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Efficient Photodetection at IR Wavelengths by Incorporation
of PbSe—Carbon-Nanotube Conjugates in a Polymeric

Nanocomposite**

By Namchul Cho, Kaushik Roy Choudhury, Ram B. Thapa, Yudhisthira Sahoo, Tymish Ohulchanskyy,
Alexander N. Cartwright, Kwang-Sup Lee,* and Paras N. Prasad*

Polymeric nanocomposites have demonstrated great poten-
tial for the construction of physically flexible, large-area opto-
electronic devices that can remain photoactive over a wide
spectral bandwidth, depending on the customizable constitu-
ents. They bolster the prospect of developing ultrafast, sensi-
tive, and superior optical counterparts of the corresponding
electronic devices. With the successful integration of inorganic
quantum dots (QDs) into conjugated polymeric matrices,!'! ef-
ficient photodetection in different ranges of the electromag-
netic spectrum has already been realized.””! This is enabled by
the tunable optical absorption and emission of the QDs (by
virtue of quantum size effects),m and also by the fact that the
QDs can often preserve their optoelectronic integrity within a
host matrix. To generate excitons at a good quantum efficien-
cy, the QDs should have an appreciable absorption cross sec-
tion at the excitation wavelength.l! The photogenerated exci-
tons should disintegrate into free charge carriers at higher
rate than competitive exciton recombination. Subsequently,
these charge carriers should be extracted from the photocon-
verter before relaxation. To realize efficient photon conver-
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sion, the rates of photogenerated-carrier separation, interfa-
cial transfer across the different contacts, transport through
the matrix, and subsequent collection at the electrodes must
all be fast enough compared to exciton recombination.!
Therefore, it is imperative to provide an efficient transport of
charges within the nanocomposite by incorporating compati-
ble constituents that facilitate the transport process.

In research on photoconducting devices that use conjugated
polymers, electron-accepting materials such as Cq and single-
walled carbon nanotubes (SWNTs) have been utilized in some
of the past studies.”l SWNTs are fascinating materials because
of several peculiar physical properties. Envisioned as a rolled-
up graphene sheet capped with fullerene-like structures, a
SWNT can behave as a metal or semiconductor as a function
of the wrapping angle of the sheet and the diameter of the
nanotube.*”! In the “metallic” state,’! SWNTs are good bal-
listic conductors with a reported current density at least one
order of magnitude higher than that of copper wires with the
same diameter.l”) Because of their good mechanical properties
(high elastic modulus and high optical transparency), SWNTs
have been used for constructing large-area transmissive
films,!') making them an ideal component for electrical cou-
pling in futuristic photonic devices.

The aim of the current study is to investigate the photode-
tection efficiency of a polymeric nanocomposite containing
IR-active PbSe QDs and conducting SWNTs that are chemi-
cally attached to each other by a novel procedure. PbSe QDs,
endowed with a large Bohr radius, exhibit excellent quantum
size effects and can be tuned to a precisely targeted absorp-
tion wavelength in the IR region. Therefore, a stable SWNT-
PbSe conjugate (by chemical bonding of both components) is
a promising candidate for the realization of efficient optoelec-
tronic behavior. The large interfaces in the SWNT-PbSe con-
jugate offer a tremendous opportunity for efficient exciton
dissociation after photogeneration in the PbSe QDs. Efficient
dissociation and charge transfer depend on the differences in
potential energy and electron affinity between the photoac-
tive species (PbSe QDs) and the other components. As can be
seen in Scheme 1, the band alignments with a higher electron
affinity than SWNTs allow a nonactivated electron transfer
from PbSe QDs to SWNTs.['! Because the ionization poten-
tial of the polymer (PVK: poly(vinyl carbazole))!'?! lies closer
to the value for a vacuum than that of the QDs,["¥ the transfer
of photogenerated holes to the polymer also proceeds without
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Scheme 1. Energy band diagram for the composite photodetector, indi-
cating the highest occupied molecular orbital-lowest unoccupied molec-
ular orbital (HOMO-LUMO) levels of poly(vinyl carbazole) (PVK), bulk
PbSe, and SWNTs, and the work functions of indium tin oxide (ITO),
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT/PSS),
and Al, relative to a vacuum.

