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Charge-compensated, semiconducting single-
walled carbon nanotube thin film as an electrically
configurable optical medium

Feihu Wang'?, Mikhail E. Itkis'3, Elena Bekyarova' and Robert C. Haddon'234*

A two-terminal semiconducting single-walled carbon nanotube (SC-SWNT) film in contact with an ionic liquid allows the
realization of an extremely high density of holes, inducing a strong position-dependent electromodulation of the interband
and excitonic transitions as a result of the position-dependent shift of the SWNT Fermi level. Electrical control of the
optical transmission suggests applications of the SC-SWNT thin films as electrically configurable optical media, while the
wide spectral range of the electro-optical modulation, which extends from the far-infrared to the visible, provides a viable

approach to large-area electrochromic smart windows.

electronic properties due to their one-dimensional electronic

structure!~%. A number of photonic applications have been pro-
posed based on the observation of photodetection and light emis-
sion from SWNTs*12, and SWNT thin films have been explored
as transparent conducting coatings in large-area solar cells and dis-
playst*~'7. Electro-optical phenomena provide another fascinating
but less explored field of SWNT photonics. Most reports of this
relate to the modulation of the interband and excitonic transitions
in SWNT thin-film field-effect transistors (FETs), making use of
electrolytic cells and solid-state gates'>!3-2°, and the search for the
theoretically predicted enhancement of Frank-Keldysh and Stark
effects®?! is still in progress?®-?2-24,

In this Article, we report a simple two-terminal semiconducting
(SC) SWNT thin-film device, which, when in contact with an ionic
liquid, allows the realization of an extremely high density of holes,
inducing a strong electromodulation of the interband and excitonic
transitions as a result of the position-dependent shift of the SWNT
Fermi level. The wide spectral range of the electro-optical modulation,
which extends from the far-infrared to the visible, recommends the
application of this technology to electrochromic smart windows for
energy-efficient buildings and vehicles?>25.

In this study, we used a simple two-terminal device with gold
contacts fabricated on optical substrates, in which the active
channel consisted of a film of semiconducting SWNTs (SC-
SWNTs; see Methods). After device preparation, the annealed
SWNT channel showed a linear current-voltage (I-U) relationship
(Fig. 1a), and we observed no change in the optical transparency of
the films under an applied voltage. However, after application of a
thin layer of N,N-diethyl-N-(2-methoxyethyl)-N-methylammonium
bis-(trifluoromethylsulphonyl)-imide (DEME-TEFSI) ionic liquid to the
SWNT channel, the I-U characteristics became strongly nonlinear
(Fig. 1a), with the resistance decreasing by an order of magnitude
at the highest applied voltage. In addition, we observed a strong
modulation of the infrared transmission (Fig. 1b), with the strongest
electromodulation observed in the vicinity of the current injection
electrode at a wavelength of 1.8 um, which corresponds to the
first absorption band of SC-SWNTs (S,,) of average diameter

Single—walled carbon nanotubes (SWNTs) have unique opto-

1.55 nm (ref. 20). The amplitude and sign of the electro-optical
effect changed with the amplitude and polarity of the applied
voltage (Fig. 1b) as well as with the position of the infrared beam
along the channel (see below).

We used a prepatterned optical substrate with 20 in-line electro-
des (Fig. 1¢) to study the spatial distribution of the electrical poten-
tial U along the SWNT channel as a function of applied voltage (see
Methods). The experimental set-up was tested on a SC-SWNT
sample before application of the ionic liquid and showed a linear
distribution of electrical potential U(x) along the SWNT channel
(Fig. 1d) and no indication of detectable electro-optical effects.
The Ul(x) distribution as a function of the amplitude and polarity
of the applied voltage after immersing the SWNT channel in a
thin layer of ionic liquid is shown in Fig. le. With increasing
voltage we observe an upward bending of the U(x) curve, with the
formation of a high electric field region in the vicinity of the negative
electrode. At the highest applied voltage, U= 2.5 V, the high electric
field region compresses to a segment <30 wm wide. The strength of
the electric field at the negative current contact reached 500 V cm ™',
exceeding the strength of the field at the positive contact by more
than two orders of magnitude. On reversing the device polarity
the high field region shifted to the opposite contact (Fig. le). The
temporal evolution of the electrical potential distribution along
the channel is presented in the inset to Fig. le, and shows a time
constant of ~100 ms for the formation of the strongly nonlinear
potential profile.

