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Abstract. The scattering process of gas molecules on vertically aligned single-walled carbon nanotubes (VA-SWNTs)
was investigated by the molecular beam technique. To investigate interactions between VA-SWNT films themselves and
helium gas molecules without the presence of substrates, free-standing films were used. The scattered molecules are
divided into three components; reflected molecules, diffusively transmitted molecules, and directly transmitted molecules
without interaction with SWNTs. Even with the thin film, most molecules have interacted with the films, which suggests
that most molecules have interacted at the randomly oriented layer at the topmost of the films. Because of low
accommodation coefficients of helium gas, VA-SWNTs films are thought to be useful as a surface modification to
enhance energy accommodation.
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INTRODUCTION

Single-walled carbon nanotubes (SWNTs) [1] are one of carbon materials which have rounded shapes with six-
membered carbon. SWNTs have recently drawn increasing attention from scientific and technological points of view
because of their outstanding physical properties [2] such as high thermal conductivity, electric conductivity and
optical anisotropy. When they are created by the chemical vapor deposition (CVD) with appropriate conditions, the
uniform films grow consisting of vertically aligned SWNTs (VA-SWNTs) [3].

Because of their unique morphology, high aspect ratio and high thermal conductivity, the films of VA-SWNTs
have drawn increasing attention for various kinds of mechanical applications, such as nanoscale gas sensors [4] and
gas storage devices [5]. Among various kinds of applications, we focused on their potential applications as surface
modifications to control gas-surface interactions, because their nanoscale fin-like structure would increase collisions
between gas molecules and solid surfaces. According to our previous study [6], energy accommodation of gas
molecules to the solid surface with VA-SWNTs was significantly increased compared to the bare surfaces. It is still
unclear, however, about the detailed scattering behavior of gas molecules in the films, such as penetration depth of
gas molecules to the frequency, collision times, or scattering distribution for various film thicknesses. The detailed
understanding of the scattering process would also reveal geometrical structures and the growth process of VA-
SWNT films, where feedstock gas molecules have to diffuse through the growing films to reach catalyst
nanoparticles on the substrates.

In this paper, we present the scattering experiments of gas molecules on VA-SWNT films using the molecular
beam technique to reveal interactions between the films and gas molecules. The experiments were conducted with
helium molecules, which tend to exhibit low energy accommodation coefficients because of its large mass mismatch
to surface atoms. Because of this behavior, helium is a good proving species to observe the energy transfer
enhancement by surface modifications with VA-SWNTs. To investigate the interactions between the films
themselves and gas molecules without the presence of substrates, we used free-standing films of VA-SWNTs [8].
The time-of-flight distributions and the angular distributions of reflected or transmitted molecules were measured to
analyze the scattering mechanism. We also measured intensity of transmitted molecules for different film



thicknesses. We found that energy accommodation was significantly enhanced even without substrates, and most
molecules interacted at the randomly oriented top layer of the films

EXPERIMENT

The samples used were the films of VA-SWNTs grown on quartz glass substrates by the alcohol CVD method
[3]. After the samples were made, they were transferred to the stainless-steel plates which have a hole of a diameter
of 2 mm to make free-standing films (Fig.1(a)). SWNTs in the films are intertwined to form bundles, which typically
consist of less than ten SWNTs per bundle, and have an average diameter of 2 nm [9-11]. Figure 1(b) shows the
secondary electron microscopy (SEM) images of the samples. They show that the thicknesses of the samples were
approximately 20 pm, 4 pm and 0.1 pm. The sample consists of two layers [12]; the randomly oriented layer at the
top in which SWNTs grow randomly, and the aligned layer below in which SWNTs are aligned vertically [13]. The
thickness of any randomly oriented top layer is known to remain roughly constant regardless of the overall film
thickness. These samples are estimated to have the porosity of 97% [14] although the detailed structure is still
unclear. The temperatures of samples were kept at room temperature during the measurements.

