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Optical characterization of highly conductive single-wall carbon-nanotube transparent electrodes
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We report on a complete characterization of the optical dispersion properties of conducting thin films of
single-wall carbon nanotubes (SWCNTs). The films studied exhibit sheet resistances between 50 and
1000 €/sq and optical transparencies between 65% and 95% on glass and quartz substrates. These films have
the potential to replace transparent conducting oxides in applications such as photovoltaics and flat-panel
displays; however, their optical properties are not sufficiently well understood. The SWCNT films are shown
to be hole conductors, potentially enabling their use as hole-selective contacts and allowing alternative device
designs. The fundamental optical, morphological, and electrical characteristics of the films are presented here,
and a phenomenological optical model that accurately describes the optical behavior of the films is introduced.
Particular attention is paid to ellipsometry measurements and thorough evaluation of the reflection and absorp-

tion spectra of the films.
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I. INTRODUCTION

Thin films of transparent conductive materials have a
wide variety of industrially important applications, including
photovoltaics (PV), flat-panel displays, and touch screens.!
These materials are generally metal oxides such as In,O5:Sn
(ITO), ZnO:Al, or SnO,:F, which are called transparent con-
ducting oxides (TCOs). ITO has the best combination of op-
tical and electrical properties of the commonly used TCOs;
however, it would be beneficial to replace ITO in many ap-
plications due to its cost and brittleness. The optoelectronic
properties of ZnO and SnO, are adequate for many applica-
tions, but their use is limited due to issues with stability and
patterning.! Almost all TCO materials are strongly n-type,
and a transparent p-type or hole-conducting contact would be
desirable for thin-film PV.? A non oxide transparent electrical
contact with the potential to be hole conducting, flexible, low
cost, and simple to deposit would be highly beneficial for the
next generation of PV devices.

Several groups have proposed replacing traditional TCOs
with thin films made of single-wall carbon-nanotube
(SWCNT) networks.>® These SWCNT films can be depos-
ited successfully on flexible substrates using low-cost, low-
temperature deposition methods. One major advantage of the
SWCNT films over TCOs such as ITO, ZnO, and SnO, is
that their fabrication process readily produces a preferen-
tially hole-conducting contact.® This is particularly advanta-
geous in organic PV devices, and we have achieved efficient
devices in which the SWCNT network replaces both ITO and
poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
(PEDOT:PSS) in a typical bulk heterojunction device.” Oth-
ers have also had success replacing the ITO layer in a bulk
heterojunction device on a flexible substrate.® We have also
successfully replaced the ZnO bilayer in an efficient
Culn,Se;/CdS device.” Previous work on p-GaN indicates
that SWCNT network electrodes can produce an ohmic con-
tact to a p-type semiconductor.'”

Bulk SWCNTs contain a random distribution of differing
lengths, diameters, and chiralities. This distribution generally
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consists of about two-thirds semiconducting tubes and one-
third metallic tubes. The tubes can be made by a variety of
methods including chemical-vapor deposition, laser ablation
of a graphite target, and electric-arc decomposition of a tar-
get. As produced, the tubes are intermixed with large
amounts of amorphous carbon and metallic impurities, both
of which must be removed before the tubes are used for
electronic applications.!! A variety of purification procedures
are in use, but most rely on an acid reflux that can uninten-
tionally (but often beneficially) dope the p-type semicon-
ducting tubes.'? This, along with doping from atmospheric
impurities,'® is thought to influence the optoelectronic per-
formance of the films.

Conductivities in SWCNT networks are quite different
from conductivities observed in individual SWCNTSs, and the
conduction mechanism in networks has been a topic of dis-
cussion in several recent works.!4"1® The conductivity was
found to be affected by several factors, including network
density,'®!7 interactions between tubes or bundles,'®!”
bundle length,'* and doping.'® In Ref. 16, it was observed
that conduction in SWCNT networks can be dominated by
either metallic or semiconducting tubes depending on the
density of the network. Transport in “thin,” or lower density,
networks was observed to be dominated by semiconducting
tubes with the metallic tubes functioning as interconnects,
with Schottky barriers at the interconnects controlling the
resistivity. Transport in “thick” networks, which can be as
thick as 35 um for a 50 )/sq film, was controlled by inter-
connected metallic tubes.'®

In comparison with Ref. 16, it is difficult to determine
whether metallic or semiconducting SWCNTs dominate the
resistivity in the networks studied in this work. These net-
works are thin in terms of their optical transparency and
physical thickness, but with a sheet resistance more typical
of thick networks or “buckypaper.” Earlier work showed that
conductivity within a SWCNT rope exhibits both metallic
and semiconducting characteristics.'> These ropes showed a
semiconducting temperature dependence of resistivity at low
temperatures and a metallic temperature dependence at high
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temperatures. The transition temperature between the two re-
gimes increased with the degree of tangling in the rope.'’
Network conductivity also increases with bundle length'*
and is strongly affected by doping.'>!® This combined set of
data suggests that the conduction mechanism in SWCNT net-
works is complex and difficult to describe in terms of a
single conductivity type. We study the conductivity of the
networks discussed in this work to facilitate comparison with
previous work and determine if the observed electrical prop-
erties are consistent with the optical characterization results.

