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Optoelectronic properties of polymer-nanocrystal composites active
at near-infrared wavelengths
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We report a systematic study of the optoelectronic processes occurring in composites made of
near-infrared �IR� emitting nanocrystals and conjugated polymers. We focus on PbSe and
InAs/ZnSe blended with polyphenylenevinylene-type polymers. We find that the process
responsible for quenching the visible luminescence of the polymer by the nanocrystal varies
depending on the nanocrystal composite. Moreover, the high �66%� energy-transfer efficiency from
the polymer to the PbSe nanocrystal does result in significant emission at the near IR. Our
measurements suggest that the host may be doping the PbSe nanocrystal, thus making the
nonradiative Auger process favorable. For InAs we find the energy levels well aligned inside the
polymer band gap, making it an efficient charge trap which acts as a luminescence center. Through
two-dimensional numerical modeling of the charge transport in such composite films we highlight
the importance of morphology �nanocrystal distribution� control. © 2005 American Institute of
Physics. �DOI: 10.1063/1.2064307�
I. INTRODUCTION

Semiconducting �conjugated� organic molecules and
polymers1,2 are now reaching the market in the form of full
color �small size� displays. This implies that a certain level
of material quality as well as understanding of device opera-
tion �e.g., light-emitting diode �LED�� has been achieved.3,4

While this class of materials is highly attractive for a range
of applications, it is clear that the properties of these mate-
rials are not as broad as one may wish. In parallel, molecular
size inorganic nanocrystals5 �NCs� based on a range of
materials6–10 have been developed. Naturally, the above two
types of “molecular” materials have been used together in
the form of blends �sometime solid solutions� in order to
extend the mechanical, optical, and electrical properties of
each family. To this end, organic-inorganic nanocomposites
are being developed to produce composite visible light-
emitting diodes11–13 and efficient solar cells,14,15 all active in
the visible range. The extension of organic LEDs into the
technologically important near-infrared �near-IR� spectral
range used in telecommunications is gaining increased atten-
tion typically using lanthanide complexes16,17 and inorganic
nanocrystals.18–20 Recently, we have reported an efficient
electroluminescence18 at the near infrared �and above 1 �m�
based on InAs NCs and conjugated polymer hosts. This was
followed by a report of efficient emission based on PbS
�Ref. 19� NCs and a less-efficient emission based on PbSe.20

This paper discusses an investigation of LED structures com-
prised of InAs/ZnSe �core-shell� and PbSe �core� NCs and
polyphenylenevinylene �PPV�-type polymers, focusing on
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the following controlling parameters: �a� energy or charge-
transfer process between the host polymer and the embedded
nanocrystals, examined by quenching/enhancement of the
photoluminescence �PL� and PL-excitation intensity of either
one of the constituents, �b� determination of the relative en-
ergy levels of the constituents, using cyclic voltammetry
measurements, and �c� the effect of charge trapping at the
nanocrystalline site, on the LED performance, using a nu-
merical model. These results suggest that the materials’ com-
position �polymer and nanocrystals� has a crucial influence
on the electroluminescence process.

II. EXPERIMENT

A. Synthesis and basic properties

Core/shell InAs/ZnSe NCs with an average core radius
of 2.4 nm InAs and a ZnSe shell with a nominal thickness of
1.5 monolayers with strong emission in the 1.3–1.5 �m
range were prepared in a two-step synthesis as reported
previously.7,21 PbSe core and PbSe/PbS core-shell NCs,
emitting in the 1.2–1.8 �m spectral range, were prepared
according to the procedure given in Refs. 10 and 22. Sche-
matic drawing of the polymer constituents, MEH-PPV or
yellow-PPV,23 and the aforementioned NCs are drawn in
Fig. 1. Separate solutions of the polymer and NCs, each dis-
solved in toluene, were prepared initially. These solutions
were then mixed at the required NC-to-polymer volume ra-
tio. Finally, the optical absorption of the composite film was
measured and used as a final monitor. Optically homoge-
neous films were spin casted from solution to �100 nm
thickness onto a suitable substrate.

Representative absorption and PL spectra of the NC con-
stituents, recorded at room temperature, with various NC
sizes are shown in Fig. 2�a�. These spectra reflect the tun-

ability in the near-IR spectral regime and the high quality of
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the NCs. Comparison of the absorption spectra of the pure
polymer and polymer-NC composites is given in Fig. 2�b�.
The dashed line in Fig. 2�b� designates the absorption of the
NCs �in polystyrene matrix�, the dashed-dotted line denotes
the pristine PPV, while the full line shows the PPV-NC com-
posite film. The absorption of the composite is essentially a
combination of the two constituents. The bands between 800
and 1600 nm correspond to the quantum-confined transitions
of the NCs �the absorption of the first excited state is en-
larged�, and those below 600 nm are associated with the host
conjugated polymer overlapping the high-energy side of the
NC absorption. The representative absorption spectra in Fig.
2�b� were used to calibrate/monitor the relative content of the
NC to PPV.

