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We report an all solution-based processing method to produce efficient hybrid polymer–
nanocrystal multilayered heterostructures for electroluminescence in the near-infrared
(1050–1600 nm). We employ for the first time the benzenedithiol cross-linking method
to produce high-quality PbS nanocrystalline films acting both as an electron-transporting
and electroluminescent layer within a near-infrared light emitting diode (LED) architec-
ture. Due to the large volume of nanocrystals and the good carrier-transport properties
within the cross-linked nanocrystalline films, this device architecture yields high emission
powers and good quantum efficiencies. In contrast, using ethanedithiol cross-linking mol-
ecules results in nanocrystalline films with low photo- and electro-luminescence
efficiencies.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

The synthesis of exotic lead-chalcogenide nanostruc-
tures and their self-assembly into more complex monolay-
ers (2D) and nanocrystalline film structures (3D) has
created an entirely new paradigm in low-cost and high-
performance optoelectronic materials research, largely
due to the facile solution-based processing and the large
versatility of these structures [1–3]. Recently, the dithiol-
based ligand-exchange has enabled high-quality self-
assembled PbS and PbSe lead-chalcogenide nanocrystalline
film structures [4]. In this ligand-exchange process, short
cross-linking molecules producing strong thiolate group
on each end are used to replace the oleate capping group
around colloidal nanocrystals to achieve the cross-linking
of the nanocrystals into films. High structural quality and
excellent electronic transport properties have propelled
these self-assembled nanocrystalline lead-chalcogenide
. All rights reserved.
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film structures to the forefront of cutting-edge research
in the area of low-cost photovoltaic and photodetector
platforms [5–9]. Meanwhile, close-packed and cross-linked
CdSe-based nanocrystalline film structures have signifi-
cantly improved the performances of hybrid light-emitting
diodes (LEDs) for the visible [10–12]. However, very few
reports have explored the potential use of dithiol-treated
lead-chalcogenide nanocrystalline films for near-infrared
light emitting diodes (LEDs) architectures. Due to the long
oleate capping ligands keeping lead-chalcogenide nano-
crystals stable in solution, previously proposed hybrid
near-infrared LED structures mostly relied on nanocrystals
embedded within a polymer host matrix [13,14], or on a
monolayer of nanocrystals sandwiched between organic
carrier-transporting layers [15]. In these structures, the
low density of nanocrystals and the significant carriers
and exciton losses to visible residual emission from the or-
ganic layers severely limit the performances of those near-
infrared LEDs [13,15].

In this report, we apply a 1,3-benzenedithiol (BDT)
cross-linking treatment to achieve an all-solution, robust,
and versatile pathway to produce hybrid polymer–nano-
crystal multilayered-heterostructure LEDs with high
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Fig. 1. (a) Energy diagram for the hybrid multilayered LED. The HOMO
and LUMO levels for the TFB are obtained from Ref. [16]. The band edges
for PbS nanocrystals are obtained from Ref. [17]. (b) Cross-sectional SEM
image of device without the top aluminum contact.
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near-infrared emission and no residual visible emission. In
our multilayered device architecture summarized in Fig. 1,
the electron-transporting layer consists of a 100 nm-thick
self-assembled PbS nanocrystalline film cross-linked by
BDT ligand-exchange treatment that was deposited on top
of a hole-transporting polymer film. The nanocrystalline
film structure is fabricated using layer-by-layer deposition
and ligand exchange treatment to achieve superior struc-
tural quality and better charge-transport properties. As we
show, the resulting nanocrystalline film provides an effi-
cient electron-transporting and light-emitting structure.
In contrast, we observed that another popular dithiol mole-
cule 1,2-ethanedithiol (EDT) leads to poor LED efficiencies
in the same device structure. Finally, examining the conduc-
tivities and hole mobilities of these dithiol-treated PbS
nanocrystalline films provides a deeper understanding of
the intricacies associated with those two popular yet com-
plex self-assembly processes using EDT [5,7] and BDT
[4,6,9] linkers.