Although the SWCNT network electrodes described here
and elsewhere have important potential advantages over tra-
ditional TCOs, their optical performance requires substantial
improvement for many applications. Research on transparent
conducting SWCNT films is still quite recent,>?*® and most
earlier studies of SWCNT optical properties focused on their
behavior in liquid dispersions, opaque films, and freestand-
ing buckypapers. This work enabled the identification of fun-
damental transitions leading to optical absorption due to Van
Hove singularities in the SWCNT density of states and the
m-plasmon resonance. The transition due to the Van Hove
singularities is known as the Eil, Efz, and E,Ll transitions,
and they were associated with optical absorptions close to
0.7, 1.3, and 1.8 eV.?' A strong, broad optical loss centered
around about 4-5eV has been associated with the
m-plasmon resonance of the SWCNTs.?'~23 The 7 plasmon
arises from a collective excitation of the m-electron system
of the SWCNTs, with an especially strong contribution from
the metallic tubes.?* This phenomenon limits transparency in
the visible range, which is of great importance for photovol-
taics. All of these features are known to shift in wavelength
depending on doping, tube bundling, measurement tech-
nique, and the tube growth and purification method.?” In this
work, we study the optical properties of commercially avail-
able, highly conductive and transparent SWCNT network
electrodes in an effort to understand the optical loss mecha-
nisms affecting their performance.

II. EXPERIMENT

The fabrication of transparent conductive films of single-
walled carbon nanotubes has been described previously.?-2¢
Single-walled carbon nanotubes were produced using the arc
discharge method from Ni-Y packed graphite rods. The
nanotubes were found to have an average diameter of
1.43 nm, based on transmission electron microscopy, Raman,
and near-infrared spectroscopies. This diameter is typical of
nanotubes produced using the arc discharge method. Soot
from the arc reactor was purified using a combination of acid
reflux, washing, and centrifugation.?’-?® This process re-
moved the majority of metal catalyst particles and nontubu-
lar carbon. The remaining material consists of a mixture of
approximately 1/3 (semi-) metallic and 2/3 semiconducting
tubes. The purified SWCNTs were dispersed in water and
alcohol with the aid of sonication to form a stable dispersion.
The dispersion was spray coated onto heated microscope
glass or quartz substrates.”® After drying, the resulting coat-
ing consisted of essentially pure SWCNTs. The morphology
of these coatings can be described as a randomly distributed
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FIG. 1. AFM image of a typical 50 }/sq SWCNT network on
quartz. This film is 40 nm thick with an rms roughness of 31 nm.

network of SWCNT bundles with a high density of void
space.

In this work, we characterized a set of SWCNT films
using the techniques traditionally applied to TCO character-
ization to evaluate their optoelectronic performance and suit-
ability as a replacement for TCOs in a variety of applica-
tions. Film thickness was determined optically using
ellipsometry in conjunction with atomic force microscopy
(AFM). Morphology and composition were further evaluated
using scanning electron microscopy (SEM) and energy-
dispersive x-ray spectroscopy (EDS). Additional composi-
tional analysis was performed using Auger electron spectros-
copy (AES) and x-ray photoelectron spectroscopy (XPS).

The electrical resistivity of the films was evaluated using
a four-point probe, and the conductivity type was determined
with Seebeck effect measurements on a custom-built and ref-
erence calibrated system.? Hall-effect and temperature-
dependent conductivity measurements were conducted on a
Bio-Rad HL5500 Hall-effect system. The optical transmis-
sion and reflection were studied using a Cary 5G UV-VIS-
NIR spectrophotometer between 250 and 2500 nm using an
integrating sphere to account for diffusely scattered light. A
Woollam M-2000 variable-angle spectroscopic ellipsometer
(VASE) was used to measure the refractive index and extinc-
tion coefficient of the SWCNT networks on quartz and glass
substrates. We show the spectral dependence of the optical
constants, which are critical parameters for optical device
engineering. In addition to performing ellipsometry measure-
ments, the VASE was also used for angularly dependent re-
flection and normal-incidence transmission measurements. A
large set of SWCNT networks with sheet resistances between
50 and 1000 /sq was characterized in this study, with a
focus on the most conductive 50—-100 €}/sq films.

