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itative change in the dispersion relation [59]. The coupling between shell and the 

fluid changes the frequencies of vibrations of the tubes and the frequency dependence 

of the phonon vector. Although the model proposed in the cited work is presented 

for microtubules, both materials can be modeled as cylindrical shells [60]. The sim­

ilarities are significant and the prediction that the presence of the fluid around the 

nanotubes can affect not only their electrical but also elastic properties seems worth 

further investigations. 

The spectrum that is under absolutely no influence of any gas is the one collected 

in vacuum. The characteristic features of this spectrum are: no angular dependence 

of the frequency shift of peak B5 and decreasing the frequency shift of peak B7 with 

the increasing angle of incidence. Such behavior could suggest that these peaks repre­

sent bulk modes in the carbon nanotube array. The same angular dependence of the 

frequency shift of peaks B5 and B7 as described for CNT- 2 in vacuum is observed 

in the rare gases and in air. The value of the frequency shift of B5 remains the same 

while carbon nanotubes are exposed to these gases. This behavior could suggest that 

neither air nor rare gases influence the elastic properties of carbon nanotubes. The 

only exception that is noticed while evaluating the frequency shifts is the change of 

the frequency shift of the inner peak in a K r environment. As the only difference 

between two rare gases, Ar and K r, that may be meaningful in this study, is their 

molecular mass (see Table 4.1), the noticed variation in angular dependence of fre­

quency shift may result from this. One data point is, however, not enough to draw a 
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conclusion. 

The same shape of the spectra (i.e. two peaks at frequency shift of 5 and 7 G Hz 

of intensities that decrease with increasing angle of incidence), but slightly different 

behavior of the peaks were noticed during investigation of the modes in heavier gases 

of higher polarizability: the shift of the peak B5 does not change while the B7 one 

exhibits an increase of frequency shift with increasing angle of incidence. The increase 

is not big enough to state that the peak B7 can be classified as a surface mode. The 

behavior of the frequency shift of peaks B5 and B7 when C NT - 2 is surrounded by 

CF4 and S F6 could confirm the prediction that the mass of the gas creating the envi­

ronment around the carbon nanotube array may influence the angular dependence of 

the frequency shifts. As can be seen in Figure 4.10 the frequency shift is independent 

of sin ei and hence B5 and B7 could be bulk modes. 

The spectrum collected from the carbon nanotube array in H2 is qualitatively 

different (i.e., significantly different values of the frequency shift of peak B 5 , its an­

gular dependency and higher intensity). No linear dependence on sinOi suggests that 

both B5 and B7 are bulk modes although the presence of the H2 increases the inten­

sity of the peaks and decreases the values of frequency shifts. These features could 

suggest that H2 does not leave the elastic properties of nanotubes unaffected. This 

observation may lead to agreement with theories that suggest the adsorption and 

chemisorption of hydrogen to the nanotubes [61] and its effect on the properties of 

the tubes. We may observe the storage of hydrogen inside the tubes [23] or adsorption 
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of hydrogen molecules on the surface of the tubes. As all experiments were performed 

in room temperature it is unlikely that chemisorption occurred. None of the gases 

permanently affected the C NT - 2 sample as the spectrum collected in vacuum after 

C NT - 2 was exposed to various gases is the same as one collected before. The 

subject of the gas sensitivity of nanotubes is still an area of active research. 

4.1.2 Carbon nanotube array with nanotubes flush with alu-

mina surface 

The spectra of carbon nanotube arrays with the top of the nanotubes flush 

with the top surface of the alumina template were collected at an FSR of 50 GHz for 

twice as long as those of carbon nanotubes with 200-300 nm exposed (100000 scans), 

as the response signal was very low and after 50000 scans the peaks were of too low 

intensity to be positively identified. Even in the 100000-scan spectra, the peaks are 

still very weak but their presence is noted on both sides of the central elastic peak 

in some of them. This confirms that they are Brillouin doublets. As these data were 

collected as a supplementary to the research of C NT - 2 only two environments (air 

and vacuum) were investigated. 

The sample (CNT-0) was exposed to vacuum (Figure 4.13 top) and air (Figure 

4.13 bottom). The obtained Brillouin spectra were not significantly different from 

each other, apart from the lower and less scattered background observed in spectra 

collected when C NT - 0 was surrounded by vacuum. Only two peaks are observed 
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Figure 4.13: The spectra of C NT- 0 in vacuum (top) and in air (bottom) at an FRS 
of 50 GHz and with various angles of incidence (as indicated). 
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throughout all range of incident angles: one at a frequency shift of "' 11 G Hz on the 

spectra with higher incidence angle and one around 40 G Hz in the spectrum collected 

at with (}i = 30°. The peaks are labeled B 11 and B40 respectively. Table 4.4 collects 

the values of frequency shifts for the modes seen in CNT- 0 sample. 

