet resistance is 

maintained at its original level after 1000 times bending cycles (around 90 degree of 

bending angle). 

 

  The excellent performance of our copper nanowire electrodes can be attributed to 

several factors. First, the thin diameter of the nanowires would, in principle, boost light 

transmission while maintaining high conductance.27 In addition, the well-controlled 

synthesis in this report results in high-quality, mono-dispersed copper nanowires. 

Oversized cluster byproducts, which greatly reduce transparency while contributing little 

to conductance, are minimized. Finally, the film fabrication process is carefully optimized 

to provide the best quality. Undesirable byproducts of the synthesis are mostly 

nanoparticles with the diameters between 30-100 nm (Figure S5). The 220 nm pore size 

nitrocellulose membrane used in the process enables the byproduct nanoparticles to be 

effectively washed through rather than be incorporated into the film (see Figure S11). 

Diluting the nanowire suspension as well as multiple rinses before and after the filtration 

also helps get rid of the undesired nanoparticles. The copper films also exhibit good 

stability in air over time. Typically, after the first 24 hours of exposure in air, the 

conductivity shows a sharp decrease of about 30% and then stabilizes for up to three 

weeks tested (Figure S12). The degradation in conductivity likely plateaued because of 

self-passivation: the formation of a thin layer of oxides on the mesh surface effectively 

prevents further oxidation and preserves electrical contact between individual nanowires 

(Figure S2). 
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  Besides the merits of sheet resistance and transmission, optical haze is also an important 

factor in characterizing the quality of a transparent electrode. Haze is especially 

important in display applications where scattering will reduce the sharpness of an image. 

Haze is numerically defined as the percentage of transmitted light that is scattered more 

than a certain angle off the principal axis of the incident beam. In our case, the 

measurement follows the D1003-13 standard (See SI for detailed method). Large value in 

haze is an ongoing challenge for nanowire-based transparent electrodes because the 

nanowires are strong scattering centers. For example, Hu et al. reported a silver nanowire 

mesh with a scattering of 13% at 79% total transmittance, which means roughly 16.4% of 

transmitted light is scattered away off its original direction.16 In another example, the 

forward light scattering of a copper fiber-based electrode contributed 10% of its 92 % of 

total transmittance.19 Even though some films show great conductivity with high 

transparency, a large portion of the transmitted light diverges from its original path which 

makes them unsuitable in display applications. 

 

  The haze factor of a transparent conducting film heavily depends on nanowire diameter, 

with lower diameter nanowires featuring less haze.26 We examined the haze of the thin 

films fabricated using our ultra-thin copper nanowires. Figure 4a shows specular 

transmittance, diffuse transmittance, reflectance, and absorbance of a typical copper 

nanowire film with sheet resistance of 35 ohms/sq. When the light is directed at the 

copper film, 1.1% is reflected; 88.7% is transmitted and 10.2 % is absorbed. Of the total 

transmitted light, 86.1% is specular transmittance (direct transmission) and 2.6 percent is 

scattered away. Figure 4b lists several haze values at different total transmittance values. 

The haze value decreases almost linearly with the increase of total transmittance. When 

the total transmittance is 90%, the haze factor is only about 2~3%. The haze factor 

increases to 4% when the total transmittance is 81%. These results demonstrate that the 

ultrathin copper nanowire-based films show significantly lower scattering effect than that 

of similar nanowire transparent conductors reported in literatures. A direct comparison of 

the image sharpness behind a regular silver nanowire-based film and the ultrathin copper 

nanowire-based film with same total transmittance is shown in Figure S13. The 
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background pattern viewed through the silver film (made from nanowires with mean 

diameter of 50nm) is visually more blurry. 

 

  In summary, we develop a novel synthetic approach using TTMSS as a mild reducing 

reagent to achieve ultra-thin, uniform, and high-quality copper nanowires. This solution-

based method is easily scalable and produces five-fold copper nanowires with 17.5 ± 3 

nm in diameter. Detailed mechanism analysis of the growth is carried out to suggest that 

five-twinned pentagonal nanoparticles are ascertained to serve as seeds for the nanowire 

growth. High performance transparent conducting films were fabricated and exhibit high 

transparency with low sheet resistance. Furthermore, the resulting thin films show a 

dramatically reduced haze factor due to the ultra-thin diameter, making them suitable for 

display applications. This work also demonstrates that TTMSS is a unique reducing 

reagent for metal nanomaterial synthesis, and our approach advances research into the 

commercialization of copper nanowire mesh electrodes. 
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