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A fast, sensitive, automated Fourier transform 共FT兲 photoluminescence 共PL兲 spectrometer with
tunable excitation has been developed for analyzing carbon nanotube suspensions over a wide
spectral range. A commercially available spectrometer was modified by the addition of a tunable
excitation source, custom collection optics, and computer software to provide control and automated
data collection. The apparatus enables excitation from 400 to 1100 nm and detection from
825 to 1700 nm, permitting the analysis of virtually all semiconducting single-walled nanotubes
共SWNTs兲, including those produced by the high pressure carbon monoxide conversion and laser
processes. The FT approach provides an excellent combination of high sensitivity and fast
measurement. The speed advantage exists because the entire emission spectrum is collected
simultaneously, while the sensitivity advantage stems from the high optical throughput. The high
sensitivity is demonstrated in the measurement of very dilute SWNT suspensions and the
observation of novel spectral features, and the speed is demonstrated by measuring the real-time
changes in the SWNT PL during rebundling. This contribution describes the assembly of
components, the methods for automating data collection, and the procedures for correcting the
wavelength-dependent excitation intensity and the interferometer and detector responses. © 2006
American Institute of Physics. 关DOI: 10.1063/1.2198748兴

The study of single-walled carbon nanotube 共SWNT兲
optical properties has emerged as a major area of interest.
The optical properties of nanotubes are of interest from a
fundamental point of view,1–3 for possible photonic
applications,4–7 and as a method for determining composition
and quality of SWNT distributions.8–11 Current SWNT synthesis methods produce distributions of metallic and semiconducting nanotube species. The tubes within these distributions have optical properties that are dependent on the
diameter and chirality of each type of tube.12 Semiconducting SWNTs have a gap in the electronic density of states and
sharp optical transitions associated with van Hove singularities. The lowest-energy transition between the first set of van
Hove singularities is typically in the near-infrared 共NIR兲 portion of the optical spectrum,13 while the second and third
optical transitions lie at higher energy, in the visible and
ultraviolet regions of the spectrum, respectively.3 Surfactantstabilized aqueous suspensions of SWNTs have recently
shown photoluminescence 共PL兲 from the transition associated with the first van Hove transition after excitation of
higher lying transitions.1 Since different nanotube species
differ in band structure, photoluminescence excitation spectroscopy 共PLE兲, which maps PL intensity as a function of
excitation and emission energy, can be used to uniquely identify the tubes present in a sample. Consequently, PLE has
emerged as an important tool for SWNT characterization.9
Kataura et al.13 performed the first optical absorption
measurements on a collection of SWNTs and identified semi0034-6748/2006/77共5兲/053104/6/$23.00

conducting and metallic nanotube optical transitions. Soon
thereafter O’Connell et al.1 measured PL emission from
SWNTs suspended by aqueous surfactants. PLE measurements were subsequently performed by Bachilo et al.9 in
which a grating spectrometer was used for emission detection. The promise of Fourier transform 共FT兲 spectroscopy
with a tunable excitation in the study of SWNT optical transitions was first demonstrated by Lebedkin et al.10
The observed PL quantum efficiency for SWNT suspensions is only ⬃10−3,1,2,14 and many processing and purification procedures result in low concentrations of emissive
nanotubes. It is therefore important to be able to detect weak
emission in the NIR with a high signal-to-noise ratio. The
advantages of FT spectroscopy in the NIR make this system
ideal for collection of such emission. Also, for nanotube
spectroscopy, it is desirable that the excitation source be continuously tunable across the full visible range of the optical
spectrum. Such flexibility is necessary for mapping out the
complete PLE spectrum, for imaging excitonic structure,2
and for probing charge and energy transfer phenomena between nanotubes and other species.