III. RESULTS AND DISCUSSION

A. Morphology and composition

Figure 1 shows an AFM image of a 50 ()/sq SWCNT
film on quartz. Thickness measurements were made on this
and other films by imaging over an area with a scratch from
a razor blade. Line averaging over 2 um of a 50 {}/sq layer
yielded a thickness of 40 nm with a root-mean-square (rms)
roughness of 31 nm. The 100 }/sq film was 30 nm thick
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with an rms roughness of +26 nm. Based on the measured
sheet resistances and thickness, we calculated a coarse vol-
ume conductivity on the order of 3300 to 5000 S/cm. Due to
significant void space and high rms roughness of the
SWCNT network, the volume conductivity of such SWNCT
films is difficult to determine quantitatively. This volume
conductivity is on the order of typical TCOs (Ref. 30) and is
orders of magnitude higher than that of PEDOT:PSS, a com-
mercially available transparent conducting polymer.?! Par-
ticles as tall as 240 nm were found on both films. Profilom-
etry and SEM cross-section measurements produced
erroneously high thickness measurements because the films
are so thin and rough. SEM combined with EDS showed
some of the particles to be primarily carbonaceous. No me-
tallic impurities were detected with EDS, AES, or XPS in
any of the films.

B. Electrical properties

A four-point probe was typically used to measure the
sheet resistance of each film between 50 and 1000 €}/sq.
Although conductivity measurements were simple on these
films, evaluating transport properties of the films was found
to be nontrivial. Several Hall-effect measurements were per-
formed on both the custom-built and BioRad HL5500 sys-
tems to determine the carrier density and mobility. Both sys-
tems yielded unreasonable values for the carrier density
between 107! and 10? cm™ with very large experimental
errors. The Hall-effect measurement was also unable to reli-
ably determine the carrier type. The effective mobility
(0.04—0.3 cm?/V-s in our measurements) in the networks
appears to be too low to yield a reasonable Hall- or Nernst-
effect measurement. The low mobility could be caused by
several factors including high resistivity between SWCNT
bundles and Schottky barriers between semiconducting and
metallic nanotubes.??> Additionally, Hall-effect measurements
are intended for use on thin films and bulk materials. We
caution future researchers about using Hall-effect measure-
ments for SWCNT films, since using the data could be mis-
leading.

Figure 2(a) shows the temperature dependence of the re-
sistivity for a typical SWCNT network. The measurements
were carried out while heating the sample from
100 to 450 K. The network resistivity shows an initial de-
crease as the temperature increases up to about 200 K. This
decrease in resistivity as temperature increases is commonly
observed in semiconductors. However, the resistivity then
slowly increases up to 275 K and increases more sharply
above 325 K. SWCNT networks are known to exhibit a
crossover between nonmetallic and metallic conductivities at
a critical temperature that varies between 210 and 250 K for
mats and ropes.’® Several factors, including dedoping,'3-3*
onset of metallic conduction,'® or a reduction of the van der
Waals forces in the tube bundles with temperature that limits
intertube conductivity,'® could be contributing to the increase
in resistivity with temperature above 200 K. These results
suggest that conduction in these networks is neither purely
metallic nor purely semiconducting.

Figure 2(b) demonstrates that the Seebeck effect measure-
ments show a positive slope with very little error. This indi-
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FIG. 2. (a) Resistivity as a function of temperature indicates a
minimum resistivity at 225 K with a sharp increase at elevated tem-
peratures. (b) Seebeck voltage as a function of temperature varia-
tion across a 2 cm substrate for a 50 {}/sq film on glass. The posi-
tive Seebeck coefficient indicates a hole-conducting material.

cates that the networks are hole conducting, again indicating
the potential importance of semiconducting nanotubes or
indicating that the metallic tubes can act as semimetals.
The measurement yields a Seebeck coefficient of
16.5+1.4 wV/K, which is in agreement with previous re-
sults for SWCNT samples.'®3 Seebeck measurements are
less sensitive to low carrier mobility than Hall measurements
and, therefore, are more reliable than Hall measurements for
determining carrier sign. Previous work has shown that the
Seebeck coefficient of SWCNTs is influenced by ambient
gases, depending on their molecular mass.? The results pre-
sented here were measured in vacuum, and they would be
expected to change in magnitude, but not in sign, depending
on the measurement ambient. Further evidence for the hole-
selective conductivity of SWCNT networks is abundant in
the literature. The standard oxidative purification process is
known to induce p-type charge-transfer doping of the
nanotubes,? and several groups have observed that SWCNT
networks behave like p-type semiconductors in field effect
transistors.>>37 PV,” organic light-emitting diode (LED),?®
and inorganic LED (Ref. 10) devices have successfully used
SWCNT networks as hole-selective contacts. Additionally,
SWCNT networks show strong signs of rectifying contact in
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FIG. 3. (a) Optical transmission of bare SWCNT networks
on glass as a function of sheet resistance varying from 50 to
1000 Q/sq and wavelength. (b) shows the approximated absor-
bance calculated from 1-7 for a 50 )/sq film on quartz. The line
was used to perform a linear subtraction for peak fitting as de-
scribed in Ref. 22.

applications where n-type semiconductors are normally
employed.’

