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Efficient excitation transfer from polymer to nanocrystals
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We quantify experimentally the efficiency of excitation transfer from a semiconducting polymer
matrix to quantum dot nanocrystals. We study 560.5 nm PbS nanocrystals embedded in MEH-PPV
~poly@2-methoxy-5-~28-ethylhexyloxy-p-phenylenevinylene!#! polymer. We determine the excitation
transfer efficiency from normalized photoluminescence excitation measurements. When the
composites are made using as-synthesized PbS nanocrystals capped by oleate ligands, the excitation
transfer efficiency is about 20%. Replacing these ligands with shorter chains results in a factor-of-3
enhancement in the excitation transfer efficiency. Our findings provide guidance to the realization of
efficient electroluminescent devices. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1755414#
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Quantum dots confine excitons and offer the size-tuna
optoelectronic properties of artificial atoms. Colloidal nan
crystal ~NC! quantum dots,1,2 being solution-processible
have been used as the light-emitting material in polym
based light-emitting devices~LED! in the visible3 and
infrared4–6 range. In optoelectronics, size tunability perm
spectral control of absorption for photovoltaic,7 stimulated
emission,8 and electroluminescence4–6 applications.

The organometallically synthesized NCs are capped b
layer of organic ligands~Fig. 1! to prevent aggregation an
thereby preserve their quantum-confined energy lev
These ligands are hydrocarbon chains terminated by a f
tional group. They have much larger energy gaps than
NC material and have been demonstrated to inhibit cha
transfer.9 Since excitation transfer from polymer to NCs is
necessary step for electrically pumped radiation from N
this capping layer is thought to be a major hurdle to achi
ing high electroluminescence quantum efficiencies
polymer-NC composites. The best efficiencies are typica
in the 1% range, whereas inorganic LEDs and lasers h
external quantum efficiencies in the 10%–60% range.

Mechanisms for this excitation transfer include the F¨r-
ster and Dexter mechanisms. While the Fo¨rster mechanism is
a dipole–dipole coupling process and Dexter an elect
transport process, both have strong though different dep
dencies on the distance separating the donor and the acc
involved. To determine the contribution of the excitatio
transfer process to the overall electroluminescence
ciency, it is important to quantify the efficiency of the tran
fer process.

We used PbS NCs synthesized as in Refs. 6 and 10.
NCs have an average diameter of 5 nm and a luminesc
peak at 1500 nm. Their size tunability over the photolum
nescence peak range 1000–1600 nm has previously
demonstrated.

We employed four types of capping ligands: the 1
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carbon-single-chain oleate terminated by a carboxyl gro
~herein labeled C18!, the 18-carbon-single-chain octadec
lamine terminated by an amine group~A18!, the 12-carbon
dodecylamine~A12!, and the 8-carbon octylamine~A8!.
Composite solutions were made by thoroughly mixing N
in-toluene and MEH-PPV-in-toluene solutions of know
concentration. The composite films~named C18-P, A18-P
A12-P, and A8-P! were made by dropping each of the com
posite solutions on a cleaned quartz substrate and allowin
to dry. Pure NC films~named C18-N, A18-N, A12-N, and
A8-N! were made by the same method, with the absenc
MEH-PPV.

We investigated the efficiency of net transfer of exci
tions in the polymer to the NCs using the normalized pho
luminescence excitation spectrumQ(l) of NCs.Q(l) is, for
each excitation wavelengthl, the rate of photon emission b
the NCs normalized to the rate ofdirect optical absorption by
the NCs of the incident light at that excitation wavelengthl.
It is obtained from

Q~l!}
En~l!

~12Tc~l!!FnT~l!
, ~1!

whereEn(l) is the measured photoluminescence excitat
spectrum of NCs for the photoluminescence peak at 1
nm, Tc(l) is the measured transmittance spectrum of

il:FIG. 1. PbS NC capped by ligands consists of a hydrocarbon chain an
end functional group. Excitation may be transferred from polymer to NC
5 © 2004 American Institute of Physics
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composite film, andFnT(l) is the fraction of the absorbe
incident excitation light absorbed by the NC part of the co
posite film. This fraction is obtained from

FnT~l!5
An~l!

