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ABSTRACT

The infrared photoresponse in the electrical conductivity of single-walled carbon nanotubes (SWNTs) is dramatically enhanced by embedding
SWNTs in an electrically and thermally insulating polymer matrix. The conductivity change in a 5 wt % SWNT—polycarbonate nanocomposite
is significant (4.26%) and sharp upon infrared illumination in the air at room temperature. While the thermal effect predominates in the infrared
photoresponse of a pure SWNT film, the photoeffect predominates in the infrared photoresponse of SWNT—polycarbonate nanocomposites.

Organic electronic materials offer ease of materials process-
ing and integration, low cost, physical flexibility, and large
device area as compared to traditional inorganic semiconduc-
tors.! Optoelectronic materials that are responsive at the
wavelengths in the near-infrared (NIR) region (e.g., 800-2000
nm) are highly desirable for various demanding applications
such as telecommunication, thermal imaging, remote sensing,
thermal photovoltaics, and solar cells.> Organic photocon-
ductive materials have yet to demonstrate sensitivity beyond
~800 nm.>* Single-walled carbon nanotubes (SWNTSs) have
outstanding electronic and optical properties, which offer the
possibility of a unified electronic and optoelectronic technol-
ogy.>® There are a number of reports on the infrared (IR)
photoresponse in the electrical conductivity of individual
SWNTs and SWNT films.”"'! Avouris et al. measured the
photoconductivity of individual SWNTs in a field-effect-
transistor configuration upon IR laser illumination (10
W/mm?), and the result was interpreted in a favor of the
exciton model.”® Levitsky et al. demonstrated that the arc-
produced SWNT (SWNT,.) film is capable of generating a
very weak photocurrent upon continuous-wave IR illumina-
tion (12 mW/mm?) in the air at room temperature, and the
current increase upon IR illumination is only about 0.2%.°
In addition, they observed a dark current drift due to oxygen
adsorption and a relatively slow rise/decay (~4-5 s relaxation
time) of the photocurrent in response to the on/off illumina-
tion.” Haddon et al. reported that the IR photoresponse in
the electrical conductivity of a SWNTy,, film is dramatically
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enhanced when the nanotube film is suspended in vacuum
at low temperature.!! For example, at 50 K, the SWNT,.
film suspended in vacuum shows a resistance drop of 0.7%
under an extremely low incident power of 0.12 uW of IR
radiation. Their experimental data suggest that the IR
photoresponse of the SWNTy,. film arises mainly from the
thermal effect. In other words, it is not the presence of
photoexcited holes and electrons, but a rise in temperature
and thermal carrier population, that is mainly responsible
for the change in resistance of a SWNT film,.!!

We report here that the IR photoresponse of SWNTs is
dramatically improved by embedding SWNTSs in an electri-
cally and thermally insulating polymer matrix in the air at
room temperature. In contrast to the gradual photoresponse
and weak conductivity change (1.10%) observed in a HiPco-
produced SWNT (SWNTyipeo) film in the air at room
temperature, the 5 wt % SWNTyipco—polycarbonate (PC)
nanocomposite under the same IR illumination (power
intensity: 7 mW/mm?) shows a sharp photoresponse and
strong conductivity change (4.26%). In fact, even the 1 wt
% SWNThipco—PC nanocomposite film shows a significant
conductivity increase of 2.56% upon the same IR radiation,
which outperforms the pure SWNTyipe, film (1.10% con-
ductivity change) under the same conditions. While the
thermal effect predominates in the IR photoresponse of the
pure SWNTyipeo film, in our study and in Haddon et al.’s
report. on the SWNT,,. film,'" we find that the photoexci-
tation effect predominates in the IR photoresponse of the 5
wt % SWNTyipeo—PC nanocomposite.



Table 1. IR Photoresponse in the Electrical Conductivity
of SWNTyip,—PC Nanocomposite Films in the Air at
Room Temperature®

Aol Odark (%)

p
(wt %)  condition

Odark (S/ C].Tl) IRtotal IRphoto IRthermal
1 undoped 5.1 x 1072 2.56 1.40 1.16
3 undoped 0.70 3.47 2.61 0.86
5 undoped 2.48 4.26 3.53 0.73
I>-doped 6.80 0.16 0.24 —0.08
100 undoped 150 1.10 0.06 1.04

4 IRoral Tepresents the overall conductivity change upon IR illumination
(power intensity: 7 mW/mm?). IRphoi represents the conductivity change
due to the photo effect of the IR illumination. IR¢emal represents the
conductivity change due to the thermal effect of the IR illumination. p (wt
%) represents the SWNT mass fraction.

