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Abstract
A truly single layer film of unmodified single-walled carbon nanotubes using the Langmuir-Blodgett (LB) technique
have been processed for the first-time with measured compressive stress-strain behavior. The films were highly
oriented as determined by polarized Raman spectroscopy and shown by scanning tunneling microscopy (STM).
The films demonstrate a linear stress/strain behavior up to 30% strain and then deviate from linearity in a stress
stiffening fashion. Maximum strain recorded was 50% without a sign of film collapse. The films exhibit a low
compressive stiffness of 10±1 MPa. Electrical conductivity measurements of the films in both tube axial and
transverse direction showed a difference in the range of five times higher in the axial direction with values of
4.8×104 S/cm, and 1×104 S/cm in the transverse directions, respectively.

Abstract
A truly single layer film of unmodified single-walled carbon
nanotubes using the Langmuir-Blodgett (LB) technique
have been processed for the first-time with measured
compressive stress-strain behavior. The films were highly
oriented as determined by polarized Raman spectroscopy
and shown by scanning tunneling microscopy (STM). The
films demonstrate a linear stress/strain behavior up to
30% strain and then deviate from linearity in a stress
stiffening fashion. Maximum strain recorded was 50%
without a sign of film collapse. The films exhibit a low
compressive stiffness of 10±1 MPa. Electrical conductivity
measurements of the films in both tube axial and transverse
direction showed a difference in the range of five times
higher in the axial direction with values of 4.8×104 S/cm,
and 1×104 S/cm in the transverse directions, respectively.
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Introduction
Since their discovery in early 90s of last century, carbon
nanotubes have created gigantic movement in many areas
of science and engineering due to their remarkable
mechanical, thermal, and electrical properties [1-3].
Specifically, this blend of properties makes them perfect as
1

reinforcement in a new generation of multi-functional
composite materials with engineered properties [4-7]. The
realization of such advanced applications for carbon
nanotubes, however, necessitates the development of
processing techniques capable of manipulating and
controlling the morphology of such nanotubes within the
composite structure [2, 8-10]. While many investigations
incorporated randomly oriented nanotubes in a polymer
matrix using simple mixing techniques, other studies
depended on growing nanotubes in a specific orientation
and then incorporate the polymer matrix as a technique to
control nanotubes’ orientation within the composite [9, 11,
12]. The Langmuir-Blodgett technique with its ability to
process highly oriented single-walled carbon nanotubes
(SWCNTs) films drew attention and triggered several
investigations [13-25]. Very few of such investigations,
however, provided evidence for the true alignment of the
produced films, and none provided evidence for the monolayer nature of the films. For example, while Li, X. et al. [13],
reported a Langmuir−Blodgett (LB) method achieving
monolayers of aligned SWNTs with dense packing. They, in
fact, did not provide any experimental evidence of film
thickness or orientation. Others, however, reported LB
processed SWCNT films with thicknesses ranging between
58 and 140 layers [20, 22, 25]. This is understood in the
light of the fact that all the SWCNTs used in the
aforementioned studies were not sorted or wellcharacterized.
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In this paper, we report, for the first time, the production of
true monolayer highly-aligned SWCNTs films by LB
techniques without the need for the tubes surface
oxidation,
functionalization,
or
the
use
of
compression/decompression cycles. Our currently
produced films represent highly oriented, pure, unaltered
SWCNTs films with all the superior properties of SWCNTs
intact.

rotated between 0º d 90º measured from the tube axial
direction.