2. Materials and methods

The PbS nanocrystals used in this paper are synthesized
using the method pioneered by Hines and Scholes [18]. In
a typical synthesis of PbS nanocrystals emitting at 1050
nm, 0.45 g of lead oxide, 10 g of octadecene and 1.34 g of
oleic acid are added to a three-neck flask and heated to
80 �C for 2 h under vigorous stirring in low vacuum to degas
and dissolve the mixture. Then, the temperature is kept at
120 �C under nitrogen flow for 30 min before a second solu-
tion consisting of 105 ll of hexamethyldisilathiane diluted
in 4 ml of octadecene is quickly injected into the reaction
flask under vigorously stirring. After the completion of the
reaction, the colloidal PbS nanocrystals are collected by
quick injection of the reaction solution into an excess
amount of acetone (with a ratio of 1:4) for centrifugation.
To ensure adequate removal of the reaction solvents, precip-
itation and re-dispersion are repeated multiple times. By
using a IR-26 dye solution with a 0.3 optical density (quan-
tum yield of 0.05% [19]) as reference, a 20% quantum yield
is estimated for these 1050 nm emitter PbS nanocrystals in
solution. Fig. 2 shows the TEM images of different sizes of
PbS nanocrystals synthesised by changing the amount of
oleic acid (from 1.34 g to 20 g) used in this procedure.

The near-infrared LED device consists of a multilayered
structure using indium-tin-oxide (ITO) as the anode,
poly(3,4-ethylenedioxythiophene):poly(styrenesulphonate)
(or PEDOT:PSS) as the hole injection layer, poly(2,7-(9,9-di-n-
octylfluorene)-alt-(1,4-phenylene-((4-sec-butylphenyl) imi-
no)-1,4-phenylene)) (or TFB) as the hole transporting layer,
cross-linked PbS nanocrystals as electron transporting and
light emitting layer, and aluminum (Al) as the cathode. To
prepare the samples, the ITO substrate (Rs = 15–25 X, Delta
Technologies) is first pre-patterned by photolithography
followed by a wet-etching in 20% hydrochloric acid solution.
The substrate is then sequentially cleaned in de-ionized
water, acetone, and isopropanol ultrasonic baths each for
15 min. The hole-injection layer of PEDOT:PSS (CLEVIOS™ P
VP Al 4083) is spin-coated on top of the ITO substrate at
3000 rpm for 90 s and then annealed at 135 �C for 30 min in
air. The layer of TFB (American Dye Source, Inc.) is spin-coated
atop the PEDOT:PSS film using toluene solutions with differ-
ent TFB concentrations (8 mg ml�1, 12 mg ml�1 and 16 mg
ml�1) for thickness optimization. After annealing at 150 �C
for 10 min in a nitrogen-purged oven, the TFB film thick-
nesses is measured to be 60 ± 15, 90 ± 15 and 120 ± 15 nm,
respectively for the three concentrations used. Subsequently,
a layer-by-layer spin-coating of hexane-based colloidal solu-
tions of PbS nanocrystals (about 10 mg ml�1 concentrations)
is processed directly atop the TFB. The deposition of each
layer of nanocrystals includes 3 steps: (1) spin-coating of
the colloidal nanocrystals solution at 2000 rpm for 30 s, (2)
deposition of several drops of the 1,3-benzenedithiol (BDT)
acetonitrile solution (0.02 M) to fully cover the substrate,
wait for 30 s to enable the exchange process before spin-coat-
ing for 30 s at 2000 rpm, and (3) rinsing the sample with hex-
ane during spinning to wash away any excess of PbS
nanocrystals and BDT residues. Devices with 2, 4, 6, and 8
layers (with roughly 25 nm per layer) of nanocrystals were
produced using this method to investigate the optimal elec-
tron-transporting layer’s thickness. Finally, a 150 nm-thick
Al cathode is deposited through a shadow mask by e-beam
evaporation at a rate of 1 Å s�1. No further treatment and/or
encapsulation is performed on the devices. To avoid trapping
states formation at the contact between Al and nanocrystals



Fig. 2. (a) 7 nm, (b) 5 nm and (c) 3.5 nm PbS colloidal nanocrystals observed under TEM. (d) Lattice structure of a single 3.5 nm nanocrystal under high-
resolution TEM (HRTEM).
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after long term air exposure [20], all devices are tested within
2 h after fabrication, and no current-drop is observed in this
time scale.