We recently developed a versatile, nondamaging chemistry
platform that enables us to engineer specific carbon nanotube
(CNT) surface properties while preserving CNT’s intrinsic
properties.!>”!"7 We discovered that rigid, conjugated mac-
romolecules, poly(p-phenylene ethynylene)s (PPEs), can be
used to noncovalently functionalize and solubilize CNTs!?-14
and disperse CNTs uniformly in polymer matrices.' 7
Purified SWNTsyipc, (Lot No. P0279) were purchased from
Carbon Nanotechnologies, Inc., and were solubilized in
chloroform with standard PPE along with vigorous shaking
and/or short bath sonication.'>'3 The resulting SWNT;ipco
solution was then mixed with a PC solution (for undoped
samples) or a PC—iodine solution (for doped samples) in
chloroform to produce a homogeneous SWNTyip,,—PC
composite solution, which was cast on a glass dish and dried
very slowly to give a free-standing film after peeling from
the substrate. Doped and undoped SWNTyp,—PC compos-
ites with various SWNTy;p., loadings were prepared accord-
ing to the above procedure.'>"” The pure SWNTyipe, film
was obtained from the PTFE membrane after filtration of a
suspension of SWNTsyip., in chloroform. The typical film
thickness was in the range 25-60 yum. The mass ratios of
PPE:SWNTyipc, and iodine:SWNTyip, were kept at 0.4 and
5, respectively. The SWNTyip,, loading values quoted in
Table 1 are based on purified SWNTsyip., only and exclude
the PPE and iodine. The UV-vis-NIR absorption spectrum
of the 5 wt % SWNTyip,—PC film on a quartz substrate
was recorded with a Cary 5000 UV-vis-NIR spectropho-
tometer. Scanning electron microscopy (SEM) was per-
formed using an Hitachi S-570 scanning electron microscope
(accelerating voltage: 10 keV). No sample coating was used
in the SEM experiment in order to avoid possible artifacts
induced by the metal coating. The schematic device structure
is shown in Figure la. The electrical contacts to the sample
film were made with silver paste. The sample film was kept
on a ceramic plate with proper thermal contact. The two-
point probe electrical conductivity measurement was per-
formed using a Keithley 2400 source meter instrument
through the computer-controlled LabVIEW program. The IR
light source was a xenon light bulb (XNiteFlashSTG, LDP
LLC) with a long-pass NIR filter (X-Nite 1000 nm filter;
1000 nm cutoff at 50%; 1300 nm passband >90%). The
incident power of the IR radiation was measured using a
Newport power meter model 1918-C with an IR detector
(918D-IR-OD3).
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Figure 1. (a) Schematic experimental setup. Inset: SEM image of
the 5 wt % SWNTyipo—PC nanocomposite film (scale bar: 1.0 um).
(b) UV—vis-NIR spectrum of the 5 wt % SWNTyipe,—PC nano-
composite thin film. My, Sy;, and Sy, represent the band-gap
transitions in metallic and semiconducting SWNTs. Inset: schematic
energy band diagram of electron density of states (DOS) with
interband transitions S;; and S;; in semiconducting SWNTs.

SEM shows the excellent dispersion of PPE—SWNTsyipco
in the PC matrix (Figure 1a), which is essential for obtaining
composites with isotropic electrical conductivity. The UV-
vis-NIR spectrum of the 5 wt % SWNTyip.,—PC composite
film shows the characteristic absorptions corresponding to
the first (900-1600 nm) and second (600-900 nm) band-
gap transitions of semiconducting SWNTsyipc, (Figure 1b).!8
The relatively weak absorptions corresponding to band-gap
transitions of metallic SWNTsy;pe, overlap with the broad
and strong t—sr* transition band (505 nm) of the planarized
PPE.!

Figure 2a shows the typical photoresponse of the pure
SWNThipe, film upon the on/off IR illumination (power
intensity: 7 mW/mm?; on/off time period: 200 s) in the air
at room temperature, which is qualitatively similar to that
of the pure SWNT,, film.? It exhibits two notable features
(Table 1 and Figure 2a): (1) relatively weak conductivity
change (1.10%) upon IR illumination; (2) gradual rise and
decay of the conductivity in response to the on/off IR
illumination.