C. Optical properties

Figure 3(a) shows the optical transmission of the SWCNT
networks as a function of sheet resistance. For more conduc-
tive films with sheet resistances between 50 and 100 ()/sq,
the optical transparency is between 60% and 80% in the
visible range due to absorption in the SWCNT network.
However, the transparency is considerably higher at energies
below 1.1 eV (1100 nm), which is where the optical trans-
parency of traditional TCOs degrades due to free-carrier
absorption.! High transparency at long wavelengths com-
bined with high conductivity would be beneficial in thin-film
tandem solar cells.> The more resistive networks
(200—1000 /sq) exhibit extremely high transparency
(>80%) throughout the visible and near IR. The SWCNT
networks are also much thinner than most TCO layers; there-
fore, the transmission spectrum shown here lacks the strong
interference fringes that are often evident in TCO transmis-
sion spectra. This leads to much more uniform transmission
through the SWCNT network.

Absorption spectra can be determined simply by subtract-
ing the transmission and reflection spectra from unity. Re-
flection data are often neglected in this calculation to yield
an approximated absorption spectrum, but it is not known if
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this is an acceptable approximation for SWCNT films. Fol-
lowing the procedure given in the literature,”> an approxi-
mated absorption spectrum calculated from transmission data
taken on the Cary spectrophotometer is shown in Fig. 3(b).
There is a small peak in this spectrum at around 0.7 eV and
a distinct peak at 1.3 eV. These are close to the expected
locations for the E}, and E3, transitions of the SWCNT,
which vary with size distribution and synthesis method.??!
The EY| transition at 1.8 eV is difficult to resolve in this
spectrum. The Ej,, E3,, and E7| peaks are weak, indicating
that the semiconducting SWCNTs are doped.® There is a
large peak around 4.4 eV that corresponds to the 7-plasmon
resonance of the metallic SWCNTs. This peak can shift by
more than 1 eV depending on measurement technique and
whether the SWCNTs are in a film or dispersed in solution. A
single Lorentzian oscillator fitted to the peak after a linear
background subtraction indicates a peak position for the 7
plasmon of 4.46 eV. This is identical to the peak position
reported for a SWCNT film sprayed from an acetone solution
in Ref. 22. However, this assignment does not provide any
information on whether the decrease in transmission at the 7
plasmon occurs because of absorption or reflection losses.
The approximated absorption spectra from the SWCNT net-
work films show strong qualitative similarities with absorp-
tion spectra from SWCNT dispersed in solutions, and the
quantitative differences between them will contain informa-
tion on how bundling, network formation, and doping (unin-
tentional or intentional) affect the optoelectronic properties
of the films.

Spectroscopic ellipsometry measurements were per-
formed at 50°, 60°, and 70° angles of incidence, along with
plane-polarized transmission measurements. Ellipsometry
measures the change in polarization upon reflection from a
surface. The polarization change is expressed in terms of two
quantities, ¥ and delta A. W is related to the ratio of the
reflection amplitudes of the s and p polarizations, whereas A
is the phase change between the two polarizations. The op-
tical constants were fitted using the WVASE32 software
package.®® Glass and quartz substrates were used for ellip-
sometry, and the data presented here are from films on quartz
substrates. The optical constants of the quartz substrates
were fitted separately using a standard Cauchy model and
incorporated into the composite model for the film and sub-
strate. All of the data were backside corrected to account for
the reflection at the back of the transparent substrate. The
film thicknesses were initially fixed in the model at 40 and
30 nm, respectively, for the 50 and 100 {)/sq films. They
were then allowed to vary in the final model, leading to
values of 39.8 nm for the 50 €}/sq film and 22.78 nm for the
100 Q/sq film, which is in reasonable agreement with the
AFM data shown in Fig. 1. A Maxwell-Garnett effective me-
dium approximation was used to model the void fraction in
the films. AFM and SEM indicated a void fraction close to
30% in the SWCNT films and a very high surface roughness.
To prevent parameter correlation, the void fraction at the
substrate was held fixed at 30% for both conductivities and
was allowed to vary linearly toward the top surface to ac-
count for surface roughness. The model found void fractions
at the surface of 85% for the 50 (}/sq film and 87% for the
100 Q/sq film. This approach was used in place of an ex-
plicit surface roughness layer.
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TABLE 1. Fitting parameters for the ellipsometric data. G in the table indicates a Gaussian oscillator, and
G-L indicates a Gauss-Lorentzian (or Voigt) oscillator. Amp. is the amplitude and B is the broadening.
Oscillators 1-3 correspond to the semiconducting and metallic transitions of the SWCNT, and oscillator 6
represents the 7r-plasmon peak from the metallic SWCNTs.