The TEM images are obtained using a JEM 2010F instru-
ment operating at 200 KeV. The SEM images are obtained
using a JSM-7400F field-emission SEM instrument operat-
ing at an acceleration voltage of 3 kV. Photoluminescence
(PL) and electroluminescence (EL) spectra are recorded
using a Jobin-Yvon iHR320 triple-grating spectrometer
equipped with a Symphony thermoelectric-cooled InGaAs
CCD array for the near-infrared and a Synapse silicon CCD
array for the visible. For photoluminescence excitation, we
use a 250 mW frequency-stabilized TORUS (Laser-Quantum
Inc.) laser operating at 532 nm. Electroluminescence excita-
tion is performed using a Keithley 236 source-measure unit.
The device power–current–voltage (PIV) device characteris-
tics are recorded by placing the device on the port of an
integrating sphere coupled to a Newport IR-818 photode-
tector. The integrating sphere is carefully calibrated using
a lambertian GaInN LED. Absorption measurements are
performed on a UV–VIS–NIR spectrometer (UV-3600, Shi-
madzu) and the near-infrared image of the device’s emis-
sion is collected by Xenicsxeva near-infrared camera
coupled to a 2�magnifier. For the measurement of conduc-
tivity and hole mobility of the PbS nanocrystalline film by
CELIV method, the sample consists of a 250–350 nm-thick
nanocrystalline film fabricated using the layer-by-layer
spin-coating method sandwiched directly between ITO
and Al contact. A linearly-increasing bias is applied using a
function generator (Agilent 33220A) at 20 MHz and the
transient currents are measured by recording the voltage
drop across a 200 X resistive load using a digital oscillo-
scope (Agilent 54621A). All measurements are performed
at room temperature.

3. Results and discussion

3.1. Hybrid near-infrared LED structure with BDT linker

As shown in Fig. 3, a TFB polymer-only device with no
nanocrystalline film displays a clear single carrier (hole)
trap-limited current regime between 1 and 2 V [21], before
reaching a quasi space charge-limited current regime with
slope m � 2.7. This single carrier behavior is consistent with
the large energy barrier between the HOMO of the TFB and
the aluminum cathode for electron injection. For the LED
device using the optimized BDT cross-linked nanocrystal-
line film structure atop the TFB, measurements indicate a
high current density at low voltages originating from the
efficient electron injection at the nanocrystal–aluminum
junction. As shown in Fig. 1(a), the good match between
the aluminum cathode’s work function and the conduction



Fig. 3. Current–voltage characteristics for the hybrid multilayered LED
using a BDT-treated nanocrystalline film and for a TFB polymer-only
control device.

Fig. 4. (a) EQE and emitted power characteristics from samples with
different TFB-layer thicknesses. These identical 100 ± 15 nm-thick nano-
crystalline film structures all emit at 1050 nm. (b) EQE characteristics
from samples with different nanocrystalline film thicknesses using
identical 120 nm-thick TFB layer. Each nanocrystal layer is 25 nm-thick.
This group of samples operates at 1150 nm. This batch of nanocrystals has
a slightly lower photoluminescence efficiency compared with the nano-
crystals in (a).
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band of the self-assembled nanocrystalline layer offers the
convenience of removing additional electron transporting
organic and/or low work function metal layers in-between.
This precludes additional carrier losses and unwanted visi-
ble luminescence, while simplifying the fabrication process
and providing better device stability. At the heterojunction
between hole-transporting layer and electron-transporting
BDT-treated PbS nanocrystalline layer, the low LUMO of the
TFB provides a fantastic electron barrier that efficiently con-
fines the electrons within the PbS nanocrystalline film
structure and thus prevents any light emission from the
polymer layer during device operation.

In Fig. 4, we display the external quantum efficiency (EQE)
and output power measurements for devices with different
TFB and nanocrystalline film thicknesses. As shown in
Fig. 4(a), the EQE and output powers of the devices increase
along with increasing the thickness of the hole-transporting
TFB layer, while keeping the same 100 ± 15 nm-thick nano-
crystalline film’s thickness. This is consistent with the dual
role of the TFB layer which consists in: (1) providing an
efficient electron barrier to confine the injected electrons at
the polymer/nanocrystals interface and favor exciton bind-
ing, and (2) limiting the excess hole–current flowing through
the entire device structure. However, increasing the polymer
layer’s thickness also increases the device’s turn-on voltage
from about 2 V for the 60- and 90 nm-thick TFB films to
3.4 V for the 120 nm-thick TFB film.

