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ABSTRACT. We propose a novel strategy to enhance optoelectrical properties of single-walled 

carbon nanotube (SWCNT) films for transparent electrode applications by film patterning. First, 

we theoretically considered the effect of the conducting pattern geometry on the film quality factor 

and, then, experimentally examined the calculated structures. We extend these results to show that 

the best characteristics of patterned SWCNT films can be achieved using the combination of initial 

film properties: low transmittance and high conductivity. The proposed strategy allows the 

patterned layers of SWCNTs to outperform the widely used indium-tin-oxide electrodes on both 

flexible and rigid substrates. 

 

Recent development of optoelectronic and photonic technologies for compact devices have 

introduced new challenges in fabrication of flexible, stretchable, transparent and conductive 

electrodes 1–3. A wide range of possible applications includes solar cells 4, light emitting diodes 

(LEDs) 5–7, touchscreens 1,8,9, “smart” devices, and wearable electronics 2,10. The typical 

requirement for these applications is high transmittance in the middle of the visible spectral range 

and low sheet resistance. A few recent works have recently proposed new approaches, which 

allowed competing with highly efficient, indium-tin-oxide (ITO) coatings, one of the most 

developed and spread transparent conductive film (TCF) materials1,11. However, poor mechanical 

properties, high refractivity and price 2,12–14, made researchers and engineers to search for 

alternative TCFs. Remarkable results were obtained with Cu and Ag nanofibers and nanowires 15, 
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zinc oxide doped with Al and Ga 16,17, conductive polymers as PEDOT:PSS 6,18, metallic grids 

10,19, graphene 8, multiwalled and single-walled carbon nanotubes (SWCNTs)20,21. The latter is 

considered to be one of the most promising materials for the ITO replacement due to outstanding 

mechanical properties, chemical stability, and high intrinsic conductivity 22–28. SWCNT-based 

TCFs possess excellent optical properties with no haze29–31 and low reflectivity30,31 contrary to 

metal-oxide materials 31. However, even the best quality pristine SWCNT films possess quite high 

sheet resistance ≥300 Ω/□ (at the transmittance of 90%) that limits their potential applicability32–

35. Doping is the most effective approach to enhance the efficiency of transparent electrodes due 

to the possibility to tune the electronic structure of the SWCNTs, which results in the increase of 

the concertation of charge carriers and eliminates the Schottky barriers between SWCNTs with 

different chirality and metallicity36. However, the main drawback of this method is that the doping 

effect eventually degrades. Hence, the instability in properties stimulates the search of other 

approaches to produce highly conductive and transparent films performing at the state-of-the-art 

level.  

Recently, Fukaya et al. have demonstrated that a film patterning may improve the characteristics 

of a SWCNT film 9, although no systematic studies of the performance of patterned SWCNT TCFs 

were reported. Furthermore, the patterned layers demonstrated the performance below ITO 

values11. In general, patterning approach has been established as the strategy to overcome the 

conductivity-transmittance trade-off for several TCF nanomaterials like polyurethane/metal 

gratings 37 or transparent conducting oxide grid fingers 38. However, optimal pattern geometry, 

especially in the case of SWCNT films, has not been investigated in the literature. 

In this work we utilize a patterning approach and carefully examine the processed SWCNT films 

to enhance their optoelectrical properties beyond the ITO performance. We optimized the trade-
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off dependence between transparency and film conductivity first theoretically and then confirm 

the results experimentally. The proposed approach was combined together with continuous films 

to provide homogenous film conductivity. Our results have demonstrated that flexible SWCNT 

films can outperform ITO coatings on rigid surfaces.  

