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Abstract. The scattering process of He molecules on vertically aligned single-walled carbon nanotubes (VA-SWNTSs)
was investigated using the molecular beam technique. The accommodation coefficients for VA-SWNT films on quartz
substrates at room temperature are remarkably high compared to those for bare surfaces, demonstrating the effectiveness
of the surface modification technique with VA-SWNT films for enhancing the energy transfer between gas molecules and
surfaces. The enhanced energy transfer suggests that gas molecules can easily penetrate deep into the films because of
their high porosity and suffer multiple collisions with bundles of SWNTSs. The less effective energy accommodation at
elevated temperatures, however, implies that the average number of collisions which gas molecules undergo before
leaving the films is not large enough to maintain the perfect accommodation even at high temperature.

Keywords: Gas-surface interaction, Molecular beam, Carbon nanotubes
PACS: 34.35.+a, 68.49.Df, 81.07.De

INTRODUCTION

Single-walled carbon nanotubes (SWNTs) [1] have recently drawn increasing attention from scientific and
technological points of view owing to their outstanding physical properties [2] such as high thermal conductivity and
optical anisotropy. The chemical vapor deposition (CVD) with adequate conditions yields the uniform films
consisting of vertically aligned SWNTs (VA-SWNTSs) over large areas of substrates [3]. Because of their unique
morphology, the films of VA-SWNTs offer the useful platform to investigate the physical properties and the growth
mechanism of SWNTs. Moreover, the films themselves are quite attractive materials for potential applications.

We focused on the potential application of VA-SWNT films for the surface modification to control gas-surface
interactions in rarefied gas flows since their nanometer-sized fin-like structure would increase the number of
collisions between gas molecules and surfaces. A number of researchers have reported on the ad/desorption kinetics
and energetics of gas molecules on SWNTSs [4] since the development of the potential SWNT-based applications
such as gas storage devices and nanosensors requires information on the characteristics of gas-SWNT interactions
that these devices rely on. There are few studies, however, on the dynamic process of these interactions (i.e. the
scattering process) [5], which determines the performance of the nanometer-sized fins made of VA-SWNTSs. The
detailed understanding of the scattering process is also in great demand to predict the growth kinetics of VA-SWNT
films by CVD methods, where feedstock gas molecules have to diffuse through the growing films to reach the
catalyst nanoparticles on the substrates [6].

We therefore have been conducting the scattering experiments of gas molecules on VA-SWNT films using the
molecular beam technique [7]. The angular distributions and the time-of-flight distributions of scattered molecules
were measured to analyze the scattering mechanism, especially the energy accommodation process. At present, we
limit ourselves to the measurement with helium molecular beam because of the simplicity of the analysis. The
results obtained from our experiment, however still give us the insight into the distinctive scattering process caused
by the unique structure. We found that the surface modification with VA-SWNTSs significantly enhances the energy
transfer between gas molecules and surfaces and makes the energy accommodation coefficient of helium, which
tends to be small even for contaminated surfaces [8-10], close to unity.



EXPERIMENT

The samples used were the films of VA-SWNTSs grown on quartz glass substrates by alcohol CVD method [3].
The transmission electron microscopy observation revealed that SWNTSs in the films have an average diameter of
about 2 nm and come together to form bundles, which typically contain less than ten SWNTs per bundle [11]. Figure
1 shows the secondary electron microscopy (SEM) images of the samples, showing that the thicknesses of them
were approximately 0.1 pm and 4 um. The former (thinner) sample consists of SWNT bundles oriented randomly
and does not have well-aligned structure. On the other hand, SWNT bundles align vertically in most part of the latter
(thicker) sample except for the topmost layer, whose structure is similar to that of the thinner sample. These samples
are estimated to have the porosity of 97 % [6] although the detailed structure is still under debate.

We conducted experiments in an ultrahigh vacuum chamber equipped with a supersonic molecular beam source
[12]. He molecular beam was formed by supersonic expansion from a 50 um diameter orifice at room temperature
(=300 K) and collimated through a three-stage differential pumping system so that the spot diameter at the sample
surface became about 5 mm. Before entering the main chamber, the beam was modulated by a two-slit chopper
rotating at 100 Hz with 0.4% duty cycle. Figure 2 illustrates the configurations of the experiments. In most of the
experiments, the as-grown samples (i.e. VA-SWNTs films on quartz substrates) heated at fixed temperatures
between 300 and 800 K were exposed to the molecular beam. The scattered molecules were detected using a
quadrupole mass spectrometer (QMS) mounted on a rotatable positioning assembly. In order to make it clear
whether incident molecules penetrate deep into the film or are scattered back from its topmost layer, we also
performed the experiments with the freestanding films, which were prepared by pealing off as-grown films from
quartz substrates and transferring them onto the sample holders with a 4 mm diameter hole using the hot-water-
assisted process [13]. The QMS, which was positioned on the back side of the sample, detected the transmitted
molecules through the freestanding film. In this paper, we describe the experiments with as-grown films, while those
with the freestanding films will be presented elsewhere.

