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O
ne of the key topics of growing
interest has been the integration
of nanomaterials into devices and

applications to replace or enhance the per-
formance of conventional bulk materials.
For many promising nanomaterials, includ-
ing carbon nanotubes (CNTs), major
progress in synthetic techniques has led to
new challenges in processing as-
synthesized nanomaterials in bulk with
nanoscale precision in self-assembly or
transfer to an optimal geometry for device
applications. In this spirit, there has been a
substantial effort to develop techniques of
“soft lithography” to transfer a variety of
nanoscale materials from one surface to an-
other, including proteins,1 nano- and mi-
croscale semiconducting materials,2,3 and
thin layers of carbon nanotubes,4�9 typically
utilizing stamps of polydimethylsiloxane
(PDMS). When this is combined with hori-
zontally aligned CNT growth processes,10

transferred structures allow precision in the
positioning of nanometer scale features for
large-scale electronic device applications
currently being realized.11,12

On another front, there has also been
an evolving interest in the ability to grow
single-walled carbon nanotubes (SWNT)
from solid surfaces in arrays using chemical
vapor deposition (CVD)13,14 and specifically
water-assisted SWNT growth,15�17 where
the arrays are oriented perpendicular to the
growth substrate. The major feature limit-
ing the large-scale application of this prom-

ising technique is the ability to retain the at-
tractive features of the aligned array while
transferring to a surface suitable for device
applications. Recently, major progress in the
ability to draw aligned thin films directly
from CNT vertical arrays has enabled many
exciting new CNT applications including
loudspeakers,18 incandescent displays,19

and high-resolution TEM grids,20 among
others.21�26 Undoubtedly, more flexibility
in the transfer process for as-grown aligned
films of long carbon nanotubes can enable
substantially more routes for innovative
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ABSTRACT A scalable and facile approach is demonstrated where as-grown patterns of well-aligned structures

composed of single-walled carbon nanotubes (SWNT) synthesized via water-assisted chemical vapor deposition

(CVD) can be transferred, or printed, to any host surface in a single dry, room-temperature step using the growth

substrate as a stamp. We demonstrate compatibility of this process with multiple transfers for large-scale device

and specifically tailored pattern fabrication. Utilizing this transfer approach, anisotropic optical properties of the

SWNT films are probed via polarized absorption, Raman, and photoluminescence spectroscopies. Using a simple

model to describe optical transitions in the large SWNT species present in the aligned samples, polarized

absorption data are demonstrated as an effective tool for accurate assignment of the diameter distribution from

broad absorption features located in the infrared. This can be performed on either well-aligned samples or

unaligned doped samples, allowing simple and rapid feedback of the SWNT diameter distribution that can be

challenging and time-consuming to obtain in other optical methods. Furthermore, we discuss challenges in

accurately characterizing alignment in structures of long versus short carbon nanotubes through optical

techniques, where SWNT length makes a difference in the information obtained in such measurements. This

work provides new insight to the efficient transfer and optical properties of an emerging class of long, large

diameter SWNT species typically produced in the CVD process.

KEYWORDS: carbon nanotubes · carpets · optical absorption · Raman spectroscopy

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 2 ▪ 1131–1145 ▪ 2010 1131



device and application design. Recently, SWNT films

transferred via the technique discussed in this work

have been demonstrated to act as perfect linear polar-

izers for terahertz radiation.21

In addition to simple techniques for transfer of the

aligned SWNT structures, another unique feature of

CVD-grown SWNTs, and supergrowth SWNTs in particu-

lar, is the substantially larger and broader diameter dis-

tribution of SWNTs compared to those produced in pro-

cesses such as HiPco or CoMoCat.22 This makes

common ensemble techniques developed to study the

small diameter (d � 1.5 nm) SWNT species, such as vis-

ible and near-infrared (IR) fluorescence, absorption, and

Raman characterization, insufficient to properly assess

the majority population and features of the SWNT spe-

cies in CVD-grown SWNTs with larger diameters and

broad distributions. For these species, the spectral

range is shifted into the infrared (IR) for the strongest in-

terband transitions, and enhanced overlap of spectral

features from individual (n,m) species makes specific

nanotube assignment tedious and perhaps impossible

without specifically designed samples. However, this

represents a problem since there has been a dramatic

increase in the prospect for applications made from

aligned carbon nanotubes grown in CVD, and this will

likely continue to increase. Therefore, it is important to

accurately assess the composition and properties of the

nanotubes (quality, alignment, etc.) from an ensemble

perspective and evolve toward spectroscopic tech-

niques that can be performed in resonance with the

majority population of the SWNTs when working with

such materials.

In this work, we first outline an efficient technique
to transfer well-aligned films of semitransparent, pris-
tine, and long (�25 �m) nanotubes grown via water-
assisted CVD to optical windows. We further utilize po-
larized IR absorption to characterize broad envelopes
describing collections of SWNT interband transitions
that can allow a simple and relatively accurate assess-
ment of the diameter distribution of nanotubes present
in an aligned or unaligned sample. Finally, we com-
pare the polarization dependence observed in the IR
to that found in other spectroscopic techniques to em-
phasize the factors contributing to the anisotropy and
considerations one should make when assigning prop-
erties based on SWNT alignment.

RESULTS AND DISCUSSION
Dry Transfer of Patterned, Aligned SWNTs. Analogous to

the mechanism which guides a gecko to navigate along
a surface normal to the plane of gravity, the transfer
process for pristine, aligned SWNT films described here
is a completely dry process that operates on the prin-
ciple that van der Waals interaction between a layer of
SWNTs and any host surface is greater than the van der
Waals interaction and bond strength of the nanotubes
to the growth substrate. This principle is the key as to
why patterned, aligned CNTs have been demonstrated
as effective adhesive tapes.35,36 We demonstrate here
that this mechanism can also be adapted to a transfer
process yielding catalyst-free patterns of aligned carbon
nanotubes on any arbitrary surface, with the nano-
tubes aligned in a direction parallel to the surface plane.
The general steps of this transfer process are illus-
trated in Figure 1a. The first step involves the growth