a need for any activation energy. The free carriers are trans-
ported within the composite matrix by a dc conduction pro-
cess. Due to the high aspect ratio of the SWNTs, even a mod-
erate loading level in the composite is enough to establish a
conducting percolation network, in which the ballistic trans-
port mechanism in SWNTs promotes a high electron mobility,
leading to enhanced photocurrents.[l‘q

For efficient charge transfer, it is desirable that the PbSe
QDs are intimately attached on the surface of SWNTs, and in
high concentration. As shown in Scheme 2, this has been
achieved by a novel procedure. The surface of the SWNTs
was thiolated before adsorbing the PbSe QDs. We find that
the introduction of thiol functional groups on the SWNT sur-
face allows the surface adsorption of PbSe QDs at a density
significantly higher than that reported in the literature.'! For
this purpose, the SWNTs were first carboxylated and later
thiolated by binding a bilinker molecule (2-aminoethanethiol:

0, _OHO O OH
HNO,

H,S0,

pristine SWNT

carboxylated SWNT

aminoethane thiol EDAC in DMSO

. thiolated SWNT

Scheme 2. Synthetic route for the preparation of SWNTs coupled with
PbSe. (EDAC: N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydro-
chloride, DMSO: dimethyl sulfoxide.)
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AET) through an amide bond. The SWNT-COOH bond,
when activated by N-(3-dimethylaminopropyl)-N-ethylcarbo-
diimide hydrochloride (EDAC), easily allows nucleophilic at-
tack of the amine group of AET, resulting in the formation of
an amide bond as well as a terminal thiol group on the SWNT
(SWNT-SH).'" The attachment between SWNT-SH and
PbSe QDs is maximized (because of the large number of
available thiol groups) without compromising the colloidal
stability of the QDs, thus ensuring their homogeneous seques-
tration in the polymer.

For the structural characterization, the carboxylation and
thiol-group functionalization of the SWNTs were confirmed
by Fourier transform IR (FTIR) studies, as shown in Figure 1.
The pristine SWNTs have no characteristic bands,'”! but a
clear C=0 stretching vibration at 1724 cm™ appears in the
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Figure 1. a—c) FTIR spectra of SWNT-COOH, SWNT-SH, and SWNT-
PbSe, respectively.

spectrum of the carboxylated SWNTs (see Fig 1a)."8! The
broad band between 3000 and 3600 cm™ is a result of O—H ab-
sorptions from the carboxylic acid groups. On formation of the
amide bond, the carbonyl peaks for both SWNT-SH and
SWNT-PbSe shift to 1626 cm™ (Fig. 1b and ¢). Aliphatic C-H
stretching (around 2800-2900 cm™) and bending (1460 cm™)
correspond to the alkyl group of AET."”! Also, the broad ab-
sorption peak near 3400 cm™! is indicative of the N-H absorp-
tion in the amide bond along with O-H stretching.

The absorption spectra (shown in Fig. 2) of the PbSe sam-
ples show the most prominent first excitonic transition, with a
peak at 1340-1350 nm and a band edge at 1464 nm, corre-
sponding to a bandgap (E,) value of 0.85 eV, followed by rela-
tively weaker second and third peaks at 1050-1060 nm and
820-830 nm. The absorption peak of SWNT-COOH at
1000 nm is attributed to electronic transitions between differ-
ent electronic density of states (DOS) configurations corre-
sponding to Van Hove singularities.”” Analysis of SWNT—
PbSe indicates that the absorption features of PbSe are
suppressed in the conjugate, although the concentration of
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of the SWNTs. Figure 3c—e shows magnifi-
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cations of a SWNT-PbSe conjugate, where
single strands of SWNTs in the SWNT bun-
dles as well as the lattice fringes of PbSe
are discernible.