Ac~l!
, ~2!

where Ac(l) and An(l) are the measured optical densi
spectra of the composite film and its deconvolved NC co
ponent ~Fig. 2!, respectively. The absorption spectra we
measured using a Cary 500 UV-Vis-NIR spectrophotome
The photoluminescence excitation spectra were measure
ing a PTI spectrofluorometer with a tungsten-halogen lam

The absorption spectra in Fig. 2 show that only the N
component of the composite film can be excited for exc
tion wavelengths longer than 620 nm. MEH-PPV has ne
gible absorption in this range. At excitation wavelengt
shorter than 620 nm,Q(l), plotted in Fig. 3, of the compos
ite films for emission at 1500 nm rises abruptly as the po
mer begins absorbing incident light and transferring exc
tions to the NCs, resulting in enhanced infrar
luminescence from the NCs. The extent of the increase iQ
with this onset of polymer absorption allows us to quant
the transfer efficiency from polymer to NCs. Pure NC film
show featurelessQ(l) spectra and confirm that the onset
polymer absorption is responsible for the peak inQ(l) of
the composite films centered at 500 nm.@Note that in Fig. 3,

FIG. 2. Absorption spectra of a composite film~solid line! and its decon-
volved MEH-PPV polymer~dashed line! and NC~dotted line! components.

FIG. 3. Relative normalized photoluminescence excitation spectraQ(l) of
NCs for composite films C18-P, A18-P, A12-P, and A8-P~solid lines! and
NC-only films C18-N, A18-N, A12-N, and A8-N~dashed lines! for the four
kinds of ligands.

Downloaded 01 Jun 2004 to 128.100.138.54. Redistribution subject to AI
-

-

r.
us-
.

-
i-
s

-
-

the vertical axis is in arbitrary units; curves have been sca
to facilitate comparison since it is the relative spectral sh
of Q(l) that reveals excitation transfer.#

Phenomenologically, the rate of photon emissionPn by
the NCs at a given excitation wavelength is

Pn5k~Ln1Lph t!, ~3!

whereLn and Lp are the rates of photon absorption by N
and polymer,h t is the efficiency with which excitations gen
erated in the polymer are transferred to the NCs, andk is a
constant of proportionality.Q is given by

Q5
Pn

Ln
5kS 11

Lp

Ln
h tD . ~4!

Since the ratio ofLp to Ln can be obtained from the ratio o
the polymer to the NC components of the deconvolved o
cal density spectra of the composite film~Fig. 3!, h t can be
extracted from theQ(l) curves using Eq.~4!.

The efficiencyh t is plotted in Fig. 4. Three main con
clusions can be drawn. First, the role of the end functio
group in this excitation transfer process plays a modest r
h t of the C18 and A18 ligands are similar. Second, the tra
fer efficiency increases as the ligand chain length decrea
An improvement by a factor of almost 3 is achieved by e
changing the as-synthesized oleate ligand having a 2 nm 18-
carbon chain for shorter ligands having 1.5 nm 12-carbon
1 nm 8-carbon chains. Third, in all cases the transfer e
ciency is in the tens of percent.

Previously, two distinct phenomena—internal quantu
efficiency of NCs in polymers and transfer efficiency acro
the ligand layer—have been held responsible for the l
electroluminescence quantum efficiency of devices.4,6 Our
results suggest that even relatively long insulating ligands
not severely impede the transfer of excitations from po
mers to NCs, although shorter chains can improve the tra
fer efficiency. This suggests that considerable freedom m
be exploited in engineering ligands and ligand–NC int
faces for high internal quantum efficiency.

The authors thank the support of Nortel Networks, t
Natural Sciences and Engineering Research Council
Canada under the Collaborative Research and Developm
Program, the Materials and Manufacturing Ontario, t
Canada Research Chairs Program, the Canada Found
for Innovation, and the Ontario Innovation Trust.

FIG. 4. The absolute transfer efficiencyh t of excitations from MEH-PPV to
NCs for the four ligand choices: oleate~C18!, octadecylamine~A18!, dode-
cylamine~A12!, and octylamine~A8!.
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