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selectivity in chemical sensor applications. [ 12 ]  Furthermore, the 
functional materials can also form donor/acceptor pairs with 
the CNT, providing additional effects under light exposure, [ 13 ]  
as shown in our previous work. [ 14 ]  

 While the optoelectronic characteristics of other 1D mate-
rials have attracted interest, [ 15 ]  CNTs are unique in their large 
area of π-conjugation, which provides opportunities for surface 
modifi cation through donor and acceptor π–π interactions. [ 16 ]  
This relatively strong interaction enables additional effects, 
such as the formation of charge transfer complexes. [ 17 ]  While 
there are a few reports of charge transfer complexes formed 
between organic molecules and CNTs using optical measure-
ments, [ 18 ]  no such reports were found on the impact of compl-
exation on optoelectronic behavior. Further study is required to 
understand the nature of these donor–acceptor interactions so 
that materials can be designed to optimize the performance of 
optoelectronic devices featuring CNTs. 

 Herein, a carbazolylethynylene oligomer (namely Tg-Car, 
 Figure 1a ) is used to disperse semiconducting single-walled 
CNTs in chloroform.  Materials based on carbazole [ 19 ]  and 
similar structures [ 20 ]  have been used extensively to suspend 
CNTs. Films cast from the dispersion were free from aggrega-
tion, which is crucial for device repeatability and uniformity. 
While the energy levels of the oligomer suggest it should be an 
electron donor and absorb ultraviolet light, [ 21 ]  fi eld effect transis-
tors fabricated from the CNTs with surface-adsorbed oligomer 
show that it is an electron acceptor when exposed to visible light. 
The direction of the electron transfer is observed by a positive 
shift in threshold voltage, indicating an increased hole concen-
tration within the CNT. This effect is accompanied by enhanced 
absorption in the visible spectrum attributed to the formation 
of a charge transfer complex. This work may provide design cri-
teria to expand the absorption spectra and enhance charge sepa-
ration, leading to improved solar cells and photodetectors. 

 CNTs were dispersed in chloroform using a process previ-
ously developed in our lab. [ 14 ]  The single-walled CNTs used 
in this report are mainly semiconducting (>90%). Tg-Car oli-
gomers were employed; on average, each oligomer contained 
19 repeat units. The synthesis of this oligomer is described else-
where. [ 22 ]  Briefl y, CNTs were placed in chloroform with excess 
Tg-Car and sonicated for 90 min (Figure  1 a). Aggregates were 
removed through centrifugation (see the Experimental Section 
for details). The result was CNTs suspended in chloroform with 
Tg-Car adsorbed (Figure  1 b). The energy levels of the highest 
occupied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO) for the Tg-Car were calculated using 

  Owing to their desirable electronic properties, [ 1 ]  carbon nano-
tubes (CNTs) have garnered signifi cant attention, most notably 
in optoelectronic applications.  Indeed, CNTs have been used in 
photovoltaic cells, [ 2 ]  photodetectors, [ 3 ]  and light-emitting diodes. [ 4 ]  
However, their use has been limited to the laboratory scale for a 
number of reasons, including diffi culty in device fabrication due 
to insolubility and narrow absorption bands arising from the 
shape of the density of states. [ 5 ]  In this paper, a means to improve 
solubility while broadening the absorption bands is presented. 
The broadband enhancement is achieved through the formation 
of a charge transfer complex between the CNT and a wide band 
gap oligomer. This interaction may provide the basis for achieving 
practical broadband optoelectronic devices using CNTs. 

 Solubility can be substantially improved through chem-
ical modifi cation, both covalent and noncovalent. Covalent 
methods are robust, but will change the electronic proper-
ties of the CNT, [ 6 ]  except in very specifi c cases. [ 7 ]  Noncovalent 
methods provide a wide range of materials that can be used 
without changing the band structure of the CNT. [ 8 ]  Indeed, this 
strategy has been shown to improve dispersion in solution, [ 9 ]  
increase uniformity on a substrate, [ 10 ]  isolate single species 
from mixtures of different CNT confi gurations, [ 11 ]  and enhance 
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the Gaussian 09 package with density functional theory and the 
values for the conduction and valance bands of the CNT are 
published elsewhere (Figure  1 d). [ 23 ]  

