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A simple and efficient approach for large-area preparation of horizontally-aligned carbon nanotube (CNT)–vanadium oxide 

(VOx) composite films is presented.  The composite films were prepared by an extended blown-bubble film approach, in 

which spin coating of VOx and bubble-blowing of CNTs were combined.  Results reveal that one-dimensional CNTs are well 

horizontally-aligned in the composite films, and the sheet resistance is significantly decreased after CNTs have been 

composed with VOx.  Particularly, both anisotropies of electrical and optical responses were experimentally observed in 

such composite films.  Based on the experimental results, a model for elucidating the anisotropy of light absorption was 

theoretically derived.  This work discloses valuable results about the novel horizontally-aligned CNT–VOx composite films, 

their preparation, and peculiar electrical and optical properties. 

Introduction 

In the past decades, vanadium oxides (VOx) have attracted 

considerable attention, owing to their distinctive electrical and 

optical properties.  Vanadium (V) is a transition metal 

possessing a series of oxidation states, causing the presence of 

numerous VOx, e.g. V2O5, V6O13, VO2, V2O3, etc.  Some VOx 

with mixed oxidation states of V exhibit suitable sheet 

resistance and high temperature coefficient of resistance 

(TCR),1 as well as linear electrical and optical responses, by 

which such VOx are applied widely in sensors, such as gas-

sensing devices2 and especially uncooled infrared bolometric 

detectors1,3.  Some other VOx, including V2O5, VO2 (A phase) 

and V2O3, undergo a reversible transition from semiconductor 

to metal at critical temperatures,4 and thus they are employed as 

optical or electrical switches.5  Besides, VO2 (B phase) 

possesses outstanding electrochemical properties for serving as 

battery electrodes.6  Therefore, vanadium oxides are important 

functional materials for both academic research and industrial 

applications.   

On the other hand, one-dimensional (1D) carbon nanotubes 

(CNTs) with perfect period hexagons are highly attractive and 

widely employed since their discovery,7 owing to their 

exceptional electrical, optical and mechanical properties.8  

These interesting nanomaterials hold great potential for 

applications as superconductors,9 carriers of therapeutic 

molecules,10 terahertz (THz) emitters or detectors,11,12 and 

nano-radio atenna.13  It has been demonstrated that composite 

films composed of CNTs and polymers exhibit peculiar 

properties,14 so that they can be applied efficiently in light-

emitting diodes,15 photovoltaic cells,16 memory devices,17 and 

sensors.18  Recently, we exploited CNTs to efficiently modify a 

THz sensitive material of 4-N,N-dimethylamino-4′-N′-methyl-

stilbazolium tosylate (DAST).19  Accordingly, it is expected 

that combination of VOx and CNTs promisingly provides a 

possibility to further improve the physical properties of VOx, by 

which new functional materials might be developed.   

Although CNT–VOx composites have been previously prepared 

by atomic layer deposition20 and hydrothermal approach21, the 

CNTs in those composites are distributed randomly.20,21  It is 

believed that some structure-dependent phenomena could only 

be observed in the composites containing well-aligned CNTs.  

Recently, composites that are composed of VOx and aligned 

CNTs were reported, and these materials exhibit excellent 

capacitances and are suitable for battery applications.22,23   

Unfortunately, those previous CNTs were aligned by catalyzed 

growth,22,23 and thus only vertical alignment of CNTs, where 

the CNTs are perpendicular to the substrates, could be 

yielded.22,23  Vertical alignment of CNTs in the composites 

strongly limits the applications of such materials in many fields, 

especially in electronic or optoelectronic devices, where the 

peculiarities in the parallel directions are required.  This 

problem can be solved by preparing horizontally-aligned CNT–

VOx composites, in which CNTs and VOx are parallel to the 

substrates.    But such preparation is difficult to achieve, and 

consequently, to the best of our knowledge, no any literatures 

on horizontally-aligned CNT–VOx composites have been 

reported to date.  In contrast, numerous results about horizontal 
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alignment of CNTs have been published and highly attractive in 