Thus, Fig. 2 demonstrated the advantages in blending
InAs/ZnSe, PbSe, and PbS NCs into a polymer host, extend-
ing the tunability across the telecommunication band, im-
proving the process ability and device manufacturing tech-
nology of organic LEDs. Figure 3 shows the PL quantum
efficiency of yellow PPV as a function of InAs/ZnSe and
PbSe NC loading. Both NC materials quench the lumines-
cence of the host in an effective manner. The quenching of
the host emission suggests that there may be an efficient

FIG. 1. Schematic description of the nanocrystals and polymers used in this
study. The nanocrystal is described as having a core �as InAs or PbSe�,
optional shell �as ZnSe or PbS�, and a solubilizing organic ligand.

FIG. 2. �a� Absorption �dashed� and emission �full line� spectra of different
size PbSe nanocrystals. The base line is shifted for clarity.
�b� Absorption spectrum of the nanocrystals in polystyrene matrix �dashed
line�, of the pristine PPV �dashed dotted line�, and of the PPV-NC composite
�solid line�. The magnified absorption at about 1400 nm shows the first
excited state of the NC �embedded in PPV�. The nanocrystals used in this
subfigure are InAs/ZnSe and the polymer is superyellow PPV. However,
similar features are found for composites containing PbSe or other PPV

derivatives.
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energy transfer to the guest NC; thus the blends are poten-
tially attractive for electroluminescence at the near IR.

B. Electroluminescence

While the general features of InAs/ZnSe and PbSe NCs
look very similar, the performance as light-emitting diodes is
very different. Figure 4�a� represents a plot of a light-current
characteristic at the near infrared �left abscissa� and the ex-
ternal efficiency �right abscissa� of InAs/ZnSe �80 wt % � in
the PPV host LED. The luminescence was measured through
a 1-�m-high pass filter. The response is linear and the exter-
nal efficiency increases rapidly, reaching a maximum value
of 0.5% �Ref. 18� at the highest applied current. Figure 4�b�
shows the emission spectra measured under optical �PL,
solid line� and electrical �EL, symbols� excitations of the
InAs/ZnSe-PPV composite.

Figure 4�c� shows the light-current characteristics at the
near IR of PbSe embedded in yellow-PPV LEDs. The re-

FIG. 3. PL quantum efficiency of yellow PPV as a function of nanocrystal
loading.

FIG. 4. �a� Near-IR light emission as a function of the applied current for
InAs/ZnSe-PPV composite LED. The solid line shows the emission power
�a.u.� and the dashed line shows the calculated external efficiency. �b� PL
�solid line� and EL �symbols� spectrum of InAs/ZnSe-PPV composite. �c�
Near-IR light emission as a function of the applied current for PbSe-PPV
LEDs have 0 wt % PbSe �dashed�, 23 wt % PbSe �solid�, and 60 wt % PbSe
in PPV �dot dashed�. �d� Visible light emission as a function of the applied
current for the same PbSe-PVV LEDs as in �c�. Note that despite the strong
quenching of the visible electroluminescence there is no emission, from the

PbSe, at the near IR.
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sponse of the pristine PPV is given by the dashed line, rep-
resenting the base line “noise” of the system. The dash-
dotted and full lines correspond to 23 and 60 wt % PbSe
NCs in yellow PPV, respectively. We note that the measured
near-IR emission of the PbSe-NC–polymer blend barely goes
above the noise level and indeed the efficiency at the near IR
is negligibly small, in agreement with Steckel et al.20 The
light-current characteristic of the visible emission of the host
is plotted in Fig. 4�d�, without �dashed� and with �dash-
dotted and full lines� PbSe NCs. We note that the presence of
PbSe quenches the electroluminescence of the yellow-PPV
host, in agreement with Fig. 3. However, as is shown in Fig.
4�c�, no significant electroluminescence was detected at the
near IR for the PbSe compound.