  The presence of Tg-Car on the CNT surface is confi rmed 
by Raman spectroscopy. Interaction with the Tg-Car causes 
the radial breathing mode associated with (7,5) CNTs to shift 
from 283.2 cm −1  to 285.8 cm −1  (Figure  1 d). This demonstrates 
surface interaction between the Tg-Car and the CNT. Further 

analysis of the Raman data is presented in the Supporting 
Information (Figure S1, Supporting Information). The Tg-Car/
CNT interaction is further confi rmed through atomic force 
microscopy (AFM). Functionalized nanotubes showed good 
dispersion on the silicon dioxide (SiO 2 ) surface, with no aggre-
gation observed (Figure  1 e). The diameter of the Tg-Car/CNTs 
was measured from the height profi le to be 1.2 ± 0.2 nm. 
This is signifi cantly larger than the diameter of bare CNTs of 
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 Figure 1.    a) Molecular structure of the Tg-Car oligomer and schematic of the functionalization process. b) Photograph of the Tg-Car/CNT solution. 
c) Energy bands referenced to the vacuum level. Values for the oligomer were obtained from density functional theory calculation and those for the 
CNT are from the literature.  d) Raman spectra of the pristine CNTs and Tg-Car/CNT. e) AFM image of Tg-Car/CNT on a silicon substrate. The material 
is free from aggregation. f) Histogram of CNT diameters extracted from AFM height measurements with and without Tg-Car. The presence of Tg-Car 
on the CNT surface is observed as a 50% increase in diameter.
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0.8 ± 0.1 nm (Figure  1 f) measured by AFM under the same 
conditions. The measured size of bare CNTs is consistent with 
the manufacturer's specifi cation. These measurements con-
fi rm the presence of the oligomer on the CNT surface. Further 
proof is provided by adhesion force microscopy measurements 
(Figure S2, Supporting Information). 

 Solid-state absorption spectra were obtained for Tg-Car, 
Tg-Car/CNTs, and bare CNTs ( Figure    2  a). The oligomer showed 
negligible absorption (attributed to scattering effects) at wave-
lengths longer than 400 nm. The pristine CNT fi lm showed little 
absorption within the full range of the spectrometer. While the 
oligomer dominated the absorption spectrum of the Tg-Car/
CNTs, an increase emerged in the visible region. Normalizing 
the spectra to the absorption at 900 nm (CNT only absorption) to 
account for the variation in concentration between the Tg-Car/
CNT and bare CNT samples more clearly shows the enhanced 
absorption in the visible region (Figure  2 b). The enhanced absorp-
tion applies to light with wavelengths less than 847 ± 27 nm. 
This enhanced absorption is attributed to the formation of a 
charge transfer complex between the CNT and Tg-Car oligomer. 

  Field effect transistors (FETs) were fabricated using the 
Tg-Car/CNTs. With a gap length of 5 µm and the average CNT 
length of 800 nm, it is clear that the devices use a network of 
Tg-Car/CNTs. The transfer characteristics show a low on cur-
rent, which we attribute to the junctions between CNTs. The 
Tg-Car oligomer is insulating and occupies space between 
nanotubes at their junctions. Using the network has the ben-
efi t of mitigating the effects of the presence of metallic CNTs. 
Although the CNTs were purifi ed by the manufacturer, a small 
amount of metallic CNTs is present. Because of their low con-
centration, the network prevents metallic CNTs from completely 
bridging the electrode gap. Therefore, removal of the metallic 
CNTs is not required. Upon illumination with a tungsten 
lamp, the threshold voltage shifted 4.2 ± 0.4 V from its original 
position in darkness ( Figure    3  a). This is in contrast to pris-
tine nanotubes, which showed no photoresponse (Figure  3 b). 
Shifting toward a more positive threshold indicates an increase 
in hole concentration within the CNT (p-type doping), [ 24 ]  which 
contradicts the assumption that the oligomer is an electron 

donor (suggested by its small LUMO energy). 
Notably, the white light from a tungsten lamp 
contains few photons capable of exciting the 
oligomer (absorbing only wavelengths below 
400 nm). A photoresponse at visible wave-
lengths is surprising and must arise from 
the enhanced absorption observed in the 
spectra in Figure  2 b. Data regarding hyster-
esis and device properties (e.g., mobility) are 
presented in the Supporting Information 
(Figures S5 and S6, Supporting Information). 