 

RESULTS AND DISCUSSION 

To evaluate the optoelectronic performance of different materials and to compare a TCF with 

different thicknesses, we can use the figure of merit (FoM), which is defined as the ratio of 

conductivity and light absorption 35:  

𝐹𝑜𝑀 =
𝜎𝑠

𝐴
=

1

𝐴𝑅𝑠
= −

1

log(𝑇)∙𝑅𝑠
,  (1) 

where 𝜎𝑠 and 𝑅𝑠 are the sheet conductivity and resistance, respectively; 𝐴and 𝑇 are the absorbance 

and transmittance at 550 nm wavelength, respectively. Among other FoMs, eq. (1) is the simplest 

to be used; however, a value of FoM is not always straightforward and requires to know the figures 

for other materials to compare the film performance. Therefore, to overcome this problem we 

utilize an equivalent sheet resistance, R90, which is the sheet resistance of a film with the 90% 

transmittance at 550 nm: 

𝑅90 =
1

𝐹𝑜𝑀∙𝑙𝑜𝑔(10 9⁄ )
. (2) 

As the best up to now, recent studies devoted to the transparent conductors based on SWCNT films 

have reported values of R90 = 17-42 Ω/□21,39–41, comparable with flexible ITO layers (R90 = 36 Ω/□ 

42), but still higher than 10 Ω/□ 43 corresponding to ITO films on a rigid substrate. 

We considered the grids made of SWCNT films with the period of 𝑝 and width of the stripes of 

𝑤 illustrated in Figure 1(a)-(d). To characterize grids with a different cell shape, we introduce the 

filling factor of the surface area covered by the grid as f = 1 − (𝑝 − 𝑤)2/𝑝2. In these terms, the 
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grid transmittance, 𝑇, is the function of transmittance of a continuous SWCNT film before 

patterning, 𝑇0: 

𝑇 = 1 − 𝑓 + 𝑓𝑇0,  (3) 

assuming 100% transmittance of the area between stripes. 

The sheet resistance of the square grid can be estimated as a function of the sheet resistance of 

a continuous layer of the same material before patterning, 𝑅0:  

𝑅𝑠 = 𝑅0
𝑝

𝑤
=

𝑅0

1−√1−𝑓
.  (4) 

The right-hand side of eq. (4) is universal and applicable to grids with various cell shapes, as we 

show in Supporting Information (section S1). 

Previous studies have confirmed that the transmittance of the continuous SWCNT layer follows 

the Lambert-Beer law and relates to its sheet resistance as 9,18,35,44: 

𝑇0 = 𝑒𝑥𝑝(−𝛼𝜌/𝑅0),         (5) 

where 𝛼 is the effective absorption coefficient, 𝜌 is the resistivity of the SWCNT layer. Using eqs. 

(3) - (5), we obtain the correlation between 𝑇 and 𝑅𝑠 for the patterned SWCNT layer: 

𝑇 = 1 − 𝑓 + 𝑓𝑒𝑥𝑝 (−
𝛼𝜌

𝑅𝑠(1−√1−𝑓)
).  (6) 

The dependences of 𝑇(𝑅𝑠) given by eq. (6) are plotted for different 𝑓 values and fixed 𝛼𝜌 =

12.9 in Figure 1(e). This value for𝛼𝜌 was calculated using eq. (5) and experimental data: 𝑇0 =

0.95 and 𝑅0 = 227𝛺/□ measured for continuous doped SWCNT films examined in this paper. 

We note that for a continuous SWCNT film (i.e. at 𝑓 = 1) the function of 𝑇(𝑅𝑠) turns into the 

correlation of 𝑇0(𝑅0) described by eq. (5). Meanwhile, for 𝑓 < 1, the 𝑇(𝑅𝑠) curve intersects with 

the 𝑇0(𝑅0) dependence. The left side of the 𝑇(𝑅𝑠) curve corresponds to the patterned SWCNT 

layers with the improved transmittance in comparison to a continuous layer of the same sheet 
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resistance. And the right side from the intersection of the 𝑇(𝑅𝑠) curve corresponds to the 

transmittance lower than the original transmittance,𝑇0, for the same sheet resistance, which has 

no any practical use. Therefore, the 𝑇(𝑅𝑠) curve in Figure 1(e) delineates the clean region related 

to the patterned SWCNT layers with the enhanced optoelectronic characteristics and shadowed 

area with superiority of the continuous film. The boundary between these two regions can be found 

by solving the equation at the intersection of 𝑇(𝑅𝑠) and 𝑇0(𝑅0): 

1 − 𝑓 + 𝑓𝑇0 = 𝑇0
1−√1−𝑓

. (7) 

Figure 1. (a)-(d) Schematics of the patterned SWCNT grid for 𝑓 =0.1, 0.4, 0.8, and 1, 

respectively; (e) Transmittance of patterned and continuous SWCNT layers as a function of sheet 

resistance. Clean area corresponds to the conditions, where the patterned films demonstrate 

improvement of optoelectronic properties, and the shadowed one is the area of superiority of the 

continuous film.  