Table 4.4: Frequency shifts for C NT - 0 in vacuum. 

(}i Bn ± 8Bn B4o ± 8B4o 
[0] [GHz] [GHz] 
30 - 41.27 ± 0.29 
40 8.46 ± 0.11 -

50 10.15 ± 0.27 -

60 11.66 ± 0.24 -

The surface mode observed in C NT - 0 was identified as originating from the 

alumina template with nanotubes in holes as was not observed in any of the spectra 

collected form C NT - 2. The mode at constant frequency shift of "' 40 G Hz that 

is observed only with the incidence angle of 30° was more confusing. The work by 

C.E. Bottani [34] reports the existence of a mode of frequency shift comparable to 

this one. The experimental conditions described in cited paper are very different from 

used in the current work. In the present experiment in CNT- 0 the multi-wall tubes 

are flush with the surface of the template and no length of the tubes are protruding, 

whereas in the cited work the outer sides of single wall nanotubes were scattering the 

light. The only thing that is the same for both experiments is an angle between tube 

axis and incident light. What is more, there is no evidence of a mode at "' 40 G Hz 

in the spectra collected for C NT - 2. 
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4.1.3 Alumina templates with holes 

Two alumina templates were investigated in order to complete the study of 

carbon nanotube arrays. The first one (T- 519) is an alumina template with holes 

arranged in close packed hexagonal array. The second sample that was studied, 

T- 519a, was an annealed alumina template with holes. All spectra were collected 

at an FSR of 50 GHz. 

A sample Brillouin spectrum collected with a 60° angle of incidence is presented in 

Figure 4.14. Three peaks can be distinguished: one well defined around 12 GHz, one 

around 23 GHz and one broad and hard to identify at rv 41 GHz. The exact values 

of frequency shifts obtained from this spectrum are summarized in the Table 4.5. 
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Figure 4.14: Brillouin spectra ofT- 519 and T- 519a at an FSR of 50 GHz and 
with a 60° angle of incidence. 
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Table 4.5: Frequency shifts for alumina template with holes (T-519). 

(); Ah±8Ah Ab±8Ab Al3 ± 8Al3 Al4 ± 8Al4 
[0] [GHz] [GHz] [GHz] [GHz] 
20 5.27 ± 0.53 - - 42.80 ± 0.26 
30 6.77 ± 0.27 11.46± 0.11 23.35 ± 0.40 42.07 ± 0.28 
40 8.91 ± 0.24 15.27 ± 0.25 23.42 ± 0.23 43.42 ± 0.09 
50 10.66 ± 0.23 - 23.40 ± 0.24 42.77 ± 0.20 
60 11.99 ± 0.22 - 23.34 ± 0.24 41.41 ± 0.41 

In the case of the annealed alumina template the spectra were expected to be 

similar to those collected from T- 519. No Brillouin peaks were observed in this case, 

however, due to an intense background (see Figure 4.14). This is the reason that none 

of the peaks can be identified with certainty. The origin of such a high background 

might be the reflectivity of the sample or it might be the result of undesirable changes 

in the properties of the material caused by the annealing process (e.g. creation of 

grains on the surface of the sample). 

To investigate the observed peaks the spectra with different incident angles were 

collected and are presented in the Figure 4.15. When the value of the incident angle 

was changed to 30° and 40° in addition to those peaks mentioned above, one more 

peak was observed. Its presence can be noticed with the incident angle of 50° but its 

intensity is not high enough to obtain a credible fit. When the angle of incidence is 

set to be 20° the peak is too close to the laser line and cannot be distinguished. With 

the incidence angle of 30° the frequency shift of the peak is determined to be 11.46 

G Hz. As the only parameters of interest are frequency shifts of the modes and their 

angular dependence, these data are collected and presented in Table 4.5. 
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Figure 4.15: Brillouin spectra of the alumina template (T-519) at an FSR of 50 GHz 
and with various angles of incidence (as indicated). 