C. Energy and charge-transfer paths

The light-current characteristics discussed above do not
elucidate whether the quenching of the host electrolumines-
cence is associated with an efficient energy transfer from the
polymer host to the NC guests �as suggested by Fig. 3�b�� or
due to other channels �e.g., chemical hindrance�. This issue
was further clarified by the examination of the PL-excitation
and absorption spectra of PbSe and InAs/ZnSe NCs blended
with yellow PPV �YPPV�, in comparison with the spectra of
those NCs dispersed in polystyrene �PS� �acting as an opti-
cally inert polymer�. Figure 5�a� shows the absorption spec-
trum of the PbSe-NC/YPPV �full line� and PbSe-NC/PS
�dashed line� films. A complementary measurement is shown
in Fig. 5�b� which describes their PL-excitation spectra,
monitored at the PbSe emission spectral regime �see Fig.
2�a��. The spectrum corresponding to the PbSe-NC/PS film
was normalized to overlap that of the PbSe-NC/YPPV film
outside the main absorption band of the YPPV. Examining
Fig. 5�a� and comparing the dashed and full lines we find
that at the absorption band of the composite �centered at
450 nm� the direct absorption by the NCs contributes 25% to

FIG. 5. �a� Absorption spectrum of PbSe NCs in polystyrene �dashed� and in
yellow PPV �full line�. �b� Excitation spectrum of PbSe NCs in polystyrene
�dashed line� and in yellow PPV �full line�. �c� Absorption spectrum of
InAs/ZnSe NCs in polystyrene �dashed� and in yellow PPV �full line�. �d�
Excitation spectrum of InAs/ZnSe NCs in polystyrene �dashed line� and in
yellow PPV �full line�.
the total absorption and only 75% is due to the YPPV ab-
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sorption. Let us now turn to Fig. 5�b� which shows the PL-
excitation spectra of the discussed films recorded between
300 and 900 nm. The solid and dashed lines describe the
excitation spectrum of PbSe-NC/YPPV and of PbSe-NCs/
PS, respectively �the reduction of the signal close to 300 nm
is an instrumental artifact�. Again, the spectrum correspond-
ing to the PbSe-NC/PS film was normalized to overlap that
of PbSe-NC/YPPV film outside the main excitation band of
the YPPV. Comparing the dashed and full lines we find that
at the onset of the YPPV absorption there is enhanced emis-
sion from the PbSe NCs, indicating an energy transfer from
the YPPV host to the PbSe-nanocrystal guests. Comparison
of the relative intensities of the PL excitation at 450 nm of
the two films reveals a contribution of 66% due to energy
transfer from the YPPV and 34% contribution due to direct
excitation of the PbSe NCs �dashed line�. Based on the data
presented in Figs. 5�a� and 5�b�, the energy-transfer effi-
ciency is estimated as Eff�PbSe�= �0.66/0.34� / �0.75/0.25�
=0.64, showing there is efficient energy transfer from the
YPPV to the PbSe NCs.

Next, we examine the InAs/ZnSe-based films �Figs. 5�c�
and 5�d��. Based on Fig. 5�c� the absorption of the YPPV
polymer at 450 nm is 78% and that of the InAs/ZnSe NC is
22%. Figure 5�d�, however, shows very little enhanced emis-
sion at 450 nm due to the absorption by the polymer. Com-
paring the two spectra in Fig. 5�d� we find that the energy
transfer from the polymer contributes about 20% to the total
emission. Again we can estimate the efficiency of the energy-
transfer process as Eff�InAs�= �0.2/0.8� / �0.78/0.22�=0.07,
showing that the energy transfer from YPPV to the
InAs/ZnSe NCs is much less efficient than that of the energy
transfer to the PbSe nanocrystals. However, the overall pho-
toluminescence at the near infrared was weak for both PbSe-
and InAs/ZnSe-based films. Quantitative measure of the
emission efficiency was carried out by using integrating
sphere measurements24 of the photoluminescence quantum
yield �PLQY� of PbSe in solution and in a YPPV matrix �see
Table I�. To avoid complication associated with energy trans-
fer the excitation wavelength was chosen to be close to
900 nm where the YPPV does not absorb. The PLQY of
PbSe in solution and in the YPPV matrix was 50% and 3%,
respectively.

Hence, the above set of results seems puzzling and it
conveys the following intermediate conclusions: The embed-
ded NCs, both of InAs/ZnSe and PbSe, quenched the elec-
troluminescence of the PPV hosts. In the case of PbSe this
quenching was probably associated with an efficient energy
transfer from the YPPV host to the PbSe NCs but in the case
of the InAs/ZnSe NCs no such energy transfer is expected.

TABLE I. Near-IR photoluminescence efficiency in solution and in solid
matrix.