Oscillator Amp. Energy B Bix By Bg
G1 2.3214 0.7669 0.3701

G2 1.5451 1.3361 0.3545

G3 0.4106 1.8190 0.3143

G4 0.7242 1.9019 0.9699

G5 1.8611 2.8154 3.3954

G-L6 3.3590 4.6104 0.9908 1.087 0.9389 0.3166
G717 1.6908 6.6114 3.4512

The optical model for the SWCNT layer was built using a
generalized oscillator or “genosc” layer in the WVASE32 soft-
ware. This technique models the imaginary part of the dielec-
tric function as a sum of analytic oscillator functions and
calculates the real part of the dielectric function from the
imaginary part using a Kramers-Kronig transformation. The
custom-developed dielectric function for the SWCNT con-
sists of six Gaussian contributions plus a single peak de-
scribed by a convolution of a Gaussian and Lorentzian
(Voigt) peak. The functional form of the complex dielectric
constant generated from the genosc model is given in Eq.
(1). The first term in Eq. (1) is a purely real constant, and the
second is a pole oscillator included to account for the effect
of absorptions outside the measured spectral range on the
real part of the dielectric function. The third term is the con-
tribution of six Gaussian oscillators to the dielectric function,

6
A
E=€1 yppsert+ E—;% + (2 Gaussian(A,,,E,B,,))

n n=1

+[G-L(A,,E,B,,B,,,B1,Bs)]. (1)

The analytic Gaussian expression for g, is given in Eq. (2a).
Equation (2b) contains the Kramers-Kronig integration
yielding the Gaussian contribution to &; and the addition of
&, to produce the complete complex contribution from the
Gaussian oscillator,

2\In(Q)E-E,\*
ga=A,exp| -\ ————
’ Br

n

{ (2vln(2)E+E,,)2}
—-A,exp| - | ————— )

Br, 22)

- 2 T enn(d .
8:’%7—7[P . gziE2d§+l(8n,2):|. (2b)

The fourth term in Eq. (1) is the Gauss-Lorentzian contribu-
tion to the dielectric function, which was developed by Kim
et al.** Unlike the Gaussian oscillator, which is an analytic
function, this is a Kramers-Kronig consistent numerical ap-
proximation.

Equation (3a) gives the functional form of the Gauss-
Lorentzian contribution. Equations (3b)—(3d) describe the

parameters used in the integration. B; and Bg in Table I
correspond to I, and o, respectively, from Egs. (3b)—(3d),

£= iAn f ei[E—En+iyn(s)]st _ f ei[E+E,,+i'yn(s)]st

0 0
(3a)
Yuls) =T, + 207, (3b)
Bri=I2+q2, (3c)
ebmixn =T, /o,. (3d)

In each equation, A, is a unique constant in each term, E
represents energy, Br is a broadening term, and B,,;, indicates
the relative Gaussian and Lorentzian contributions to the
G-L oscillator. The best-fit model parameters for these equa-
tions are presented in Tables I and II.

This model was developed phenomenologically based on
fits to the ellipsometry data. Standard models for transparent
conductors, such as the Drude*!' model, could not fit the op-
tical data satisfactorily. WVASE32 uses the Levenburg-
Marquardt algorithm to minimize the mean squared error
(MSE) between the measured and calculated ¥ and A
values.*? The optical model was fitted to both the ellipsom-
etry and transmission data simultaneously. The MSE for the
50 Q/sq films was 10.03, and the MSE for the 100 }/sq
film was 10.58 using this model. The MSE could be reduced
to 5 for the 50 Q)/sq film when fitting only to the ellipsom-

TABLE II. Linear offset and pole fitting parameters for the el-
lipsometric model. These parameters consist of a real constant (&)
and two pole oscillators to account for the effect of absorption
outside the measured spectral range on the dispersion function.