Experimental Procedure
We used purified Luna® single-walled carbon nanotubes
(SWCNTs). The tubes were manufactured by Luna
Technologies and are highly purified with less than 1 wt.%
of metal catalyst remaining in them. Oversaturated solution
of SWCNTs in dimethylformamide (DMF) solvent (Fisher
Scientific, reagent grade) were sonicated in a 60 MHz
ultrasonic bath (Fisher Scientific, Model FS20) for periods
ranging between 30 minutes to 6.50 hours. The sonicated
solution was then centrifuged (Beckman Coulter, AllegraTM
X22R) for 30 minutes at 12000 RPM. The concentration of
SWCNTs in pure centrifuged saturated solutions was
measured using gravimetric method and was found to be
0.046 mg/mL based on 10 measurements using a balance
with 0.1mN sensitivity as was described elsewhere [26].
Tubes were also characterized using high resolution
transmission electron microscopy (HRTEM) (FEI, Themis
Z).
Films were produced using a Langmuir-Blodgett (LB)
trough (Nima Technology UK, 1222D2). Pure distilled
water was used as a substrate for film deposition.
Isotherms for the water subphase were run several times
to ensure that the water surface is extremely clean. (Figure
1) shows a schematic describing the LB film production
process. Our Langmuir-Blodgett trough is enclosed in a
class 100 level clean enclosure (Nima Technology UK,
1222D2). 1000 µL of centrifuged SWCNTs in DMF solutions
were spread on the subphase surface and left to evaporate
the solvent for 30 minutes with an open trough area of 500
cm2. Surface pressure/area isotherms were obtained at a
barrier speed of 100 cm2/min. All isotherms were repeated
at least three times to ensure reproducibility of the results.
All films in this study were deposited at a constant
deposition pressure of 13.5 mN/m and vertical speed of the
substrate of 5 mm/min. Deposition was achieved by
starting the substrates under water surface and moving the
substrate upwards to ensure high transfer rates. Film
deposition was done on metal discs for further
characterization by scanning tunneling microscope (STM)
(NanoSurf easy Scan, E-Line). Films were also deposited on
single crystal silicon wafers for further characterization
using polarized Raman spectroscopy. Polarized Raman
measurements (Reneshaw®, in Via Raman Microscope)
were conducted using an Ar+ laser at 514.5 nm wavelength
as excitation light source in the back-scatter arrangement
with a laser power of 2 mW at the sample surface to avoid
sample heating. Both incident and scattered lights were
polarized in the HH directions that is parallel to the
nanotube alignment direction. The sample was mounted
under the Raman microscope on a rotating stage and was
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Figure 1: A schematic showing the Langmuir-Blodgett
process.
Electric conductivity of the films was measured using a
semiconductor parametric analyzer (Keithley 2041,
Keithley Instruments Inc., Cleveland, OH) with 4-prob
points method. This device can measure the voltage and
current with a resolution of µV and pA, respectively.

Results and Discussions
Nanotubes characteristics
Figure 2 shows the radial breathing modes (RBM) region of
the Raman spectrum for the Luna® SWCNTs used in this
study after sonication and centrifuging. The RBM region of
the spectrum shows three modes, at 106.85 cm-1, 156.3 cm1, and 171.24 cm-1, with integrated peak intensity (area
under the peak) of 500, 9978, and 27300, respectively.
Hence, based on the Raman integrated intensity of the
peaks, our sample mainly consists of two types of
nanotubes at a ratio of 27% and 73% respectively.

Figure 2: Radial breathing modes (RBM) region of the
Raman spectrum. The RBM could be deconvoluted into 3
modes at 106.85 cm-1, 156.3 cm-1, and 171.24 cm-1.
Utilizing the Raman position to determine the diameter of
the nanotubes according to equation (1) [2, 27-29];
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This shows that our sample consists of 27% of SWCNTs
with diameter of 1.57 nm, and 73% of SWCNTs with a
diameter of 1.42 nm. Nanotube diameters (d) were
correlated to their chirality vector multiples (n, m) using
the equation (2) [2];

These diameter values were found to correspond to the
metallic achiral (18,3), and the metallic zigzag (18,0) types
of nanotubes. Since the majority (73%) of the nanotubes
used in this investigation are (18,0), we will consider only
the presence of such tubes in our sample in order to
simplify the Langmuir-Blodgett isotherm calculations. In
addition, the tubes were further characterized using highresolution transmission electron microscopy (figure3).