Composite dispersion of the constituents
was performed by combining appropriate
proportions of PVK and the SWNT-PbSe
complex in chloroform, followed by homog-
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; enization via vigorous stirring and ultraso-
nication. A 50 nm thick layer of PEDOT/
PSS (PEDOT: poly(3,4-ethylenedioxythio-
phene); PSS: poly(styrenesulfonate); Bay-
tron-P) was spin-cast onto indium tin oxide
(ITO) substrates to improve charge trans-
port through the device. This was followed
by spin-casting the active layer of the
photodetector from the composite solution.
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Figure 2. a—c) Absorption spectra of PbSe QDs, SWNT-COOH, and SWNT-PbSe, respectively.
Inset: Photoluminescence (PL) spectra of colloidal suspensions of PbSe QDs (solid line) and
SWNT-PbSe (dotted line) in tetracholoethylene, excited with a 488 nm laser light. The concen-

tration of the PbSe QDs was the same in both cases.

PbSe QDs in both the neat PbSe sample and the SWNT-PbSe
conjugate was similar. There is no significant difference be-
tween the spectra of the SWNTs and the SWNT-PbSe conju-
gate (Fig. 2). Suppression of PbSe excitonic features can mean
that the quantum confinement conditions for the excitons in
the PbSe QDs are compromised when the QDs remain in
close proximity with each other and the SWNT, where an
overlap of wave functions is highly probable. The results of
photoluminescence (PL) measurements agree with this inter-
pretation (Fig. 2, inset). Pure PbSe nanoparticles show intense
PL, with a peak at ca. 1350 nm (solid line in inset of Fig. 2)
that corresponds to the first excitonic absorption band. A sub-
stantial decrease in the PL intensity (more than 1000-fold)
was observed for the SWNT-PbSe sample (dotted line in inset
of Fig. 2). A supra-assembly of QDs has been shown to exhib-
it a transition to an extended electronic state, analogous to
the Anderson transition in disordered solids, resulting in the
suppression of excitonic features, as observed for CdSe QDs
in a thin-film configuration.”!! Such a reasoning can partially
account for the diminished PL, but it is also highly likely that
an appreciable and swift electron transfer from the PbSe QDs
to the SWNT is facilitated, resulting in the dramatic decrease
in PL shown in the inset of Figure 2.

The PbSe QDs (ca. 4 nm) used to prepare the conjugate
are extremely monodisperse (Fig. 3a) and orientate into an
ordered hexagonal superlattice when the surface is hydropho-
bic. Examination of transmission electron microscopy (TEM)
images of the SWNT-PbSe conjugate (Fig. 3b) reveals that a
large number of PbSe QDs bind to the terminal thiol groups
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1400 The resulting samples (with an average
thickness of 500-600 nm) were dried over-
night in vacuum to ensure complete solvent
removal. Finally, aluminum counter elec-
trodes were thermally evaporated through
a standard shadow mask under high vacu-
um to yield a sandwichlike device with an
active area of ca. 0.04 cm® (see inset of
Fig. 4).

Figure 4 shows the measured dark currents and photocur-
rents in two different sets of composite devices. In one set,
consisting of the PbSe-QD/PVK composites, the photocurrent
increases significantly as a function of the loading fraction of
QDs. Pure PVK has a negligible absorption at wavelengths
longer than 370 nm, and no photoresponse was obtained on
1340 nm excitation when only PVK was used. Hence, the in-
creased photocurrent indicates quantitative IR sensitization
of the polymer by the QDs.?