Figure 1. (a) Scheme depicting the process for dry contact transfer of aligned SWNTs as described in the text. (b) SEM im-
age of an upright patterned growth prior to transfer, and (c) picture showing a complete transfer to a 5 mm � 5 mm wide dia-
mond window.
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of vertically aligned SWNT arrays in narrow line pat-
terns, further illustrated in the scanning electron micro-
scope (SEM) image shown in Figure 1b. To achieve
this, optical lithography is utilized to define wafer-scale
patterns of lines, where 10 nm of Al2O3 and 0.5 nm of Fe
are deposited via e-beam deposition. Growth is then
carried out through water-assisted CVD, and the result
is an array of upright line structures of variable width
and height, based on the lithographic pattern and reac-
tor exposure time, respectively. The next step is a post-
growth H2/H2O vapor etch which acts to release chemi-
cal bonds between catalyst particles and the
nanotubes, leaving the interface between the grown
nanotubes and the catalyst layer controlled by weaker
van der Waals interactions. This step was a subject of a
recent study33 in which we focused on the transfer of
short, homogeneous carpet films and marginally dis-
cussed the transfer of the line structures in a similar
manner. Specifically, the transfer process using pat-
terned SWNT arrays operates under the same general
concept, but the transfer efficiency is optimized com-
pared to homogeneous carpet materials since the
aligned SWNT structures can be “toppled” over to
achieve optimal van der Waals interaction between
the edge of the SWNT line and the host surface. The
transfer occurs since there will always be more surface
area of the line exposed to interaction with the host
(transfer) surface than the growth substrate since the
line is toppled over while interacting with the host sur-
face. As a result, the patterned SWNT can be easily lifted
away as the catalyst remains on the clean growth sub-
strate that is left behind. In our experience, we find few
constraints on surfaces effective for transfer, as trans-
fers to surfaces ranging in surface roughness (i.e., tpx or
commercially available polymers with microscale
roughness), surface potential, and cleanliness routinely
exhibited clean transfer. However, in extreme cases of
surface roughness of contamination, we foresee the
transfer process to be adversely affected, even though
we have not investigated this extensively. Shown in Fig-
ure 1c is a photograph of a transfer from a typical
growth substrate to a 5 mm � 5 mm diamond win-
dow (0.5 mm thick). From this photograph, it is evi-
dent that the diamond window (initially transparent) is
uniformly coated with a thin film of SWNT from the
growth surface, which visually confirms the clean foot-
print from the diamond window. In addition, one can
also observe that some SWNT lines protrude from the
edge of the diamond, indicating that the line structures
have detached and are quite free of interaction with
the growth substrate. A key feature in achieving the
best transfer with this process is fine-tuning the amount
of time in which the SWNT arrays are exposed to the H2/
H2O etch.33 Typically, the optimal time in our experi-
ments ranges between 3 and 4 min, even though this
varies with the growth conditions. In the limit of long
exposure to the H2/H2O etch (typically greater than 10

min), the lines are found to spontaneously detach in
the growth reactor and be lost to the vacuum pump. Al-
though this detachment is mostly attributed to H2O
etching of C in the presence of a catalyst, we also specu-
late that Ostwald ripening of the catalyst particles in
the growth environment may also play a role.37

The primary benefit of this technique, in compari-
son to other established processes for transfer, is that
the process is performed completely in the dry state
with only a single step. Compared to the range of “soft
lithographic” techniques that exist, this process is
quicker, less destructive, and is scalable to large areas
(wafer-scale). However, it is geared toward the fabrica-
tion of SWNT array structures that are substantially
thicker compared to those obtained via horizontally
aligned growth on single-crystal surfaces, where an in-
termediate PDMS layer is necessary to achieve
transfer.5�10 Thick SWNT films are beneficial in applica-
tions ranging from solar cells to optical sensors, where
device efficiency is correlated to the ability of the device
to absorb all of the incident radiation. In addition, this
process leaves the thin catalyst layer responsible for
SWNT array growth behind on the growth substrate.
Evidence of this, besides spectroscopic investigation, is
that multiple regrowths can be achieved following
transfer, similar to that described in recent work.38 This
means that the nanotubes remain free of metal, and
these structures can therefore be manufactured with
standard protocols, such as CMOS processing, where Fe
is a premier contaminant. Since our first observation of
this transfer process,33 other reports have emerged with
similar techniques for transfer of individual aligned
SWNT structures to host substrates,39,40 emphasizing
the flexibility and already widespread interest in this
facile technique. In particular, Hart’s group40 demon-
strates the transfer of such blade structures of aligned
nanotubes to flexible surfaces that can provide an ex-
cellent route to achieving highly conductive intercon-
nects for electronics devices.

Shown in Figure 2 is a collection of images depict-
ing a variety of transferred films produced from the
technique illustrated in Figure 1a. Figure 2a shows a
film of lines having a length slightly longer than the
pitch between lines (resulting in a small overlap be-
tween adjacent lines, as shown in SEM image inset in
Figure 2a) transferred to a clean SiO2 surface that has
been functionalized with aminopropyltriethoxysilane
(APTES). Post-transfer, the SWNT film is spin-coated with
ethanol and found to dry in such a way that no
capillary-induced effects alter the continuity of the
film. Upon drying, we find that the thickness of the
film changes considerably and the nanotubes in the
film appear to become more bundled and coagulated.
However, the APTES layer promotes strong adhesion of
the SWNT to the transfer surface, alleviating excessive
cracking in the film structure that is typical of capillary
force effects of such low-density structures during dry-
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ing. Further images illustrating this concept are pro-
vided in the Supporting Information. This means that,
utilizing an APTES adhesion layer, the transferred films
can be subjected to wet processing for large-scale de-
vice fabrication. Figure 2b shows a film transferred to a
diamond surface (corresponding to Figure 1c), where
the length of the lines is smaller than the pitch between
lines, resulting in an array of lines composed of aligned
SWNTs. To depict how a single pattern can be made
into a more complex design, Figure 2c shows the rela-
tion between a single transfer and a cross-bar (grid) pat-
tern formed by two subsequent transfers of the same
simple pattern, as shown in Figure 2d,e. Here, the sec-
ond transfer is conducted with the stamp (growth sub-
strate) rotated at an angle 90° relative to the initial pat-
tern. The higher magnification SEM image in Figure 2e
emphasizes the highly aligned nature of the SWNTs in a
line intersection. The presence of a small crack in the
transferred SWNT film shown in Figure 2d (upper left
corner), as well as some cracks observable in Figure 2b,
are typical “defects” in this process and arise from de-
fects present during growth that cause gaps in the
grown line structures. Since cracks only rarely occur
along the many cleave planes that exist (due to the ex-
cellent SWNT alignment), these defects would only af-
fect device or application performance if one fabricated
the device such that charge transport occurred across
this gap. Due to inefficient thermal and electrical trans-
port normal to SWNT alignment, this means that de-
vice performance from such transferred structures is in-
dependent of these crack features. In addition, we find
that the yield of transfer is very highOevery attempt at
transfer following the H2O vapor etch resulted in com-