Term Value
e, offset 2.9557
Pole 1 position 11
Pole 1 magnitude 0
Pole 2 position 0.4157
Pole 2 magnitude 1.9117
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FIG. 4. Experimentally measured and modeled (a) ¥ and (b) A
as a function of energy at 50°, 60°, and 70° angles of incidence for
a 50 )/sq SWCNT films on quartz. These fits were used to gener-
ate the optical constants, and the predicted transmission, reflection,
and absorption spectra in WVASE32 that are shown in Figs. 5-7.

etry data, instead of fitting both the ellipsometry and trans-
mittance data. The fitting procedure enforced Kramers-
Kronig consistency. Figure 4 illustrates the good agreement
between the measured and model-predicted (a) ¥ and (b) A
data. SWCNTSs are known to exhibit optical anisotropy,*=+
but the degree of anisotropy in bundled and networked tubes
is not well understood. The model presented in this work
represents an isotropic approximation for the optical proper-
ties of the SWCNT networks.

Figure 5 shows the optical constants as a function of en-
ergy for 50 and 100 )/sq films. The optical constants are
identical for SWCNT network films up to 200 )/sq, which
is different from previous results reporting a change in the
magnitude of the optical constants with thickness and
conductivity.* We do not expect a difference in the optical
constants for these films because they are all deposited from
a common ink and differ only in thickness, and not in vol-
ume fraction or density of SWCNTs. Optical constants could
not be determined for the higher-sheet-resistance layers due
to the low reflectivity of the extremely thin SWCNTs layers.
The optical constants show a strong spectral dependence,
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FIG. 5. Real (&) and imaginary (e,) dielectric constants as a
function of energy for 50 and 100 {)/sq films. The values of the
optical constants completely overlap for the 50 and 100 )/sq films.
The optical constant values were determined from fits to spectro-
scopic ellipsometry and plane-polarized transmission measure-
ments. Peak assignments are from Refs. 20 and 21.

with intense peaks corresponding to the fundamental transi-
tions of the SWCNT. The strong peak in &, at 4.75 eV can be
attributed to the -plasmon resonance of the metallic
nanotubes,?? leading to very low transmission at short wave-
lengths. The two semiconducting transitions at 0.7 and
1.3 eV and the metallic transition at 1.8 eV could degrade
the optical transparency of the electrodes significantly in the
range of interest for photovoltaics. These peaks also corre-
spond to several of the oscillators in the model that are
shown in Table I. The first three Gaussian oscillators in the
table correspond to the fundamental semiconducting and me-
tallic transitions of the SWCNT, and the Gauss-Lorentzian
oscillator corresponds to the m-plasmon resonance of the me-
tallic tubes. The remaining oscillators generate the back-
ground absorption in the imaginary part of the dielectric
function. As stated above, the optical model is phenomeno-
logical, and the functional forms of the oscillators are not
assigned any physical significance.

There are strong correlations between the ellipsometry
and transmission data for these films. The E}, and E, peaks
have nearly identical energies when measured with either
technique. The location of the EIIW1 peak is similar, but the
peak is more easily seen with ellipsometry. The ellipsometry
data indicate that there should be a significant reflection in
the spectral region associated with the 7 plasmon. Figure 5
shows a large peak in &, coinciding with a sharp decrease in
g1, which corresponds to a peak in reflectance around
4.6—5 eV. Most authors determine absorption in SWCNTs
materials simply from the transmission data, but this may not
be appropriate for thin films of SWCNTSs. The magnitude and
spectral shape of both &; and &, agree well with the low-
energy portions of the spectrum derived from electron-
energy-loss spectroscopy data.’* Additionally, &, remains
positive and nonzero throughout this range, which suggests
that the networks do not behave as purely metallic conduc-
tors at room temperature. This is in agreement with the re-
sults from the temperature-dependent resistivity study.

Figure 6 illustrates the measured (a) reflectance, (b) trans-
mittance, and (c) absorption from the Cary spectrophotom-
eter, along with WVASE model predictions for the transmis-
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FIG. 6. (a) Reflection, (b) transmission, and (c) absorption spec-
tra for a 50 0/sq SWCNT film on quartz. (a) Measured reflection
spectra (solid line) with the WvASE-model-predicted reflectance
(dotted line) as a function of energy. (b) Measured transmission
spectra with the WvASE-model-predicted transmission spectrum. (c)
Measured absorption spectrum (A=1-T-R) with the WVASE-
model-predicted spectrum. The WVASE model data were generated
from the optical constants shown in Fig. 5.

sion and reflection for a 50 {)/sq film on quartz. Figure 6(a)
illustrates that although the WVASE model overpredicts re-
flectance, the qualitative agreement between the WVASE-
predicted reflectance and the measured value is quite good.
This overprediction is especially strong in the region of the 7
plasmon. The 7 plasmon exhibits highly anisotropic behav-
ior in single and aligned SWCNTSs,***> and some of the dis-
crepancy between the measured and modeled reflectance
may be attributable to the isotropic approximation used in
the optical model.