The mode of the lowest frequency shift ( Ah) behaves like a surface mode. The 

plot of frequency shift versus sinOi is shown in Figure 4.16. It is a straight line of the 

slope equal to 13.91 GHz. Using the Equation (2.28) the velocity of the surface mode 

was found to be 3700 ~- The mode observed only in two spectra (Al2 ) exhibits the 

characteristics of a surface mode as well. The slope of the trend line was determined 

to be 23.4 G Hz with an R2 value of 0.98. This value of the slope would, according to 

Equation (2.28), give a surface velocity of"" 6200 m/ s. This value of surface phonon 

velocity is much higher that those of most materials (comparable to surface phonon 

velocity of hard supported layers [62]). If one assumes that this peak is not due to 

a surface mode and the frequency shift for ei = 0 is not 0 G Hz, the line of best fit 
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crosses the frequency shift axis at -1.9 GHz. This value of the intercept is much 

larger than the estimated uncertainty in frequency shift. This behavior suggests the 

surface character of the phonon. To figure out the origin of this excitation more data 

points would be desired. The frequency shift of Al3 and Al4 are independent of sin ()i· 

This suggests they may be due to bulk modes. 
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Figure 4.16: The angular dependence of the frequency shifts ofT- 519. 

The intensities of the individual peaks are function of the incident angle. The 

position of the peaks and their intensities vary but under none of the experimental 

conditions do the spectra resemble those obtained from C NT - 2 nor are any of the 

frequency shifts similar. This allows us to make a statement that none of the modes 
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described in Section 4.1.1 is solely due to the alumina substrate. 

The values of the frequency shifts of the peaks observed in the spectra collected 

from CNT- 0 (see Table 4.4) are comparable to those presented in Table 4.5. The 

mode of smaller frequency shift behaves like the surface mode in alumina, the other 

one can be identified as the mode called Al4 in spectra collected from T- 519 (see 

Figure 4.16). The latter one is observed in the alumina template with holes with 

intensity decreasing with the increasing angle of incidence, which may explain why in 

spectra collected from C NT - 0 it can be observed only when ()i is of 30° and is not 

present with higher incidence angles. These arguments lead to the conclusion that in 

our case the peak of the frequency shift of 41.27 G Hz observed in spectra collected 

from C NT - 0 can be taken as the mode originating from alumina not from the 

carbon nanotubes. This allows us to draw the conclusion that both peaks observed 

in the spectra collected from CNT- 0 originate due to the alumina template. The 

Brillouin spectra collected for C NT- 0 in certain regions of frequency resembles those 

collected from the alumina template T- 519, although macroscopically the samples 

look very different and represent stages of carbon nanotube array production that do 

not follow each other. The broadening due to the opacity changes the profile of the 

spectrum and make some peaks invisible, still some characteristics are common. 

To finally confirm all of the above conclusions a Brillouin spectrum from an 

annealed alumina template (T- 519a) was collected. Unfortunately no peaks were 

observed because of a high background. 
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4.2 Spectra collected with smaller FSR. 

The motivation for collecting a spectrum over smaller frequency range was to 

have a closer look at peaks B5 and B7 . A Brillouin spectrum collected at an F S R 

of 12 GHz is presented in Figure 4.17. No new features concerning B5 and B7 were 

noticed. While analyzing this spectrum some additional excitations were observed at 

a frequency shift of around 1 G Hz. Their intensities were significantly larger than 

the intensities of the peak of initial interest (5-7 GHz). This is well illustrated in 

Figure 4.17. 
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Figure 4.17: A typical spectrum of the CNT- 2 at an FSR of 12 GH z in air with 
a 60° angle of incidence. 

In order to study the new peaks more thoroughly, the F S R was decreased to 8 
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GH z. These spectra were collected with a smaller input pinhole. The chosen size was 

200 J.Lm instead of the 450 J-tm used in the case of the spectra collected at a higher 

F SR. The advantage of such a choice is that the peak situated close to the elastic 

peak can be better resolved. A disadvantage is that less light enters the spectrometer 

and the intensity of the peaks decreases. Therefore peaks B5 and B7 are no longer 

seen in spectra collected at 8 G Hz. 

4.2.1 Carbon nanotube array with 200- 300 nm of the nan­

otubes protruding above the alumina surface 

Figure 4.18 shows a spectrum collected from C NT- 2 in vacuum. With the air 

evacuated from the sample holder the peak labeled BouT is present. The pressure in 

the sample holder, initially close to 0 mmHg was found to be"' 30 mmHg {0.05 atm) 

at the end of the data collection time (rv 9 hours). The frequency shift, integrated 

intensity, maximum intensity and width of the peak BouT are determined assuming 

the Lorentzian profile of the peak and summarized in Table 4.6. In the Figure 4.18 

peak BouT looks deformed and does not resemble a single Lorentzian curve. Analysis 

proved that there are two peaks that are present at this region - one at the frequency 

shift of 1.32 GHz and another around 1.50 GHz (see Figure 4.18, bottom). The 

latter one was identified as originating from the laser (other longitudinal modes are 

present in the laser output but at greatly reduced intensity). These peaks appear in 

most of collected spectra and are very characteristic and easy to recognize - they are 
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Figure 4.18: Brillouin spectrum of the CNT- 2 at an FSR of 8 GHz in vacuum 
with a 60° angle of incidence (top) and the same spectrum fitted (botttom). Solid 
lines: individual peaks (BouT), dotted line: total fit of Lorenzian peaks. 