plete transfer of the SWNT array film. We note that

some transfers were not “perfect” (�20%) due to hand

movement when removing the growth substrate or ini-

tially pressing the growth substrate to the host sur-

face. This can be easily mitigated by the use of a me-

chanical apparatus to aid in completely reproducible

transfer, even though we found transfer “by hand” to

be efficient enough for the study presented here. Fur-

thermore, although lower magnification SEM character-

ization (Figure 2) emphasizes the excellent alignment

of the SWNT bundles in the arrays, the higher magnifi-

cation image, shown in Figure 3, also emphasizes short

segments of misaligned SWNTs among the well-aligned

SWNT bundles. As will be discussed later, this is an im-

portant feature in properly characterizing anistropic

properties of the SWNTs.

Overall, the ability to perform multiple transfers in a

simple, dry approach raises the intriguing possibility of

Figure 2. SEM images showing various films transferred via the technique shown in Figure 1. (a) Film transferred to APTES-
functionalized SiO2, with inset views showing the overlap region between lines. (b) Film transferred to a diamond window
(corresponds to Figure 1c). (c) Scheme depicting the difference between an individual transfer and a dual transfer technique.
(d) Zoomed-out SEM image of a grid pattern formed by two transfers, and (e) closer view of the grid pattern showing a
single intersection of two individually transferred SWNT lines.

Figure 3. High-magnification SEM image of the align-
ment present in a general transferred SWNT structure,
depicting both the good SWNT alignment as well as the
misalignment in the film that is not obvious in lower
magnification images.
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complex micropatterning of metal-free aligned SWNT
structures for a variety of applications. This can be use-
ful in electronics and many other applications, where
room-temperature transfer of metal-free aligned SWNTs
can be integrated into devices that utilize the excel-
lent anisotropic electrical and thermal properties of
SWNTs. Moreover, this transfer process is not only lim-
ited to SWNTs, as similar contact transfer could be car-
ried out on any material with similar structural charac-
teristics. In any case, the ability to manipulate aligned
SWNT structures to form patterns that are relevant for
specific device applications is a concept we foresee to
have a substantial impact on the future of carbon-
nanotube-based applications. However, as a precursor
to application development, it is first important to in-
vestigate simple, statistically sound techniques to char-
acterize these aligned nanotubes, including the diam-
eter distribution and the SWNT alignment. We now
proceed by utilizing optical studies to characterize
these features for aligned SWNT films transferred to IR
windows.

Optical Properties of Transferred, Aligned SWNTs. The excit-
ing optical properties of single-walled carbon nano-
tubes have led to the birth of a whole field of research
devoted to understanding the physics of this unique
one-dimensional family of molecules. As the rolling
angle of the graphene sheet defines the electronic char-
acteristics of SWNTs, investigation into the optical prop-
erties of metallic and semiconducting SWNTs has moti-
vated the use of tools including absorption,41 Raman
spectroscopy,42,43 and band gap fluorescence.44,45 These
optical techniques applied to material such as HiPco or
CoMoCat SWNT have been performed routinely to gain
straightforward insight into the SWNT makeup. How-
ever, as water-assisted CVD emerges as a key nanotube
synthesis technique for a variety of applications, tradi-
tional and routine characterization methods no longer
give the accurate information that one would like to
achieve in such spectroscopic characterization. This re-
quires spectroscopic analysis performed in the mid-IR
wavelength range to accommodate the optical transi-
tions shifted into this region. As this has yet to be dem-
onstrated, it is questionable whether conventional vis-
ible and near-IR optical tools can be accurately utilized
to assess the properties of these SWNTs. Unlike the op-
tical response of small diameter SWNTs, such as HiPco,
the response expected from the broad range of large
diameter SWNTs in water-assisted CVD growth is a con-
volution of many individual features to result in broad
first and second absorption bands spread throughout
the near- to mid-IR range. In addition, specific (n,m) as-
signments can be ruled out due to the overlap of indi-
vidual optical transitions to form broad absorption
bands. Therefore, absorbance measurements in the IR
yield promise for the characterization of general prop-
erties, such as the range of diameters present in the
sample, which is typically the most sought feedback

for synthesis techniques and for a general comparison
between different as-synthesized materials utilized in
applications. We note that the technique illustrated in
Figure 1 is excellent for these studies because the films
can be transferred to IR transparent windows (KBr) with
no loss of nanotube alignment in the transferred film.
Since it has been demonstrated that the absorption of
radiation by SWNTs depends strongly on the polariza-
tion of the radiation relative to the SWNT alignment,
fine control of the SWNT alignment direction relative
to a fixed polarization of incoming radiation allows us
to accurately assess the absorption features due to the
nanotubes in the film.

Shown in Figure 4a,b is the angle dependence of
the molar absorption coefficient for films transferred
to KBr windows, calculated as � � A/cleff, where A is the
absorbance at an angle �, (A(� � 90°) has been sub-
tracted), c is the concentration (mol/cm3), which is cal-
culated from the known carbon density of 	55 mg/cm3,
and l is the thickness of the SWNT film (leff � 0.54 �m).
Data with the raw value of � (no subtraction) are shown
in the Supporting Information. In order to characterize
the angular dependence, measurements are taken at in-
crements of 10° with respect to a fixed polarization of
light utilizing a rotating sample holder which can be
heated and held under vacuum (7 � 10�7 Torr). Data
taken when the radiation field is normal to the SWNT
alignment (90°) are then subtracted from all other spec-
tra (in addition to the uniform background from KBr)
to indicate the polarization dependence of only opti-
cally allowed SWNT-related features.