Eq. (7) is expressed in terms of 𝑓and 𝑅𝑠, however, it could be rewritten as a function of other 

parameters using eq. (3) and eq. (4), as discussed in Supporting Information (section S2).  
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Unfortunately, eq. (7) has no precise analytical solution and can be solved only numerically or 

approximated analytically, which we discuss in detail in Supporting Information (section S3). 

From a practical point of view, high TCF transmittance is crucial for such applications as LEDs, 

solar cells and touch sensors 11. Therefore, next we discuss the choice of 𝑇0 to fabricate TCF with 

an arbitrary transmittance, 𝑇. The filling factor can be found as 𝑓 = (1 − 𝑇)/(1 − 𝑇0) and the 

sheet resistance as:  

𝑅𝑠 =
−𝛼𝜌/ ln𝑇0

1−√1−
1−𝑇

1−𝑇0

. (8) 

Figure 2 shows the non-monotonic sheet resistance,𝑅𝑠, dependence on the initial transmittance, 

𝑇0, calculated according to eq. (8) at fixed final transmittances of T = 0.90 and 0.95. Similar to 

Figure 1(c), the regions where patterning improves or worsens the performance correspond to 

clean and shadowed areas. The dotted line represents the solution of eq. (7) and separates these 

two regions. The dashed vertical lines mark the resistance of the thin unpatterned SWCNT films 

with the transmittances of 0.90 and 0.95. As clearly seen from the figure, the patterned layers 

prepared of films with the initial transmittance of 𝑇0 < 0.2 demonstrate the sheet resistance values 

lower than that of a continuous SWCNT layer of the same transmittance of 0.90 and 0.95. More 

generally, we can conclude that patterning of SWCNT layers with low transmittance is expected 

to improve their performance beyond the above-mentioned trade-off. Next, we give the 

experimental confirmation of this theoretical conclusion, further addressing the possibility to 

outperform ITO coatings. 
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Figure 2. Dependence of the sheet resistance of patterned (dashed line) and continuous (solid line) 

SWCNT films on the transmittance of SWCNT layers before the patterning. Symbols represent 

the experimentally obtained data. The dashed line shows the dependence given by eq. (6) at target 

transmittances of 90% and 95%. The dotted line shows the solution of eq. (7). The clean area below 

the dotted line is the region of improved optoelectronic properties, the shadowed one is that of 

worsened properties of the patterned films.  

Continuous layers of randomly oriented SWCNTs were produced by the following sequence: 

SWCNTs were synthesized by the aerosol chemical vapor deposition (CVD) method, deposited in 

the form of thin films on filters and then transferred on a quartz substrate, doped and then patterned 

using a combination of optical laser lithography and oxygen plasma etching. The details of the 

CVD synthesis, doping and patterning procedure are described in section Methods. 
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The effects of lithographic processing, etching and doping of the SWCNTs were examined with 

Raman spectroscopy. Figure 3 shows the Raman spectra acquired after each step of the SWCNT 

film processing. All the spectra demonstrate the main vibrational modes related to SWCNTs: D- 

and G- bands and radial breathing modes (RBMs) 45,46. The shape and intensity of Raman peaks 

do not practically change after every step of the fabrication of a patterned SWCNT film, except a 

slight decrease in the RBM peak intensity after the HAuCl4 treatment. This means that no 

significant changes occur with the SWCNT structure during the patterning process.  

 

Figure 3. Room-temperature Raman spectra (λ = 784.5 nm) of SWCNT films after every step of 

the patterned film fabrication (all spectra are normalized to the G-band intensity). 