PL QE in toluene
�%�

PL QE in matrix
�%�

PbSe 50 2–5
InAs/ZnSe 20 N.A.
On the other hand, the quenching of the host electrolumines-
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cence is accompanied by an impressive enhancement of the
electroluminescence in the near IR when embedded with
InAs/ZnSe NCs, and negligible electroluminescence for
PbSe NCs. Therefore, it is presumed that the InAs/ZnSe
NCs are excited through a charge-transfer process from the
YPPV, rather than an energy-transfer process.

To elucidate the above differences between the PbSe-
and InAs/ZnSe-based LEDs we conducted cyclic voltamme-
try �CV� measurements that would reveal the relative energy-
level alignment. The NC/polymer solutions were spin coated
over ITO substrates, acting as working electrode. The
samples were examined in a cell containing 0.1M tetrabuty-
lammonium hexafluorophosphate �TBAPF6� in anhydrous
acetonitrile as supporting electrolyte. Platinum wire was
used as a counterelectrode and Ag/AgNO3 �0.01M in aceto-
nitrile� as a reference electrode �with scan speed=0.1 V/s�.
The sample preparation and CV measurements were carried
out in an inert atmosphere �N2� glove box. Figure 6�a� shows
the measured CV curves of PbSe and Fig. 6�b� shows the
measured CV curves for InAs �core only� in a PPV matrix
�full line� and of the pristine PPV �dashed line�. Note that the
signal for the InAs/PPV composite films shows contributions
from both the InAs and the YPPV. The signal for the pristine
PPV film helps us identify the signal associated with InAs
only in the composite film �see figure�. The onset potentials
�Eox and Ered� of p and n doping are used to determine the
highest occupied molecular orbital �HOMO� and lowest un-
occupied molecular orbital �LUMO� energy levels by means
of the empirical relationship proposed in Ref. 25. This rela-
tionship connects the solid-state ionization potential �IP�
�HOMO energy� and electron affinity �EA� �LUMO energy�
to the Eox and Ered using the relations IP �EHOMO�=−�Eox

+4.4� �eV� and EA �ELUMO�=−�Ered+4.4� �eV�, where
EHOMO and ELUMO are the HOMO and LUMO energy levels
below the vacuum. The value of 4.4 at the indicated relations
corresponds to the difference between the vacuum level po-
tential of the saturated calomel electrode �SCE� and the po-
tential of the Ag/AgNO3 electrode. As often found, the

FIG. 6. CV curves of spin-coated films on an ITO substrate. �a� PbSe in
polystyrene matrix; �b� pristine PPV �dashed line� and InAs/PPV composite
�solid line�; �c� schematic description of the energy levels based on the CV
measurements.
HOMO level is better resolved, while the LUMO level is
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deduced from the optical-absorption gap. Figure 6�c� shows
schematically the energy-level position of the materials used
in this study. We note that while InAs is positioned inside the
polymer gap the levels of PbSe are shifted to much lower
energies with the LUMO level being at �5.2 eV below the
vacuum level.

The position of the InAs levels within the PPV band gap
suggests that it is an efficient charge trap for both electrons
and holes. Namely, the high efficiency in the InAs/ZnSe-
based LEDs is a result of efficient charge transfer that com-
pensates for the poor energy transfer. The levels of the PbSe,
however, are positioned outside the PPV band gap. Since the
LUMO of PbSe is so low compared to the vacuum level it
will be below the Fermi level of most common organic hosts
and an electron transfer from the polymer HOMO to the
PbSe �doping� is energetically favored. This implies that
within the PbSe-NC/PPV composite, the optical excited state
of the PbSe will be similar to that of an N-doped semicon-
ductor with two electrons and one hole. In this case the most
probable decay channel is the nonradiative Auger process.26

Indeed Table I indicates a poor luminescence efficiency of
the PbSe NCs within the NC/polymer composite while Fig.
5�b� revealed an efficient energy-transfer process from the
polymer into the PbSe NCs. A proposed mechanism is drawn
schematically in Fig. 7. Figure 7�a� shows a polymer mol-
ecule absorbing a photon and a nanocrystalline energy level
having one electron in the LUMO level �N-doped species�.
Following the excitation of the polymer host the energy is
transferred �Fig. 7�b�� to the PbSe guest. The presence of two
electrons and a hole initiate the Auger process �Figure 7�c��,
creating a single hot electron �that will consequently relax
nonradiatively to the PbSe LUMO level�.