Figure 2 illustrates the configurations of the experiment. The experiment was conducted in an ultrahigh vacuum
chamber equipped with a supersonic molecular beam source at room temperature [7]. The sample holders were
mounted on a sample manipulator, which can rotate to change the beam incident angle 6. We used helium gas as the
incident gas, the translational energy of which was about 0.06 eV. Before entering the chamber, the beam was
modulated by a random chopper, whose slit pattern was determined by the M-sequence random number [15]. The
time-of-flight (TOF) distribution for the pulsed beam was recovered by calculating the cross-correlation of measured
signal and the modulation sequence. The chopper disk has two cycles of the M-sequence with N=255 and was
rotated with a period of 5100 ps, so that the temporal resolution was maintained at 10 ps. After the molecular beam
entered into the films, it was scattered or transmitted from the free-standing films. The time-of-flight (TOF)
distributions of these scattered molecules were detected using a quadrupole mass spectrometer (QMS), which could
move along the chamber wall to detect molecules for each scattering angles.

The TOF distribution S(¢) for pulsed beam is expressed as the convolution integral

S@) = [ RU=D)pP () + (1= PP,y (D)7, (1)
where R(?) is the TOF distribution of incident beam from the chopper to the surface of a sample, P,,(¢) and P,4(?)
the TOF distributions of molecules scattering from the surface to the QMS. We assume that TOF of scattered
molecules can be expressed as superposition of the direct inelastic scattering component P,;(¢), and the trapping-
desorption component P.(f), with a weighting factor y (0<y <1) [16]. The former component is poorly
accommodated to the surface temperature and has a low translational energy and a large drift velocity, while the
latter is completely accommodated to the film. Specifically, they are assumed to follow Maxwell-Boltzmann
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where L is the distance between the surface and the QMS, U is the drift velocity, «; and «, are the most probable
speeds expressed in equation (4), ¢; and ¢, are the normalization constants, and &z the Boltzmann constant, 77 is the
translational temperature of the direct inelastic component, while 75 is the translational temperature of the trapping-



desorption component, which is equal to the surface temperature of the film. We determined the parameters a;, o,
U, T and y by a least square fit. The mean translational energies of each component are given by
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E, =ma,’, (6)
where m is the mass of a gas molecule, and S the speed ratio defined by U/c;. We can thus evaluate the mean
translational energy of scattered molecules with

E, =yE +(1-y)E,. @)
Since the scattering directions of molecules are on the plane spanned by the normal vector of the surface and the
velocity vector of the incident molecules, where our measurements were limited to the in-plane, we assumed that the
mean translational energy and intensity of gas molecules depends only on the angle between the scattering direction
and surface normal. Thus we can estimate the energy and intensity of molecules on the plane. The energy
accommodation coefficients a are defined by

a=(E;-E)/Q2k,T. —E)), ®)

where E; is the mean translational energy of the incident beam, T the surface temperature. Note that 2k, T is the
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mean translational energy of desorbing gas molecules from the equilibrium state on the surface. According to Table
1, o is usually about 0.3 ~ 0.4 to the bare surfaces even though the surfaces are contaminated. Helium, a light
molecule, tends to show low energy accommodation coefficients because of its large mass mismatch to the surface
atoms. As reported previously, energy accommodation coefficient show a high value on quartz substrates with VA-
SWNT film, proving effectiveness of the film as a surface modification material to enhance energy accommodation
between solid surfaces and gas molecules.

(a)

FIGURE 1. (a) The sample holder for free-standing samples, (b) the SEM images of VA-SWNT films grown on quartz
substrates: the side view images of the films with thicknesses of 20 um (left), 4 um (center), and 0.1 um (right).
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FIGURE 2. The schematic illustration of the experiments with the free-standing film.



TABLE 1. The energy accommodation coefficients of He gas molecules on various surfaces

Surface Temperature[K] o
Quartz substrate with Co-Mo catalyst nanoparticles Room temperature 0.34
Nickel (gas covered) [17] 273 0.360
Nickel (gas covered) [18] Room temperature 0.385
Tungsten (gas covered) [19] 331 0.0186
Tungsten (gas covered) [18] Room temperature 0.470
Platinum (gas covered) [17] 273 0.17
Platinum (gas covered) [18] Room temperature 0.368
VA-SWNT film on quartz substrate (4 pum in thickness) [6] Room temperature 0.97
VA-SWNT film on quartz substrate (0.1 pum in thickness) [6] Room temperature 0.82

RESULTS AND DISCUSSION

Figures 3 and 4 show the normalized TOF distributions and the angular distributions of helium molecules
scattered on the free-standing films with thicknesses of 0.1um, 4um and 20pum. As shown in Fig. 2, 6;is the beam
incident angle, 6, and 6, are the scattering angles for reflected and transmitted molecules, respectively.