Shown in Figure 4b is a contour plot of the angular-
dependent data, with the three emergent polarization-
dependent absorption features further labeled in a plot
of the linear dichroism (LD) (Figure 4c) that we inter-
pret as the (i) long-wavelength absorption peak extend-
ing into the terahertz frequency range that represents
absorption partially due to free carriers (�1000 cm�1),
and (ii,iii) first (	2600 cm�1) and second (	5300 cm �1)
excitonic interband transitions for semiconducting
SWNTs (E11

SC and E22
SC, respectively). The origin of the

long-wavelength peak is still not fully understood.46�49

Measurements in the far-IR consistently show that en-
hancing the free carrier population (i.e., by doping the
SWNTs) increases the intensity of this peak,48 but other
reports suggest influence of interband transitions from
the narrow-gap semiconducting (SC) SWNT
population.47,48 Recent experiments performed on our
films show little apparent temperature dependence of
the line shape and magnitude of this far-IR absorption,
except with a strongly negative complex and real di-
electric constant emphasizing a strong metallic contri-
bution to this peak.50 Therefore, this peak will be loosely
referred to as the “free carrier absorption” based on its
apparent indication of metallicity in our experiments.
However, it is important to note that this is not simply
a Drude-like absorption and is still not fully established
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in origin. On the other hand, the interband (excitonic)

transition features for the SWNTs in the array are well-

established and represent absorption due to carriers

being excited across the energy gap of the first and sec-

ond pairs of van Hove singularities in the SWNT elec-

tronic density of states.51

For an individual SWNT, excitonic transitions in 1-D

confined structures lead to electronic transitions hav-

ing narrow (Lorentzian) line shapes. However, one can

interpret the broad optical transition features associ-

ated with the aligned samples shown in Figure 4c as a

collection of a large ensemble of overlapping Lorentz-

ian curves which can be equally represented by a

Gaussian line shape. We therefore utilize a fitting tech-

nique where each of the interband transition features

(E11
SC, E22

SC, and E11
M) is fit with a broad Gaussian line

shape. To account for the presence of the free carrier

absorption band, we also utilize a Gaussian fit centered

at 	95 cm�1, which is the general vicinity of the broad

terahertz absorption peak.46�49 Although the detailed

line shape of this peak is not expected to be best repre-

sented with a Gaussian fit, a sharp cutoff near 400�450

cm�1 due to the light source and beamsplitter combi-

nation makes it impossible to resolve any line shape

from this peak. Therefore, we apply a Gaussian fit as a

first-order result to account for the presence of this

peak without further information of shape that would

come from lower frequency measurements.

As shown by the dotted line in Figure 4c, the fitting

process yields a reasonable fit to the normalized ab-

sorption data. The distinct signature of the E11
SC optical

transitions in Figure 4c makes it possible to infer infor-

mation about the diameter range of the SWNT popula-

tion (Figure 4d). In order to quantitatively analyze this

absorption envelope to determine SWNT diameter in-

formation, a relation between the optical transition en-

ergy, the band gap, and the diameter must be estab-

lished. We can therefore express the measured E11

transition energy (Eopt) as a linear combination of the

band gap energy (Eg), the exciton binding energy (Eb),

and the self-energy (Es), as

which are each illustrated by the scheme inset in Fig-

ure 5. Constructing the form Eopt from components Eg,

Eb, and Es as described elsewhere,52�57 we can rewrite

eq 1 as

Figure 4. (a,b) Angular dependence of the frequency-dependent molar absorption coefficient, �, for aligned films trans-
ferred to KBr windows, taken in increments of 10°, with �(� � 90°) subtracted to represent the absorbance due only to the
aligned nanotubes. (b) Contour graph of this, emphasizing the emergence of interband SWNT transitions and the free car-
rier absorption. (c) Fitting scheme to the linear dichroism (� � 0° data shown in (a)) depicting relative contributions from the
semiconductor optical transitions (E11

SC, E22
SC) and the free carrier absorption. (d) SWNT diameter distribution extrapolated

from fit in (c) and utilizing eq 2.

Eopt ) Eg - Eb + Es (1)

Eopt )
2γ0aC-C

d
- ε-R

d
+ 0.55

2p
3d

ln[9d
2p] (2)
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where d is the nanotube diameter, aC�C is the inter-

atomic carbon�carbon distance (0.142 nm), �0 is a con-

stant from tight-binding calculations, � is a parameter

describing the effective dielectric constant, 
 is a scal-

ing parameter for �, and p is an integer describing the

order of the transition. It should be noted that addi-

tional many-body terms could be included to give (n,m)

specificity to the optical transition energies.58�60 How-

ever, these are higher order corrections that lose mean-

ing with the broad diameter distribution present in

our samples and are therefore neglected. Therefore,

the ability to achieve a reliable diameter distribution

from the range of measured transition energies is inher-

ently dependent on the accuracy of the parameters in

eq 2. In all cases here, the measurements were per-

formed in vacuum, allowing us to fix � � 1.84259 and

the adjustable parameter 
 to 1.4 as described by Per-

ebeinos et al.53 For the band gap energy, the parameter

�0 was fixed at 2.5 eV, which was chosen due to (i) ex-

cellent correspondence between the relation in eq 2

and the experimentally determined optical transition

energies for smaller diameter SWNTs (Supporting Infor-

mation),61 and (ii) experimental determination of this

value through STM measurements by Odom et al.52 The

parameter p was fixed at 1 because we are analyzing

the E11
SC optical transition. Therefore, we expect eq 2

and these parameters to best capture the physics asso-

ciated with optical absorption and therefore be the

most accurate, both physically and quantitatively, in as-

signing optical transition energies.