both fundamental and applied fields,24-33 owing to their 

potential applications in high-density IC interconnects,26 field-

effect transistors,27 polarization-dependent THz emitters or 

detectors.11,12  Many methods,24,25 including CVD growth,26 

external electric field,28 magnetic field assembly,29 Langmuir-

Blodgett,30 patterned chemical assembly,31 and formation of 

aligned CNT fibers32,33 have been developed for horizontally 

aligning CNTs.  However, these previous methods are 

challenged in preparing horizontally-aligned CNT–VOx 

composites for device applications, due to their inherent 

disadvantages, namely, contamination of the products by 

electrodes28 or metal catalysts26, poor efficiency,27-33 and the 

trouble in preparing large-area uniform films on various 

substrates.24-30   

Recently, Lieber and co-workers have developed a blown-

bubble film (BBF) method for preparing horizontally-aligned 

1D CNTs or nanowires.34,35  The advantages of the BBF method 

include: (1) easy remove of contaminations by post-annealing; 

(2) capability of preparing bottom-up structured composite 

films; and (3) capability of producing large-area continuous 

films on different substrates.34,35  Unfortunately, to the best of 

our knowledge, further preparation of composite films by BBF 

has never been reported.  Herein, we extended the BBF method 

developed by Lieber and co-workers to successfully prepare 

novel horizontally-aligned CNT–VOx composite films.  

Particularly, the polarization-dependent electrical and optical 

properties, which are critical for polarization sensing but have 

rarely been achieved simultaneously, of the as-prepared 

composite films were experimentally detected and theoretically 

derived in this work.  Imaginably, study results about such 

composite films, their peculiar physical properties, and efficient 

preparation approaches will be considerably attractive. 

Experimental Section 

Briefly, the procedures for the preparation of horizontally-

aligned CNT–VOx composite films in this work involve: (1) 

spin coating of VOx prepared by organic sol-gel method;36 (2) 

horizontal alignment of single-walled carbon nanotubes 

(SWCNTs) via blown-bubble method.34,35  In this step, the gas 

channel in the die is critical for blowing high-quality bubbles.  

We reshaped a polished stainless steel die with a frustum gas 

channel to smooth the incident gas,37 where the optimal 

diameters of the outlet and inlet were experimentally 

determined to be 8.0 mm and 4.9 mm, respectively; (3) transfer 

of the horizontally-aligned SWCNTs to the substrates pre-

coated with VOx sol, and then annealing.  The process for the 

preparation of horizontally-aligned CNT–VOx composite films 

is illustrated in Fig. 1.  Details about the modification of 

SWCNTs, spin coating of VOx, bubble-blowing of SWCNTs, 

annealing, characterizations of the products, and other related 

information are described in the “Supporting Information (SI)”. 

Results and discussion 

        

(a)                                                          (b) 

Fig. 1  (a) Schematic diagram of the approach for large-area preparation of horizontally-

aligned SWCNT–VOx composite films by an extended blown-bubble film technique, and 

(b) photograph of a resulting blown-bubble film. 

 

                                          (a)                                                               (b) 

Fig. 2  (a) SEM (inset 1 and 2, scale bars 1 μm) and dark-field optical microscope (inset 

3, scale bar 5 μm), (b) selected-area electron diffraction pattern of a horizontally-

aligned SWCNT–VOx composite film.  

The surface morphologies of the as-prepared horizontally-

aligned SWCNT–VOx composite films were imaged by 

scanning electron microscopy (SEM), as shown in inset 1 and 2 

of Fig. 2a, and dark-field optical microscope, as displayed in 

inset 3, respectively.  Fig. 2a shows that large-area composite 

film has been deposited uniformly on the substrate surface by 

our approach.  Remarkably, horizontal-alignment of 1D CNTs 

in the composite along the expansion direction of bubble is 

visible in Fig. 2a.  The diameters of the SWCNTs were further 

estimated by Raman measurement (as described in the SI) to be 

1–2 nm, in accordance with the data provided by the supplier.   

The microstructures of the horizontally-aligned SWCNT–VOx 

composite films were further investigated by selected-area 

electron diffraction (SAED) of transmission electron 

microscopy (TEM), and the result is shown in Fig. 2b.  The 

discontinuous arc diffraction rings in Fig. 2b is caused by the 

texture effect of preferred orientation of poly-crystals,38 

implying the existence of poly-crystals in the composite films.  