The scattered molecules are divided into three components; molecules reflected from the substrates, directly
transmitted molecules without interaction with the films, and diffusively transmitted molecules having interacted
with the SWNTs. The degree of interaction between gas molecules and the films was evaluated from their TOF
distributions.

Figure 3 shows the normalized TOF distributions of each component. The data of ‘without sample’ means the
TOF distribution of the incident beam with the sample retracted from the beam path. The TOF distributions of
reflected molecules (Fig. 3(a)) are almost the same regardless of the incident angle and reflected angle, suggesting
that the amount of the energy transfer during the scattering is independent of these angles. The accommodation
coefficients were about 0.8, showing quite effective energy accommodation in spite of large mismatch between
helium molecules and surface atoms. Figure 4 shows the angular distribution of reflected molecules for incident
angles of 0° and 25°. The angular distributions roughly follow the cosine distribution. The diffusive (i.e. cosine)
distribution originates from the complicated structure of the top portion of the film layer, which makes the scattering
direction independent of the incident angle. Since molecular dynamics simulations [19] predict inefficient energy
transfer during a single scattering event of helium on SWNT surface (o ~ 0.25), we believe that incident molecules
collide with SWNTs surfaces several times before leaving the film.

The normalized TOF distributions of directly transmitted molecules (6, = 0°) agree with that of the incident beam
with the sample retracted from the beam path (Fig. 3(b)). This means that these molecules do not interact with the
films at all and preserve their incident velocities. As the transmitting angle 6, off the beam axis increases, the TOF
distribution becomes broader and approaches that corresponding to perfect accommodation.

Table 2 shows the ratio of each scattering component for different film thicknesses. Even with the film of 0.1 um
in thickness, few molecules are directly transmitted through the film and most molecules are reflected with quite
effective energy accommodation. This means that most molecules collide with SWNTs and accommodated to the
surface temperature within the randomly oriented layer. With the film of 4 um in thickness, few molecules are
transmitted the film while the ratio of reflected molecules did not change so much. There was no molecules
transmitted to the film when the film as thick as 20 pm. From these results, we conclude that most molecules interact
with SWNTs in the randomly oriented layer by estimating transmitted molecules with free-standing film.

These discussions demonstrate the effectiveness of the surface modification with VA-SWNT films for enhancing
the energy transfer between helium gas molecules and surfaces at around room temperature. Since efficient energy
accommodation was achieved even with the film as thin as 0.1 um for helium, which in most cases hardly
accommodate to the surface temperature because of the large mass mismatch described above, the surface
modification with VA-SWNTs would work quite effectively for other heavier molecules.
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FIGURE 3. The TOF distributions of helium molecular beam (E; =0.06¢V) scattered from a free-standing VA-

SWNT film at 300 K with a thickness of 0.1 um; (a) reflected molecules and (b) directly and diffusively transmitted
molecules. The TOF distribution of the incident beam with the sample retracted from the beam path is also plotted
for reference.
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FIGURE 4. Angular distributions of reflected molecules when the incident angles are 0° and 25°.



TABLE 2. The ratio of each scattering component

Film thickness [pum] Reflected molecules Directly transmitted molecules Diffusively transmitted molecules
0.1 0.7 0.1 0.2
4 0.7 0.005 0.3
20 1 ~0 ~0
CONCLUSION

We have investigated the scattering of helium molecules on free-standing vertically aligned single-walled carbon
nanotubes (VA-SWNTs) using the molecular beam technique. The free-standing films made it possible to measure
the molecules reaching the bottom of the film and to estimate the penetration depth of gas molecules into the films.
Even for the film as thin as 0.1 um, which consists primarily of the randomly oriented layer, most of incident
molecules have interacted with the films, showing quite effective energy accommodation to the surface temperature
in spite of large mass mismatch between helium molecules and surface atoms. Our results suggest that VA-SWNT
films are promising material for surface modification to promote energy transfer between gas molecules and surfaces.
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