64 

of narrow width, the spacing between them is exactly 0. 75 G Hz and their intensity 

decreases exponentially with increasing frequency shift. Although taken into account 

while analyzing the spectra due to their effect on the shape of the BouT, they are 

ignored in further discussion. The presence of the BouT in the Brillouin spectrum 

with no presence of the gas in the holder implies that it is due to the nanotube array. 

To examine these predictions more thoroughly a set of spectra for gases characterized 

by various masses and polarizabilities (see Table 4.1) forming the nanotube array 

environment were collected. The order of application of the gases was completely 

arbitrary and is not followed in the discussion. 

A Brillouin spectrum collected in air with this FSR is presented in Figure 4.19 

(top spectrum). One set of Brillouin peaks at "" 1.3 GH z is easily observed. In 

addition at shifts < 1 G Hz there is an increased intensity relative to the background 

level suggesting the existence of another peak. On the left side the peak labeled 

BouT is not distinguished well because of a slight asymmetry in the elastic peak. The 

frequency shift, integrated intensity, maximum intensity and width of the outer peak 

BouT are determined assuming the Lorentzian profile of the peak and summarized 

in Table 4.6. A peak fitting analysis based on the presence of two peaks resulted in 

the frequency shift of peak BouT of 1.19 G Hz. The inner peak (labeled by analogy 

BIN) is determined to be of Gaussian shape (see Figure 4.19, bottom) [42] and its 

frequency shift is 0 GHz (see Table 4.7). The presence of the inner peak in air (no 

evidence of it when vacuum surrounded the CNT- 2) suggests that it originates due 
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Figure 4.19: The Brillouin spectrum of the C NT- 2 at an F S R of 8 G Hz in air with 
a 60° angle of incidence not fitted (top) and with fitting lines - dash line: Gaussia 
(BIN), solid lines: individual peaks (BouT), dotted line: total fit of Lorenzian peaks 
(bottom). 
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to the gas surrounding the nanotubes. In the case of H2 environment the inner 

peak BIN is very broad and of low maximum intensity, as shown in Figure 4.20. The 

low intensity makes a fit impossible. Comparison of the shape of spectra discussed 

so far (CNT- 2 in air, vacuum and H2) makes it evident that in all of them peak 

BouT is well defined and of larger maximum intensity than peak BJN. The maximum 

intensity of the outer peak in hydrogen has significantly changed relative to air and 

vacuum but the frequency shift is comparable with frequency shifts calculated in these 

two environments. 
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Figure 4.20: Brillouin spectrum of the carbon nanotube array at an FSR of 8 GHz 
in H2 with a 60° angle of incidence. 

In the case of spectra collected for carbon nanotubes in Ar and C H4 (Figure 

4.21 top and bottom, respectively) the frequency shifts of the outer peaks are com-
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Figure 4.21: Brillouin spectra of the CNT- 2 at an FSR of 8 GHz in Ar (top) and 
C H4 (bottom) with a 60° angle of incidence. 
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parable with those calculated and discussed above. The reasons for discussing these 

two spectra together is that they caused similar problems in fitting analysis. The 

resolution of the peaks is difficult due to the lack of a well defined border between 

them, that we can observe for gases discussed earlier. Based on the fit of a single 

Gaussian peak; the resolution of the BouT was possible despite the overlapping of 

the peaks BIN and BouT and their comparable maximum intensities. The fit for the 

spectrum of CNT- 2 in Ar is presented in Figure 4.22. All the parameters (i.e., 

maximum and integrated intensity, FW H M and frequency shift) evaluated for both 

peaks are very similar (see Table 4.6) although physical properties of the gases (mass, 

polarizability, molecular shape [58]) are different. 

The frequency shifts of the inner peak BIN in the spectrum of CNT- 2 in 

Ar and CH4 seem to be different from the expected value of 0 GH z. These spectra 

are also the ones with the highest uncertainty in area of the outer peak. Both these 

features result from the difference between the Stokes and anti-Stokes region which is 

caused by the fact that the spectra are not perfectly centered at zero (i.e. the elastic 

peak has an apparent, small. non-zero frequency shift). This systematic imperfection 

appears in every spectrum and in the cases of Ar and C H4 it is a few times larger. 