This contribution extends beyond the work of Lebedkin
et al.10 by describing in detail the construction and capabilities of a fully optimized FT-PLE system for nanotube spectroscopy. No commercial FT-based NIR fluorimeter with tunable excitation is currently available. We describe the
optimization of the excitation source and the collection optics, the methods for correcting the wavelength-dependent
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excitation intensity and spectrometer response, and the computer methods for operating this fast, sensitive FT-PLE apparatus. We show the advantages of this apparatus through
the range of nanotube species that it is able to detect, the
speed of data collection, and the sensitivity to lowconcentration SWNT suspensions.
A Fourier transform spectrometer utilizes a two-beam
interferometer to measure the spectral characteristics of light
coming from a sample. A semireflective window divides the
emitted light into two paths, each with approximately equal
intensity. One path is terminated with a fixed retromirror,
while the second path is varied in length by controlled movement of another retromirror. The two beams converge and
the resulting intensity is measured. Spectral components
within the two interfering beams may recombine constructively or destructively depending on the difference in the
path lengths. The interference fringe intensity versus the
moving mirror position, as measured by a detector, is the
Fourier transform conjugate of the detected light spectrum.15
The inverse Fourier transform of the interferogram yields the
detected spectrum for the measured frequencies in only one
cycle of the moving mirror. Slower mirror speeds result in
longer integration and acquisition times but yield reduced
noise. The interferogram may also be averaged over several
scans to reduce noise.
It is important to note that the FT spectrometer offers
fundamental advantages over grating spectrometers in the
PLE spectroscopy of nanotubes. Since all wavelengths are
measured simultaneously, more averaging can be done in a
given period of time, resulting in an increase in the signalto-noise ratio versus single-channel detection spectrometers
through the so-called Fellgett or multiplex advantage.15,16
Grating-based charge-coupled device and diode array detection also utilize the multiplex advantage, but gratings have
limited spectral resolution in the NIR and, therefore, must be
used in conjunction with slits to achieve acceptable
resolution.17 Unfortunately, slits limit the amount of the
emission beam that can be measured and a substantial
throughput penalty is incurred. The large circular aperture of
the interferometer allows for more optical throughput than is
possible through the slits of a monochromator, giving rise to
what is known as the Jacquinot advantage.18,19 Furthermore,
because wavelength measurements are referenced to an internal laser, the need for spectral calibration is eliminated
共Connes advantage20兲.
Despite the fact that no commercial FT-based NIR fluorimeters with tunable excitation are available, a straightforward customization of a commercially available FT-Raman
system allows for the development of the FT-PLE apparatus.
We utilized a Thermo-Nicolet FT960 Raman spectrometer
that contains a 1064 nm diode laser for excitation and a liquid nitrogen cooled germanium detector for measuring
sample emission from 825 to 1700 nm. The FT960 has two
1064 nm holographic notch filters to remove excitation light
from entering the detector chamber and, as a first step in
converting the FT960 to a FT-PLE spectrometer, these two
filters must be removed to permit a custom excitation source
to be used. One filter is located in the window between the
sample chamber and the interferometer chamber, and the second is between the interferometer chamber and the detector
chamber.
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FIG. 1. FT-PLE excitation source and optics. QL: quartz tungsten halogen
lamp, LF: biconvex lamp focusing lens, WF: water-filled filter, MO: singlegrating monochromator, HF: optional heat-absorbing filter, and EC: biconvex excitation collimating lens.

To couple light effectively into the transitions associated
with the second van Hove singularities in the density of
states 共DOS兲 of the SWNTs, the excitation source needs to
be intense in the visible to NIR range of the spectrum. A
250 W quartz tungsten halogen lamp 共Newport model 6334兲
has emission intensity that smoothly varies across this region. The lamp is powered by a stable dc power supply 共HP
model 6264B兲, and the supply voltage can be adjusted to
change the temperature of the filament and the peak emission
wavelength. We find that lamp life and light throughput are
maximized at 22 V and 10 A, affording an average of about
10 days of continuous operation.