Considering the above physical picture, we presume that
efficient LED performance in the near IR can be maintained
when the polymer’s HOMO level is below the nanocrystal’s
HOMO levels and the polymer’s LUMO level is above the
nanocrystal’s one. Such energy-level alignment will preclude
spontaneous donation of electron by the polymer �at room
temperature�. This condition is fulfilled for InAs and most
polymer hosts and is NOT fulfilled for the PbSe nanocrystals
studied here. In this context we note that our preliminary
studies, focused on the preparation of PbSe/PbS core-shell
and alloyed PbSe/PbSexS1−x NCs, offer the possibility to
shift the HUMO and LUMO energy levels of the IV–VI
semiconductor NCs, with respect to that of the polymer, and

FIG. 7. �a� First step—part of the light is absorbed by the polymer and part
directly on the NC. �b� Second step—energy transfer from polymer to NC
followed by efficient quenching to the ground state �c�.
tune the exciton energy with variation of the NC size, as well
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as their composition.10 These NCs will be used in the near
future for the preparation of PbSe NC/PPV-based LEDs and
will be published elsewhere.

III. DEVICE PERFORMANCE AND MODELING

The role of carriers’ trapping and its importance for im-
proving device design and modeling is emphasized in this
section.27 We use a two-dimensional �2D� simulation which
solves Eqs. �1�–�3� below self consistently:

�E = −
q

���0
p , �1�

J = qp�E + qD � p , �2�

�

�t
p�t� =

1

q
� J = ��Dn � p�t� + �p�t�E�t�� . �3�

Equation �1� is the Poisson equation, Eq. �2� is the current
equation, and Eq. �3� is the current continuity equation �more
details regarding device modeling can be found in Ref. 28�.
The NCs are modeled as deep wells, and for simplicity, we
considered only one charge carrier. Namely, the presence of
the NC is modeled as a local shift �discontinuity� of the
HOMO level �see Fig. 8�.

The left side of Fig. 8 shows a 2D description of the
device used in the model. The figure schematically shows the
valence level of a composite, containing 5% NCs in volume,
where shift of the HOMO level at the NC position creates a
“bumplike” �inverse well� shape. The right side of Fig. 8
shows the calculated I–V curve as a function of NCs’ load-
ing. The figure exhibit a shift in the turn-on voltage,18 typical
of traplike regions �i.e., the wells�. The charge-density distri-
bution, calculated for a volume of 5% NCs and 5 V applied
bias is shown in Fig. 9, revealing the existence of a pillar at
each NC position �“trap”�, indicating the high charge density
within the NCs. The figure also shows the effect of the ran-
dom distribution of NCs, with regions occupied by “shadow”
or “deep” traps and other empty regions. The empty regions
effectively designate pinholelike regions as the current do
not pass through any nanocrystal. Moreover, examining the
contact area in Fig. 9 suggests that traps situated close to the

FIG. 8. Left: schematic description of the device structure used for the 2D
transport modeling. The “bumps” denote the deep wells in the valence band
representing the nanocrystals. Right: simulated I-V curve for pristine PPV
�diamonds�, 5 vol % of NC �squares�, and 10 vol % of NC in a PPV matrix
�circles�. The effect of the NC was calculated for an effective well depth of
0.3 eV.
contact suppress the charge injection, as the charge density in
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the polymer is very low at such regions. This low density is
in contrast to the central region which exhibits a density
profile typical of Ohmic injection into low mobility semicon-
ductors.

IV. CONCLUSIONS

To conclude, we have reported a systematic study of the
properties of organic LEDs, based on PPV-PbSe and PPV-
InAs/ZnSe composites active at the near infrared. The em-
bedded NCs, both of InAs/ZnSe and PbSe, quenched the
electroluminescence of the PPV hosts. This quenching was a
result of an efficient energy transfer from the host into the
PbSe NCs, and a charge transfer into InAs/ZnSe NCs. The
quenching of the host luminescence is accompanied by an
enhancement of the luminescence of InAs/ZnSe NCs, but by
negligible luminescence of the PbSe NCs. The CV measure-
ments suggested that an efficient LED performance in the
near IR can be maintained when the polymer HOMO and
LUMO levels wrap around the levels of the embedded NCs.
This condition is fulfilled in the case of PPV-InAs NC com-
posites and not for the PPV-PbSe composites. We suggest
that modified PbSe NCs as the PbSe/PbS core-shell or al-
loyed PbSe/PbSexS1−x NCs, showing a shift in their HUMO
and LUMO energy levels,10 may be better suited for use in
LED-type devices.

Finally, the experimental tools presented here enable to
optimize the choice of multilayers and polymer/NC compo-
sition. The numerical model highlighted the need of optimiz-
ing the device structure, distribution of NCs, and possibly the
need for multilayer design.
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