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ABSTRACT

In-situ temperature studies of the Raman tangen-
tial (G-band) and D modes are reported here on single-
walled carbon nanotube engineered paper samples. The
expansive temperature range was achieved through a
temperature stage coupled with the Raman microprobe.
The in-situ arrangement allowed for a large temperature
variation while spectral data acquisitions were collected.
Changes in the characteristics of the peaks were ana-
lyzed using a novel deconvolution and fitting algorithm
featuring a pseudo-voigt function for the fitting. Re-
sults show the variation of spectral parameters over the
temperature range and shows specifically the increase in
D/G ratio with laser excitation is unaffected by temper-
ature within the range.
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otubes

1 INTRODUCTION

Optical spectroscopy has shown promise as a funda-
mental characterization tool for carbon nanotubes (CNTs).
With the potential of CNTs being utilized for aerospace
applications[1]–[3], in-situ techniques including temper-
ature and strain measurements with spectroscopy, are
gaining significance. The G and D bands have been
known to exhibit changes in spectral parameters due to
variation in physical parameters [4]–[8], axial stress [9]–[11]
and hydrostatic pressure [12], [13].
Temperature induced shifts of the raman peaks have
been observed specifically as RBM downshifts, and at-
tributed mainly to the temperature-induced softening
of the intra- and intertubular bonds [14]. While RBM
temperature effects have been shown to vary when in-
dividual CNTs are probed as opposed to bundles, the
G bands show no observable differences between indi-
vidual and bundled CNT studies [15]. In both cases,
generally a downshift of wavenumber as well as dimin-
ishing intensity is observed with increasing temperature,
however variations of diameters, chiralities and disper-
sion in bulk samples studied under temperature makes
this behavior specific to the CNT composite studied.
In-situ experimental studies will provide valuable in-
formation to advance design and tailoring of CNT re-
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Figure 1: In-situ temperature studies using a tempera-
ture stage coupled with Raman spectrometer on CNT
engineered paper (SEM image shown)

inforcements in composites for maximum strength or
damping. Development of these in-situ techniques al-
low for the study of the effects of external parameters
on the spectra of CNTs. The results from these in-situ
studies can further be used to develop non-invasive mea-
surement capabilities to establish the integrity of CNT
reinforced materials. The temperature and laser exci-
tation studies presented here provide quantitative be-
havior of these bands under environmental conditions.
These results will be used with future in-situ load stud-
ies for the development of calibrated strain effects on
the bands.

2 EXPERIMENT

The sample used for the study was single-walled CNT
(SWCNT) engineered paper composed of 1.8nm CNTs
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Figure 2: Deconvolution of the Raman bands using 5
peaks, including the G and D peaks. W modes refer to
the wide peaks

within 100nm diameter bundles estimated using scan-
ning electron microscopy. The details behind the man-
ufacturing of this sample are presented in earlier liter-
ature [3]. This material was selected due to good dis-
persal of the single-walled nanotubes in the composite
with high loading of CNTs and their potential for use
as structural materials. For a bulk sample of this na-
ture, the raman spectra represents a large number of
both semiconducting and metallic SWCNTs. The sam-
ple was mounted in a temperature controlled stage on
a silver, liquid nitrogen-cooled sample holder and the
temperature was varied from 88K to 388K at a rate of
4K/s. The Raman measurements were made at 10K in-
crements using a confocal Raman microscope (Renishaw
inVia) using an excitation wavelength of 514nm. Effects
of variation in laser excitation was also studied at ex-
treme temperatures. The laser excitations used included
325 nm, 442nm, 514 nm and 633 nm. The resolution of
the grating used was 1800 g/mm.

3 ANALYSIS & RESULTS

3.1 Deconvolution method

Deconvolution and fitting of the Raman bands are
required in order to correctly study the behavior of the
individual peaks with temperature. Prior to this, pre-
processing of the data was required whereby the base-
line was removed from the entire spectrum using a 4th
order polynomial. The range of deconvolution is ex-
tended from the endpoints or zero slope locations of the
data at 1000 and 1800cm−1. The Raman bands were

Figure 3: Variation of the Raman G and D bands at
88K with varying laser excitation

deconvoluted in a systematic procedure using a pseudo-
Voigt formulation where the optimization for the curve
fitting was performed using a genetic-algorithm based
code that is described in detail in literature [16], [17].
The number of peaks chosen to be fitted to the spectra
was five based on previous studies on the effective num-
ber of resolvable peaks that would provide a reasonable
goodness of fit. The initial guesses were obtained using
gradient-based fitting methods. Fig. 2 shows the results
of the fitting using the methodology described.

3.2 Results of temperature and laser
excitation studies

The G and D bands showed a strong dependence
upon excitation wavelengths with higher D intensities as
excitation wavelengths increased towards near IR and
this is illustrated in Fig. 3. While the G-band domi-
nated at 325nm, the D band was significant at 633nm.
This variation in intensity ratio was plotted in Fig 4 and
found to be linear.

4 Discussion & Conclusions

A dispersion of the D band occurs in the excitation
experiment due to a double resonance process that takes
place in most carbonaceous materials [18], [19]. The
magnitude of the D band dispersion for this CNT engi-
neered paper was −49.5cm−1/eV which was predicted
by the large amounts of sp2 carbons in this composite.
A very different type of dispersion takes place for the G
band, that can be described as a splitting into G+ and
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Figure 4: Intensity ratio of the D and G band with
varying excitation wavelength at limiting temperatures

G− as wavelengths approach near IR values and this is
seen in Fig. 3. This is explained by the fact that as the
excitation wavelength increases, the nanotubes that are
resonated, have smaller diameters, and an increase in
curvature [7]. The transition energies of the CNT are
very sensitive [20], and this explains the large differences
in the optical spectra for the discrete laser wavelengths
used. In addition, the results show a small shift in the
peak position of the D and G band with excitation wave-
length. The change in the intensity ratio of the D and G
bands were established at low temperature for variable
excitation laser wavelengths as shown in Fig. 3. Im-
portantly, the slope of this change was found to remain
unchanged at limiting temperatures, indicating this to
be a temperature independent relation within the range.
The findings are significant to the development of opti-
cal spectroscopy techniques as characterization tools for
CNTs and CNT reinforced composites. Further studies
for in-situ strain measurements are in progress for bulk
and individual CNTs.
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