  To gain insight into the mechanism of 
the doping, different long-pass fi lters were 
employed to restrict parts of the spectrum 
while keeping the fl ux of photons with ener-
gies exceeding that of the CNT's band gap 
(1.3 eV) [ 25 ]  constant at 3 × 10 16  photons cm −2  
s −1 . Wavelength-dependent behavior was 
obtained in this manner (Figure  3 c,d). The 
threshold shift persisted until wavelengths 

below 495 nm were removed and decreased thereafter. Pro-
jecting to zero threshold shift suggests no photoresponse to 
wavelengths longer than 833 ± 37 nm (or less than ≈1.5 eV), 
which corresponds to neither the CNT's band gap (1.3 eV) nor 
that of the oligomer (3.1 eV). This does, however, correlate to 
the charge transfer complex observed in the absorption spectral 
measurement (Figure  2 b). 

 Holding constant the fl ux of photons whose energies exceed 
the CNT’s band gap proves the photoresponse is not due to 
excitation in the CNT alone (otherwise, the response would be 
constant across the spectrum used). By calculating the change 
in absorbable photons in the enhanced region in each case (see 
the Supporting Information for details and further discussion), 
a clear linear relationship is observed outside of the satu-
rated region (with cut-on wavelengths greater than or equal to 
495 nm), which agrees well with other works (Figure  3 e). [ 13b , 26 ]  
The regression has a R 2  exceeding 0.99, including a fourth data 
point at the origin (no absorbed photons implies no threshold 
voltage shift). Thus, a clear relationship between the shift in 
threshold voltage and visible light absorption is revealed. This 
experiment excludes the possibility that the photodoping effect 
observed arises from excitation in either the CNT or oligomer 
alone. Rather the effect can only be explained by photoexcitation 
of the charge transfer complex formed between the two materials. 

 The solid-state absorption and fi eld effect transistor photo-
response data suggest the formation of a charge transfer com-
plex formed by the CNT and the oligomer.  To determine the 
origin of this complex, the band alignment of the CNT and 
oligomer was examined. The Fermi level of the oligomer is 
assumed to lie at its intrinsic level (in the middle of its band 
gap because no dopant was present) while that of the CNT is 
assumed to reside at its valance band due to adsorbed oxygen 
(Figure  3 f). [ 27 ]  This alignment shows two key features. First, 
charge transfer occurring from the CNT to the LUMO of the 
oligomer must overcome an energy difference of 1.6 eV, which 
corresponds to a wavelength of 792 ± 89 nm. This agrees well 
with the solid-state absorption and FET photoresponse data. The 
other notable aspect is the formation of an electric fi eld at the 
CNT/oligomer interface due to band alignment, in agreement 
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 Figure 2.    a) Absorption spectra for the carbon nanotube, Tg-Car oligomer, and Tg-Car/CNT 
composite. The inset displays an enlarged view of the enhanced region. b) The absorption 
spectra for the CNT and Tg-Car/CNT are normalized at 900 nm, which is attributed to only the 
CNT, to eliminate the effect of variation between the samples. The difference is also plotted, 
demonstrating improved absorption in the visible range despite the oligomer's wide band gap.
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with related work. [ 28 ]  This fi eld, with a potential of 2.5 eV, may 
enhance charge separation while preventing LUMO electrons 
from transferring back to the CNT from the oligomer. Essen-
tially, the electric fi eld directs electrons away from the CNT 
and toward the oligomer; it creates an energy barrier that an 