g/mole. This value will enable us to calculate the number of
unit cells added to the Langmuir-Blodgett trough and
hence, calculate the area per unit cell of the formed SWCNT
film as we will discuss in the following section.
The SWCNT unit cell length (T) can be determined from
equation (4) [2];

Where a = |a1| = 0.1421√3 = 0.2461 nm. For the (18,0)
nanotubes, T equals 0.426 nm. Noting that the tube
diameter should be increased by 0.337 nm to accommodate
for the width of the electronic shell around the carbon
skeleton, therefore, the trajectory area of a unit cell on the
surface of the subphase surface should be T*(d+3.37) =
74.85 Å2. This value will enable the calculations of the
produced film thickness, hence produce the film’s stress
strain curve as we will discuss in the following section.
Langmuir-Blodgett Films
Figure 4 shows a typical LB isotherm with the solid phase
region fitted to a linear equation to determine the solid
phase film area at zero surface pressure [30-32].

Figure 3: HRTEM image showing the characterization of a
single wall carbon nanotube at the nano level.
The measured tube diameter was consistent with that
deduced from Raman measurements. To this end, Raman
and STM results are very clear and in agreement regarding
the tube characterizations. The number of carbon atoms
per unit cell was shown to be equal to 2N, and N for the
(18,0) nanotubes can be calculated according to equation
(3) [2];

Where, dH is the highest common divisor of the coordinate
multiples n, and m, that equals 6 in our case leading to 72
carbon atoms per unit cell of the (18,0) SWCNT. Hence the
molecular weight of a unit cell of (18,0) SWCNT equals 864
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Figure 4: Langmuir-Blodgett isotherm with solid phase
fitted for a linear equation for Film analysis.
Once the solid phase film area is determined at zero-applied
surface pressure, the nondeformed dimensions of the solid
phase film can be determined. Since the number of
nanotube unit cells can be determined based on the weight
of nanotubes added to the trough and the molecular weight
of the individual unit cell, the number of unit cells added to
the trough can be determined. In our study, 1000 µL of
0.046 mg/mL solution of (18,0) nanotubes would result in
3.2 E+16 unit-cells. If such a number of unit cells were to
form a monolayer film, such film would have an area of
238.6 cm2. From figure 4, the area of the nondeformed
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solid state film (at zero surface pressure) is determined as
138.56 cm2 indicating that the isotherm shown in figure 4
represents a film that has on average 1.7 layers of
nanotubes. Another method to determine the film thickness
is to divide the film measured area over the number of unit
cells added to the trough to determine the area per unit cell
as shown in figure 5. It is crucial to note that in figure 5, the
nondeformed area per unit cell in the film was found to be
75 Å2 that is very close to the area of an (18,0) nanotube
unit cell of 74.85 Å2 as shown above. This indicates that the
film shown in figure 5 is a true monolayer film of the
SWCNTs with a thickness of 1.42 nm.

supports the LC-like behavior of nano-films consisting of
carbon nanotubes. Further investigation regarding the
mechanical performance of such unique films are currently
active in our research group.

Figure 6: Stress/Strain curve for a monolayer SWCNT film
in compression. Based on the LB isotherm shown in figure
5.
Nanotubes alignment within the film