A schematic of the experiments is presented in Fig. 2a, together
with the electro-optical near-infrared response of the film as a func-
tion of position along the SWNT channel. Figure 2b-d shows the
absorption spectra in the segments of the SWNT film adjacent to
the negative and positive electrodes (positions A and C, respectively)
and at the central position B. In the absence of an applied voltage
(U= 0), the absorption spectrum shows a position-independent S, ;
peak that is partially suppressed due to residual environmental
doping. At the negative current contact (position A), the application
of a voltage leads to a slight enhancement of the S, peak as the film
approaches its intrinsic state. At the positive electrode (position C)
there is a strong suppression of the S;; peak and the S, feature
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Figure 1| Nonlinear electrical and electro-optical behaviour of a SC-SWNT film coated with ionic liquid. a, Nonlinear /-U characteristics of an SWNT
thin-film channel after coating with ionic liquid (IL). b, Electromodulation of infrared transmittance AT/T at a wavelength of 1.8 um as a function of

the amplitude and polarity of the applied voltage in the vicinity of the current-injecting electrode. ¢, Configuration of the SC-SWNT film on a prepatterned
substrate with 20 in-line electrodes. d, Linear spatial distribution of the electrical potential U(x) along the SWNT channel before coating with ionic liquid.

e, Nonlinear spatial distribution of the electrical potential along the SWNT channel after coating with ionic liquid as a function of the amplitude and polarity
of the applied voltage. The values of the applied voltage are shown next to the corresponding U(x) curves. Inset: temporal evolution of the electrical potential

distribution at U=2.5 V.

completely disappears at U= 2 V; a further increase of the voltage
leads to the complete suppression of the S,, peak and the appearance
of a new peak located between the initial S;; and S,, transitions,
which was first observed in 1998 under extreme iodine doping of
soluble SWNTs?, and recently rediscovered and ascribed to a
three-particle excited state®’. The central part of the sample shows
the same behaviour as is observed at the positive electrode, but
with smaller amplitude.

The spatially resolved distribution of the electromodulation of the
infrared transmission (AT(U,x)/Ty—qy(%)), at a fixed wavelength of
1.8 wm is presented in Fig. 2e,f as a function of amplitude and the
polarity of the applied voltage. With the application of a voltage, a
region of slightly decreasing infrared transmittance develops near
the negative electrode, while the transmittance in the vicinity of the
positive electrode strongly increases. With further increase of
voltage the region of increasing transmittance asymmetrically
expands to occupy most of the channel length, while the region of
negative electro-transmittance remains localized within 50 wm of

the negative electrode (Fig. 2e). Interchange of the contact polarities
leads to an inversion of the sign of the electromodulation at the elec-
trodes, while the transmittance (measured at a wavelength of 1.8 pm)
in the central region of the SWNT channel remains positive and inde-
pendent of the polarity of the applied voltage (Fig. 2e-g). The strong
electromodulation of the SWNT thin-film interband absorption fea-
tures resembles the effects observed in electrolyte gated devices used
in previous spectro-electrochemistry experiments'®*’, although our
two-terminal devices do not make use of a gate electrode.

The SWNT network is treated as a semiconducting medium and
the band structure in relationship to the charge distribution in the
ionic liquid is presented in Fig. 3. In the absence of the ionic
liquid (at U=0V, Fig. 3a), the interconnected SWNT network
can be described by a position-independent Fermi level Eg; the
relationship of the Fermi level to the positions of the valence (V)
and conduction (C) bands does not change under an applied
voltage, so all the bands and the local chemical potential line
acquire the slope dU/dx (Fig. 3b), as confirmed by the linear
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Figure 2 | Spatial distribution of the electro-optical effect in the SC-SWNT thin-film channel in ionic liquid. a, Schematic of the set-up for electro-optical
measurement with the narrow infrared beam scanning the length of the SWNT channel. b-d, Modification of the absorption spectra of the SWNT film at
negative and positive electrodes (positions A and C, respectively) and the centre of the channel (position B). e f, Spatial dependence of the electromodulation
of infrared transmittance AT/T on the amplitude and polarity of the applied voltage measured at a wavelength of 1.8 um. g, Voltage dependence of AT/T

at different positions along the SWNT channel measured at a wavelength of 1.8 um.