The time-of-flight (TOF) distribution of the detected gas molecules can be described by the convolution integral

S = [ Rt=1) [Py (7) + (1- 7)Pus ()] d7, €

where R(t) is the incident beam flux on the surface, and the terms inside the bracket represent the TOF distribution
of the scattered molecules from the surface to the QMS. Note that R(t) is a convolution of the chopper gate function
and the TOF distribution of incident molecules and hence is a known distribution. We assumed that the TOF
distribution of the scattered molecules follows a linear superposition of the direct inelastic scattering component
Pgir(t) and the trapping-desorption component P.y(t) with a weighting factor y (0 < y <1) [14]. These components
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FIGURE 1. The SEM images of VA-SWNT films grown on quartz substrates: the side view (left) and the top view (right) of the
films with thicknesses of 0.1 um (a) and 4 um (b).
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FIGURE 2. The schematic illustration of the experiments with the as-grown film on the quartz substrate (a) and the freestanding
film transferred onto the sample holder (b).

are expressed as
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where L is the distance between the surface and the QMS, U the drift velocity, &; and «, the most probable speeds,
and ¢; and ¢, the normalization constants. The mean translational energies for each component are given by
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where m is the mass of a gas molecule, and S the speed ratio defined by U/a,. We can thus evaluate the mean
translational energy of scattered molecules with
E, =/ +1-»)E,. (6)
We estimated the energy accommodation coefficients « from the scattering experiments although our
measurements were limited to the in-plane scattering, where the scattering directions of molecules are on the plane

spanned by the normal vector of the surface and the velocity vector of the incident molecule. As described blow, the
angular dependence of in-plane scattering intensities in most cases follows the cosine distribution. Hence, we

estimated the mean translational energy of molecules scattered over all directions E, by assuming that the scattering
intensity follows the cosine distribution even in the out-of-plane and that the mean translational energy of scattered

molecules depends only on the angle between the scattering direction and the surface normal. The energy
accommodation coefficient is defined by

a=(E, ~E)/(2kT,~E), ()
where E, is the mean translational energy of the incident beam, T the surface temperature. Note that 2kgTy is the
mean translational energy of desorbing gas molecules from the equilibrium state on the surface.

C
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RESULTS AND DISCUSSION

Figure 3 summarizes the results of the scattering experiments for the pre-growth quartz substrate, on which Co-
Mo catalyst particles with diameters of 1 — 2 nm were well dispersed without agglomeration [15]. The sample was at
room temperature during the experiment. The scattering distribution for the smaller incident angle &, which is
measured from the surface normal, exhibits the diffusive (cosine) distribution. The translational energies of the



scattered molecules, however, are far from that corresponding to the perfect accommodation and rather close to the
incident beam energy in spite of the diffusive scattering distribution. These results suggest that the atomically rough
surface makes the scattering direction completely random and thus independent of the incident angle even though
gas molecules interact with the surface for insufficient time to reach the equilibrium state. The scattering distribution
for the larger incident angle & deviates from the cosine distribution, indicating the incomplete accommodation.
Figure 4 shows the results of the scattering experiments for the VA-SWNT film with a thickness of 4 um at room
temperature. The intensity of scattered molecules from the VA-SWNT film exhibits the cosine distribution even for
the large incident angles in contrast to that from the quartz substrate. Moreover, the mean translational energies of
scattered molecules are considerably close to the value corresponding to the perfect accommodation 2kgTs,
demonstrating the effectiveness of the surface modification technique with VA-SWNT films for the enhancement of
the energy transfer between gas molecules and surfaces. For large incident angles 4 (i.e. small grazing angles of
incidence), the translational energies of scattered molecules tend to be slightly higher than 2kgTs, especially for large
scattering angles &. This might be because the incident molecules with small grazing angles are more likely to be
scattered back in the topmost layer before penetrating deep into the film and thereby to preserve their translational
energies. The molecules scattered into large scattering angles, however, do not significantly contribute the
accommodation coefficient of the overall energy transfer since the scattering flux for large angles is much less than
that for small angles. For this reason, the accommodation coefficient remains high even for the large incident angles.
Table 1 summarizes the energy accommodation coefficients of He gas molecules on the quartz substrate and the
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FIGURE 3. The scattering of He beam (E; = 0.06 eV) from the pre-growth quartz substrate with dispersed Co-Mo nanoparticles
at room temperature. (a) The angular dependence of scattering intensities. (b) The mean translational energies of scattered
molecules.
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FIGURE 4. The scattering of He beam (E; = 0.06 eV) from the VA-SWNT film with a thickness of 4 um at room temperature.
(a) The angular dependence of scattering intensities. (b) The mean translational energies of scattered molecules.