Based on these results, we decided to use a 120 nm-thick
TFB layer for the nanocrystalline layer optimization shown
in Fig. 4(b), as it provides the optimal output powers and
EQEs. There, multiple spin-coated layers obtained from
the same solution of nanocrystals emitting at 1150 nm were
used for comparison. Due to a lower photoluminescent
efficiency of the 1150 nm emitter nanocrystals, this bath
of samples have a lower device EQE than the devices in
Fig. 4(a). With each nanocrystals layer being 25 nm-thick,
the EQE peaks with devices using 4 layers of nanocrystalline
film (100 ± 15 nm thick). For thinner nanocrystalline films
(2 layers), the active region is too thin and the metal contact
quenching leads to lower EQEs. In thicker structures
(4 layers), the exciton diffusion to the contact is reduced,
which leads to an increase in radiative recombination. Fur-
ther increasing the thickness of the nanocrystalline film to 6
and 8 layers results in lower EQEs due to the fact that elec-
trons get trapped in defect states before reaching the poly-
mer/nanocrystalline film interface, thus reducing the
carrier balance in the active region. As shown in Fig. 4, this
all-solution-processed device architecture can produce
5 mm2 near-infrared LEDs producing up-to a phenomenal
74 lW output power at 1050 nm and EQE’s up-to 0.72%.
Meanwhile, no residual visible emission from the hole
transporting polymer layer is observed, as shown in
Fig. 5(a). Finally, Fig. 5(b) shows that near-infrared LED
architectures operating at different emission wavelengths
can be produced using PbS nanocrystals of different sizes,
demonstrating the versatility of this approach.

3.2. EDT vs. BDT cross-link for LED application

On the choosing of the best dithiol treatment for the LED
structure, we noticed significant differences between the
nanocrystalline film structures obtained using the
BDT-treatment and the more conventional EDT-based
cross-linking process. While the EDT treatment is known
to work well for photovoltaic devices [5,7,22], it consistently



Fig. 5. (a) Visible electroluminescence spectra from a TFB-only LED and a
TFB-PbS hybrid LED. While some of the near-infrared emission is seen at
the edge of the detection range of silicon CCD array, no TFB emission can
be seen from the hybrid LED structure. (b) Normalized electrolumines-
cence spectra for LED structures fabricated from nanocrystalline films
using different PbS nanocrystals with emission at 1050, 1350 and
1600 nm, respectively. The narrowing shown on the right shoulder of
1600 nm spectrum is due to InGaAs detector sensitivity cut-off.

Fig. 6. (a) Power-evolution for the BDT-treated, EDT-treated and pristine
un-treated nanocrystalline devices. (b) Absorption (-j-) and photolumi-
nescence (—) for nanocrystalline film structures before and after either an
EDT or BDT ligand-exchange treatment. The three samples were produced
by spin coating from the same nanocrystal solution under identical
conditions. The inset shows the photoluminescence intensities from the
three samples before ligand-exchange.
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provided us with poor near-infrared LED structures. For
example, Fig. 6(a) compares the power–voltage device char-
acteristic of three identical devices with EDT-treated, BDT-
treated and pristine un-treated nanocrystalline films. It is
clear that the electroluminescence is dramatically lower
for the EDT-treated film compared with BDT. In the absorp-
tion and photoluminescence spectra shown in Fig. 6(b), the
red shifts after both dithiol treatments suggest reduction of
quantum confinement and stronger coupling originating
from the reduced inter-particle distance following both of
these dithiol-based cross-linking treatments [5,23]. While
the three samples have the same thick (1 layer, roughly
25 nm), the photoluminescence is significantly higher for
the BDT-treated film compared with EDT, which is consis-
tent with the higher electroluminescence consistently ob-
served from the BDT-treated devices. Estimated using the
ratio between the absorption at the excitation wavelength
and the photoluminescence integral intensities, the relative
photoluminescence efficiency for un-treated, BDT, EDT-
nanocrystalline films is 1, 1.3 and 0.15, respectively. This
shows clearly that although both BDT and EDT cross-linking
result in nanocrystalline films with good charge transport
properties useful for photodetector and photovoltaic appli-
cations [5–9], the distinct improvements in photo- and elec-
tro-luminescence efficiency after BDT treatment suggests a
significant reduction of non-radiative recombination path-
ways that is crucial for light-emitting applications.