potential distribution presented in Fig. 1d (U # 0 V). It is well
known that gold makes p-type contacts to SC-SWNTs and that
the Fermi level is pinned near the top of the valence band as a
result of the high workfunction of the gold electrode, hole doping
of the SC-SWNTs, and the contact geometry®!-3>.

In the presence of the ionic liquid at zero voltage, the DEME*
cations and TFSI™ anions are distributed uniformly along the
surface of the SWNT film (Fig. 3c), with the local value of Ey inde-
pendent of position along the channel, as confirmed by the
position-independent absorption spectra (Fig. 2b-d). Following
application of a voltage, anions and cations are separated, generating
a high concentration of cations in the vicinity of the negative elec-
trode and anions at the positive electrode, thereby forming a
lateral electric double-layer capacitor (Fig. 3d)**-*!. This spatial
redistribution of ions shifts the local Fermi level in the carbon nano-
tube network in different directions at the two electrodes: down in
energy towards the highly p-doped state at the positive electrode
(as confirmed by the strong suppression of the S;; absorption
band), and up in energy at the negative electrode towards the intrin-
sic state (as indicated by the slightly increasing S, absorption). It
should be noted that the depletion of the valence band will suppress
the optical absorption features independent of their single-particle
or excitonic nature. The final distribution of the electrical potential
along the SWNT channel is established through the equilibration of
the ionic and SWNT charge distribution as determined by the
position-dependent shift of the Fermi level. This distribution is pre-
sented schematically in Fig. 3d. The highly resistive region of the

channel in the vicinity of the negative electrode, which constitutes
the intrinsic state, experiences most of the potential drop, resulting
in the high electric field, as can be seen in Fig. 1.

Given the p-type nature of the device, it can be envisioned as two
rectifying metal-semiconductor junctions biased in opposite direc-
tions and connected in series, one operating under forward bias at
the hole-injecting positive contact, and the other operating under
reverse bias at the negative contact. We suggest that the polarized dis-
tribution of cations and anions in the ionic liquid functions in the
same manner as the ionized donor and acceptor sites in the
channel of a heavily doped semiconductor. The space charge set-up
in the ionic liquid is external to the lattice of SWNTs, in contrast
to the situation for ionized donors and acceptors in conventional
semiconductors, but it is very effective because of the geometry of
the SWNT network, which allows the ions to diffuse into close proxi-
mity to the SWNT walls within the galleries between SWNTs. It can
be dynamically adjusted in response to the applied voltage and the
charge injected into the SWNT channel. In related experiments, the
use of the ionic liquid DEME-TSFI as a polarizable medium
allowed the observation of superconductivity in such insulators as
SrTiO; and ZrNCl, as well as the efficient gating of ZnO, Bi,Te,
and graphene FET channels®*4L.

The bandgap in SC-SWNTs is inversely proportional to the
SWNT diameter and, for smaller-diameter SWNTs, the S, absorp-
tion band is shifted to higher energies (Fig. 4a). The same basic
relationship between the positions of the absorption features and
the SWNT diameter should be valid where the absorption originates
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Figure 3 | Model of observed nonlinear electrical and electro-optical effects in SWNT thin films in ionic liquid. a,b, Spatial distribution of the SWNT
valence and conductance bands, Fermi level and electronic density of states (DOS) in the SWNT channel without ionic liquid (a, U=0V; b, U=2 V).
¢,d, Spatial distribution of cations and anions in the ionic liquid, SWNT valence E,, and conductance E. bands (brown lines), Fermi level E¢ (red line),
neutrality £; (middle of the gap; dashed line), and DOS in the SWNT channel coated with ionic liquid (¢, U=0V; d, U= 2 V). The plots in b and d show
the S;; transition absorption band under applied voltage in the vicinity of electrodes with ionic liquid (b) and without ionic liquid (d).