When another rare gas, K r, is used to create the environment inside the sample 

holder, the BIN peak became more intense than when it was observed in the spectrum 

of the carbon nanotubes surrounded by Ar (Figure 4.23). Additionally, a significant 

decrease in its FW H M can be observed (Table 4. 7) in comparison with the values 
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Figure 4.22: Fitted Brillouin spectrum of the CNT- 2 in Ar at an FSR of 8 GHz 
and with a 60° angle of incidence. Dash line - Gaussian line (BIN), solid lines -
individual Lorentzian peaks (BouT). 

estimated for lighter gases. The frequency shift of the inner peak is very close to zero. 

In CF4 (Figure 4.24), a gas of methane structure with fluorine atoms substi-

tuting the hydrogens, the intensity of the inner peak BIN increases while the width 

decreases when compared to the spectrum obtained from CNT- 2 in CH4 . This ob-

servation, along with the differences noticed while comparing spectra collected rom 

C NT - 2 in Ar and K r, suggests that both intensity of peak BIN and its FW H M 

depend on the mass of the gas surrounding the C NT - 2. 

In both cases the outer peak is on the shoulder of the inner one which makes analy-

sis of the less intense one complicated. However the frequency shifts of the outer peak 



70 

1000 

800 

'iii' -·c: 
600 ::l 

.ci .._ 
~ 
~ 400 . 
"iii . 
c::: 
Q) - . .f: 200 ,f 

~ 

-3 -2 -1 0 1 2 3 

Frequency Shift [GHz] 

Figure 4.23: Brillouin spectrum of the CNT- 2 at an FSR of 8 GHz in Kr with a 
60° angle of incidence. 

BouT are 1.29 GHz for the nanotube array in Ar and 1.16 GHz when the sample 

is in CF4 . The latter value is lower than that obtained for gases described before 

(see Table 4.6) but the uncertainty associated with it allows one to state that it is 

comparable with all values of the frequency shifts of peak BouT presented and dis-

cussed so far. Despite the similarities there are some unique characteristics observed 

in each of the two spectra. The maximum intensities and widths of the outer peak 

BouT are significantly different which leads to the integrated intensity of the outer 

peak being a few times larger for the carbon nanotubes in CF4 while comparing to 

the spectrum collected when Kr serves as the environment. This could suggest that 

K r has a damping effect on the phonon propagating in the investigated sample. 
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Figure 4.24: Brillouin spectrum of the CNT- 2 at an FSR of 8 GHz in CF4 with 
a 60° angle of incidence. 

The trend of increasing intensity of peak BIN continues for substances of more 

complicated structure and larger mass and polarizability [58] like C2F6 and SF6 (see 

Figure 4.25). The analysis of the spectra reveals that the FW H M continue to de-

crease and no changes in the inner peak positions are observed with the increasing 

molecular mass of the gas. 

The integrated intensities, frequency shifts, FW H M and maximum intensities of 

both BouT and B 1 N peaks in each spectrum are summarized and presented in Tables 

4.6 and 4. 7 respectively. The uncertainty of these values is calculated as the stan-

dard deviation for two values. In the case of the inner peak only one value could be 

read from the spectra. As the correlation coefficient, R2
, for the theoretical Gaussian 
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Figure 4.25: Brillouin spectra of the CNT- 2 at an FSR of 8 GHz in C2F6 (top) 
and SF6 (bottom) with a 60° angle of incidence. 
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curve and experimental data, given by software, exceed the value of 0.9, the maximum 

uncertainty for the data collected for the inner peak is assumed to be about 10%. 

Table 4.6: Integrated intensities, frequency shifts, FW H M and maximum intensities 
of the peaks of the BouT in C NT - 2 

Gas Integrated Frequency FWHM Maximum 
Intensity Shift Intensity 

[arb.units x GHz] [GHz] [GHz] [arb. units] 
x102] x102] 

Vacuum 1.47 ± 0.12 1.32 ± 0.04 0.36 ± 0.02 2.57 ± 0.04 
H2 0.66 ± 0.06 1.29 ± 0.05 0.37 ± 0.03 1.12 ± 0.02 

CH4 0.83 ± 0.21 1.28 ± 0.08 0.89 ± 0.13 0.59 ± 0.06 
Air 3.23 ± 0.11 1.19 ± 0.04 0.60 ± 0.01 3.41 ± 0.05 
Ar 0.83 ± 0.14 1.29 ± 0.04 0.76 ± 0.09 0.69 ± 0.04 
Kr 0.43 ± 0.05 1.29 ± 0.06 0.40 ± 0.04 0.68 ± 0.01 