For the patterning process we used a set of SWCNT films with thicknesses of 90, 180, 270 and 

360 nm and correspondingly measured transmittances of 𝑇0 = 0.63, 0.40, 0.25 and 0.16 (at 550 

nm). The pattern linewidths were chosen aiming for the target transmittance of 𝑇 = 0.95. The 

filling factor values were calculated from 0.06 to 0.14 according to eq. (3), which corresponds to 
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the linewidth change from 8 to 15 µm at a constant period of 240 µm. Figure 4 compares the 

transmittance spectra of the patterned (dashed lines) and unpatterned (solid lines) SWCNT layers. 

The patterned films show the measured transmittance (at 550 nm) close to the target value of 0.95. 

We noticed the drop of transmittance in the ultraviolet range, typical for unpatterned films, is lower 

for the patterned TCFs. We also note that the experimentally obtained values of transmittances (at 

550 nm wavelength) and sheet resistances of patterned films match the theoretically predicted 

dependences with the transmittance deviation of ± 0.5%, as shown in Figure 2. However, the drop 

in the measured transmission in the UV region is more prominent compared to theoretical 

predictions. This phenomenon can be explained by considering the residue of photoresist on the 

substrates with patterned films. Indeed, the thin layer of photoresist can significantly increase the 

light absorption, especially in the UV region. 

 

Figure 4. Optical transmittance spectra of patterned and continuous SWCNT films. The inset 

demonstrates the optical microscopy image of a patterned SWCNT film on a quartz substrate with 

the thickness of 90 nm, linewidth of 8 µm, cell period of 240 µm with the filling factor of 0.06. 

The spectra were measured against the quartz substrate. 
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Unlike traditional continuous thin films, the resistance of the patterned SWCNT TCF does not 

always scale linearly with the sample thickness. Thin films or narrow stripes of SWCNT networks 

are known to suffer from an increase of resistance due to the lack of contacts between tubes when 

approaching the percolation threshold 44,47, which we have not considered in our model. Therefore, 

a series of experiments was carried out to examined how the patterning affects the conductivity of 

SWCNT networks. A set of SWCNT stripes with widths of 1-100 µm and lengths of 10-1000 µm 

was prepared following the same lithography and etching procedure as described in section 

Methods. Figure 5 (a) shows the optical microscopy image of the SWCNT stripes with Cr/Au 

contacts. The resistances of SWCNT stripes were extracted from the I-V characteristics. All the 

measured I-V curves have shown linear or almost linear dependence revealing ohmic or close to 

ohmic behavior of SWCNT-Au contact, as illustrated by several typical examples in Supporting 

Information (section S4). 

Figures 5 (b) and (c) show the normalized stripe resistances, R, as a function of the stripe length 

and width, correspondingly. The 𝑅 × 𝑤 dependences scale almost linearly (the scaling exponent 

is about 0.95) at the lengths above 50 µm. However, as expected the points corresponding to the 

shortest measured stripes with the length of 10 µm do not follow the linear scaling law. Previously, 

similar behavior was described to correspond to the transition from ballistic to diffusive transport 

in randomly oriented networks 48–50. Figure 5 (c) shows that the measured resistances scale as 𝑤−1 

which is typical for SWCNT networks far above the percolation threshold 50. Therefore, in patterns 

with the linewidth above 1 µm and the cell size above 50 µm the random character of SWCNT 

networks can be neglected.  
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We note that SWCNT layers remain flexible after patterning. The results of bending tests of 

patterned SWCNT layer on flexible polydimethylsiloxane (PDMS) substrate are given in 

Supporting Information (section S5).  

 

Figure 5. (a) Optical microscopy image in false colors of the set of SWCNT stripes (colored in 

blue) with Cr/Au contacts (colored in yellow) on quartz substrate; (b) the stripe resistances 

multiplied by its width as the functions of the stripe length; (c) the stripe resistances divided by its 

length as the functions of the stripe width. 

The correlation between transmittance, 𝑇,and sheet resistance, 𝑅, is correspondingly given 

either by eq. (5) or by eq. (6) for continuous and patterned SWCNT films. Figure 6 shows FoM 

and R90 values plotted as functions of 𝑇0 for continuous (solid lines) and patterned (dashed lines) 

SWCNT layers at fixed 𝑇. The diamond symbols in Figure 6 demonstrate the experimentally 

obtained values of R90 for the patterned SWCNT layers with the 95% transparency. The best 
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experimentally observed results for the continuous SWCNT films (R90 = 17-42 Ω/□21,39–41) are 

marked by the star and pentagon marks. 

