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In this study, the visualization of CVD grown suspended CNTs intended for individual carbon nanotube 
field effect transistor gas sensors was investigated. Two visualization techniques were compared: 
SEM and Raman spectroscopy. By comparing the CNT visibility by the 514 nm laser wavelength of
Raman spectroscopy to the CNT visibility in SEM, a detection yield of 90.3% by Raman was deter-
mined. For the CNT detectability by Raman, both G and D* Raman bands were considered.
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Visualizing Carbon Nanotubes
Carbon Nanotubes (CNTs) offer a vast array of
potential applications due to their exceptional
electronic, mechanical, and thermal properties 
[1]. Single-walled CNTs (SWCNTs) for example 
are particularly promising because of their low 
detection limit of different gases including NO2

[2].

Different approaches address the challenge of
integrating individual CNTs into device struc-
tures, including dielectrophoresis (wet transfer)
[3], and dry mechanical transfer techniques [4].
Wet transfer techniques come with a high risk 
of contamination. Dry transfer requires pre-
localization of CNTs before their integration into
sensors.

Several techniques can visualize as-grown 
individual CNTs. SEM can, in principle, detect 
all CNTs. However, M. Muoth et al [4] reported
electrical degradation of CNTs post-SEM.

On the other hand, Raman spectroscopy allows
for non-destructive detection of individual sus-
pended CNTs [5]. In addition, it can provide 
information on the structural and electrical 
properties of CNTs. The downside of Raman 
imaging is an expected lower CNT detection 
yield compared to SEM.

This study was motivated by the scarcity of 
research on the suspended CNT detection yield 
by Raman spectroscopy.

Samples and Measurement Methods
CNTs used in this work have expected diame-
ters ranging from 1.5 to 2.5 nm and were syn-
thesized by chemical vapor deposition in 
CH4/H2 atmosphere using an iron-based cata-
lyst precursor [6].

All Raman measurements were conducted by 
the Renishaw InVia Qontor System using the 
StreamLine™ scanning method with an ellipti-
cal laser beam and a wavelength of 514 nm.
The microscope objective had an NA of 0.75 
and a magnification of 50x. The optical depth of 
focus allowed to detect tubes at full sample-
depth (5 µm).

The CNTs were manually counted in spectral 
maps filtered by the G (around 1585 cm-1) and 
D* (around 2665 cm-1) bands. These bands, 
seen in Fig. 1., only materialize when the so-
called resonance condition for incoming or out-
going (scattered) light is fulfilled [5]. Otherwise,
the bands do not appear in Raman spectra and 
the CNT can’t be detected, as seen in Fig. 2.

Fig. 1. Vertically shifted Raman spectra of three
CNTs with differently visible G (left) and D* (right)
bands. The spectra are normalized at the dominant 
peak.
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Fig. 2. The same two trenches in a Raman meas-
urement map (left) and in a SEM image (right). The 
green color shows the CNTs visible by Raman. The 
white arrows point to a SEM-visible CNT that is invis-
ible in 514nm-Raman spectroscopy. 

Results 
1676 SEM-visible CNTs were investigated by 
Raman and the detection yields with a Raman 
laser wavelength of 514nm were determined 
and summarized in Table 1. In maps filtered by 
the G band, 85.3% (1429) of CNTs were visible. 
An additional 5% (84) of CNTs were only visible 
in D* band filtered maps, raising the CNT detec-
tion yield to 90.3%. 
Tab. 1: Yield values of visible CNTs  

 Amount of 
visible CNTs 

CNT detec-
tion yield  

SEM 1676 100% 

G band 1429 85.3% 

only D* band 84 5% 

Discussion  
The experimental results can be compared to 
theoretical expectations based on the Kataura 
plot [7], which are summarized in Table 2 for 
three different CNT diameter distributions and 
distribution types. 
Tab. 2: Theoretical CNT visibility in Raman spectros-
copy based on the Kataura Plot [7]. 

 Ø 1.9 ± 
0.27 nm 

Gaussian  

Ø 0.7-3.5 
nm 

Uniform  

Ø 3.2 ± 
0.45 nm 

Gaussian 

G band 54.4% 61.9% 77.9% 

only D* 
band 

15% 13.9% 13.3% 

The experimental detection yield obtained by 
the 514 nm Raman spectroscopy is higher than 
the theoretical values. Several reasons might 
contribute to this difference: one is the counting 
practice. Possible CNT bundles were counted 

as one CNT in SEM and as one CNT in Raman 
maps if two or more Radial Breathing Modes 
(RBM) were not simultaneously detected. The 
occurrence of more CNTs in a bundle increases 
the probability of detecting minimally one of 
them in a Raman map, thus increasing the Ra-
man yield in respect to SEM count. The same 
issue arises with multi-walled CNTs. Another 
reason may be that investigated CNTs possess 
other diameter distributions than expected. For 
example, the fourth column of Tab. 2. shows a 
significant increase in the Raman detection 
yield if the diameter distribution is shifted to 
larger values and is broader at the same time.   

In conclusion, this study shows that Raman 
spectroscopy is a good alternative for visualiz-
ing/detecting CNTs before their integration into 
sensor devices. The CNT detection yield by 
Raman spectroscopy is slightly lower than that 
of SEM. Nonetheless, Raman spectroscopy is 
much gentler to the CNTs than SEM, that was 
shown to significantly affect the properties of 
exposed CNTs.  Raman also gives additional 
information about the CNTs, such as their elec-
trical conductivity type, thus enabling selection 
of CNTs with the right properties for functional 
CNFET sensors. 
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