Although the agreement between the measured and calcu-
lated transmittances shown in Fig. 6(b) is not ideal, the
model does predict the important features in the measured
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transmission spectrum. As with the reflectance spectra, the
measured and modeled transmittances show good qualitative
agreement. The model overpredicts reflectance by about 7%—
8%, which is likely a large contributor to the discrepancy in
absolute transmission intensity. Both the model-predicted
and experimentally measured data show significant losses in
the range between 3.5 and 5.5 eV, which are attributable to
the 7 plasmon. However, the transmission minimum is
shifted from 4.4 eV in the measured data to 4.7 eV in the
model-predicted transmittance. This shift is difficult to detect
in the reflectance data, but it is readily apparent in the ab-
sorption spectra. High transmission in the visible and near-
ultraviolet energy range is critical to many optoelectronic
applications, and these data strongly indicate that optical
losses caused by the 7 plasmon are detrimental to visible
light transmission.

Measured absorption and the WVASE-model-predicted ab-
sorption spectra are presented in Fig. 6(c). Absorption was
experimentally determined by subtracting the measured
transmittance and reflectance from unity (i.e., A=1-T-R).
Figure 6(c) illustrates that the experimentally determined ab-
sorption and the measured data show good agreement. How-
ever, the position of the 7 plasmon is shifted by 0.3 eV in
the model-predicted absorption spectrum with respect to the
measured absorption data. This shift is consistent with the
discrepancy between the locations of the m-plasmon peak in
£, (4.75 V) and the minimum in the measured transmittance
(4.44 eV). Comparing Fig. 6(a) with Fig. 6(c) demonstrates
that absorbance is much larger than reflectance in the
SWCNT networks. This indicates that neglecting reflectance
when determining the absorbance introduces an error of 5%—
10%, which may be an acceptable approximation for many
applications.

The optical constants generated from the ellipsometry
model suggest a strong reflectance peak at the 7 plasmon,
which is not experimentally observed in the spectrophotom-
etry data. To better understand the reflectance of SWCNTSs
and the effects of anisotropy, angularly dependent reflectance
measurements were performed on the M-2000 ellipsometer
with p- and s-polarized light. Briefly, the electric-field vector
of p-polarized light lies in the plane of incidence, and the
electric-field vector of s-polarized light is normal to the plane
of incidence. At normal incidence, both polarizations are par-
allel to the substrate plane. As the angle of incidence in-
creases, the component of the p polarization in the substrate
plane decreases, while the s polarization continues to be par-
allel to the sample plane. The data presented in Fig. 7 show
the measured (a) p- and (b) s-polarized reflection spectra and
model-predicted (c) p- and (d) s-polarized reflectance spectra
for angles between 15° and 75°.

The p-polarized reflection spectra given in Fig. 7(a) show
the expected monotonic decrease in intensity between 15°
and 55°, along with a strong increase in intensity at 65° and
75° caused by passing beyond Brewster’s angle for the
SWCNT network. The overall reflection intensity is stronger
at high angles of incidence due to predictable effects, but
contributions from the 7 plasmon become especially strong
at high angles for p-polarized light. The strong reflection
peak at high angles suggests that an electric field normal to
the substrate plane couples more strongly than an electric

235410-7



BARNES et al.

0.6

0.5
04— == 3

034 —. 75

p-Polarized Reflectance
/ g
s-Polarized Reflectance

Energy (eV)

0.6

0.5+

Model p-Polarized Reflectance
Model s-Polarized Reflectance

Energy (eV)

FIG. 7. Angle-dependent reflectance spectra for a 50 )/sq film
on quartz. Measured reflection spectra were taken on the M-2000
ellipsometer using (a) p- and (b) s-polarized light at angles varying
from 15° to 70°. The modeled data points for (c) p- and (d)
s-polarized reflection spectra were calculated using WVASE from the
W, A, and T data and without fitting to the reflection data.

field in the substrate plane. This is somewhat counterintuitive
for SWCNT networks. The 7 plasmon is expected to oscil-
late along the nanotube axis,?* which, according to Fig. 1,
lies primarily in the substrate plane. Figure 6(c) shows a
strong absorption in the 7 plasmon region at normal inci-
dence, which is in agreement with the literature data and
indicative of strong coupling between the 7 plasmon and an
electric-field vector parallel to the nanotube axis. The reflec-
tance spectra indicate that some amount of coupling with a
normal electric field is also occurring, and this behavior is
not well understood.