In our experiments the resistance of the SWCNT films decreases inversely proportional to their 

thickness from 90 to 360 nm, while the transmittance of the films dropped from 𝑇0 = 0.63 to 0.16. 

Nevertheless, the SWCNT film patterning provides high transmittance values even in the case of 

initially thick layers. A similar patterning strategy can be used for the state-of-the-art SWCNT 

films (R90 = 17-42 Ω/□21,39–41). The estimated FoM and R90 values for the patterned state-of-the-

art SWCNT films correspond to the green region between dashed lines in Figure 6. 

 

Figure 6. Theoretical dependences (dashed lines) and experimentally based values (symbols) of 

the TCF figure of merit and equivalent sheet resistance for 90% SWCNT films. The area shaded 
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with green color shows the predicted FoM and R90 of patterned SWCNT TCF corresponding to 

the state-of-the-art in SWCNT synthesis. 

Patterning of SWCNT layers first results in a rapid increase in the R90 values with 𝑇0 decrease, 

and then the patterned SWCNT films show considerably lower R90 values when compared to the 

continuous or patterned layers with high 𝑇0. Therefore, patterning of SWCNT films was concluded 

to be a reliable approach to overcome the trade-off between resistance and transmittance of the 

continuous SWCNT layer. The improvement of the patterned layers can be achieved using 

SWCNT films with low initial transmittance, 𝑇0, and high conductivity. 

As can be seen, R90 values of patterned layers with an initially low transmittances might achieve  

10 Ω/□, which is comparable with the best results for ITO continuous layers on rigid substrates. 

At the limit of low transmittance, eq. (3) can be reduced to 𝑇 ≃ 1 − 𝑓. In this case 𝑤/𝑝 ≃ 1 −

√𝑇, which gives the ratio of about 0.05 for the 90% transmittance and about 0.02 for the 95% 

transmittance. Therefore, the minimal experimentally obtained linewidth of 1 µm gives the 

estimated lower limit for the grid period between 20 and 50 µm.  

However, the use of patterned electrodes can be inefficient in the structures with the carrier mean 

free path below the grid period51. In this case, the patterned layers may be effectively combined 

with highly transparent continuous thin SWCNT films. The transmittance and resistance of these 

TCFs can be estimated as 𝑇 = 𝑇𝑝𝑎𝑡𝑡 ∙ 𝑇𝑐𝑜𝑛𝑡 and 𝑅−1 = 𝑅𝑝𝑎𝑡𝑡
−1 + 𝑅𝑐𝑜𝑛𝑡

−1 , respectively. Here, 𝑇𝑝𝑎𝑡𝑡 

and 𝑅𝑝𝑎𝑡𝑡 are the transmittance and the sheet resistance of the patterned layers; 𝑇𝑐𝑜𝑛𝑡 and 𝑅𝑐𝑜𝑛𝑡 

are the transmittance and the sheet resistance of the continuous film. Thus, we evaluate the FoM 

of the bilayered TCF as a function of 𝑇𝑐𝑜𝑛𝑡 and 𝑇0 of the patterned layer. Figure 7 shows that the 

maximal FoM (and minimal R90) can be obtained for the combination of a highly transparent 

continuous layer and a patterned layer made of highly conductive SWCNTs. We note here that the 
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FoM of the bilayered structure is slightly lower than the FoM of the single patterned layer, 

nevertheless, the maximum value is still comparable with the best results for ITO. Meantime, 

SWCNT films have a potential for superior flexibility and stretchability, which opens new avenues 

for commercial applications beyond the ITO. 

 

Figure 7. Theoretical calculations of the figure of merit and the equivalent resistance for the 

combination of patterned and continuous bilayered TCF as a dependence of transmittance of 

continuous layer 𝑇𝑐𝑜𝑛𝑡 and transmittance of original film, 𝑇0. 