Figure 1 depicts the positioning of the lamp, the monochromator, and the filters and lenses associated with the tunable excitation source. The quartz lamp 共Fig. 1, QL兲 is
mounted with the filament arranged vertically to efficiently
couple light into the entrance slits of the monochromator
共Fig. 1, MO兲. A 50 mm diameter, 50 mm focal length, biconvex lens with a broadband antireflection coating 共Newport
model KBX142AR.16兲 provides lamp focusing 共Fig. 1, LF兲
to introduce light into the 0.125 m monochromator 共Acton
Research Corporation, SpectraPro 275兲. The monochromator
has an aperture ratio of f / 3.8 and is equipped with a grating
blazed at 500 nm with 600 lines/ mm. Light diverging from
the exit slit of the monochromator is passed through an excitation collimation lens 共Fig. 1, EC兲, which is a 58 mm
diameter, 50 mm focal length, two-element lens with a
single-layer MgF2 antireflection coating 共Melles Griot model
01 CMP 117兲. The quartz lamp-monochromator excitation
system with a monochromator bandwidth of 9 nm has a peak
wavelength at 650 nm with an intensity of 1.8 mW. Since
the NIR sample emission to be detected is very low in intensity, even a small amount of unwanted NIR light from the
quartz lamp passed through the monochromator can interfere
with the measurement. To avoid this problem, filters are employed. A 3 in. liquid filter 共Newport model 6214兲, filled
with de-ionized 共DI兲 water 共Fig. 1, WF兲, is inserted between
the lamp focusing lens 共Fig. 1, LF兲 and the monochromator
共Fig. 1, MO兲 to absorb wavelengths longer than ⬃1000 nm.
For solid samples, where reflection of excitation light is
more of a problem, an additional heat-absorbing filter, KG2,
is used 共Melles Griot model 03 FCG 165兲 between the
monochromator and the excitation collimation lens 共Fig. 1,
HF兲. Figure 2 shows the intensity distribution as a function
of energy for the lamp-monochromator excitation system as
determined by a thermopile detector. Figure 3 depicts the
arrangement of the optics and positioners near the sample
holder. Light coming from the excitation collimation lens
共Fig. 3, EC兲 is focused to a 3 mm spot and directed onto the
sample cuvette 共Fig. 3, SC兲 with a 25 mm diameter, 38 mm
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FIG. 2. 共Color online兲 Excitation intensity profile from quartz tungsten halogen bulb coupled to single-grating monochromator with emission bandwidth
of 9 nm. The intensity is recorded every 1.0 nm by a thermopile-amplifier
system described in the text. The reduced intensity at low energy is due to a
de-ionized water liquid filter used to remove excitation light that could
scatter into the detection apparatus.

focal length biconvex lens with an AR16 coating 共Newport
model KBX049AR.16兲 关excitation focusing 共EF兲 lens Fig.
3兴. We note that all lenses are mounted on two-dimensional
translation stages, and the sample holder can be rotated as
well as translated.
The FT approach requires that the collected light be collimated and directed along the axis of the interferometer.
Toward this end, the sample is placed at the focal point of a
75 mm diameter, 50 mm focal length aspheric collection lens
with a single-layer MgF2 antireflection coating 共Fig. 3, AC兲
共Newport model KPA055兲. The HeNe laser in the apparatus
is coaxial with the axis of the interferometer and useful for
aligning the sample. If the sample is placed at the focal point
of the laser, the sample will be very close to the optimal
collection position. Since the HeNe laser can also excite the
sample, a long-pass filter 共Fig. 3, LP兲, RG 695 共Melles Griot
model 03 FCG 109兲, is placed between the collection aspheric lens and the interferometer prior to taking a measurement. If the excitation wavelength is in the region in which
the Ge detector is sensitive 共⬎815 nm兲, then additional longpass filters are required at the interferometer window 共Fig. 3,
IW兲.21
Data from dilute solutions of suspended nanotubes can
be collected in the 90° excitation geometry shown in Fig 3.

