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bstract

Organic/inorganic heterostructure devices were fabricated with polymer material poly(N-vinylcarbazole) (PVK) and CdSe nanocrystals synthe-
ized in aqueous solution. Stable electroluminescence (EL) was obtained from the organic/inorganic heterostructure devices with different mass
atios of CdSe to PVK and under different applied voltages. With increasing applied voltages, the ratio of EL from CdSe nanocrystals to that
rom PVK decreased, and the color of the emission could be tuned from yellow to white. By changing the mass ratios of CdSe to PVK and the

pplied voltages, we obtained a pure white color from the heterostructure device with the CIE coordinates of (0.313, 0.336) for the mass ratio of
dSe:PVK = 9:1 at 24 V. The EL emission from the devices is mainly attributed to the incomplete energy transfer and carrier trapping directly on
dSe nanocrystals.
2007 Elsevier B.V. All rights reserved.
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. Introduction

During the past several decades, organic light-emitting diodes
OLEDs) based on conjugated polymers have attracted much
ttention due to their excellent performance for panel displays
1–3]. Great efforts have been devoted to improving the perfor-
ance of OLEDs by increasing their efficiency, narrowing or

roadening their emission spectra, or polarizing their emission.
ecently, some studies of organic/inorganic heterostructure
evices based on semiconductor nanocrystals (such as CdSe,
dTe) and polymer materials have been widely reported [4–10].
s a new type of optical materials, semiconductor nanocrystals
ave presented their unique luminescence characteristics, such
s size-dependent color variation and high photoluminescence
uantum yield [10–14]. These advantages make nanocrystals

s an ideal candidate in a wide range of the potential applica-
ions, such as applications in LEDs and photovoltaic devices
15–20]. These organic/inorganic heterostructure devices com-
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lcarbazole)

ine the diversity of polymer materials with good electronic
nd optical properties of semiconductor nanocrystals. Espe-
ially, in recent years, some groups have obtained white light
mission by mixing polymer and semiconductor nanocrystals
21–23]. Ma and co-workers attributed the realization of white
ight emission to the incomplete energy and charge transfer from
olymer to semiconductor nanocrystals [22]. Although much
rogress in the organic/inorganic heterostructure devices has
een made in the past few years, yet the semiconductor nanocrys-
als used in such devices were synthesized by a wet chemical
oute together with the non-aqueous trioctyl phosphine/trioctyl
hosphine oxide (TOP/TOPO) systems [15–22]. However, not
nly is the method complicated but also the TOPO/TOP sys-
ems are toxic and expensive. More importantly, the nanocrystals
ynthesized by this method have a TOPO passivation layer,
hich is larger than the alkyl chain capped on the function-

lized water–sol nanocrystals and probably makes injection
f carriers into the nanocrystals more difficult. Unfortunately,
t is difficult for water–sol nanocrystals to be imported into

rganic solvents to mix with polymers. Recently, Yang’s group
as successively used surfactants to transfer water–sol CdTe
anocrystals into fluorescent nanocrystal-polymer transparent
omposites via electrostatic interaction, which is an alternative

mailto:fteng@bjtu.edu.cn
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oute to disperse water–sol nanocrystals into different types of
olymers [24,25].

In this paper, CdSe nanocrystals were synthesized in aque-
us solution by a traditional method and were transferred from
queous solution into chloroform via a surfactant cetyltrimethyl
mmonium bromide (CTAB). Organic/inorganic heterostructure
evices were fabricated with blends of CdSe nanocrystals and
VK, which were used as an emissive layer. The dependence
f EL efficiency and current–voltage characteristics on the mass
atios of CdSe nanocrystals to PVK was investigated, and the
esult shows that the current efficiency is comparable with that
f the nanocrystal-polymer device by using the nanocrystals
apped by a TOPO layer [19,20]. At the same time, a pure
hite light emission with CIE coordinates of (0.313, 0.336) was
btained at 24 V when the mass ratio of CdSe to PVK was 9:1.