CONCLUSIONS 

We have shown that patterning of SWCNT films is an effective approach to overcome the high 

transmittance and conductivity trade-off limitations for TCFs. We have presented the model 

predicting the transmittance and sheet resistance of patterned SWCNT films and demonstrated the 
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consistency of characteristics with the experimental results. We have shown that our fabricaion 

procedure for patterning using the combination of optical laser lithography and dry etching in an 

oxygen plasma causes no significant change in SWCNT structure or composition. The systematic 

studies of the SWCNT patterns revealed the negligible role of random orientation of nanotube 

networks in SWCNT patterns with linewidth above 1 µm and stripe length above 50 µm. 

Furthermore, the produced patterned layers show flat transmittance spectra and only a slight 

decrease in the UV range instead of sharp decline observed in the continuous SWCNT films. 

Our theoretical results were extended to analyze the performance of patterned SWCNT films in 

terms of FoM and R90 equivalent sheet resistance. We conclude that patterned SWCNT TCFs with 

low initial transmittance and high conductivity show superior characteristics in comparison to 

continuous SWCNT films. We also have investigated the approach based on the combination of a 

highly transparent continuous film and a highly conductive patterned layer, which can be used in 

structures with low charge carrier mean free path. Moreover, we have demonstrated that the 

patterned SWCNT layers solely, as well as in combination with thin continuous films, can 

outperform the ITO electrodes on both flexible and rigid substrates. We believe that the proposed 

strategies pave the way for efficient and extended functionality of TCFs on the basis of patterned 

SWCNT films. 

 

METHODS 

CVD synthesis and doping 

Films of randomly oriented SWCNTs synthesized by the aerosol chemical vapor deposition 

(CVD) method were deposited on a nitrocellulose filter at the outlet of the reactor as previously 
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described elsewhere 52,53. Prior to patterning, the films of SWCNTs were transferred either onto a 

clean quartz substrate or on a substrate with pre-deposited metallic contacts. 

Cr/Au (5/70 nm) contacts were deposited on quartz substrates before the SWCNT transfer by 

electron-beam physical vapor deposition (for Cr) and thermal evaporation (for Au) using Boc 

Edwards (UK) Auto 500 setup operating at 5×10−6 mbar. Prior to the deposition of metals, the 

surface of the quartz substrate was cleaned sequentially in acetone, deionized water, isopropyl 

alcohol and again in deionized water using an ultrasonic bath. 

After the deposition of Cr/Au contacts, the SWCNT films were transferred onto the quartz 

substrates, processed with isopropyl alcohol for densification and then doped in tetrachloroauric 

(III) acid trihydrate (HAuCl4∙3H2O ACROS Organics) dissolved in ethanol (EtOH; 99.5%, 

ETAX)21. 

Patterning of SWCNT layers 

The patterns of SWCNTs were produced using a combination of optical laser lithography and 

dry etching in an oxygen plasma. We have used the laser lithography system Heidelberg 

Instruments Mikrotechnik DWL 66 FS setup (Germany) with AZ MIR 701 photoresist 

(MicroChemicals GmbH) and AZ 726 MIF developer (MicroChemicals GmbH). The following 

dry etching was performed in Plasma System V 15-G (Germany) at MW-power of 400 W (O2 flux 

60 ml/min, 3 Pa) during 360, 420, 480 and 540 sec for 90, 180, 270 and 360 nm SWCNT thickness, 

correspondingly. The grids of SWCNT networks were masked by photoresist during the etching. 

To ensure uniform grid transmittance of T = 95% of patterned SWCNT layers, we used different 

width of the stripes from 8 to 15 m, while the cell period remained constant (~240 m). 

Raman spectroscopy 
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Raman spectroscopy was performed using the Horiba (Japan) LabRam HR800 system with 

backscattering collection geometry. The measurements were carried out at room temperature 

(300K) and resonance conditions with λ = 784.5 nm (1.58 eV) diode-pumped solid-state laser 

operating in a continuous wave regime. 
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Additional materials in Supporting Information. Section S1 gives the model extension to the cases 

of triangle and hexagonal shapes of grid cell. Section S2 discuss the dependence of patterned film 
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