In order to assess the validity in using eq 2 to de-

scribe optical transition energies, we plot the optical

transition energy as a function of diameter with these

parameters, as shown in Figure 5. Most importantly, this

relation yields optical transition energies agreeing well

with measured values from the experimental Kataura

plot.61 The difference in E11
SC transition energies in

mod1 and mod2 SC SWNTs is not captured in eq 2

and is expected to diminish as the SWNT diameter be-

comes larger (it could be captured by extending the ex-

citon binding energy term in eq 2 beyond the leading

term58,59). Overall, the accuracy of eq 2 in describing op-
tical transition energies is most dependent on limited
experimental data for the extrapolation of exciton bind-
ing energies and self-energies into the range of large di-
ameter SWNTs. Until now, most experiments have been
performed in aqueous environments, where spectros-
copy is limited to the near-IR and high-frequency edge
of the mid-IR range due to the overlap of water absorp-
tion. Therefore, we expect this simple model to be the
most accurate from the current state of experimental in-
vestigation into these effects, even though a better
treatment of many-body effects in individualized, larger
diameter SWNTs in well-controlled environments is
still necessary.

In order to extract a diameter distribution, eq 2 is
solved for d (as a function of Eopt), and the measured en-
velope of E11

SC transition energies is mapped onto the
diameter distribution. To analytically solve eq 2, the
ln(9d/2p) term is expanded into a series, and only the
first leading term of the series is utilized in the calcula-
tion to obtain the distribution shown in Figure 4d. We
also observe that the leading 1/d dependence of the
Coulomb self-energy term can alternatively be taken
into account by scaling the value of �0 to 	4.6 eV
(scaled to give a similar Eopt compared to that when Es

is explicitly considered) and disregarding the part of eq
2 describing the self-energy. This slightly decreases the
width of the distribution but still describes the majority
SWNT diameter population accurately. This represents
a route to reduce the difficulty of solving eq 2 (with the
logarithmic relation from Es) but still gives empirically
correct transition energies.

Upon inspection of the distribution shown in Fig-
ure 4d, it is evident that the Gaussian fit applied to the
envelope of E11

SC transitions is only accurate to first-
order and likely misrepresents the shape of the real en-
velope at the extrema (large and small diameter edges).
This is most apparent by a long tail extending to large
diameters and a nonzero probability of SWNT having d
� �. Nonetheless, one can determine from this fit the
majority SWNT diameter range, which is the important
information sought through this technique. From Fig-
ure 4d, the diameter range appears peaked at 	2.7 nm
with a large population of nanotubes having diam-
eters greater than 3 nm, which is consistent with TEM
characterization of SWNT material grown via this
technique,29�31 as well as observations of SWNTs
present in the typical water-assisted supergrowth pro-
cess of Hata and co-workers.15,22 As a result, this process
of utilizing polarization-dependent IR absorption in
highly aligned SWNT samples is a promising route to-
ward establishing the diameter distribution of a sample
having SWNTs in a diameter range consistent with the
water-assisted CVD technique.

Recently, we have shown that the electrical proper-
ties of SWNT films made utilizing the technique shown
in Figure 1 can be altered by air exposure of the film and

Figure 5. Optical transition energy plotted as a function of
the nanotube diameter, according to eq 2 and the param-
eters discussed in the text. Inset is a scheme depicting the E11

optical transition for a carbon nanotube, with each energy
value labeled in accordance with eq 1.

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 2 ▪ 1131–1145 ▪ 2010 1137



subsequent vacuum annealing.62 Interestingly, with

over a week of exposure to air, vacuum annealing of

the SWNT films resulted in absolutely no change in the

observed optical properties. However, after leaving the

films in the laboratory for 	4 months exposed to air, a

distinct change in the optical absorption spectra was

observed, as shown in Figure 6a. The same anisotropic

optical absorption as shown in Figure 4 is observed in

this case, except that the peak describing the envelope

of E11
SC optical transitions is no longer distinguished in

the spectra. After taking the data in Figure 6a, we sub-

jected the film to 5 min of vacuum annealing (100 °C, 7

� 10�7 Torr), after which the optical absorption spec-

trum of the pristine SWNT film was restored, as shown

in Figure 6b. Therefore, some constituent of air in low

abundance resulted in a p- or n-type doping effect on

the SWNTs, shifting the Fermi level of the nanotubes

into the valence (conduction) band, respectively, and

bleaching the E11
SC optical transitions. The specific con-

stituent is unknown: experiments designed to test this

by utilizing purely O2, CO2, or H2O exposed to the SWNT

film for up to 30 min in the vacuum cell resulted in no

observable effect in the optical spectra of doping due to

physisorption, even though O2 has been reported in

the past to facilitate charge transfer in solution to

bleach optical transitions in small diameter SWNTs.63

This general phenomenon has also been reported

through acid-doping (p-doping) in the past64�66 and

therefore appears to be a reasonable explanation. In ad-

dition, consistent with a shift of the Fermi level to a po-

sition between the first and second mirror van Hove sin-

gularities in the density of states, the envelope of E22
SC

optical transitions is generally unaffected. Comparison

of Figure 6a,b emphasizes a difference not only in the

E11
SC optical transitions but also in the long-wavelength

free-carrier absorption. The enhancement of the magni-

tude of this free-carrier band is an additional indica-

tion of an enhanced free-carrier population, as one

would expect if the change in the spectra was due to

doping. After vacuum annealing, the free-carrier ab-

sorption returns to a level identical to that for the pre-

viously measured pristine SWNT film in concert with the

return of the envelope of E11
SC optical transitions. The

behavior of the free-carrier absorption is similar to that

observed by Itkis et al. upon doping of HiPco films.46

The sensitivity of the E11
SC optical transitions chemi-

cal doping presents an alternative route to analysis of

the diameter distribution through a comparison of the

doped versus pristine SWNT film. In order to do this, we

took the difference between the normalized (differ-

Figure 6. Angular dependence of the IR molar absorption coefficient for a SWNT film (a) following a long (	4 month) air
exposure, and (b) the same film in (a) after a 5 min anneal at 100 °C. (c) Diameter distribution obtained by utilizing eq 2 with
the quenched E11