FIG. 3. Modified FT-PLE sample chamber for study of SWNT photoluminescence in the IR with a tunable excitation source. EC: excitation collimation biconvex lens, EF: excitation focusing lens, SC: sample cuvette, RS:
rotation stage, P1–P3: two-dimensional translation micrometers, AC: achromatic collection lens, LP: emission long-pass filter共s兲, and IW: interferometer window. 共Not pictured: height adjustment micrometers for AC.兲
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High optical density and solid samples can be analyzed by
front-face illumination, where excitation and emission probe
the same face of the cuvette or film. In this case the excitation beam axis and the sample face are arranged at an angle
of 22.5° so reflected excitation light cannot enter the collection optics. The emission, which occurs in all directions, can
still be collected with a relatively high efficiency. Facile
alignment can be achieved by temporarily removing the
long-pass filter to allow the HeNe laser to come to focus at
the point of optimized collection. By adjusting the positioners such that the excitation light and the HeNe emission
come into focus at the same point, the PL throughput can be
maximized.
Thermo-Nicolet’s spectrometer software, OMNIC, controls data collection for the FT960. In order to coordinately
control the FT960 with the excitation light from the monochromator, LABVIEW 共National Instruments, version 7.1兲 is
used to send commands to the spectrometer’s software as
well as to control the monochromator. Dynamic data exchange 共DDE兲, a Microsoft Windows interprocess communication tool, is utilized to allow a LABVIEW virtual instrument
共VI兲 to direct the spectrometer software to take and save
spectra.22 The VI interfaces with the monochromator via an
RS232 connection. The VI adjusts the excitation wavelength,
directs the spectrometer to collect and save emission data at
that particular excitation wavelength, and repeats until data
have been collected over the desired excitation range.23
Two corrections need to be made to the collected PLE
data to ensure that the measured PLE spectra represent the
intrinsic properties of the nanotubes being studied. The first
correction accounts for the fact that the halogen light source
and monochromator system do not produce equal intensity at
every excitation wavelength. To address this concern we employed a thermopile to determine the wavelength-dependent
excitation intensity profile from the lamp-monochromator
combination since, in contrast to diodes, thermopiles have a
linear response across a wide spectral range. To improve the
signal-to-noise of the thermopile, the thermopile output was
preamplified with a dc-coupled amplifier 共Dexter Research
Center model 1010兲 and measured using a lock-in amplifier
共Princeton Applied Research model 186A兲. The output from
the monochromator was modulated at 13 Hz with a chopper
and the in-phase component of the signal was measured with
an Agilent 34401A digital multimeter. Since the monochromator is also computer controlled, the excitation intensity
profile measurement can be automated for generating lamp
corrections each time the halogen bulb is replaced or a new
excitation filter is utilized.
The second correction accounts for the wavelengthdependent sensitivity of the interferometer and the germanium detector. To address these issues we measured a broad
spectral profile from a calibrated tungsten source 共Gamma
Scientific RS-1兲 with the FT-PLE system. A diffusive plate
was used to reduce the intensity of the lamp while preserving
the intensity profile. The ratio of the actual to the measured
spectrum was used as the wavelength-dependent response of
the interferometer and Ge detector.
Figure 4 shows the PLE spectra obtained from two different SWNT dispersions prepared by previously reported
methods in sodium dodecylbenzene sulfate 共SDBS兲.2,24 The
top panel shows data obtained with SWNTs produced by the
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FIG. 4. 共Color兲 Photoluminescence excitation spectra
from SDBS suspensions of HiPCO 共top兲 and PLV 共bottom兲 SWNTs. The vertical axis is the excitation energy,
and the horizontal axis is the emission energy. The
emission from the sample is collected with excitation
steps of 1 nm. The color is proportional to the natural
logarithm of the emission intensity and is in arbitrary
units. The point labeled A marks emission attributed to
the 共8,4兲 nanotube, and B marks emission from the 共7,6兲
nanotube. Emission features at A⬘ and B⬘ have excitation and emission values not attributed to any SWNT
band gap.