. Experimental

.1. Synthesis of CdSe nanocrystals

The synthesis method of CdSe nanocrystals was based on a
revious reference [26]: the pH value of an aqueous solution of
d(CH3COO)2·2H2O and 2-mercaptoacetic acid was adjusted

o 10–11 by using sodium hydroxide, following by addition of
n aqueous solution of Na2SeSO3 under vigorous stirring at N2
tmosphere. Then the solution was heated to 80 ◦C and refluxed
or several hours to promote the growth of CdSe nanocrystals.
he resulting CdSe nanocrystals were redispersed in the aqueous
olution and a surfactant (CTAB) was used to transfer them from
he aqueous solution to chloroform solution.

.2. Device fabrication

A thin hole injection layer of poly(3,4-ethylenedioxy-
hiophene):poly(styrenesulfonate) (PEDOT:PSS) with a thick-
ess of 50–60 nm was spin-coated onto a cleaned Indium-tin-
xide (ITO) glass substrates and the layer then was heated
o 80 ◦C for about 10 min. The PEDOT:PSS layer was used
o improve the holes transport [16]. Then the blends of CdSe
anocrystals and PVK were spin-coated from chloroform solu-
ion onto the top of PEDOT:PSS layer, and the mass ratios
f CdSe:PVK were 2:1, 5:1 and 9:1, respectively, which are
enoted as film A, B and C. The thickness of the layer was about
0–80 nm. The organic films of Bathocuproine (BCP) (10 nm)
nd Aluminum tris(8-hydroxyquinoline) (Alq3) (10 nm) were
apor-deposited onto the nanocomposite layer successively by
he thermal evaporation method. Herein, BCP and Alq3 were
sed as the hole-blocking layer and the electron-transporting
ayer, respectively. Finally, the cathode of Al was used as the top
lectrode. Accordingly, the devices are denoted as devices A–C.

. Results and discussion
The X-ray powder diffraction (XRD) pattern of CdSe
anocrystals is shown in Fig. 1a, which gives a broad peak typical
or nanocrystals. The positions of all the diffraction peaks match
ell with those from JCPDS card (19–091) and indicate the as-

e
T
T
n

ig. 1. (a) XRD pattern of CdSe nanocrystals; (b) XPS spectra of CdSe nanocrys-
als. The insets are the expanded spectra of Cd 3d and Se 3d. (c) TEM image of
dSe nanocrystals.

repared CdSe nanocrystals in cubic phase [27]. Fig. 1b presents
he X-ray photoelectron spectra (XPS) analysis results of CdSe
anocrystals. The peaks at 405.0 and 412.0 eV correspond to the
inding energy of Cd3d5/2 and Cd3d3/2 and the peak at 54.2 eV
orresponds to the binding energy of Se3d, which confirm the

xistence of cadmium and selenium species in the nanocrystals.
hese results indicate the formation of CdSe nanocrystals [28].
he transmission electron microscopy (TEM) image of CdSe
anocrystals is shown in Fig. 1c. This image clearly displays
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Table 1
Photoluminescence intensity decay properties of PVK and CdSe:PVK thin films

Sample τ1 (ns) (α1%) τ2 (ns) (α2%) τ3 (ns) (α3%) τ (ns)

PVK 16.9 (41.19%) 4.19 (52.53%) 53.6 (6.28%) 12.5
CdSe:PVK 12.33 (32.54%) 2.41 (64.80%) 76.6 (2.66%) 7.61
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PL efficiency of CdSe nanocrystals; (2) the energy transfer
is most efficient for this mass ratio because CdSe nanocrys-
tals can be modified successfully and the dispersion of CdSe
nanocrystals in PVK is well unified. As to the genuine rea-
ig. 2. Normalized absorption spectra of CdSe nanocrystals (dashed line) and
VK (dotted line), and PL spectra of CdSe nanocrystals (dash doted line,

ex = 420 nm) and PVK (solid line, λex = 330 nm).

he nearly spherical shape of the particles and the size of the
articles is less than 10 nm.