CF4 1.89 ± 0.19 1.16 ± 0.11 0.82 ± 0.08 1.45 ± 0.14 
C2F6 1.07 ± 0.01 1.23 ± 0.04 0.66 ± 0.01 1.02 ± 0.01 
SF6 1.10 ± 0.09 1.26 ± 0.05 0.39 ± 0.04 1.80 ± 0.03 

Table 4.7: Integrated intensities, frequency shifts, FW H M and maximum intensities 
of the BIN in CNT- 2 

Gas Integrated Frequency FWHM Maximum 
Intensity Shift Intensity 

[arb.units x GHz] [GHz] [GHz] [arb. units] 
x102] x102] 

Vacuum -- -- -- --
H2 -- -- -- --

CH4 3.63 -0.05 3.91 0.87 
Air 8.76 -0.09 2.60 3.17 
Ar 2.16 -0.13 2.62 0.77 
Kr 4.34 -0.03 2.15 1.90 

CF4 8.78 -0.02 1.60 5.16 
C2F6 3.535 -0.02 0.93 35.63 
SF6 27.7 -0.04 0.96 27.02 

The changes of intensity are the most significant for the inner peak, BIN as 

the ratio of the value of maximum intensity !IN in the heaviest gases, C2F6 and SF6 , 
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and the value of liN calculated in hydrogen is of the order of"' 100. The dependence 

on the molecular mass of the gas is clear (see Figure 4.26, top), the character of the 

dependence resembles an exponential function. If the natural logarithm of integrated 

intensity, h N, is plotted versus the mass of the gas the trend is approximately linear 

(presented in Figure 4.26, bottom), with an R2 value of 0.87. This peak is the one 

recognized by Young [37] as having a frequency shift of "' 0. 7 G Hz. This analysis 

was based on the assumption that two sets of Brillouin peaks (one at ,...., 0. 7 G Hz and 

one at ,...., 1.3 G Hz) resulting from phonons propagating in the nanotube array are 

observed. The difference of peak classification arises from the shape of the spectra 

near the central elastic peak. Both analyses (Lorentzian centered at ±0. 7 G Hz and 

single Gaussian centered at 0 G Hz for B 1 N) are acceptable from a statistical point 

of view. However fitting to a Gaussian consistently gives good fits whereas this is 

not always the case when a Lorentzian is fitted to the assumed peak at ±0.7 GHz. 

What is more, because of the fact that all spectra are collected in the kinetic regime, 

the presence of a Gaussian-shaped peak (and not a set of Lorentzian-shaped Brillouin 

peaks) due to the gas surrounding the carbon nanotube array is expected [63], [64]. 

The value of integrated intensity obtained for the air does not fall into the 

trend. The positions of the points and the discrepancy that cannot be ignored sug­

gests more detailed studies of the dependence of the intensity of the light scattered 

by the gas on its mass, especially from the gases of similar properties (rare gases of 

higher masses, alkanes). This issue is, however, outside the subject of this thesis. 
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Figure 4.26: Plots of the integrated intensities (top) and of the logarithm of the 
integrated intensities (bottom) of the inner peak BIN versus the molecular mass of 
the gas. 
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The values of FW H M of the inner peak BIN change with the molecular mass of 

the gas serving as the environment of C NT- 2. Comparison of the data obtained ex-

perimentally with the theoretical values calculated using Equation (2.15) is presented 

in the Table 4.8 and can be seen in the Figure 4.27. The theoretical and experimental 

values are comparable within the uncertainty range specified. 

Table 4.8: Theoretical and experimental values of FW H M of B 1 N in various gases. 

Theoretical Experimental 
Gas values values 

[GHz] [GHz] 
Vacuum 0 --

H2 9.73 --

CH4 2.94 3.91 
Air 2.57 2.60 
Ar 2.19 2.63 
Kr 1.51 2.15 

CF4 1.47 1.60 
C2F6 1.18 0.93 
SF6 1.14 0.96 

The plot of integrated intensities of peak BouT versus molecular mass of the gas 

are presented in Figure 4.28, top. No trend in the behavior of outer peak's intensity 

with changing mass of the gas surrounding the C NT - 2 is observed. Inequality of 

the values of integrated intensity obtained for substances of comparable masses but 

different polarizability ( Ar and CF4 ) suggest the sensitivity to the gas polarizability of 

the outer peak BouT· No trend can be seen while comparing the integrated intensities 

of the outer peak BouT in these and other gases as can be seen in Figure 4.28, bottom. 

Although the set of data obtained from the analyses vary, the peak BouT does not 
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Figure 4.27: Comparison of the plots of the theoretical (open dots) and experimental 
(solid dots) values of FWHM of the inner peak BIN versus the molecular mass of 
the gas. 

seem to trend with mass or polarizability of the gas. 