To further explore the differences between EDT- and
BDT-treated nanocrystalline films, we used charge extrac-
tion in linearly increasing voltage (CELIV) measurements
to obtain the conductivity r and the majority-carrier
mobility lh [24,25]. In view of the p-type doping of air-ex-
posed PbS nanocrystalline films, holes are the majority
carriers in such films [4]. Using the results from Fig. 7
and the following equations [24]:

r ¼ 3dDj
2tmaxA

ð1Þ

and

lh ¼
2d2

3At2
maxð1þ 0:36 Dj

jð0ÞÞ
ð2Þ



Fig. 7. CELIV transient currents for (a) EDT-treated and (b) BDT-treated nanocrystalline films. For the EDT-treated sample, d = 250 nm and A = 400 kV s�1.
For the BDT-treated sample, d = 320 nm and A = 300 kV s�1. (c) Using the parameters obtained from the measurements in (a) and (b), we can obtain
1.56 � 10�11 S m�1and 1.1 � 10�3 cm2 V�1 s�1 for the conductivity and hole mobility in EDT-treated nanocrystalline films and 3.91 � 10�13 S m�1and
1.4 � 10�4 cm2 V�1 s�1for BDT-treated nanocrystalline films.
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where d is the sample’s thickness, A is the increasing-volt-
age slope, and the parameters tmax, Dj and j(0) are obtained
from the transient currents shown in Fig. 7(a) and (b), we
can obtain directly the conductivity r and hole-mobility
lh values summarized in Fig. 7(c). These results indicate
that the BDT-treated film has a 40-fold smaller conductiv-
ity than the EDT-treated film. Even with an 8-fold smaller
hole mobility in the BDT-treated film, this large difference
in conductivity suggests a five times lower p-type doping
concentration due to less oxidization, most likely resulting
from better surface passivation in BDT-treated films. In
general, a smaller doping concentration tends to be a desir-
able thing in LEDs [26]. Moreover, the non-radiative Auger
recombination, proportional to the cube of the carrier den-
sity, is also the main source of exciton quenching in nano-
crystals [27], which makes the low doping level especially
desirable for strongly-confined nanocrystalline materials.
In contrast, the larger impurity-doping level in the EDT-
treated films combined with the faster exciton dissociation
rates [23] lead to a large free-carrier density that favors
non-radiative processes and quenching of the photo- and
electro-luminescence [28].

Finally, the dramatically lower hole mobility in the BDT-
treated film also provides a strong mobility barrier that
confines the injected holes close to the polymer–nanocrys-
talline interface to favor the exciton binding. In contrast, the
higher hole concentration and hole-mobility in the EDT-
treated films lead to hole transport-dominated currents
through both the TFB and the nanocrystalline layers, which
does not provide the balanced electron and hole densities
desirable for LED operation. As such, a better surface passiv-
ation, lower doping level, better exciton binding at the
hybrid heterojunction interface and balanced carriers injec-
tion all combine to offer much better performances in the
BDT dithiol-treated LED structure compared with the more
conventional EDT treatment.
4. Conclusion

We report an all solution-based processing method pro-
ducing efficient hybrid polymer–nanocrystal multilayered
heterostructures for light-emission in the near-infrared
(1050–1600 nm), using a carefully-controlled layer-by-
layer BDT cross-linking nanocrystal treatment. After opti-
mization of the hole- and electron-transporting layers
thicknesses to 120 and 100 nm, respectively, we obtain
near-infrared LEDs with EQEs of 0.72% and up-to 74 lW
output power at 1050 nm. The high near-IR emission and
no residual visible emission of this device architecture
are achieved by using a thick cross-linked nanocrystalline
film acting both as the electron-transporting layer and
the electroluminescent material. As we show, the good
performances of this BDT-treated LED structure compared
with the more conventional EDT treatment can be ex-
plained by the different surface passivations, doping levels
and carrier mobilities resulting from the BDT and EDT
treatments. This facile, robust, low-temperature and sub-
strate-independent all solution-processed LED architecture
provides a scalable method of producing near-infrared
LEDs allowing integration on flexible substrates and amor-
phous silicon active matrix backplanes [29]. In the future,
this LED architecture could be potentially used for flexible
and/or reconfigurable integrated opto-electronics, biologi-
cal imaging and sensing, and lab-on-a-chip platforms
[30]. Meanwhile, this approach could also be extended to
PbSe colloidal nanocrystal to further extend the LED oper-
ation further in the near- and mid-infrared ranges. Finally,
the large refractive index of these self-assembled nano-
crystalline films also offers the possibility of incorporating
electroluminescent structures onto silicon substrates or
within more complex device architectures.
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