Fig. 2 shows the normalized absorption and photolumines-
ence (PL) spectra of CdSe nanocrystals in chloroform and
VK film on a quartz substrate. The relative photolumines-
ence quantum yields of CdSe nanocrystals in chloroform and
n aqueous solution are estimated to be about 9% and 8%,
espectively, using Rhodamine B in ethanol as a standard.
ccording to the theory of Förster energy transfer, the rate of the

nergy transfer and Förster radius can be given in the following
xpressions:

Förster = τ−1
d

(
R0

r

)6

,

6
0 = α

∫
Fd(ν)εa(ν)ν−4 dν

here τd is the lifetime of the donor in the absence of the
cceptor, r is the distance between the donor and acceptor, R0
s the Förster radius, and Fd(ν) and εa(ν) are the fluorescence
nd extinction spectra of the donor and acceptor, respectively.
rom the expression, we can deduce that the necessary condi-

ion of Förster energy transfer is the spectral overlap between the
mission of the donor and the absorption of the acceptor and a
aximum distance between the two constituents of 3–5 nm [20].
he two conditions are verified in the CdSe:PVK blend system.

n such systems, both PVK and CdSe are mixed together but
ot spacially separated, and a clear spectral overlap between the
mission of PVK and the absorption of CdSe nanocrystals is
bserved in Fig. 2. Therefore, the Förster energy transfer from
VK to CdSe nanocrystals can be expected to occur [21]. To
urther confirm the existence of the energy transfer from PVK
o CdSe, we measured the photoluminescence lifetimes of PVK
nd CdSe:PVK films measured at the wavelength of 410 nm. The
hotoluminescence lifetimes of PVK and CdSe:PVK thin films
btained from the multi-exponential decay are listed in Table 1.

he average photoluminescence lifetime of CdSe:PVK film is
bout 7.61 ns, which is shorter than that of PVK film (12.5 ns).
his result indicates the existence of the energy transfer from
VK to CdSe naocrystals [29,30].

F
m

is the average decay time calculated from (
∑3

i
τiαi)/100. τi and αi are the

uorescence lifetime and the percentage of multi-exponential decay [28].

The normalized PL spectra of CdSe:PVK films with differ-
nt mass ratios of CdSe to PVK are shown in Fig. 3. In these
pectra, the emission peak at 575 nm is attributed to the exci-
on formation in CdSe nanocrystals and the emission band at
10 nm is attributed to the relaxation of excited dimmers formed
etween neighboring carbazole groups in PVK. It reveals that
he intensity of the emission from PVK is stronger than that
rom CdSe nanocrystals under the excitation wavelength of
30 nm, suggesting that the energy transfer from PVK to CdSe
anocrystals is incomplete [22]. At the same time, the relative
ntensity of the emission from CdSe is enhanced as the mass
atio of CdSe to PVK varies from 1:2 to 2:1 but decreases
hen the mass ratio of CdSe to PVK is higher than 2:1. If

he energy transfer from PVK to CdSe nanocrystals is com-
lete, the relative intensity of the emission from the nanocrystals
ould be much stronger than that from PVK. However, the rel-

tive intensity of the emission from CdSe is relatively weak
s compared with that from PVK. It is considered that the
mission from CdSe nanocrystals originates from not only the
örster energy transfer from the polymer to the nanocrystals
ut also the direct excitation of 330 nm incident light which
s propitious to the excitation of PVK. The intensity of CdSe
anocrystals is strongest of all when the mass ratio of CdSe
o PVK is 2:1, which may be attributed to the following rea-
ons: (1) when the concentration of CdSe in nanocomposites is
oo high, the aggregation of the nanocrystals will occur which
ill result in the concentration quenching and influence the
ig. 3. Normalized PL spectra of CdSe:PVK composite films with different
ass ratios of CdSe to PVK (λex = 330 nm).
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Fig. 5. (a) Normalized EL spectra of device A under different applied voltages
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ig. 4. (a) Device configuration and (b) the energy level diagram of the het-
rostructure device.

on, however, it will be investigated in detail in the future
ork.
The device configuration and the energy level diagram of the

eterostructure device are shown in Fig. 4. The electronic energy
evels of ITO, PEDOT:PSS, Al electrodes, BCP, Alq3 and CdSe
anocrystals are taken from previous experimental data [31–33].
n the heterostructure device, holes are considered to be injected
rom the ITO electrode through PEDOT:PSS layer into the
VK hole conductor layer and be accumulated at the interface
f the nanocrystal layer. Similarly, electrons are considered to
e injected from Al electrode through the electron-transporting
ayer Alq3 into BCP and arrive at the CdSe:PVK/BCP interface.