high pressure carbon monoxide conversion 共HiPco兲 method
共Carbon Nanotechnologies Inc.兲 in which 22 distinct semiconducting nanotubes are detected. The bottom panel of Fig.
4 shows the data for 20 unique SWNTs produced by our
in-house pulse laser vaporization 共PLV兲 technique, as previously described.25,26 Together, the two data sets demonstrate
the capability of the FT-PLE instrument to obtain high quality data over a wide spectral range. Note that the diameter
range of the SWNT structures shown in the figure spans from
7.57 to 13.77 Å, which covers the full range of SWNT types
that can be synthesized or purchased commercially. Such a
wide range of SWNT measurement with a single instrument
has not been demonstrated previously. Also of importance is
the fact that the relative excitation and emission intensities
have been corrected for the wavelength-dependent excitation
profile and instrument response. With the corrected data in
hand one can readily compare relative quantum yields and
rigorously fit the excitation and emission profiles. The emission observed around 1.3 eV in the spectrum of PLVgenerated nanotubes is due to scattered excitation light, and
the broad emission at energies higher than 1.3 eV in both
spectra is due to the poor sensitivity and large correction
factors required near the high-energy limit of the Ge detector.
The diagonal features near the top of the HiPCO spectra are
due to stray light leaking through the excitation monochromator. Such limitations could be readily overcome, if desired, with appropriate combinations of filters and the use of
a different detector.
The previously described multiplex advantage coupled
with the tunable excitation source and the available computer
control enables very rapid data collection so that changes in
PL emission occurring on the time scale of a few minutes can
be quantified. Complete, high-resolution PLE spectra, such
as those shown in Fig. 4, currently require about 5 h to be
acquired. However, once the peak excitation energies at the
second lowest-energy transition for specific tubes have been
identified the excitation monochromator may be stepped to
selectively excite only specific tubes of interest. By record-

ing the emission while exciting only at the peak energy for
the nanotube species of interest, the acquisition time for an
emission spectrum can be reduced to 45 s. Figure 5 shows
the PL intensity and emission redshift as a function of time
for a single type of nanotube 关共10,2兲 tube in this case兴 in a
surfactant-stabilized suspension after the surfactant concentration has been diluted below the critical micelle concentration. The time resolution permits the observation of the
quenching of the nanotube emission as the statistical processing of rebundling brings metallic nanotubes into contact
with semiconducting nanotubes. Also, the redshift in the
emission peak indicates communication between contacting
nanotubes prior to complete quenching, in agreement with
other reports.27–31 Since SWNTs are very sensitive to their
surrounding environment,32 the time-dependent PL information can reveal the kinetics of nanotube-nanotube interactions, dielectric changes in the environment, and the effects

FIG. 5. PL Intensity 共squares兲 and PL emission redshift 共circles兲 vs time for
luminescence from a single nanotube species 关the 共10,2兲 tube兴 in a suspension diluted below the critical micelle concentration at t = 0. Emission spectra were recorded sequentially for seven different excitation wavelengths
every 8 min for this particular experiment, but only the information extracted for emission attributed to the 共10,2兲 nanotube via excitation at
742 nm is shown.
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FIG. 6. 共Color兲 共A兲 PLE spectra for a
suspension of SWNTs at a concentration which is only 1 / 60 that of the
standard suspension. The emission
from the sample is collected with excitation steps of 1 nm. A 1% 共wt/wt兲
aqueous solution of sodium cholate
was sonicated with HiPCO SWNTs,
centrifuged, and subsequently diluted
with additional water and surfactant.
共B兲 A comparison of the emission with
excitation at 650 nm of the standard
suspension and the diluted suspension.
These spectra are cross sections from
the contour maps in Fig. 4 and this
figure.