electron in the oligomer must overcome to transfer back to the 
CNT. Without signifi cant back transfer, there is a net increase 
in hole population within the CNT. This is the proposed mecha-
nism for the p-type photodoping observed. Furthermore, the 
Type I heterostructure traps holes in the CNT, which retains the 
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 Figure 3.    a) Transfer characteristics of the FETs fabricated using Tg-Car/CNT. Illumination with visible light causes a shift in threshold voltage. 
b) By contrast, no shift is observed in FETs fabricated using CNTs without the oligomer. c) Transfer characteristics obtained using long-pass fi lters with 
various cut-on wavelengths, keeping constant the fl ux of photons with energy exceeding the band gap of the CNT. d) The threshold voltage shift as a 
function of cut-on wavelength. As the fraction of photons with wavelengths below 833 ± 37 nm (1.5 ± 0.1 eV) decreases, the threshold voltage shift is 
reduced. Note that this does not correspond to the CNT’s band gap, which excludes excitation in the CNT alone. e) Threshold voltage shift as a function 
of the relative number of photons that can be absorbed by the complex, featuring a linear correlation. f) Fermi level alignment between the oligomer 
and CNT suggests the formation of a charge transfer complex that corresponds to the enhanced absorption. Also noteworthy is an electric fi eld created 
by a 2.5 eV energy barrier at the interface. This fi eld might also hinder electron transfer back into the CNT, enabling the observed p-type doping.
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also enhances charge separation, although further investiga-
tion is needed. The electric fi eld might also play a role in the 
threshold voltage shift. For electrons to transfer into the CNT 
(which recombine with the holes, reducing the charge carrier 
density, and turning off the transistor), the built-in electric fi eld 
must be overcome by the electric fi eld generated by the gate 
electrode. Restated, the oligomer makes it more diffi cult to turn 
the transistor to the off state, leading to the increased threshold 
voltage. For more discussion on the energy level alignment, 
please see the Supporting Information. 

 It is worth noting that the majority CNT species are (6,5) 
and (7,6), which have E 22  absorption peaks at 579 nm (2.2 eV) 
and 652 nm (1.9 eV), respectively, as extracted from the absorp-
tion data plotted in Figure  2 b. These values are within the 
region of the enhanced absorption. However, E 22  absorption 
can be eliminated as a cause of the photodoping. First of all, 
E 22  absorption does not explain the broad increase observed in 
the absorption data (Figure  2 ). Secondly, the energetics are not 
favorable for photodoping. The E 22  level in the conduction band 
lies very close to the LUMO of the oligomer. Although electron 
transfer from the CNT to the oligomer is still thermodynami-
cally favorable, the dominant mechanism is likely thermali-
zation to the E 11  band as this process [ 29 ]  is likely much faster 
than electron transfer. [ 30 ]  Finally, a photoresponse was observed 
when using a cut-on wavelength of 700 nm, which eliminates 
E 22  absorption in nearly all of the CNTs in the dispersion. Thus, 
the possibility of E 22  absorption being the cause of the photo-
doping is excluded. Additionally, oxygen is known to affect 
threshold voltage under exposure to ultraviolet light. Although, 
virtually no ultraviolet light is present when using a tungsten 
lamp, Tg-Car/CNT transistors were tested in an argon environ-
ment and no oxygen-related effects were observed (Figures S7 
and S8, Supporting Information). [ 31 ]  

 In summary, a Tg-Car/CNT complex was examined. The com-
plex improved the optoelectronic performance of the CNTs in two 
ways. First, the oligomer dispersed the CNTs in chloroform and 
produced uniform, aggregate-free fi lms on a SiO 2  surface, which 
represents an improvement in processability. Secondly, while the 
oligomer only absorbs ultraviolet light and the CNT has narrow 
absorption bands in the infrared band, the complex showed 
enhanced broadband absorption in the visible range through the 
formation of a charge transfer band. Field effect transistors fab-
ricated using the Tg-Car/CNT material showed a p-type photo-
doping, which indicates that the oligomer acts as an electron 
acceptor in spite of its donor-like energy levels. It is proposed 
that energy level alignment between the oligomer and CNTs hin-
dered the back transfer process, enabling a net increase in hole 
concentration in the CNTs. The results presented in this report 
may provide the basis for designing new dispersing molecules to 
extend the light absorption range of CNT/organic molecule com-
posites and enhance charge separation. These aspects may be 
keys in realizing practical photovoltaic cells and photodetectors.  

  Experimental Section 
  Synthesis and Characterization of Carbazolylethynylene Oligomer : 

The carbazolylethynylene oligomers (Tg-Car) having triethylene 

glycol monomethyl ether (Tg) side chains were synthesized from the 
requisite 3,6-diiodocarbazole and 3,6-diethynylcarbazole using standard 
Sonogashira coupling conditions. The synthetic details can be found 
in ref. [ 22 ] . Gel permeation chromatography (GPC) analysis using 
polystyrene standards showed average masses of 6.4 and 11.4 kDa 
(for  M  n  and  M  w , respectively), which correspond to a dispersity ( Ð ) of 
1.8 and an average chain length of 19. 