In the set of devices containing the SWNT-PbSe complex,
the photocurrent was enhanced even further compared to the
first set containing just the QDs. Figure 4 shows the results of
devices with different loading levels (expressed in wt %) of
the SWNT-QD conjugate in the composite. It was noted that
for devices containing the SWNT-PbSe conjugate, the photo-
current is larger per effective load fraction of the PbSe QDs.
For example, the photocurrent at a SWNT-PbSe conjugate
loading of 15 wt % surpasses that of 20 wt % load fractions of
isolated PbSe QDs. The best performance was obtained from
devices with a SWNT-PbSe conjugate loading level of
20 wt %. The photocurrent enhancement factor, compared to
devices with an equal loading level of photosensitizing QDs, is
more than two at the highest operating bias. The dark currents
are less than 10~ A for all the measured devices. One impor-
tant concern for this single-active-layer device is that the
SWNT ropes or bundles could potentially short-circuit the
electrodes along the thickness of the nanocomposite device,
provided: i) a single rope is longer than the thickness of the
device, and ii) many ropes form a percolative dc network

Adv. Mater. 2007, 19, 232-236
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20 nm

Figure 3. a) TEM image of ca. 4 nm PbSe QDs employed in this study.
b) TEM image of SWNT-PbSe. c) High-resolution TEM (HRTEM) image
of SWNT-PbSe. d) Magnified HRTEM image of the area indicated by the
square in (c). e) Magnified HRTEM image of the area indicated by the
square in (d).
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Figure 4. Current density—voltage (I-V) characteristics of PbSe-QD/PVK
and SWNT-PbSe/PVK devices in the dark and under illumination, illus-
trating the enhancement of photocurrent in the IR with increasing con-
tent of the SWNT-PbSe conjugate. Inset: structure of the IR photodetec-
tor device employed in this study.
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across the thickness. As is observed here, the dark current re-
mains very low, even at the highest applied bias of 4 V
(Fig. 4); hence, there is no incident of SWNTs creating a
short-circuit in the nanocomposite. This may have been as-
sisted by the centripetal force exerted during spin-casting,
which would tend to align the SWNT ropes in the plane of the
substrate rather than across the thickness of the device. The
orientation of the ropes would also depend on the viscosity of
the casting solution, the solvent evaporation rate, and the con-
centration of the SWNTs. In summary, it is obvious that short-
circuiting due to SWNTs is not an issue in our case.

The external quantum efficiency (EQE) of such photode-
tectors is defined as the ratio of the number of collected
charges at the electrode to the number of incident photons at
the wavelength of operation. Efficient harvesting of IR
photons, followed by fast charge transfer, and enhanced con-
duction in the polymer and SWNT networks result in a maxi-
mum EQE of ca. 2.6 %, obtained in the devices with 20 wt %
of SWNT-PbSe. Compared to PbSe-QD/PVK devices (with a
similar number of isolated QDs) that exhibit an EQE of
ca. 1.2 %, this corresponds to an increment of more than
100 %.

The photoinduced charge generation in a nanocomposite
material depends on the efficient capture of electron-hole
pairs of the photodissociated exciton before they can recom-
bine and generate photoluminescence. This study shows that
by incorporating SWNT-PbSe conjugates, in which a large
number of PbSe QDs is attached to the nanotubes, efficient
charge separation and transport is achieved. This study com-
bines several distinct merits of the constituents of a polymeric
nanocomposite: the highly efficient exciton generation of
PbSe QDs, the efficient electron transfer to SWNT resulting
from intimate and high-density attachment of QDs, the low-
percolation-threshold dc conduction path due to the SWNTs,
and above all a ballistic transport mechanism in the SWNTs,
all of which lead to a considerable enhancement of photocur-
rent over and above a device without the SWNT constituent.

Experimental

Sample Preparation: PbSe QDs were prepared according to a meth-
od reported earlier [22]. Briefly, PbO (5 mmol) and oleic acid
(25 mmol) were added to 20 mL of tri-n-octyylamine. The reaction
mixture was heated under alternate vacuum and argon atmospheres
for 30 min at 155 °C, after which 10 mL of 1 m selenium dissolved in
tri-n-octylphosphine (TOP-Se) was rapidly injected into the reaction
flask. A monodispersed crop of PbSe QDs was formed by this reac-
tion, which could be retrieved at different size fractions. The QDs
were cleaned of excess surfactant, oleic acid, and other side products
by repeated washing with excess acetone and centrifugation.