of molecules introduced to the vicinity of the nanotube’s
surface. Such information will be valuable in future attempts
to purify and separate nanotubes. Also, we note that the
speed of acquisition could be significantly increased to permit observation of faster kinetic phenomena by using more
intense laser excitation sources.33 For example, the on-board
1064 nm laser diode enables PL spectra to be obtained in 1 s.
In this case, the time between measurements is limited by
data transfer rates that could be increased with improved
software.
The system allows for the detection of PL with an excitation power of only 1 – 2 mW despite the fact that SWNT
photoluminescence quantum yields are relatively low
共⬍10−3兲. In fact, the Jacquinot advantage and the optimized
collection optics permit the measurement of PLE data from
very dilute SWNT suspensions. For example, Fig. 6 shows
the PLE spectra for a sample in which the SWNT concentration is only 1.7% of the concentration that is typically used.1
Thus, the FT-PLE apparatus allows the study of suspensions
that are diluted during processing efforts to, for example,
separate or purify nanotubes based on length, diameter, or
chirality. Being able to study low-concentration collections
in real time will aid in efforts to separate SWNTs by structure and electronic character.
In addition to permitting the analysis of dilute suspensions, the sensitivity of the FT-PLE apparatus may reveal
new physics. For example, the two features denoted by A⬘
and B⬘ in Fig. 4 are not associated with the known optical
transitions for any tube which emits near 0.9 eV. One notes
that the excitation energies associated with these features are

the same as the excitation maxima for the nanotubes marked
by A and B, respectively. Thus, one possible explanation is
that A⬘ and B⬘ are images in the DOS of the tube which does
emit at 0.9 eV due to energy transfer from tubes at the points
labeled A and B, respectively, that emit at higher energy.
Energy transfer from a high band-gap to a lower band-gap
nanotube has been discussed as a possible energy relaxation
mechanism.3 Another possibility is that the features labeled
A⬘ and B⬘ are due to phonon-assisted transitions in the emission from tubes that are identified by the spots at A and B,
respectively. In this case, the phonon replica appears at an
emission energy that is lower by the phonon energy,
⬃200 meV. Interestingly, the energy of the phonon associated with the well-known Raman G-band mode is at
⬃200 meV, and a satellite peak at an energy ⬃200 meV
above the excitation maximum has been noted in other recent
PLE studies.2 Though the specific origin of the A⬘ and B⬘
peaks is presently not certain, the observation of the peaks
would not be possible without the high sensitivity and large
detection range available in the FT-PLE spectrometer described here.
Finally, we note that the system as described here has
been optimized for a wide range of excitation wavelengths
and relatively rapid measurement throughput of analysis.
Several modifications could be readily made to improve specific attributes of the apparatus. For example, the monochromator bandwidth could be reduced below 9 nm in order to
obtain smaller excitation step sizes and higher-resolution
spectra. The increased resolution would, however, come at
the expense of reduced light throughout and longer acquisi-
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tion times with the currently used broadband excitation
source. Of course, alterations could be made to the excitation
system that would allow for more intense excitation. For
example, tunable lasers could be used to provide much
greater intensity over a narrow spectral range, or a xenon
source could be used to provide more power in the ultraviolet portion of the spectrum. These approaches would permit
much higher excitation intensity and enable high-spectral
resolution measurements but would limit investigations to a
smaller range of nanotube diameters. If only a small subset
of nanotube types were to be studied, one could use a monochromator grating blazed for optimal performance over the
particular energy region of interest.
In conclusion, we have described a FT-PLE apparatus
that can quickly measure a wide range of nanotube species
with high sensitivity. The fast collection allows for the measurement of PL as a function of time such that the dynamics
of PL quenching and nanotube rebundling can be observed.
The sensitivity allows for study of low concentration or
samples of low quantum yield, and the observation of new
spectroscopic features. In addition to the analysis of SWNTs,
this instrument will also be useful for studying other materials or molecules that exhibit luminescence in the NIR, such
as PbSe and PbS quantum dots or species involving rareearth lanthanides.
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