Close inspection reveals that two hexagons overlap with a small 

rotated chiral angle of α that was measured to be 5.8o in Fig. 2b  

from the composite film.  Moreover, α can be estimated with 

the following equation:39 

� � tan��2 	 D2 � D1
 �√3 	 D1�⁄ �                                (1) 

where D1=3.17 nm−1 and D2=1.86 nm−1 are the respective 

spacings between the reflections of principal layer lines of a 

carbon nanotube in the reciprocal space, as illustrated in Fig. 

2b.  Accordingly, α was calculated to be 5.82o, well agreeing 
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with the measurement (5.8o).  Taking the α value, diameters (1–

2 nm) of SWCNTs (Fig. 2a), and the parameters deduced in ref. 

36 together, the chiral vector of SWCNTs was estimated to be 

(16,2) in the composites.  Moreover, two relatively weak rings 

with the respective interplanar spacings of 0.147 nm and 0.161 

nm, assigned to the signals of the crystal planes of V2O5, were 

simultaneously detected and marked in Fig. 2b.  These 

demonstrate the formation of aligned CNT–VOx composite 

films.    

The sheet resistances (R) of the composite films prepared on 

glass substrates were measured at different temperatures by a 

high-resistance meter (HRM).  Before R measurements, four 

electrodes with sizes of 10×10 mm2 were deposited by thermal 

evaporation of cooper at four sides of the films.  Although there 

are aligned CNTs in a BBF film without VOx coating, its R is 

so high that it cannot be measured by HRM.  According to 

previous literatures,40,41 seldom CNTs interconnect with each 

other under a certain CNT concentration in a randomly 

orientated CNT–polymer composite, and thus, the conduction is 

dominated by the tunneling electrons in junctions between the 

near CNTs while ignoring the relatively low intrinsic resistivity 

of CNTs (10−6 Ω·m for CNTs with diameters of 2 nm).  As 

revealed by SEM images (Fig. 2a), most SWCNTs are 

separated and do not interconnect with each other after 

alignment, and thereby the R of a BBF film is similarly 

dominated by the tunneling resistance in junctions between the 

neighboring CNTs.  Since the distances between the near 

SWCNTs are enlarged after alignment, fewer electrons are able 

to tunnel the tubes, and thus, the R of a BBF film without VOx 

is too high to be measured.  But if the horizontally-aligned 1D 

SWCNTs have been further coated with two-dimensional (2D) 

VOx film, the R of the composite film is significantly decreased 

so that it can be directly measured by HRM, as displayed in Fig. 

3.  Although residual epoxy existed in the composite, such 

organics is insulating and cannot enhance the conductivity.  

Therefore, the origin for the enhanced conductivity can only be 

attributed to that 2D semiconducting VOx provides new carriers 

and conduct paths for the current.  In this case, the horizontally-

aligned but isolated 1D SWCNTs can be connected through 2D 

VOx, and thus the R is drastically decreased.   
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Fig. 3  Comparison of sheet resistances measured in the direction perpendicular (⊥) 

and parallel (//) to the axes of SWCNTs in a horizontally-aligned SWCNT–VOx composite 

film and those of a pristine VOx film measured in various directions.  

Table 1  Electrical properties of a horizontally-aligned SWCNT–VOx composite film 

measured in the perpendicular (⊥) and parallel (//) directions to the SWCNT axes. 

 