  CNT Dispersion : To create the dispersion, 1.0 mg of CNTs (SWeNT 
SG 65, Southwest Nano Technologies) and 6.0 mg of Tg-Car were 
mixed in 9.0 mL of chloroform (reagent grade, Sigma-Aldrich or 
Fisher Scientifi c). The mixture was sonicated (Fisher Scientifi c FS30H 
Ultrasonic Cleaner) for 90 min. The suspension was centrifuged (IEC 
Centra CL2) at 4200 rpm (≈3000 g) for 20 min. A residue formed at the 
bottom of the tube. The suspension was removed and placed into a new 
tube. The centrifugation process was performed three times. Finally, the 
dispersion was centrifuged (Beckman Coulter, Microfuge 18) at a higher 
speed, 14 000 rpm (≈18 000 g) for 15 min; no residue was observed, 
indicating nearly complete dispersion of the CNTs. 

  Raman : Raman spectra measurements were performed on a 
Renishaw Raman microscope equipped with a 633 nm laser as the 
excitation source. The laser spot was adjusted to a domain of several 
microns. All Raman spectroscopy measurements were recorded in 
ambient conditions. 

  Atomic Force Microscopy : AFM samples were prepared by drop 
casting Tg-Car/CNT from a 5:1 dilution of the stock solution onto SiO 2  
substrates, cleaned prior to deposition by sonication in acetone and 
isopropanol. After deposition, the samples were placed in chloroform 
and sonicated for 5 min to wash away the excess Tg-Car. Imaging was 
performed using a Veeco MultiMode V equipped with a high-resolution 
(“E”) stage and a Veeco NanoScope V controller. 

  Absorption : Absorption spectra were obtained using an Agilent Cary 
100 UV–vis spectrophotometer. Samples were prepared on quartz 
slides. In the case of the Tg-Car/CNT sample, the excess oligomer was 
rinsed away by drop casting chloroform and wicking the solvent with a 
swab. This process was repeated until no further change in the spectrum 
was observed. 

  Field Effect Transistor Fabrication : Field effect transistors were fabricated 
in the bottom gate, bottom contact confi guration. Heavily doped (n-type) 
silicon wafers with a 300 nm thermal oxide layer were obtained from Silicon 
Quest (p/n 20020008), cleaned with acetone, isopropanol, and piranha, 
and patterned using a standard lithography procedure. Metallization was 
performed by sputtering 70 nm of Au with a Cr or Ti adhesion layer using 
a Denton Discovery 18 at 50 W and a base pressure of 2 × 10 −6  torr. The 
electrode pairs featured 5 µm gaps with 100 µm widths. Substrates were 
cleaned again by sonication in acetone and isopropanol. Tg-Car/CNT 
was deposited from a 5:1 dilution of the stock solution by spin coating 
(500 rpm pre-spin for 9 s, followed by 30 s at 2000 rpm). Untreated CNTs 
were similarly deposited from a dimethylformamide suspension. 

  Field Effect Transistor Measurements : All measurements were 
performed under ambient conditions. Measurements were taken by an 
Agilent 4156C Semiconductor Analyzer with a Signatone probe station in 
a shielded dark box. The tungsten lamp intensity was set to 2.8 mW cm −2  
for the unfi ltered and 400 nm cut-on exposures. The settings were 2.7, 
2.5, and 2.4 mW cm −2  for the 495, 610, and 700 nm cut-on exposures, 
respectively.  Long-pass fi lters from Thor Labs were used to control the 
spectrum (FGL400, FGL495, FGL610, and FEL0700 for 400 nm, 495 nm, 
610 nm, and 700 nm cut-on wavelengths, respectively). The lamp power 
settings were selected in order to hold constant the fl ux of photons with 
energies exceeding that of the CNT band gap. In every case, the drain-
source voltage was −1 V. Threshold voltages were calculated by fi tting 
the linear portion of the transfer curve.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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