We found that the IR photoresponse in the electrical
conductivity of SWNTs is dramatically enhanced by embed-
ding the SWNTs in an insulating polymer matrix such as
PC. As shown in Table 1, the 5 wt % SWNTgipeo—PC
nanocomposite demonstrates an overall conductivity change
of 4.26% upon the on/off IR illumination (power intensity:
7 mW/mm?; on/off time period: 30 s) in the air at room
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Figure 2. Conductivity response of (a) the pure SWNTpyipe, film and (c) the 5 wt % SWNThipo—PC nanocomposite film to the on/off IR
illumination (power intensity: 7 mW/mm?). Temperature response of (b) the pure SWNTyipc, film and (d) the 5 wt % SWNTyipeo,—PC
nanocomposite film to the same on/off IR illumination. (e) Temperature response of the SWNTy;p.,—PC nanocomposite film to the same
IR illumination with longer on/off time period. (f) Relative conductivity (0/04.«) response of the undoped and I,-doped 5 wt % SWNTyipeo—PC

nanocomposite film to the same on/off IR illumination.

temperature, which is nearly 4 times of that (1.10%) observed
in the pure SWNTyipe, film under the same condition, 21
times of that (0.2%) observed in the pure SWNT, film in
the air at room temperature (12 mW/mm?),’ and 6 times of
that (0.7%) observed in the pure SWNT, film in the vacuum
at 50 K.!' Furthermore, the conductivity change in the
SWNThipeo—PC nanocomposite becomes sharp in response
to the on/off IR illumination (Figure 2c).

According to recent studies, the photoexcitation of semi-
conducting SWNTs with IR light leads to generation of
excitons instead of free carriers.®”!1°! The IR light could
have two main effects on the conductivity of SWNTs: (1)
Photo effect: the excitons can be dissociated into free
electrons and holes thermally or by a large electric field,!!2!2?
which increases the conductivity of SWNTs. (2) Thermal
effect: the excitons decay into heat and the strong warming
of SWNT reduces its resistance.'!
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In order to estimate the thermal effect contribution
(IRthermal) to the overall conductivity change (IR), we
measured the temperature response to the on/off IR illumina-
tion (power intensity: 7 mW/mm?) in the pure SWNTipco
film and SWNTyipe,—PC nanocomposite films. The temper-
ature of the pure SWNTyip, film increases to ~36 °C upon
200 s of IR illumination (Figure 2b), while the temperature
of the 5 wt % SWNTyipeo—PC nanocomposite increases to
~33 °C upon 30 s of IR illumination (Figure 2d). Interest-
ingly, the pattern of conductivity response (Figure 2a) is very
similar to that of temperature response (Figure 2b) in the
pure SWNTyp, film, whereas the pattern of conductivity
response (Figure 2c) is dramatically different from that of
temperature response (Figure 2d) in the 5 wt % SWNThipeo—
PC nanocomposite. In addition, Figure 2e shows that the
temperature of the 5 wt % SWNTyip.,—PC nanocomposite
reaches the equilibrium temperature ~35.5 °C upon 150 s
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of IR illumination, which provides the upper limit of the
temperature increase in the 5 wt % SWNTyipeo—PC nano-
composite caused by the IR heating effect. The conductivity
change owing to the sample temperature change (IRermar)
can be calculated on the basis of the temperature dependence
of conductivity data of the samples (Supporting Informa-
tion)."” The conductivity change due to the photo effect
(IRphoto) can be calculated on the basis of the equation IR g
= IRthermal T IRphoto- The IRpnoto and IR perma data are included
in Table 1. The IRuemal/IRwra 1S about 95% for the pure
SWNThipe, film, indicating that the thermal effect predomi-
nates in the IR photoresponse of the pure SWNTy;ipe, film
(Figure 2a and Table 1), which is in agreement with the
literature result.!! In contrast, the IR germal/IR ora1 1 only about
17% for the 5 wt % SWNTyipeo,—PC nanocomposite, sug-
gesting that the photo effect, rather than the thermal effect,
predominates in the IR photoresponse of the 5 wt %
SWNTyipeo—PC nanocomposite (Figure 2¢ and Table 1). This
also explains why the conductivity change in 5 wt %
SWNThipeo—PC nanocomposite is sharp upon the on/off IR
illumination, whereas the rise and decay of the conductivity
in pure SWNTyip, film is gradual in response to the on/off
IR illumination.

