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Energy transfer in a host-guest system consisting of a blue-emitting poly�2,7-spirofluorene� �PSF�
donor and red-emitting CdSe /ZnS core shell quantum dots �QDs� as acceptor is investigated in solid
films, using time-resolved optical spectroscopy, and in electroluminescent diodes. In the QD:PSF
composite films, the Förster radius for energy transfer is found to be 4–6 nm. In electroluminescent
devices lacking an electron transport layer, the electroluminescence �EL� spectrum of the QD:PSF
polymer composite is similar to the photoluminescence �PL�, giving evidence for energy transfer
from PSF to the QDs. The addition of an electron transport layer between the emitting layer and the
cathode results in a significant change in the EL spectrum and a considerable improved device
performance, providing almost pure monochromatic emission at 630 nm with a luminance
efficiency of 0.32 cd /A. The change in spectrum signifies that the electron transport layer changes
the dominant pathway for QD emission from energy transfer from the polymer host to direct
electron-hole recombination on the QDs. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2932149�

I. INTRODUCTION

High quality colloidal core-shell semiconductor nano-
crystals, or quantum dots �QDs�, offer tunable narrow and
intense photoemission as function of size in the visible
range1–7 as a result of the spatial confinement of the excited
charge carriers.8,9 This property can be used to make hybrid
QD organic polymer light-emitting diodes �QD-LEDs� that
combine the emitting properties of QDs with the flexibility in
device construction of the organic and polymer materials.
The use of QDs as a replacement of organic, polymer, or
organometallic chromophores in LEDs has been demon-
strated and is attracting increasing interest in an effort to
obtain devices that combine the advantages of both systems
for monochromatic visible and near infrared emission as well
as for creating white light.10–41 Despite recent progress, de-
vice efficiencies of QD-LEDs still lag behind the more com-
mon organic and polymer LEDs.

Two types of QD-LED architectures can be discrimi-
nated. In the first device layout, a thin QD layer is sand-
wiched between a hole and electron injection layer such that
excitons are formed directly in the QD layer.10–28 In the sec-
ond layout, the active layer consists of a blend of QDs dis-
persed in a polymer29–39 or small molecule matrix.40,41 The
QDs in this composite material serve as emissive traps for
�migrating� excitons that are generated in the polymer matrix
by charge carrier recombination. The use of such hybrid sys-
tem where the QDs are embedded in a polymer matrix gen-
erally gives low luminance efficiency ��0.05 cd /A� for
monochromatic devices but was recently reported to be
2.2 cd /A for white-light-emitting devices.40 In these QD-

LEDs, the QD electroluminescence �EL� originates either
from recombination of injected charges in the host followed
by Förster energy transfer33,35,42–44 to the QD, or by direct
trapping and recombination of injected charge carriers on the
QDs. In photoluminescence �PL�, on the other hand, no �or
few� free charge carriers are created in the host after photo-
excitation and QD emission mainly stems from Förster en-
ergy transfer from the host, or from direct excitation of the
QD. An in-depth study on energy transfer and carrier trap-
ping differences in PL and EL in QD/polymer composite
LEDs can contribute to the improvement of hybrid QD
LEDs.

In this study, we use a conjugated blue-emitting
�450 nm� poly�2,7-spirofluorene� �PSF� that possesses a
fluorescence quantum yield of 40% as the host polymer ma-
trix and energy donor together with red-emitting �630 nm�
CdSe /ZnS core shell QDs as energy acceptor. We show that
the PL of the PSF polymer and the CdSe /ZnS core-shell
QDs in mixed films is governed by energy transfer from PSF
to QDs. The mechanism can be described by Förster theory
assuming a Förster radius of 4–6 nm. The results obtained
from photoexcitation are compared with electroluminescence
studies of the same layers. In these QD-LEDs, energy trans-
fer plays an important role when charge recombination is
dominant in the polymer, but by introducing an electron
transport layer, the QD emission can be significantly en-
hanced as a consequence of direct electron-hole recombina-
tion, leading to a red-light-emitting device with increased
luminance efficiency.