Fig. 5a shows the normalized EL spectra of device A under
ifferent applied voltages and the normalized PL spectrum of
he composite film A. It is clearly observed that the electrolu-

inescence from the device is dominated by the emission from
he nanocrsytals and the intensity of the emission from PVK
s relatively weak. However, the intensity of the emission from
VK is enhanced but that from the nanocrystals is restrained in

he PL spectrum of the composite film. This can be attributed
o the difference between the PL process and EL process, and
he reasons can be summarised as follows: in the EL process,
he electroluminescence is generated by either direct injection of
oles and electrons into the nanocrystals or by the Förster energy
ransfer of excitons onto the nanocrystals from PVK, which
as been reported in previous references [5,23]. When the het-
rostructure device is excited under the electric field, the direct
njection of electrons into the nanocrystals is enhanced greatly.

his is because CdSe is mainly as an electron trap (Fig. 4b),
hich can seize an electron firstly and absorb a hole through

he Coulomb force, and then the holes and the electrons can be
fficiently delivered to the active layers of the devices to create

t
t
a
v

nd normalized PL spectrum of the thin film A. (b) Voltage dependence on the
atio of CdSe nanocrystals EL to PVK EL for device A, the inset shows the CIE
oordinates vs. applied voltages for device A.

xcitons, which recombine in the nanocrystals [34]. Alterna-
ively, the excitons can also undergo Förster energy transfer from
VK to the lower-energy CdSe nanocrystals sites. In the PL pro-
ess, however, the excitation light energy is mainly absorbed by
VK and the excitons are formed in PVK. Subsequently, some
xcitons take part in the direct radiation recombination lumines-
ence, and then the energy of the other excitons is transferred
o CdSe nanocrystals by incomplete energy transfer, resulting in
he luminescence of CdSe nanocrystals. Therefore, the intensity
f the emission from CdSe nanocrystals is relative weak as com-
ared with that from PVK. In addition, we observe that the there
s little change of the peaks positions in the PL and EL spec-
ra of the composite film, and the full width at half maximum
FWHM) of EL spectra becomes broader than that of PL spectra.
his indicates that the origin of the EL of the device is mainly

rom the CdSe:PVK composite film, and the device structure and
he surface coverage of the composite film are directly related to

he EL emission from the devices. It is also found in Fig. 5a that
he intensity of the emission from PVK increases with increasing
pplied voltages. In order to study the influence of the applied
oltages on the emission from CdSe nanocrystals and that from
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Fig. 6. (a) EL spectra under the applied voltage of 24 V, (b) CIE diagram with
t
d
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VK, the EL spectra of device A were fitted with Gaussians
o obtain the individual peak. We have compared the ratio of
ntegrated intensity of CdSe nanocrystals to that of PVK under
ifferent applied voltages. The results show that the ratio of the
L from CdSe nanocrystals to that from PVK decreases signifi-
antly as the applied voltage changes from 16 to 24 V (Fig. 5b).
his behavior may be attributed to the fact that PVK and CdSe
anocrystals are drastically different materials with disparate
ielectric constants and transport mechanisms, which makes the
ecombination zone move with the applied voltage. Such similar
esults are also observed in Alivisatos’s reports [4,15]. On the
ther hand, because the energy difference between the LUMO
f PVK and the conduction band of CdSe is larger than the
ifference between the HOMO and valence band (Fig. 4b), the
ifference favors injection of holes into nanocrystals over elec-
rons into PVK. However, the charge gradient and the voltage
rop across the junction are larger under higher applied voltages.
his forces migration of a higher fraction of electrons into the
ole-transporting layer PVK at higher applied voltages, result-
ng in a PVK contribution to the EL spectra of the device [8]. The
IE coordinates of the device ranges from (0.45, 0.47) to (0.37,
.40) when the applied voltage varies from 16 to 24 V (inset
f Fig. 5b). According to 1931 CIE Chromaticity Diagram, the
oordinates of (0.45, 0.47) is in the range of yellow-light region
nd the coordinates of (0.37, 0.40) is in the range of white-light
egion, respectively. This indicates that the color of the emission
rom the device changes from yellow to white by changing the
pplied voltages. Furthermore, it is more interesting that there is
shoulder peak centered at 665 nm in the EL spectra of device
. This peak can probably result from electroplex emission at
dSe:PVK/BCP interface according to the emission peak and

he device structure. At present, however, the genuine reason has
ot been distinguished clearly.