SC contribution evident from subtraction of � � 0° spectra in (a) and (b). Inset in (c) is the IR molar absorp-
tivity subtraction, from which the diameter distribution was extracted. (d) Radial breathing modes (RBM) in resonant Raman
spectroscopy taken with 750, 830, and 850 nm excitations. The dotted lines mark the general range of diameters (calcu-
lated via �RBM � 227/d, from ref 55) observed in this technique, which are also labeled.
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ence between 0 and 90° absorption, as shown in Fig-
ure 6a,b) IR spectra for the doped and pristine films. In
order to account for the enhanced free-carrier band in
the doped SWNT film, a Gaussian fit was applied simi-
larly to that in Figure 4c, except with a varying ampli-
tude. This ensures that the result of the subtraction of
the two spectra was not influenced by the enhanced
free-carrier absorption and therefore is representative
of the characteristic shape of the E11

SC absorption enve-
lope. Again, utilizing eq 2 to relate the envelope of
E11

SC transitions to the diameter distribution yields a dis-
tribution with nearly the same shape and peak posi-
tion as shown in Figure 4c, except with a more realistic
large diameter tail. The use of subtracted optical ab-
sorption in SWNT films where the E11

SC is bleached
(doped) versus when the E11

SC is strongest (pristine)
gives the most accurate information about the shape
of the E11

SC absorption band and therefore is expected
to give the most accurate fit of the diameter distribu-
tion. This provides a route where special sample prepa-
ration is not necessary to obtain a diameter distribu-
tion, as this can be performed just as easily on
misaligned films using the formalism presented in eq
2.

Further analysis of the diameter distribution from ra-
dial breathing modes in resonant Raman spectroscopy,
as shown in Figure 6d, also emphasizes a broad diam-
eter distribution that has species ranging from below 1
nm in diameter up to 	4 nm based on the relation,
�RBM � 227/d.67 The caveat to this measurement tech-
nique is that the signature of the majority of SWNT spe-
cies is in the form of higher order transitions (E22�E55

for SC SWNT), which makes a quantitatively accurate di-
ameter distribution challenging to obtain. Nonethe-
less, resonant Raman spectroscopy is a useful tool for
the identification of the presence of these SWNT spe-
cies and can be utilized as a technique complementary
to IR absorption measurements. However, IR absorption
that can be performed in an FTIR system (readily avail-
able in nearly every laboratory) can be distinguished as
a technique that can quickly and effectively be utilized
to give an estimate of the majority SWNT diameter dis-
tribution for such larger diameter SWNT species in ac-
cordance with Figures 4d and c.

In order to verify the diameter distributions ob-
tained via IR absorption, we performed AFM analysis
of surfactant-suspended SWNTs from carpets as an al-
ternative technique to estimate the general range of di-
ameters in the sample. To suspend the SWNTs, the nan-
otubes were detached from the catalyst layer and tip-
sonicated in a sodium deoxycholate/water solution for
2 h with an approximate concentration of 100 mg/L.
Following this, a decant was prepared by ultracentrifu-
gation at 200 000g for 2 h. The resulting solution was di-
luted and spin-coated onto a clean mica surface for
AFM imaging. A typical AFM scan of the nanotubes
characterized, as well as a distribution of 	120 manu-

ally assigned nanotube heights, is shown in Figure 7. It

should be noted that the tip sonication period re-

sulted in substantial cutting of the nanotubes, leaving

them in pieces near 1 �m long, on average. Diameter

analysis was performed to characterize the nanotubes

identified as individuals by forming height profiles

along the nanotubes and monitoring whether there

was any indication of bundling in the measured tubes

(which is often evident in broken bundles by intersec-

tions of tubes into a bundle). In general, the distribu-

tions measured appear to correlate well to the major-

ity diameter distribution characterized via IR

spectroscopy and eq 2, and provides a similar picture

to distributions made from TEM images32 and average

catalyst particle sizes reported through plan-view TEM28

utilizing the same water-assisted CVD process. As noted

previously, the fits from the IR spectra are slightly more

inaccurate at the extrema of the distribution, especially

in the case of the fit from Figure 4d, where the long

tail inaccurately represents the large diameter popula-

tion. The fit from Figure 6c best represents the larger di-

ameter SWNT species, but both distributions underesti-

mate the small diameter SWNTs present. Data from

Raman spectroscopy (750 nm excitation, Figure 6d) in-

dicate a clear presence of these smaller diameter

SWNTs through the E22
SC optical transition. The inabil-

ity of this technique to accurately capture those species

is likely due to the very long and broad tail of the E11
SC

envelope that extends into the near-IR and overlaps

with the higher order transitions from the majority

SWNT species. However, the key point here is that these

fits generally capture the majority SWNT population in

a statistically sound approach and therefore represent a

powerful tool for diameter analysis for an unknown

CNT sample without the requirement of specialized

sample preparation.

Characterization of Alignment for Long, Aligned SWNTs. In ad-

dition to the SWNT diameter distribution, another key

feature that is useful to analyze is the alignment present

in the SWNT film. Alignment is also a quantity of inter-

est since it is a primary aspect of determining the elec-

Figure 7. (a) Representative AFM image obtained following disper-
sion and spin coating of a CVD-grown SWNT onto clean mica surfaces,
and (b) diameter distribution of 122 individual nanotubes taken via
AFM. Overlaid on the distribution is the calculated diameter distribu-
tion using IR data and eq 2 as shown in Figure 3d (blue) and Figure 5c
(green), emphasizing good general agreement between the majority
SWNT population determined from IR absorption measurements.
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trical, thermal, and mechanical properties of structures
composed of SWNTs. The anisotropic electrical and
thermal transport properties of SWNTs in films make a
proper measurement of alignment crucial in under-
standing transport mechanisms observed or expected
from a SWNT material. The strongly anisotropic absorp-
tion of polarized radiation by SWNTs has made polar-
ized spectroscopic techniques, including polarized Ra-
man spectroscopy68�70 and/or polarized absorption
spectroscopy,71�73 useful techniques for alignment
characterization. Utilizing well-aligned SWNT samples
made by the process illustrated in Figure 1, we can in-
vestigate the alignment in the film and determine the
degree of alignment as a function of wavelength.
Shown in Figure 8a is a plot of the optical absorption
anisotropy, 
, and the polarization, �, as a function of
the parallel absorption (
�) and perpendicular absorp-
tion (
�) as defined:69

Here, 
 is a quantity that can be compared to the ne-
matic order parameter, which was calculated to be 1 for
similar films in recent THz (	2 THz) absorption experi-
ments,21 as noted in Figure 8a. It should be noted that

the radiation length scale is not proportional to wave-

numbers, which makes the THz point in Figure 8a ap-

pear higher than the data presented at greater frequen-

cies. However, on a plot where the parameters are

plotted as a function of �, this is not the case. The in-

set in Figure 8a is the 
� background, which appears

to be greatest in the vicinity of the interband optical

transition features or generally in the higher energy re-

gion of the spectra.