Compared with the R⊥ (2702 MΩ) of a horizontally-aligned 

SWCNT–VOx composite film measured at room temperature 

(RT) in the direction perpendicular (⊥) to the axes of the 

aligned SWCNTs, the R// (261 MΩ) measured in the parallel 

direction (//) is decreased significantly for one order of 

magnitude, as displayed in Fig. 3.  The thicknesses of the 

composite films were measured to be 270±50 nm, by which the 

conductivities in the ⊥ and // directions were estimated to be 

1.37×10−5 and 1.42×10−4 S·cm−1, respectively, close to the 

values of 10−3–10−11 S·cm−1 for CNT‒polymer 

composites.28,29,42,43  R measurements (Fig. 3) clearly 

demonstrate electrical anisotropy for the horizontally-aligned 

SWCNT–VOx composite films, similar to the phenomena 

previously observed in aligned CNT‒polymer 

composites.28,29,43,44  Notably, compared with those 

horizontally-aligned CNT‒polymer composites previously 

prepared by electrical field28 or magnetic field29, the 

horizontally-aligned SWCNT–VOx composite films produced 

in this work through BBF method exhibit larger electrical 

anisotropy (Fig. 3), implying well alignment of 1D CNTs in 2D 

VOx (Fig. 2a) by our approach (Fig 1).  According to Du43 and 

Hazama44, the conductivity of an aligned CNT‒polymer 

composite exhibits a maximum at a specific alignment of 

CNTs, resulted from the competition between the number of 

percolating paths and the degree of meandering of the current 

path.44  This conclusion also works in the aligned SWCNT–

VOx composite films.  As comparison, the resistances for a 

pristine VOx film measured in various directions are shown in 

Fig. 3.  Lower R was measured, due to no epoxy existed in this 

film.  But notably, its curve measured in the ⊥ direction 

matches well with that measured in the // direction, suggesting 

electrical isotropy for the pristine VOx film, clearly different 

from electrical anisotropy observed in the horizontally-aligned 

SWCNT–VOx composite film (Fig. 3).  

According to Fig. 3, the TCR (defined as 

��� � ��ln �
 �� �⁄ �∆� �� ∙ ��
⁄ )19,45 values of the 

horizontally-aligned SWCNT–VOx composite films in the 

directions perpendicular and parallel to the SWCNT axes were 

calculated to be −4.2 (⊥) and −3.5 %·K−1 (//), respectively, 

where ∆E, K and T are the active energy (gap between Fermi 

level and bottom of conducting band), Boltzmann constant, and 

temperature, respectively.  Both TCR (⊥) and TCR (//) values in 

this work are obviously different from the positive TCR values 

measured in the organics,19 and particularly, they are also much 

larger than those of randomly dispersed SWCNTs (~−1 %·K−1)9 

or VOx films (−2.0 to −2.3 %·K−1, as shown in Fig. 3).  Large 

TCR for the composite film can be attributed to the synergistic 

effects of 1D SWCNTs and 2D VOx.  The ∆E were calculated 

and summarized in Table 1.  For the composite film, ∆E (⊥) = 

0.33 eV is larger than ∆E (//) = 0.27 eV (Table 1).  This 

 
RRT 

(MΩ) 

Conductivity 

(S·cm-1) 

TCR 

(%·K-1) 

Activation 

energy (eV) 

Perpendicular 

(⊥) 
2702 1.37×10-5 −4.2 0.33 

Parallel (//) 261 1.42×10-4 −3.5 0.27 
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difference can be explained by the peculiarity of 1D SWCNTs.  

It is known that the states of the π electrons of SWCNTs are 

close to Fermi level,46,47 and they play an important role for the 

electrical properties.  The π electrons are easily percolated from 

the sidewalls of SWCNTs, which is assisted by hot phonons48 

and further promoted by 2D VOx matrix as in this work.  If the 

temperature rises, the number of hot phonons will increase, and 

thus, the number of phonon-assisted electrons percolated from 

the sidewalls will also increase.  Since π bonds orientate 

perpendicular to the surface of SWCNT (perpendicular to the 

axis of SWCNT),47 more phonon-assisted electrons are 

percolated in the direction perpendicular to the axes of 

SWCNTs than that in the // direction, thus leading to larger 

TCR measured in the ⊥ direction.  It is clear that both R and 

TCR results (Fig. 3) reveal electrical anisotropy for the resulting 

horizontally-aligned SWCNT–VOx composite films, due to 

well horizontal alignment of 1D SWCNTs in 2D VOx.   