Fig. 6a gives the EL spectra of devices A–C at the same
pplied voltage of 24 V. It is found that the EL intensity increases
bviously as the mass ratio of CdSe to PVK decreases, which
s consistent with the results of the PL spectra of CdSe:PVK
omposite film. By calculation, the current efficiency of the
evice varies from 0.124 Cd A−1 for device C to 0.066 Cd A−1

or device A at the applied voltage of 24 V. The CIE diagram
ith the color coordinates for the devices is shown in Fig. 6b. It

an be seen that the CIE coordinates vary from (0.373, 0.406) for
evice A to (0.313, 0.336) for device C, which are all located in
he range of white-light region. Especially for device C, the CIE
oordinates are almost overlapped the equi-energy white point
0.333, 0.333). In order to study the effect of the applied volt-
ge on the CIE coordinates of the white emission from device
, the EL spectra of device C under the applied voltages of
6, 20 and 24 V are given in Fig. 7a. The CIE coordinates of
he emission from device C change from (0.338, 0.393) at 16 V
o (0.313, 0.336) at 24 V, which are also located in the white
egion, and the results are seen in Fig. 7b. This indicates that
pure white emission can be obtained from the heterostruc-
ure device by changing the mass ratio of CdSe to PVK and the
pplied voltages. The maximum current efficiency of device C
s calculated to be about 0.22 Cd A−1 at 24 V, which is expected
o be improved by optimizing the device structure, such as

t
e
n
[

he color coordinates of the emitted light at 24 V for devices A–C and (c) current
ensity–voltage characteristics of devices A–C.

he use of the metals with lower work function for cathode

lectrode, better electron- or hole-transporting layer and the
anocrystals emitters with improved luminescence efficiency
23].
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Fig. 7. (a) EL spectra of device C under the applied voltages of 16, 20 and
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[
Ning, D.G. Ma, B. Yang, Z.Y. Wang, Chem. Phys. Chem. 7 (2006) 2492.
4 V, and the inset shows the current efficiency of device C at the corresponding
oltages. (b) CIE diagram with the color coordinates of the EL emission from
evice C at the applied voltages of 16, 20 and 24 V.

The current density–voltage characteristics of devices A–C
re shown in Fig. 6c. This display a nearly ohmic behavior at
ower voltage and the current dramatically increases for higher
oltages. It is seen that the turn-on voltage decreases dramat-
cally with the decreasing of the mass ratio of CdSe to PVK.
hese results suggest that PVK plays a critical part for the holes

njection and transportation in the device. On the other hand,
ecause the electron mobility is higher than the holes mobility
μe/μh = 8–10) [8], which could result in a higher probability
or electrons to cross the interface and reach the anode without
ecombination when the concentration of CdSe in the composite
lm is too high.

. Conclusions

In summary, water–sol CdSe nanocrystals were incorporated
nto an organic/inorganic heterostructure device combining with
he polymer PVK. The optoelectronic characteristics of the
evices were studied based on the different applied voltages

nd the different mass ratios of CdSe to PVK. The ratio of the
L intensity of CdSe nanocrystals to that of PVK decreased sig-
ificantly with the increasing applied voltages, and higher EL
ntensity and lower turn-on voltage were obtained as the mass

[

[

Photobiology A: Chemistry 192 (2007) 1–7

atios of CdSe nanocrystals to PVK decreased. By tuning the
pplied voltages and the mass ratios of CdSe to PVK, a pure
hite light emission with the CIE coordinates of (0.313, 0.336)

an be obtained at 24 V from the device when the mass ratio
f CdSe to PVK is 9:1. This result foreshows a simple method,
hich is easy to follow, to obtain white light emission from a
anocrystal-polymer lighting emitting device.
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