Interestingly, the magnitudes of both 
 and � ap-

pear to be strongly dependent on the wavelength at

which these quantities are calculated. At the lowest en-

ergies available to these experiments, it is clear that

the values of the quantities in eq 3 approach 1, consis-

tent with polarization-dependent measurements at 	2

THz. However, on the high energy side of the spectra,

the anisotropy appears to be lower and the values of 


and � drop to between 0.3 and 0.45, where the great-

est “background” absorption takes place. This change in

the anisotropic absorption characteristic of the film as

a function of wavelength is also illustrated in Figure 8b,

which shows the angle-dependent raw absorption

data (not normalized) for three specific points in the (i)

free-carrier absorption region (460 cm�1), (ii) peak of the

envelope of E11
SC optical transitions (2700 cm�1), and

Figure 8. (a) Polarization and optical absorption anisotropy calculated in accordance with eq 3. The red point and dotted
line is an extrapolated fit to data taken in the THz as described in ref 21. Inset is a plot of the smooth background of � ob-
tained in � � 90° spectra. (b) Angular dependence of the absolute absorbance for the three distinct peaks labeled in Fig-
ure 3c. Dotted lines represent best fits achieved with a generalized sin2(�) � C function. (c) Near-IR image of fluorescence
emission from a dry, transferred aligned SWNT film to a glass coverslip. Inset shows representative emission spectra to em-
phasize that each bright spot corresponds to individual SWNT emission sites. Similar to transferred films shown in Figure 2b,
there is a gap between the SWNT in the aligned film where no emission spots are observed. (d) Angular dependence of a col-
lection of 81 total nanotubes measured by tracking the polarization dependent emission intensity as a function of angle
(in 10° increments).

R )
Λ|| - Λ⊥
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(iii) peak of the envelope of E22
SC optical transitions

(5500 cm�1). In each case, the data points taken in incre-
ments of 10° give an excellent fit to a generalized sin2(�)
� C function (the dotted line in Figure 8b), which is
typically observed for aligned SWNT structures in polar-
ized absorption measurements. Most evident from
these data is that the free-carrier absorption is the
strongest anisotropic feature, followed by the E11

SC tran-
sitions and then the E22

SC transitions. This raises an inter-
esting question regarding the mechanism behind the
different absorption anisotropy in each of the SWNT IR
absorption features. In the first case, this could be influ-
enced from cross-polarized optical transitions.74�76 Re-
cent studies have shown that bundled SWNTs (which
are the majority of the SWNT array species) can exhibit
a depolarization effect74 that can change the selection
rules for absorption of light with a field direction normal
to the SWNT long axis. This means that bundled SWNT
can exhibit forbidden En,m optical transitions instead of
only the allowed En,n transitions, which are always the
dominant polarized transitions in individual SWNT ex-
periments. Subtraction of expected E11

SC and E22
SC ab-

sorption bands from the raw data does not indicate any
apparent changing baseline for the polarization-
dependent IR spectra compared to that observed with
� � 90°. As a result, we believe that any effect from the
optically forbidden transitions to be broad (and hence
weak) and generally featurelessOmaking it impossible
to trace in these measurements. Therefore, we focus on
another important consideration in the anisotropy of
the film, which is the effect of misalignment and a
wavelength-dependent length scale that is probed in
absorption measurements. This is emphasized by the
optical absorption anisotropy that is strongly depend-
ent on wavelength, as shown in Figure 8a. One explana-
tion for the changing anisotropy is a threshold length
scale for misalignment to occur in the film. Although
zoomed-out SEM images always indicate what appear
to be extremely well-aligned bundles of SWNT, closer
views typically reveal that many of the nanotubes stray
and remain misaligned over length scales of a few hun-
dred nanometers, whereas the bundles (which are typi-
cally most evident in SEM) remain rigid and well-aligned
as depicted in Figure 3. Neutron scattering experi-
ments performed on aligned CNT arrays indicate the
presence of well-aligned CNTs among a population of
misaligned CNTs.77 Other recent analysis has empha-
sized that many SWNTs grown in both alcohol-assisted
and water-assisted CVD processes tend to exist, at least
partially, as individuals or small bundles.78 With this in
mind, we characterized alignment utilizing photolumi-
nescence from a dry, aligned SWNT film transferred to a
glass coverslip, as shown in Figure 8c. As shown, many
bright (and dimmer) spots are observed corresponding
to emission sites from small diameter SWNTs present
on the surface of the sample and within the sample, re-
spectively. When the emission spectra from individual

spots (inset in Figure 8c) were analyzed, the narrow
line shape and single emission peaks along with the in-
dividual SWNT polarization dependence emphasize
these spots likely correspond to individual semicon-
ducting SWNTs. However, tracking the polarization de-
pendence of a total of 81 individual bright emission
spots, we observed that the SWNTs appear to have no
apparent orientation, as shown in Figure 8d, contrary to
other measurements. This measurement illustrates the
substructure of the nanotube array that consists of indi-
vidual SWNT or small bundles straying from the overall
alignment direction. As a result, this substructure of the
array could play a role in affecting the anisotropy of
the film in IR absorbance measurements. The presence
of dim and bright emission sites within the SWNT lines
indicates this is from SWNTs located throughout the
SWNT line, and the lack of anisotropy is a combination
of a short length scale excitation probe (785 nm) and a
substructure of individual SWNT and small bundles
amidst a well-aligned primary structure of highly
bundled SWNTs. If the region of misalignment in a nan-
otube is much greater than the localization length of a
bound exciton, off-axis absorption should be expected
to scale with the length of the misaligned SWNT.79 Fur-
thermore, with a fixed average length scale on which
misalignment occurs, increasing the wavelength of inci-
dent radiation should also damp the absorption from
the misaligned population. Therefore, the wavelength-
dependent background could be strongly influenced
by misalignment inherent to the structure of vertically
aligned SWNT grown via the water-assisted CVD
process.