from excitonic excitations and the spectral weight is shifted due to
strong electron-hole interaction in the one-dimensional SWNTs.
To explore the spectral range of the electro-optical modulation,
we fabricated a set of gated electro-optical devices in which
the channels were composed of SWNTs with four different
average diameter distributions: D,, = 1.55+0.1 nm, 1.3+0.1 nm,
1.0+ 0.2 nm and 0.8 + 0.1 nm. The transparent gate electrodes com-
prised a thin film of 99% metallic SWNTSs, with a thin layer of ionic
liquid separating the electro-active SC-SWNT channel from the
transparent gate electrode, as shown schematically in Fig. 4b.
Figure 4c shows the strong electromodulation of the transmittance
for all the devices, which involves both S;; and S,, bands, and the
electromodulated spectra extend from the near-infrared to the
visible (2,500 nm to 500 nm).

Shifting the Fermi level below the top of the valence band not
only suppresses the S;; and S,, interband transitions but also pro-
duces free carrier excitations (transitions Sy, Fig. 4a), which
absorb in the mid- and far-infrared spectral ranges. Figure 4d
shows the transfer of the spectral weight from the near-infrared
S,; absorption to the mid- and far-infrared range, which includes
the 3-5 pm and ~10 wm atmospheric transparency bands.

Recently, electrochromic materials (materials that can change
their optical properties under an applied voltage) have emerged as
a promising technology for engineering smart windows that are
capable of reducing the heating and cooling loads and increasing
the lighting efficiency in buildings®®~%’, as well as improving
thermal control and reducing fuel consumption in vehicles.
Carbon nanotubes have been considered in electrochromic smart
window design for use in transparent conducting electrodes, repla-
cing indium tin oxide!*!72%, This current study, together with
earlier developments!*18-29, suggests that SWNTs could contribute
to this technology as an active electrochromic layer in smart
window applications.

Figure 5 provides some alternative configurations for our SWNT
thin-film-based electro-optical devices. Figure 5a presents a sche-
matic of a SWNT electro-optical modulator in which the voltage
is applied between two closely situated electrodes and allowed to
uniformly switch the optical transparency of the large area of the
device external to the contacts. Figure 5c illustrates the experimental
realization of this configuration and shows the transmission data
for such a device as a function of applied voltage and position.
Figure 5b presents a schematic of another SWNT thin-film-based
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Figure 4 | Spectral range of electro-optical effects in SWNT thin films in ionic liquid. a, Electronic density of states (DOS) of SC-SWNTs of larger
diameter /smaller bandgap (left); smaller diameter/larger bandgap (centre); and in the case of the shift of the chemical potential inside the valence band
leading to the suppression of interband transitions S;; and S,, and the appearance of low-energy free-carrier absorption S;. (right). b, Schematic of electro-
optical field-effect transistor (EO-FET) with SC-SWNTs as the electro-active channel and metallic SWNTs as the gate electrode, separated by a layer of ionic
liquid. ¢, Electromodulation of transmission AT/T using EO-FETs with SC-SWNTs of four different diameters from 0.8 nm to 1.55 nm, with the spectra of
electromodulation extending from the visible to near-infrared (500-2,500 nm). d, Electromodulation of S;; absorption accompanied by modulation of
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Figure 5 | Electro-optical configuration and functionalities based on the SWNT thin-film channel in an ionic liquid. a,c, Schematic of set-up (a) in which a
large area of SWNT film can be switched from an opaque to the transparent state by application of voltage across two closely separated electrodes, and its
experimental demonstration (¢). b,d, Schematic (b) of a set of interdigitated electrodes inserted in the SWNT channel to be used to generate periodic spatial

electromodulation of infrared transmittance (with the amplitude and phase controlled by the amplitude and polarity of the applied voltage) and experimental
demonstration (d).
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electro-optical functionality in which a set of interdigitated electro-
des is inserted along the channel. Under application of a voltage, a
periodic spatial modulation of transmittance can be produced, with
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