Figure 7(b) shows the angularly dependent s-polarized re-
flection data. These data show a monotonic increase with
increasing angle of incidence that is expected from most ma-
terials. However, there is only a small contribution from the
7 plasmon to the s-polarized reflectance. The minimal pres-
ence of the m-plasmon peak in these spectra is also some-
what unexpected. The s-polarized electric-field vector always
remains in the substrate plane, yet it shows minimal coupling
with the 7 plasmon in the reflectance spectrum. Overall re-
flection intensities are much higher than for the p-polarized
light. Previous work suggests that the 7 plasmon exhibits a
strong angular and polarization dependence,***> which is
consistent with the data shown in Figs. 7(a) and 7(b).

In contrast to the effect on the 7 plasmon, the peaks due
to the E!', E?, and E!! transitions are relatively unaffected
by the change in polarization. This is because they are local-
ized excitonic transitions occurring in the individual tubes.?*
There are no interactions between the tubes or delocalization
due to these transitions, which makes them less sensitive to
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angle or polarization. The spectra from the p- and s-polarized
reflectance measurements are similar at low angles of inci-
dence (<45°) and then deviate strongly at high angles. At
near-normal angles of incidence, both the s- and p-wave vec-
tors are in the plane of the sample, likely contributing to the
relatively small reflectance from the 7 plasmon at low angles
for both polarizations.

The modeled data in Figs. 7(c) and 7(d) were generated
using the optical constants and model, which were deter-
mined from fits to the ¥ and A data shown in Fig. 4. No
additional fitting to the angularly dependent reflectance data
was performed. Figure 7 shows significant discrepancies be-
tween the model-predicted and measured reflectances, but
the model captures the essential features of the angular de-
pendence without any additional fitting for the p-polarized
reflection spectra. The measured reflectance is significantly
higher at high angles, and the reflection in the region of the =
plasmon becomes especially large at 65° and 75°. The mea-
sured reflectance is small at low angles, which indicates that,
as is shown in Fig. 6(a), reflection at normal incidence
should be small. The model does predict a higher reflectance
from the 7 plasmon at low angles of incidence than is ex-
perimentally observed.

Comparison of Figs. 7(d) and 7(b) shows that the optical
model predicts the reflection intensity and dependence on
angle of incidence fairly well. However, the model predicts a
large reflection of s-polarized light from the 7 plasmon. This
reflection is not experimentally observed, and the mismatch
between the model-predicted and measured data sets sug-
gests that the model fails to capture the polarization depen-
dence of the 7-plasmon oscillation. This further supports the
idea that the optical properties of SWCNT films are highly
anisotropic, and that the isotropic approximation introduces
some error into the optical model. Future development of the
optical model will require the incorporation of anisotropy.

IV. CONCLUSIONS

Electrical characterization indicates that the conduction
mechanism of the SWCNT networks under study is strongly
affected by p-type semiconducting tubes that are intercon-
nected with metallic tubes. This interpretation is supported
by device data where SWCNT networks were successfully
employed as hole-conducting electrodes in organic PV
devices.” Poor electrical contact between tubes appears to
limit the conductivity in the networks. The SWCNT thin
films are essentially hole conducting and highly transparent,
which is a desirable and previously unobtainable combina-
tion of properties for use in photovoltaics.

The combined VASE and spectrophotometry data show
that fundamental transitions of SWCNT appear responsible
for a significant fraction of the optical losses in these elec-
trodes. However, various modifications or chemical treat-
ments may be used to reduce some of the losses through
doping.'?#® The data also show that most of the losses are
due to absorption and that absorption likely caused by the 7
plasmon contributes strongly to the poor transparency in the
near-ultraviolet and visible portions of the spectrum. Work is
ongoing to determine optimum doping and other techniques
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to improve the SWCNT electrodes for use in PV devices.

The optical constants presented here predict well the op-
tical transmission, reflection, and absorption of the networks,
but there are discrepancies in the absolute value of the trans-
mittance and reflectance. The overprediction of reflectance
may be due to the anisotropic behavior of the material in the
region of the m-plasmon oscillation. This will be addressed
with the incorporation of optical anisotropy in future work.
Despite this overprediction, the agreement between the opti-
cal model and measured optical properties is still fairly good.
These results show that it is reasonable to use an isotropic
approximation to model the optical properties of SWCNT
electrodes, but that an anisotropic model would likely be
much more accurate.

In conclusion, we show that the SWCNT electrodes have
exceptionally promising optoelectronic properties for use in
PV devices. The availability of a p-type transparent electrical
contact could significantly advance the field of thin-film tan-
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dem solar cells and is of great use in organic solar cells. So
far, devices made with SWCNT electrodes replacing conven-
tional TCOs have had slightly lower efficiencies. However,
manipulation of the optical properties through chemical dop-
ing appears promising. We show that variable-angle spectro-
scopic ellipsometry is a very useful tool for studying
SWCNT film properties. We demonstrate an optical model
that captures the essential features of the film reflection and
transmission spectra and agrees well with previously
published results from other methods.
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