Figure 5: Langmuir-Blodgett isotherm for a monolayer
film of SWCNT.
Stress-Strain curve of a monolayer SWCNT Films under
compression
The process to calculate the film stiffness from the LB
isotherm was discussed before [33, 34]. In brief, realizing
that the width of the LB trough is constant (0.2 m in our
study), the measured film area can be deduced to film
length (L). Also, by considering a unit length along the film
width, the measured surface pressure can be transformed
into load (F). Knowing the film thickness, it is, then, straight
forward to convert the load length curve into a stress-strain
curve for the nano-film.
The stress-strain curve for the monolayer film is shown in
figure 6. As shown in the figure, the stiffness of the film
under compression is determined to be 10.2 ±1 MPa based
on three different samples. Such low value of film stiffness
compared to the well-known extremely high radial stiffness
of SWCNTs [35-37] is not surprising. Noting that the film is
very compliant with linear elastic behavior up to 30%
strain, the film is basically behaving as a liquid crystal (LC)
film of very stiff rods. Such similarity between nanotube
films and liquid crystals (LC) was shown and discussed
previously in the literature [26, 38, 39]. In addition, it is
important to note the deviation from the linear behavior of
the film under compression into a non-linear behavior with
a clear stiffness increase (figure 6). Such behavior further
4

Alignment of the SWCNTs within the processed films is
expected to be achieved along the film width (normal to the
film compression direction) due to the mechanics of the LB
techniques. We investigated the nanotubes alignment
within the film using both STM and polarized Raman
spectroscopy. Figure 7 shows a 25×25 nm STM image for
the monolayer film for which the LB isotherm is shown in
figure 5. Once more, the image confirms the high level of
alignment of SWCNTs within the monolayer film. Film
alignment was further investigated using polarized Raman
spectroscopy.

Figure 7: 25x25 nm STM image of a highly aligned
monolayer film of SWCNTs.
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Figure 8 shows Raman spectra obtained from our sample
for the spectral range between 1125 cm-1 and 3200 cm-1
emphasizing the nanotube Raman active surface modes (D,
G, and G’ bands) [2, 40]. The spectra were collected in the
HH back-scatter arrangement where both incident and
scattered light are polarized in the same direction parallel
to the tube orientation direction. The figure shows the
spectra recorded at different angles between the
polarization direction and the nanotubes orientation
direction achieved in the LB trough. It is well known that in
the HH backscattered Raman measurement arrangement,
the intensity of the surface Raman modes depends on the
orientation angle between the polarization and orientation
directions [2, 41-43]. It is very clear from the polarized
Raman results that our films are highly oriented as
indicated by the total disappearance of all Raman surface
active modes as the laser polarization direction is
perpendicular to the nanotubes orientation direction.
Figure 9: Histogram comparison for the conductivity
(S/cm) in both directions for a monolayer film.
To this end, it is crucial to note that the processing of a
single-layer unmodified SWCNT films would transform
nanoelectronics device industry, it is also crucial, however,
to note that such highly oriented films are extremely
orthotropic with very different mechanical and electric
properties in the tube axial and transverse directions.
Attempts to deposit multiple layers at specific orientation
to design a nano-film with specific properties in specific
direction are currently under investigation in our research
group.

Conclusions

Figure 8: HH Polarized Raman spectra at different
orientation angles between the SWCNT alignment angle
and polarization angle. Spectra are showing First and
second order NT surface modes. Spectra have been shifted
for clarity. Note the persistent substrate Raman mode.
Figure 9 shows the measured electric conductivity of the
film along as well as normal to that of the transverse
conductivity of the film (4.8x104 vs. 1x104 S/cm) which
provides another evidence for the alignments of the tubes
in the produced monolayer film. It is important to note that
our measured electric conductivity of the film in the tube
axial direction is slightly higher than the value 2.9x104
S/cm reported previously for crystalline ropes of metallic
SWCNTs that are 20 nm in diameter [44], and that our film
conductivity measured in the transverse direction is
slightly lower than the 1x104 to 3x104 S/cm reported for
SWCNT networks [45].

In conclusion, we have shown that a mono-layer, highly
oriented films of single-walled carbon nanotubes can be
processed using the Langmuir-Blodgett technique. The
compressive behavior of such highly orthotropic films
demonstrated a linear stress/strain relationship up to 30%
with an elastic modulus in the range of 10 MPa making its
compressive behavior similar to rubbery materials. Our
current study shows a processing methodology that would
enable the full recognition of superior properties of
nanotubes on a bulk scale.
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