II. EXPERIMENT

A. Materials and sample preparation

The PSF was obtained from Covion Organic Semicon-
ductors GmbH.45,46 CdSe /ZnS QDs were prepared according
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to literature procedures.2 Poly�3,4-ethylenedioxythiophene�:
poly�styrenesulfonate� �PEDOT:PSS�, high resistance PE-
DOT 5411 Baytron was obtained from Bayer AG. TPBI
�1,3,5-tris�N-phenylbenzimidazol-2-yl�benzene� was ob-
tained from Sensient Imaging Technologies Gmbh. All sol-
vents were of analytical quality. The QDs were purified two
times by dissolving a solid powder of singly purified
CdSe /ZnS QDs in a certain amount of chloroform to obtain
a 1% �w /v� dispersion and precipitating with an equal
amount of methanol. The QDs were collected by centrifuga-
tion and dissolved in chloroform. Mixtures of the QD:PSF
solutions in chloroform were deposited by spin coating using
a BLE Delta 20 BM spin coater. For photoluminescence
measurements, the emissive layer was spin coated on clean
quartz substrates.

B. Optical spectroscopy

Steady state photoluminescence spectra were recorded
using a PerkinElmer LS 50B spectrometer using 4.6 eV as
the excitation energy. UV-visible spectra were recorded using
a PerkinElmer Lambda 900 spectrophotometer. Time-
resolved fluorescence was measured using a streak camera
setup �Chromex 250is polychromator 40 grooves /mm grat-
ing, Hamamatsu 5677 Slow Speed Sweep Unit� in the dump
mode with a temporal resolution of about 2 ps in the 2 ns
detection window. The resolution in the detection window of
12 ns was 0.12 ns. The excitation was carried out at 380 nm
�Spectra Physics Millenia Xs pump laser, Spectra Physics
Tsunami mode-locked Ti:sapphire laser, Spectra Physics
3980 frequency doubler and pulse selector�. The streak cam-
era spectra were corrected for the spectral response of the
incoupling lenses, the polychromator, the streak tube, and the
shading effects due to the deflection plate.

C. Device preparation and characterization

The QD-LEDs were fabricated under clean room condi-
tions, using patterned indium tin oxide �ITO�/glass substrates
with a 120 nm thick transparent ITO layer as the bottom
electrode. The ITO/glass substrates are treated for 15 min
with UV/ozone �UVP PR-100� before processing. A
�100 nm PEDOT:PSS layer was deposited by spin coating
and annealed at 180 °C for 2 min. Subsequently, the emis-
sive QD:PSF mixture was deposited from chloroform solu-
tion by spin coating. The TPBI layer �40 nm� and Ba
�5 nm� /Al �100 nm� metal cathode were deposited by
vacuum evaporation. The device area was 0.09 cm2. The
QD-LEDs were characterized using a low-noise single chan-
nel dc power source, using a voltage/current source meter
�Keithley 2400, Keithley Instruments�. Light from the LED
was measured using a photodiode and readout by an
electrometer/high-resistance meter �Keithley 2400�. The pho-
todiode was calibrated with a luminance meter �Minolta LS-
110�. The electroluminescence spectra were recorded using a
fiber-coupled spectrograp/charge coupled device camera
combination �Ocean Optics S2000�. The emission was cor-
rected for the wavelength dependence of the spectrometer.

III. RESULTS AND DISCUSSION

A. Energy transfer

The absorption and PL spectra of CdSe /ZnS QDs in
chloroform solution is shown in Fig. 1 and compared to the
fluorescence spectrum of PSF. Figure 1 reveals that the QD
absorption spectrum has a significant overlap with the fluo-
rescence of PSF. This overlap is a requirement to enable
efficient energy transfer from PSF to the QDs when they are
mixed,47,48 and the spectral separation between PSF and QD
PL emission allows detecting of both processes indepen-
dently.