VA-SWNT films deduced from our molecular beam experiments. The accommodation coefficients for other
surfaces reported in literatures [8-10] are also included in this list. The relatively small accommodation coefficients
except for the VA-SWNT films indicate that, in contrast to the heavier gas molecules, He molecules are hardly
equilibrated with surface temperature through the scattering process even if the surface is covered with gas
adsorbates or nanoparticles, which produce atomic-scale roughness significantly. With the Baule formula [16] in
mind, we can partly attribute the low accommaodation coefficients to the large mismatch between the mass of He
molecules and the effective mass of the involved surface atoms. The surface modification with VA-SWNT films,
however, increases remarkably the accommodation coefficients compared to those for bare surfaces. Although the
accommodation coefficient slightly decreases for the thinner film, it would be still high enough for practical
applications. The dependence of the accommodation coefficient on the film thickness implies that gas molecules can
easily penetrate deep into the films because of their high porosity and suffer more than one collision with bundles of
SWNTs.

The above discussion presents the effectiveness of the surface modification with VA-SWNT films for enhancing
the energy transfer between gas molecules and surfaces at around room temperature. The question then arises as to
whether this method is useful for higher temperature or not. Figure 5 shows the temperature dependence of the mean
translational energy of scattered molecules to answer this question. As the surface temperature increases, the
translational energy deviates far from that corresponding to the perfect accommodation. The less effective energy
accommodation at elevated temperatures indicates that the average number of collisions which gas molecules
undergo before leaving the film is not large enough to maintain the perfect accommodation even at high temperature.
In order to elucidate the temperature dependence of the accommodation process, we estimated the potential energy
well of He near SWNT bundles to be several hundredths of electronvolts by employing the potential model used for
molecular dynamics simulations [5]. Since the potential well is of the same order as the thermal energy ~kgT; at
room temperature, we would expect the significant decrease in the trapping probability of He molecules on SWNT
bundles with increasing temperature and, as a consequence, the less effective energy exchange during every single
collision.

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

Surface Temperature a
Quartz substrate with Co-Mo catalyst nanoparticles Room temperature (~300 K) 0.34
VA-SWNT film on quartz substrate (4 um in thickness) Room temperature (~300 K) 0.97
VA-SWNT film on quartz substrate (0.1 um in thickness) Room temperature (~300 K) 0.82
Nickel (gas covered) [8] 273K 0.360
Nickel (gas covered) [9] Room temperature 0.385
Tungsten (clean) [10] 331K 0.0186
Tungsten (gas covered) [9] Room temperature 0.470
Platinum (gas covered) [8] 273K 0.17
Platinum (gas covered) [9] Room temperature 0.368
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FIGURE 5. The mean translational energy of He (E; = 0.06 eV, 4 = 40°) scattered from the VA-SWNT film with a thickness of
0.1 um as a function of the surface temperature.



CONCLUSION

We have performed scattering experiments of He molecules on vertically aligned single-walled carbon nanotubes
(VA-SWNTS) using the molecular beam technique. The accommaodation coefficients for VA-SWNT films on quartz
substrates at room temperature are remarkably high compared to those for bare surfaces, demonstrating the
effectiveness of the surface modification technique with VA-SWNT films for enhancing the energy transfer between
gas molecules and surfaces. The enhanced energy transfer suggests that gas molecules can easily penetrate deep into
the films because of their high porosity and suffer multiple collisions with bundles of SWNTSs. The less effective
energy accommodation at elevated temperatures, however, implies that the average number of collisions which gas
molecules undergo before leaving the films is not large enough to maintain the perfect accommodation even at high
temperature.
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