A complementary measure of alignment can be per-
formed via G-band polarized Raman spectroscopy, as
shown in Figure 9. The Raman data are well-fit to a gen-
eralized fourth-power sinusoidal relation (C � sin4(�)),
in agreement with previous measurements80 and the
general form for the angular scattering intensity of elec-
tromagnetic radiation for a collection of polarizable cyl-
inders. The ratio of Gparallel/Gperp in this case is 	3.5,
which is generally consistent with the absorption ani-
sotropy at wavelengths approaching the near-IR. Al-
though this represents a reasonably well-aligned struc-
ture, it is a value much lower than that observed in
recent conductivity measurements for similar films, with
anisotropy (conduction parallel/perpendicular to align-
ment) greater than 100 at room temperature. Previous
studies have established that, for HiPco SWNT (length
�1 �m),81 the anisotropy in conduction is similar to the
G-band ratio in polarized Raman spectroscopy. How-
ever, when the SWNT length is much greater than the
excitation wavelength, the anisotropy measured is not
representative of anisotropy that would arise in the
physical performance of the film in an application but
perhaps indicative of the substructure of the aligned
SWNT film that is less important. Not only does this em-
phasize the usefulness of long SWNTs for applications
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where alignment may be necessary to yield device per-

formance, but it also emphasizes the need for a better

range of “tools” to accurately characterize the long,

larger diameter SWNT species typically produced in

the CVD process. It seems reasonable that the measure

of alignment for long SWNT films through optical tech-

niques should be conducted on a length scale that is

comparable to the length of the SWNT. This means that

optical excitation in the visible and near-IR does not

yield equivalent information about the film alignment

for the long SWNT as it may for HiPco or other sub-

micrometer length SWNTs that have lengths compa-

rable to that of the incident excitation. From the work

presented here, we believe that IR absorbance can be

distinguished as an effective tool for the characteriza-

tion of the alignment in this way, in addition to analy-

sis of the diameter range of the SWNT population. In ad-

dition, we foresee the adaptation of other common

resonant optical characterization techniques into the

IR to properly assess the large diameter SWNT popula-

tion that is commonly produced in the CVD technique

but remains relatively unstudied through existing opti-

cal techniques. As nanotubes grown in the CVD process

continue to appeal to applications, it is of great impor-

tance to have equivalent tools to study and compare

the optical properties of these nanotubes compared to

those tools which have been developed in the past de-
cade for their smaller diameter counterparts.

CONCLUSION
We demonstrate here a technique for dry transfer

of horizontally aligned structures of well-aligned car-
bon nanotubes applicable to wafer-scale processing
technology, with the ability to tailor patterns utilizing
multiple transfers for advanced device design. Utilizing
these films transferred to optical windows, we perform
in-depth analysis of polarized infrared absorbance, ex-
tracting approximate diameter distributions and pro-
viding insight on alignment and anisotropy character-
ization in the film. We demonstrate this to be a
technique useful for the case of polarized incident ra-
diation and aligned SWNT samples, as well as unpolar-
ized incident radiation and misaligned (doped) SWNT
samples, in obtaining an accurate distribution of the
SWNT diameters. Finally, utilizing near-IR polarized pho-
toluminescence and Raman spectroscopy, we empha-
size key features that may influence the
anisotropyOsuch as misalignment occurring over
length scales much smaller than the total SWNT length.
This work provides insight into characterization and
scalable processing of a class of CVD-grown CNT mate-
rials that are emerging as key components in many cur-
rent applications.

EXPERIMENTAL DETAILS
Vertically aligned SWNT arrays were synthesized through

CVD utilizing water-assisted growth and either hot filament27

(atomic hydrogen) or hydrazine28 reduction for catalyst activa-
tion. In order to grow SWNT arrays, a mixture of C2H2, H2, and H2O
was introduced under vacuum (1.4 Torr) to a growth substrate
heated to 750 °C. Details of the growth procedure and paramet-
ric information of nanotubes obtained are extensively discussed
elsewhere.29�32 In order to pattern the growth substrates, optical
lithography was utilized to create catalyst pads between 0.5
and 2 �m wide and spaced by 50 �m across a 4 in. p-doped Si
wafer having a 0.5 nm thick Fe catalyst layer. Films were formed

by detachment of the aligned SWNT from the catalyst via H2O va-
por etching33 in the CVD system for 3�5 min, and SWNT trans-
fer was achieved by contact transfer as illustrated and discussed
in Figure 1.

In order to carry out optical absorption experiments, aligned
SWNT films are transferred to a clean, polished KBr window
which is positioned in a vacuum cell with the film exposed to
vacuum and another KBr window on the opposite side. Absorp-
tion spectra are taken with a KBr beamsplitter and either a white
or IR light source and a DTGS detector in a Thermo Nicolet Nexus
870 FTIR system. Polarized fluorescence is measured on a
custom-built near-IR microscope system discussed previously,34

Figure 9. Polarized Raman spectra with 785 nm excitation showing G-band as a function of angle both as (a) a contour map
and (b) a plot showing maximum G-band intensity as a function of angle, with the dotted line depicting a generalized sin4(�)
� C fit. Raman response is measured with scattered light in parallel polarization to incident light while sample is rotated.
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where polarization-dependent data are taken by changing the
polarization of the incoming laser excitation with respect to the
alignment in the sample. The combination of a 785 nm laser and
a near-IR detector (900�1700 nm) limits the observation of
only small diameter SWNTs (d � 1.5 nm).63 Polarized Raman
data are taken utilizing a 785 nm diode laser with a rotating
sample mount, whereas additional Raman data taken at mul-
tiple laser lines were obtained using a tunable Ti:sapphire laser,
similar to that in ref 22.
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