The efficiency of energy transfer from the PSF donor to
the CdSe /ZnS QD acceptor can be expressed by the Förster
radius �R0� at which half of the excited donor molecules
decay by energy transfer and the other half by intrinsic ra-
diative and nonradiative pathways. When energy transfer
takes the form of interacting transition dipole moments on
donor and acceptor, the Förster distance can be estimated
from the spectral overlap J �in nm4 /Mcm� of the photolumi-
nescence �FD���� of the donor and the absorption ��A���� of
the acceptor, via47,48

R0 = 0.211��2n−4�F�D�J�1/6�in Angstrom� , �1�

where �2 accounts for the relative orientation of the two
transition dipole moments and is assumed to be equal to 2 /3
for random orientation of the dipole moments.49 �F�D� is the
luminescence quantum yield of the donor in the absence of
acceptor, and n is the refractive index of the solvent. From
the spectra shown in Fig. 1, the Förster radius for PSF and
CdSe /ZnS was determined to be �6.2 nm, in agreement
with the values 5.4–5.8 nm �Ref. 42� and 6.7–7.0 nm �Ref.
44� that were recently reported for similar combinations of
CdSe /ZnS QDs and a wide band gap semiconducting poly-
mer. Hence, in this range, energy transfer from PSF to
CdSe /ZnS QDs is rather efficient.

To investigate the energy transfer in films, the QDs were
mixed with PSF in different mass ratios and deposited by
spin coating from chloroform on quartz substrates. Figure
2�a� shows that the PL intensity of PSF in these mixed

FIG. 1. Absorption �open squares� and PL �solid triangles� spectra of
CdSe /ZnS QDs compared to the PL spectrum of PSF �solid squares�. All
spectra were recorded for chloroform solutions at room temperature. The
inset shows the molecular structure of PSF.
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QD:PSF films significantly decreases with increasing QD
concentration. At the same time, the PL intensity of the QDs
increases, consistent with the expected energy transfer, but
also possibly due to direct excitation. The PL excitation
spectrum recorded at the maximum of the QD emission
�630 nm� for the 70 wt % QD:PSF blend, however, shows
the characteristic features of the absorption of PSF �Fig.
2�b�� and confirms that when exciting at �400 nm the QD
emission results mainly from energy transfer from PSF to the
QDs. The low intensity tail in the PL excitation above
�450 nm �Fig. 2�b�� is due to absorption by the QDs.

For Förster energy transfer from a donor �PSF� to an
acceptor �QD� that is randomly but rigidly distributed in
three dimensions, the fluorescence intensity of the donor in
donor-acceptor mixture �IDA� can be described by48

1 −
IDA

ID
= ���e�2

�1 − erf���� , �2�

where � is given by

� =
��

2
Ca

4

3
�R0

3 �3�

and ID is the donor emission intensity in the absence of the
acceptor and Ca the concentration of QD acceptors

�mol /nm3�. To estimate R0, different CdSe QDs batches were
studied that had similar size, and compositions �2 or 3 ML of
ZnS� and optical properties ��em�630 nm�. The relative
quenching �1− �IDA / ID�� of the donor �PSF� fluorescence as
function of Ca is plotted in Fig. 3 and compared to the cal-
culated curves for different values for R0. The experiments
shown in Fig. 3 represent two different batches of QDs, each
incorporated in two QD/polymer films, resulting in four sets
represented by different markers. As can be seen, there is a
considerable spread in the experimental data, due to inhomo-
geneous film formation, but the general trends shown in Fig.
3 are consistent with Eq. �2�, when R0 is in the range of
4–6 nm, in fair agreement with the 6.2 nm estimated from
spectral overlap between donor emission and acceptor ab-
sorption.

Figure 4�a� shows the time-resolved photoluminescence
intensity recorded at 460 nm of pristine PSF and of mixtures
of QDs in PSF �20 and 50 wt %�. The fluorescence of PSF
can be described by a biexponential decay with lifetimes �1

=95�1 ps and �2=580�4 ps, with relative weights of
about 2:1. As expected for energy transfer, the addition of
QDs results in a decrease in emission lifetime of PSF ��1

=83�1 ps and �2=452�3 ps with relative weight of 3:1 for
20 wt % QDs, and �1=73�1 ps and �2=440�3 with rela-
tive weight of 4:1 for 50 wt % QDs�.