The p-type doping of SWNTs by iodine creates charge
carriers in SWNT walls and, as a result, the semiconducting
SWNTSs become metallic, while metallic SWNTs become
even more conducting due to the increased density of charge
carriers.!” As a result, the conductivity change of the iodine-
doped 5 wt % SWNTgipeo—PC nanocomposite is very weak
(0.16%) upon IR illumination (Table 1 and Figure 2f). This
experiment shows that semiconducting SWNTs are critical
to the IR photoresponse of nanotube materials.

The dependence of the photocurrent on the incident IR
light intensity demonstrates a linear relationship as expected
(Figure 3a). The 5 wt % SWNTyipeo—PC composite film
shows a detectable IR photoresponse at a light intensity as
low as 0.7 mW/mm? (Figure 3a). Figure 3b shows that the
IR photoresponse time of the 5 wt % SWNTyip,,—PC
composite film nanocomposite film is about 60 ms, which
is most likely determined by the electrically insulating PC
polymer layer between adjacent SWNTSyipeo, "> which acts
as a potential barrier to internanotube hopping.

Most interestingly, our experimental data suggest that the
electrically and thermally insulating PC matrix (electrical
conductivity: 107! S/cm; thermal conductivity: 0.2 W/(m
K)) may have a significant impact on the IR photoresponse
mechanism of SWNTy;p.,—PC nanocomposites. While the
thermal effect predominates in the IR photoresponse of the pure
SWNThyipe, film, the photo effect predominates in the IR
photoresponse of the 5 wt % SWNTyip.,—PC nanocomposite
(Table 1). The PC matrix may promote the exciton dissocia-
tion via two possible mechanisms: (1) The local temperature
of SWNTs embedded in the thermally insulating PC matrix
can be significantly increased upon IR illumination, providing
sufficient thermal energy required for the exciton dissocia-
tion.?? (2) In SWNT—PC composites, the SWNTs are coated
with an electrically insulating PC thin layer,?* which acts as
a potential barrier to internanotube hopping.'”?*?6 The
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Figure 3. (a) Dependence of photocurrent of the 5 wt %
SWNThipeo—PC nanocomposite on the IR light intensity. Inset:
conductivity response of the 5 wt % SWNTyip.,—PC nanocomposite
film to the on/off IR illumination at 0.7 mW/mm? light intensity.
(b) Photocurrent response of the 5 wt % SWNTyip.,—PC nano-
composite film to the on/off IR illumination (power intensity: 7
mW/mm?).

enhanced local electric field at the SWNT—PC interface
could help the exciton dissociation.?!

Previous studies showed that the electric field at the
CNT—conjugated polymer interface is mainly responsible
for the enhanced dissociation of excitons generated in conju-
gated polymers (e.g., polythiophene) by visible light,””2° which
lend further support for one of our proposed mechanisms
that the enhanced local electric field at the SWNT—insulating
polymer interface could help the dissociation of excitons
generated in semiconducting SWNTs by the near-IR light.
The comparison of UV-vis-NIR spectra of pristine SWNTyipco
(Supporting Information) and SWNTyip,—PC (Figure 1b)
films indicates that the dramatically enhanced IR photore-
sponse observed in the SWNTyipeo,—PC nanocomposite film
cannot be attributed primarily to the potential nanotube
debundling effect.

The 3D SWNT network is also crucial to the fast
conduction of free carriers produced by the exciton dissocia-
tion. The 5 wt % SWNThipe,—PC nanocomposite can conduct
the free carriers better than the 3 and 1 wt % nanocomposites;
therefore, the IRphoto is more significant than IRperma in 5 Wt
% nanocomposite as compared to 3 and 1 wt % nanocom-
posites (Table 1).

In conclusion, we demonstrate that the IR photoresponse
in the electrical conductivity of SWNTs is dramatically
enhanced by embedding the SWNTs in an insulating polymer
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matrix such as PC in the air at room temperature. We show
that semiconducting SWNTs are critical to the IR photore-
sponse of nanotube materials. Our experimental data also
suggest that the electrically and thermally insulating polymer
matrix may have a significant impact on the IR photoresponse
mechanism of SWNT—polymer nanocomposites. While
the thermal effect predominates in the IR photoresponse of the
pure SWNTyipe, film, the photo effect predominates in the IR
photoresponse of SWNTyip.,,—PC nanocomposites.
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