The inner peak is believed to originate from the gas surrounding the carbon 

nanotube array. A light scattering experiment in a typical gas probes density ftuctu-

ations of a wavelength A comparable to mean free path between collisions, I [65]. The 

Gaussian shape of the spectrum in the region near the center line is characteristic for 

the gases in the kinetic region (I« .A) [63], [64]. The change of the peak's intensity 

and the FW H M are dependent on the gas surrounding the sample. The fact that 

peak BrN completely disappears in vacuum and the comparison of the spectra of 

carbon nanotubes in air and of air itself, presented in the Figure 4.29, are arguments 
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that support this idea. The spectra overlap in the low frequency region and the shape 

and frequency shift of the peak of interest are comparable. This proof is not sufficient 

as the intensity of the peaks at 0 G Hz is different for each of the spectrum. In order 

to understand the origin of the peak BouT and confirm the ideas about the origin of 

the peak BIN additional data was collected. The carbon nanotube array with 0 nm 

exposed length was examined under the same experimental conditions. The study 

of this sample, presented below, was neither as complex nor as detailed as the study 

discussed above. 
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Figure 4.29: Brillouin spectra of carbon nanotubes in air (solid dots) and of air (open 
dots) at an FSR of 8 GHZ. 
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4.2.2 Carbon nanotube array with nanotubes flush with alu­

mina surface 

In the region of low frequency the spectra of C NT - 0 in vacuum and in air 

were collected. A comparison of the Brillouin spectra collected from C NT - 2 and 

CNT-0 under the same experimental conditions from is presented in the Figure 4.30. 

No peaks are observed in this frequency range in spectra collected from CNT- 0 in 

vacuum. The comparison of Brillouin spectra of C NT - 0 and C NT - 2 in vacuum 

presented in Figure 4.30 also shows that the peak at rv 1.3 G Hz is observed only in 

the CNT- 2 spectra (i.e. in the nanotube array in which the nanotubes protrude 

above the top surface of the alumina template by 200 - 300 nm). 

When the spectrum of C NT - 0 in air was collected it turned out that the 

only peak observed in this spectrum is the Gaussian peak originating from the air 

surrounding the C NT - 0 sample. In this case the comparison of spectra collected 

from CNT- 0 and CNT- 2 (see Figure 4.30, bottom) shows that the only common 

part of both of them is the Gaussian peak originating due to light scattering from the 

gas surrounding the sample. The intensities and shapes of the lines are exactly the 

same for both spectra. Apart from this peak no additional modes from the unexposed 

nanotubes have been observed at low frequency range in presence of the gas. The 

absence of the peak at a frequency shift of rv 1.3 G Hz that was observed in C NT- 2 

confirms the prediction that it originates from the exposed length of the nanotubes 
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Figure 4.30: Brillouin spectra of the CNT- 2 (open dots) and CNT- 0 (solid dots) 
in the low-frequency range in vacuum (top) and in air(bottom). 
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comprising the array. As mentioned above, its presence and frequency shift does not 

depend on the gas surrounding the sample and the peak is present even in vacuum. 

This suggests that the phonon could either originate due to the array when coupling 

via the alumina substrate occurs or could be the transverse, longitudinal or twist 

(torsional) mode [66] that propagates in the individual nanotubes. 
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Figure 4.31: The Brillouin spectra of CNT- 0 at various pressure of the air sur­
rounding the sample. 

To finally confirm the origin of the peak BIN, spectra from C NT - 0 at an 

F S R of 8 G Hz were collected in air at various pressures from vacuum up to 1 atm 

(see Figure 4.31). The intensity of the Gaussian peak changes when the pressure of 

the air surrounding the sample is changed. This study provides confirmation that the 

peak at a frequency shift of 0 G Hz originates from the gas surrounding the sample 



83 

and is of Gaussian shape. The integrated intensities, frequency shifts, FW H M and 

maximum intensities of the peak in the air at different the values of the pressure are 

summarized in Table 4.9. The data confirm that value of the integrated intensity 

increases as the pressure of the gas increases. 

Table 4.9: Integrated intensities, frequency shifts, FW H M and maximum intensities 
of the peak originating due to the air surrounding the CNT- 0. 

Integrated Frequency Maximum 
Pressure Intensity Shift FWHM Intensity 
[mmHg] [arb.units * GHz] [GHz] [GHz] [arb. units] 

760 767 -0.07 2.18 281 
600 486 -0.06 2.20 176 
400 360 -0.06 2.22 129 
250 284 -0.08 1.88 121 

0 -- -- -- --

4.3 Determination of phonon velocities 

If one treats the structures of the nanotubes and graphite as similar enough 

to apply the same refractive index to both media and assumes that the carbon nan-

otube array can be treated as a porous material, the velocities of bulk modes observed 

in CNT- 2 may be calculated. It should be clearly stated that the obtained values 

are only estimates due to these assumptions. 