Figure 4�b� shows the QD time-resolved luminescence
intensity monitored at 630 nm of the pure QDs and two
QD:PSF blends. For the pure QDs the rise is monoexponen-
tial with a time constant of �3.7 ps which is half of the
FWHM of the machine response �8 ps�. For the mixed films,
we find a biexponential growth of the QD emission. The rise
of the QD emission in QD:PSF blends clearly shows a con-
tribution at longer time scales which we attribute to energy
transfer from PSF to QD. For the 20 wt % blend, the QD
emission rises with �1=6�1 ps and �2=39�3 ps, while for
the 50 wt % blend, the characteristic times are �1

=14�1 ps and �2=232�15 ps. In both cases, we attribute

FIG. 2. �a� PL spectra of QD:PSF composite films for different wt % of QDs
�see inset� in the film. The PL intensity has been corrected for the absor-
bance at the excitation wavelength �270 nm�. �b� PL excitation spectrum of
a 70 wt % QD:PSF film recorded at 630 nm �solid triangles� together with
the absorption spectrum of PSF �open squares� and the PL excitation spec-
trum of a pure QD film �open circles�.

FIG. 3. Relative quenching �1− �IDA / ID�� of the donor �PSF� fluorescence as
function of the QD concentration �Ca� in the film. The lines represent Eq. �2�
for different Förster distances R0. The experimental data are obtained for
two different batches of QDs, each measured in two sets of experiments.
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the short time to result mainly from direct QD excitation,
while the long time is a typical signature of the energy trans-
fer.

B. Electroluminescence

The EL was measured for composite QD:PSF films
sandwiched between an ITO/PEDOT:PSS anode and a
Ba /Al cathode. The device architecture �Fig. 5�a�� contains
an optional TPBI electron transport layer �ETL�. The energy
diagram of these QD-LEDs is shown in Fig. 5�b� and reveals
that, in the active layer, holes will be confined to PSF while
electrons may become trapped on the CdSe core.

In first approximation, the EL spectra of the QD:PSF
composite film QD-LED devices without TPBI layer �Fig.
6�a�� are similar to the corresponding PL spectra �Fig. 2�.
The highest QD EL intensity is found for the layer contain-
ing 60 wt % QDs.

When the QD emission intensity in the blends is com-
pared to that of PSF for the EL and PL experiments �Fig. 7�,
the increase in relative intensity with QD concentration is
similar within experimental error. This similarity suggests
that energy transfer from PSF to the QDs is responsible for
the EL of the QDs and that direct electrical excitation �e-h
recombination� on the QDs is not predominant in these de-
vices.

The performance of LEDs strongly depends on the bal-
ance of hole and electron currents. When the mobilities of
holes and electrons differ significantly, an imbalance of
charge carriers in the emitting layer will result. The excess of
one type of charge carriers will lower the device perfor-
mance because charge carriers may pass the active layer
without recombination. Confinement of charge carriers to the
emitting layer can be achieved by introducing electron or
hole blocking layers �HBL�. To confine holes in the light-
emitting QD:PSF layer, we introduced a 40 nm thick ther-
mally evaporated TPBI ETL/HBL between the QD:PSF layer

FIG. 4. �Color online� Time-resolved photoluminescence. �a� PSF emission
at 460 nm of pure PSF �solid squares, 0 wt % QD� and of QD:PSF blends
with 20 and 50 wt % QDs. �b� QD emission at 630 nm of pure QDs
�100 wt % � and QD:PSF blends 20 and 50 wt % QDs. The red lines repre-
sent fits of a biexponential rise to the experimental data. The blue line
represents the machine response of the excitation pulse.