Finally, the optical properties of the horizontally-aligned 

SWCNT–VOx composite films were investigated.  The UV-Vis 

absorption spectra were measured at RT by vertically incident 

polarized light (1.1–4.0 eV) with various polarized angles (θ) of 

0o, 15o and 30o, which results are displayed in Fig. 4.  In our 

work, θ is defined as the angle between the electrical field of 

incident light and the axes of SWCNTs.  Interestingly, the 

spectra obtained at various θ are different (Fig. 4).  Since the 

temperature remained unchanged during optical measurements, 

the thermal effects on the optical properties can be ignored.49   

Thus, Fig. 4 suggests that the horizontally-aligned SWCNT–

VOx composite film also exhibits anisotropic response to 

polarized light, similar to the electrical response (Fig. 3).   
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Fig. 4  UV-Vis spectra of a horizontally-aligned SWCNT–VOx composite film measured at 

different polarization angles to the axes of SWCNTs. 
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Fig. 5 (a) The Cartesian-coordinate model of optical absorption, (b) the plot of 

absorbance at 3.96 eV vs cos
2
(θ), where θ is the polarization angle to the axes of 

SWCNTs. 

The optical characteristics of the CNT‒based composite films 

are originated from their unusual structures.50  It was revealed 

that SWCNTs with cylindrical and period nanoscale-hexagons 

structures exhibit Van Hove singularities,51 which present as 

cleavage of valence and conduction band and contribute to the 

selected wavelengths for the first (E11) and second (E22). 

transitions, and etc.52  For the SWCNTs with a chiral vector of 

(16,2), as utilized in this work, E11 and E22 were estimated to be 

located at 0.79 and 1.26 eV detectable by spectrofluorimetric.52  

However, E11 and E22 were not observed in our UV-Vis 

measurements (Fig. 4).  This might be resulted from the 

negative effects of relatively strong absorption of VOx and the 

residual epoxy resin, compared with that of SWCNTs, and thus, 

it is hard to observe the E11 and E22 peaks.  Consequently, only 

anisotropy of absorption at 3.96 eV is observed in the 

composite films (Fig. 4).  Where does the peak at 3.96 eV come 

from?  It was reported that surface π-electrons excitations of 

SWCNTs lead to presence of a peak at ~4.0 eV in electron 

energy loss spectra (EELS).53  Similarly, electron density-

functional calculations of Yang54 and Cho55 revealed that the 

imaginary part of dielectric function has a maximum at ~3.96 

eV if a light is polarized parallel with the SWCNT axes.  Thus, 

we believe that the light absorption at 3.96 eV (Fig. 4) is 

originated from the surface π-electrons of graphitic planes of 

SWCNTs in the composite.  It is worth noting that the 

absorbance at 3.96 eV increases with θ (Fig. 4), as predicted by 

Yang54 and Cho55 through simulations on CNTs.  However, for 

a pristine VOx film or a pristine epoxy film, neither the peak at 

~3.96 eV nor absorption varied with the polarized angle was 

measured.  These further confirm anisotropic optical response 

for the horizontally-aligned SWCNT–VOx composite films, 

resulted from the well horizontally-aligned SWCNTs.46  To the 

best of our knowledge, this is the first presentation about such 

horizontally-aligned SWCNT–VOx composite films, their 

preparation, electrical properties of R, alterations of R with 

temperature, TCR, and particularly, their unique electrical and 

optical anisotropies, all of which are highly valuable and have 

never been reported previously.  Such composite films hold 

great potential for applications in polarization detection.   

Based on the results in Fig. 4, the anisotropy of optical 

absorption can be theoretically deduced.  A Cartesian 

coordinate is set as follow (Fig. 5a): x axis and y-z plane are 

parallel with the normal of substrate and substrate plane, 

respectively.  And k is a propagation vector of an incident light 

along with y-axis.  The ϕϕϕϕ (0≤ϕϕϕϕ≤π/2) is a deviation angle of 

SWCNT axis C-axis from z-axis, and ρρρρ (0≤ρρρρ≤2π) is a rotational 

angle from y-z plane to a plane constructed by the C-axis and z-

axis.  A unit of aligned SWCNT–VOx is assumed to have a 

collinear dipole µµµµ//  parallel with C-axis, and a non-collinear 

dipole µµµµ⊥⊥⊥⊥ perpendicular to C-axis.  ζζζζ (0≤ζζζζ≤2π) is a 

circumferential angle between a dipole and y-axis, then µµµµ// and 

µµµµ⊥⊥⊥⊥ are expressed as:56 

µµµµ// 	� µ//	�sin cos # sin sin# cos 
                               (2) 
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µµµµ
⊥
� µ

⊥
�ζ � 0
 cos ζ +	µ

⊥
�ζ � π 2⁄ 
 sin ζ                                 (3) 