Using the refractive index of graphite to be 2.15 [67] and estimating from the 

Figure 3.6 that the upper limit of the percentage volume of the space occupied by 

protruding nanotubes in CNT- 2 is 15%, the refractive index n of the CNT- 2 in 

this region is determined using an effective medium approximation [68] to be 1.71. 
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From Equation (2.13) the velocity of the each mode was determined. The velocity of 

the mode at "' 1.3 G Hz frequency shift were of the order of a few hundreds of meters 

per second. This value is quite low - in fact this is comparable to the speed of sound 

in air. The velocities of modes B5 and B7 depended on the gaseous environment 

around the sample and varied from 1000 to 2000 ~, which is of the order of the speed 

of sound in solids. The obtained values were calculated with the assumption that 

observed phonons are propagating through the array - possibly via coupling of the 

tube vibration through the substrate or interactions between the protruding length 

of the tubes. However, observed modes may also be transverse, longitudinal or tor­

sional modes that propagate in individual tubes. At this point the origin of the peaks 

cannot be definitely determined. 

The determination of the elastic moduli of the array require an estimate of its 

density. This approximation, coupled with the already made estimate of the phonon 

velocities, would, however not result in meaningful values. 
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Chapter 5 

Conclusion 

Brillouin spectra were collected from four samples representing various stages 

of fabrication of carbon nanotube arrays. These are: (i) anodized alumina template 

with holes arranged in close-packed hexagonal array, (ii) annealed alumina template 

with holes, (iii) carbon nanotube array with nanotubes flush with the surface of alu­

mina substrate and (iv) carbon nanotube array with 200-300 nm of tubes protruding 

above the surface. Samples were exposed to various gases and vacuum in order to 

observe peaks and determine and/ or confirm their origin. 

A Gaussian peak (BIN) originating from the gas surrounding the nanotubes was 

observed. The increase in the intensity of the peak with increasing pressure, exponen­

tial dependence of the intensity of the peak on the mass of the gas, and the agreement 

of experimental values of FW H M with theoretical calculations confirms the origin 

of this peak. 

A peak at a frequency shift of rv 1.3 GHz (BouT) is present in spectra collected 
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from CNT- 2 even in the absence of gas (i.e., under vacuum). This suggests that 

the phonon propagates either in the individual nanotubes or coupling via the alumina 

substrate occurs. 

The intensities and frequency shifts of the peaks at 5 (B5 ) and 7 GH z (B7 ) are 

dependent on the gas surrounding the nanotubes. This suggests that the elastic prop-

erties of carbon nanotubes may be affected by the presence of a gas. What is more, 

the qualitative difference in the spectra of CNT- 2 in H2 shows that H2 interacts 

uniquely with carbon nanotubes. 

None of the peaks seen in the spectra of C NT - 2 are observed in the spectra 

collected from T- 519, T- 519a and CNT- 0. From this fact one can conclude that 

the peaks observed in the C NT - 2 spectra are due to the length of the nanotubes 

protruding above the alumina surface. All of the modes exhibit characteristics of bulk 

modes. It cannot be determined whether the observed phonons propagate through 

the array (possibly via coupling of tube vibration through the substrate) or if they 

are transverse, longitudinal or twist (torsional) modes [66] that propagate in the in-

dividual tubes. In the first case the values of phonon velocities were estimated using 

a coarse approximation. They were found to be a few hundreds meters per second 

for the peak at rv 1.3 GHz and between 1000-2000 !!! for peaks at 5 and 7 GHz, s 

depending on the gas surrounding the C NT - 2 sample. 

The aim of future work is to determine the character of the modes and to calculate 

the elastic moduli of the array. The first step to achieve this goal may be to investigate 
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the samples representing other stages of the fabrication of carbon nanotube arrays 

(i.e., other than those discussed in this thesis). This might include carbon nanotube 

array samples with shorter protruding lengths (e.g., 100 nm) as well as longer values. 

The latter one could be particularly interesting as after exceeding a length of ,...., 300 

nm the protruding nanotubes start to bend and create a "the haystack" structure. 

Future work may include extended research on the elastic properties of the nanotube 

arrays in the presence of various gaseous environments (e. g., rare gases, gases belong 

to alkane group, toxic gases). This could aid in the understanding of the interactions 

between gases and nanotubes as well as to determine possible applications, especially 

those regarding the use of carbon nanotube arrays in gas sensors. 
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