FIG. 5. �a� Schematic of the QD-LED
device structure. The TPBI layer was
not used in all devices �see text�. �b�
Energy levels of the various materials
with respect to vacuum.
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and the Ba /Al cathode �Fig. 5�a��. An additional advantage
of an ETL/HBL is that it minimizes exciton quenching at the
Ba /Al cathode. Excitons close to the metal electrode often
decay nonradiatively. Figure 6�b� shows the EL spectrum
obtained for QD-LEDs with 80 wt % QDs in PSF �open
markers�. The 40 nm TPBI layer results in an increase in QD
emission intensity by more than one order of magnitude
compared to the device without TPBI �solid markers�, while
the polymer emission exhibits a threefold increase in EL

intensity. The larger increase in the QD emission compared
to the PSF emission reveals that the TPBI layer causes
charge recombination on the QDs to become the dominant
pathway for exciting the QDs. The presence of polymer
emission in the device with a TPBI layer is indicative of
exciton formation PSF, which is even slightly increased by
the TPBI layer as result of improved charge and exciton
confinement. This shows that the QDs are not solely excited
by charge trapping on the QDs but that energy transfer from
PSF still occurs.

The current density and luminance of the devices with
and without the TPBI layer are shown in Fig. 6�c�. As can be
seen, the current density of the QD-LEDs exhibits some sud-
den changes that are reminiscent of resistive switching phe-
nomena, as observed in CdSe QD based organic
memories.50,51 The 40 nm thick TPBI layer causes an in-
crease in onset voltage for the current but not for light out-
put. As a consequence, the QD-LED �80 wt % QD in PSF�
without TPBI layer has a maximum luminance efficiency of
only 0.015 cd /A, which is increased to 0.16 cd /A when us-
ing TPBI. The best device in terms of luminance efficiency
�0.32 cd /A, Fig. 6�c�� was obtained for a QD-LED with a
slightly lower concentration of QDs �70 wt % in PSF� that
included a TPBI ETL to enhance the QD emission compared
to the PSF emission, similar to the 80 wt % blend shown in
Figure 6�c�.

IV. CONCLUSIONS

Photoluminescence spectroscopy reveals that energy
transfer in blends of core-shell CdSe /ZnS QDs and PSF as a
conjugated polymer can be described with an average Förster
radius between 4 and 6 nm, in agreement with the estimate
�6.2 nm� determined from the spectral overlap between do-
nor emission and acceptor absorption. Energy transfer from
PSF to the QDs was also evidenced from the PL excitation
spectra and is reflected in the luminescence intensity dynam-
ics where the QD emission continues to increase after the
excitation pulse. The electroluminescence spectra of QD:PSF

FIG. 6. �a� EL spectra of ITO/PEDOT:PSS/QD:PSF/Ba/Al QD-LEDs for
different concentrations of QDs �in wt %� measured at J=55 A /m2. �b� EL
spectrum of an ITO/PDOT:PSS/QD �80 wt % �:PSF/TPBI/Ba/Al QD-LED
�open triangles�. The closed triangles show the corresponding EL spectrum
without the TPBI ETL. The solid line represents the PL spectrum of the
same film. �c� Current density and luminance of ITO/PEDOT:PSS/QD:PSF/
Ba/Al LEDs vs the bias voltage without �solid symbols� and with �open
symbols� a TPBI layer.

FIG. 7. Relative intensities of QD �630 nm� and PSF �455 nm� emission
intensity from photoluminescence �open markers� and electroluminescence
�closed markers� vs the concentration of QDs. At high QD wt % the PSF
emission becomes very small and the error in the ratio increases.
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composite layers are similar to the photoluminescence spec-
tra for devices that do not use a TPBI electron transport
layer. The similarity suggests that under these conditions the
QD emission arises mainly from Förster energy transfer from
PSF and that direct electrical excitation �e-h recombination�
on the QDs is not predominant. By using a TPBI electron
transport layer, the electroluminescence spectrum was tun-
able to a more pure monochromatic QD emission. The con-
siderably enhanced QD emission resulted in devices with
luminance efficiency of 0.16 and 0.32 cd /A, for 80 and
70 wt % QDs in PSF, respectively. The improved device per-
formance together with the significantly increased QD emis-
sion suggests that TPBI enhances the emission that originates
predominantly from direct electron-hole recombination in
the QDs, by improved charge carrier trapping and by exciton
confinement in the emissive layer. The results show that elec-
troluminescence in QD composite LEDs does not mainly
depend on energy transfer, but also on direct carrier
recombination.35,40 In electroluminescence, carrier trapping
becomes the main pathway for excitation in QDs when the
charge carriers are effectively confined to the emissive layer.
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