Here,  

µµµµ⊥
�ζ � 0
 � µ

⊥
�sin# cos # 0
                                                (4) 

µµµµ⊥
�ζ � π 2⁄ 
 � µ

⊥
�cos cos# cos  sin# sin 
                  (5) 

Assume a polarized light polarized is propagated with a 

polarization angle θ (0≤θ≤π/2) from y-z plane (p-plane), the 

electron vector is written as & � ��sin ' 0 cos '
(.  Since 

the dipole transition probability is related to|*⋅&|�,56 where µµµµ 

donates the dipole moment, E is the electric field of light, the 

absorbance of the polarized light by collinear dipoles can be 

expressed as: 

∆//�'
 � |µµµµ//⋅&|� � + Λ//�'	 ϕ
�ϕ
�π

, � -
� µ//

� ⋅�� ./0 +
1/

2

� �
/
03 ∙ cos

�'4                                                    (6) 

Where  

∆//�		θ	 ρ ϕ
 � µ//
� ⋅���sin  cos # sin ' + cos  cos '
�  (7) 

∆//�θ	 ϕ
 � + Λ//�		θ	 ρ ϕ
 �ρ
�π

,                                      (8) 

In fact, the deviation angle is assumed to have a distribution 

described by a probability function f(ϕ) after the alignment of 

SWCNTs. Consequently, the experimentally observed 

absorbance will be: 

 

∆//＇�'
 �
+ Λ//�'	 ϕ
5�ϕ
 �ϕ

π/�
, + f�ϕ
 �ϕ � 7 + 8 ∙ cos�'�π

,9         (9) 

For a given as-prepared film, a and b constants are: 

7 � -
�µ//

� ⋅���1 � 〈cos� 〉
	                                                   (10) 

8 � -
� µ//

� ⋅����1 + �1 + 4π
〈cos� 〉
                                  (11) 

Similarly,   

∆⊥
＇�'
 � > + � ∙ cos�'                                                          (12) 

Here, 

> � -
�µ

⊥
� ⋅���-�+

-
� 〈cos

� 〉
                                                   (13) 

� � -
� µ

⊥
� ⋅���� -

�+ 2π � 1-�+ 2π3 〈cos
� 〉
                         (14) 

Therefore,  

∆	�'
 � ∆//＇�'
 + ∆⊥
＇�'
 � a + c + �b + d
 ∙ cos�'            (15) 

Above theoretical deduction reveals that if 1D SWCNTs are 

well horizontally-aligned in a composite, a linear relationship 

between the absorbance ∆	�'
  and cos2θ would be 

experimentally observed.  Fig. 5b shows a plot of absorbance at 

3.96 eV of the composite film in Fig. 4 versus cos2θ.  

Remarkably, a linear relationship between the absorbance and 

cos2θ is acquired in Fig. 5b.  This gives evidence for that the 

anisotropy of optical response (Fig. 4) is essentially induced by 

the well horizontally-aligned SWCNTs in the composite film, 

as suggested by the dipole transition model. 

Conclusions 

In summary, by combining the conventional spin coating 

technique, we extended the blown-bubble film method to 

successfully prepare novel polarization-dependent horizontally-

aligned SWCNT–VOx composite films.  The structures and 

physical properties of the as-prepared composite films were 

systematically investigated.  Results reveal that 1D SWCNTs 

are well horizontally-aligned in the composite films, thus 

leading to that both the electrical properties of sheet resistances 

and TCR of the composite films measured in the direction 

parallel to the axes of SWCNTs are significantly smaller than 

those measured in the perpendicular direction.  Moreover, 

optical absorption of the composite films varies with the 

incident angle, and anisotropy of light absorption at 3.96 eV 

was experimentally observed and theoretically verified.  Thus, 

we conclude that such composite films exhibit both electrical 

and optical anisotropies.  These novel horizontally-aligned 

SWCNT–VOx composite films with peculiar nanostructure-

controlled electrical and optical properties hold great potential 

for future academic research and industrial applications, 

especially for polarization-dependent optoelectronic detectors.  

Particularly, the strategy described in this work can be easily 

extended to prepare other horizontally-aligned nanomaterial–

based composites. 
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