The procedure of attaching PbSe QDs onto SWNT is given below:
First, the SWNT (bundles with diameter 1.2-1.5 nm and length
2-5 um, Aldrich, 50 %) surface was carboxylated by oxidation with a
mixture of H,SO4/HNO;. SWNTs (80 mg) were stirred in 40 mL of
H,SO4/HNOj; (3:1) solution for 24 h at room temperature (RT). The
reaction mixture was centrifuged and washed with water several times
to remove the excess acid. 160 mg of EDAC was added to the carbox-
ylated SWNT (SWNT-COOH) in DMSO to activate the carboxyl
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group, followed by the addition of 500 mg of AET and stirring for
12 h at room temperature. After the coupling reaction with AET, ex-
cess EDAC and AET were removed by centrifuging and washing with
DMSO and acetone. The precipitate was sonicated in chloroform to
obtain a stable dispersion.

The surface of PbSe QDs was stripped of a fraction of the oleic acid
monolayer by washing with excess ethanol and centrifuging. These
QDs, with partially bare surfaces, were redispersed in chloroform and
subsequently SWNT-SH was stirred in with them. The mixture was
stirred for 12 h in chloroform. Any free PbSe was separated by centri-
fuging with microcentrifuge filters (molecular weight -cut-off
100000 Da PTHK polysulfone membrane, Aldrich), and the product
SWNT-PbSe in the residue was redispersed in chloroform.

Sample Characterization: Absorption spectra were recorded using a
Shimadzu 3101PC spectrophotometer. A SPEX 270M spectrometer
(Jobin Yvon) equipped with an InGaAs photodetector (Electro-Opti-
cal Systems Inc., USA) was used for acquisition of PL emission spec-
tra. An argon ion laser (BeamLok, Spectra-Physics, 488 nm line) was
used for PL excitation. The same excitation power was maintained for
every round of acquisition. The samples in quartz cuvettes were
mounted directly in front of the entrance slit of the spectrometer, and
the exciting laser beam was directed at 90° relative to the collection of
emission.

FTIR spectra of carboxylated SWNT, thiolated SWNT, and
SWNT-PbSe conjugates in KBr pellets were obtained. These mea-
surements were made using a Perkin-Elmer FTIR spectrometer mod-
el 1760X operating in transmission mode. Transmission electron mi-
croscopy (TEM) images were obtained with a Model 200 JEOL
microscope at an acceleration voltage of 200 kV. The specimens were
prepared by drop-casting a dispersion of the sample in chloroform
onto an amorphous-carbon-coated 300 mesh copper grid.

Device Fabrication: ITO-coated glass substrates were cleaned with
detergent, followed by ultrasonication sequentially in acetone, etha-
nol, isopropyl alcohol, and dried in a vacuum oven. A 50 nm layer of
PEDOT/PSS was spin-coated from aqueous solution. PVK was dis-
solved in chloroform to make a 10 mgmL™ solution. To this, either
solitary QDs of PbSe or the SWNT-PbSe conjugate was added in var-
ious proportions, and the mixture homogenized thoroughly. Thin-film
devices were spin-coated at 1000 rpm to yield 500-600 nm thick sam-
ples, which were dried in a vacuum oven overnight to ensure complete
solvent removal. Aluminum counter electrodes were thermally evapo-
rated to get the final device structure.

I-V Characterization: The current—voltage characteristics in dark
and under illumination were measured with a Keithley Sourcemeter
interfaced with Labview software for data acquisition. The devices
were optically excited by a continuous-wave semiconductor laser op-
erating at 1340 nm.
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