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1. INTRODUCTION

The electroluminescence of organic compounds
was observed for the first time in 1953 by A. Bernanose
and his colleagues, who observed the emission of light
upon the application of a high ac (alternating current)
voltage to thin films of acriquine and acridine orange.
However, the era of organic light�emitting diodes
(OLEDs) began in earnest in 1987, when C. Tang of
Eastman Kodak Company discovered the bright elec�
troluminescence of tris(8�hydroxyquinoline) alumi�
num (Alq3) in a double�layer structure containing,
apart from the Al complex, a triaryldiamine hole�
transport layer [1].

The search for new materials led to the creation of
OLEDs based on semiconductor nanocrystals, or
quantum dots (QDs), for the first time synthesized by
colloidal�chemistry methods in 1993 [2]. This QD�
OLED technology has been actively developed over
the past two decades. The benefits of using QDs for
OLED fabrication are related to their narrow�band
luminescence, photophysical stability, and the conve�
nience of varying the emission wavelength by varying
the QD size [3, 4]. Colloidal QDs which are presently
most commonly used in OLEDs consist of a core and
one or more shells of different semiconductors. These
QDs feature a higher fluorescence quantum yield and
are less susceptible to adverse external factors. Fur�
thermore, the QDs are coated with organic ligands in
the process of their synthesis to make possible their
dispersion in a solvent.

It was shown in several recent publications that the
chemical nature and the length of passivating ligands

have a considerable impact on the characteristics of
QDs [5, 6], and this, in turn, affects the properties of
OLEDs fabricated on their basis. In particular, it was
demonstrated in [5] that, by changing the length of the
ligands, one can control the exciton diffusion length in
the QD layer, while changing the chemical nature of
ligands may result in considerable variations in the
conduction� and valence�band energies in QDs [6]. At
the same time, little work has been carried out on the
influence of the length of passivating ligands of the
same chemical nature on the characteristics of devices
based on highly luminescent QDs (see, e.g., [7]).

Here, we investigate CdSe/CdS/ZnS QDs stabi�
lized by ligands of different lengths and study the effect
of the thickness of the ligand layer coating the QDs on
the characteristics of OLEDs fabricated on their basis.

2. EXPERIMENTAL

The QD�OLEDs under study were fabricated from
well�known organic compounds N,N '�diphenyl�N,N '�
bis(3�methylphenyl)�[1,1'�diphenyl]�4,4'�diamine
(TPD), poly(3,4�ethylenedioxythiophene) polysty�
rene sulfonate (PEDOT:PSS), and aluminum 8�
hydroxyquinolinate (Alq3). They served as the hole�
transport layer (TPD), hole�injection layer
(PEDOT:PSS), and electron�transport layer (Alq3).

Three�layer CdSe/CdS/ZnS colloidal QDs
(core/shell/shell structure) were synthesized by Nan�
otech–Dubna Ltd. using methods similar to those
described in [8, 9]. In such QDs (see Fig. 1), the top of
the valence band of the core lies above the valence
bands of the shells, and the bottom of the conduction
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band of the core lies below the conduction bands of the
shells. This gives a number of advantages in compari�
son to QDs without semiconductor shells. First, the
electron and hole wavefunctions are localized in the
core, which increases the probability of their recombi�
nation within the core, while the probability of nonra�
diative decay of surface states is reduced. Thus, the
quantum yield of the QD photoluminescence increases
[3]. Second, the shells protect the active core of the
nanoparticle from adverse external factors, such as,
molecules of water and oxygen, which cause degrada�
tion of the semiconductor material [10]. The ligand
molecules coating the QD also increase its photosta�
bility. The band gap of this coating organic material is
much wider than the band gap of the QD core and
shells, which is important for QD�OLED operation.
Ligands with both folded and linear structure were
used for QD stabilization. They included oleylamine
(C18H35NH2), whose molecule is folded due to the
presence of a double bond; octylthiol (C8H17SH); and
dodecanethiol (C12H23SH). The coating of QDs with
octylthiol and dodecanethiol was carried out by
replacing the original oleylamine ligand upon pro�
longed stirring of the dispersion of initial QDs in a sur�
plus of the corresponding alkylthiol and subsequent
repeated purification of the QDs by reprecipitation
with alcohols.

The nanoparticles were studied using absorption
and fluorescence spectrometry, transmission electron
microscopy (TEM), and scanning electron micros�
copy (SEM). The QD photoluminescence quantum
yield was determined with respect to Rhodamine 6G
solution in ethanol (η = 95%) using the method
described in [11]. According to these measurements,
the quantum yield is the same for all three types of
QDs (the difference is smaller than 5%) independent
of the type of passivating ligand and is ~60%. Solutions
with the same QD concentrations were prepared by
monitoring their absorption spectra and taking into
account the fact that, according to the Bouguer–
Lambert–Beer law, the absorption is proportional to

the concentration. The photoluminescence and
absorption spectra of the solutions and films were
measured using a Perkin Elmer LS45 spectrofluorom�
eter and Perkin Elmer Lambda 45 spectrophotometer,
respectively.

The OLED samples were fabricated using centrifuga�
tion and thermal evaporation and consisted of the follow�
ing layers: substrate/ITO/PEDOT:PSS/TPD/QD layer
(partial surface coverage)/Alq3(30 nm)/Al(100 nm). The
PEDOT:PSS layer was deposited by centrifugation
from an aqueous solution using an MTI TC 100 spin
coater rotating at 2000 rpm. The QDs and TPD were
deposited simultaneously from a toluene solution
(50 μL) at the same rotation speed. The SEM data
(Fig. 2) confirm that phase segregation of the QDs
under study and TPD takes place; this behavior was
observed back in 2002 for double�layer QDs with other
stabilizer ligands [12]. the remaining layers, i.e., the
Alq3 and aluminum layers, were deposited using a Ley�
bold–Heraeus Univex 300 system at a pressure below
2 × 10–5 Torr.

The OLED spectra were measured using an ASEQ
Instruments LR1 spectrometer. The OLED current–
voltage characteristics were recorded in a few seconds
in an automatic mode under computer control.

3. EXPERIMENTAL RESULTS

TEM images of QDs stabilized by different ligands
are shown in Fig. 3. One can see that, similarly to their
behavior on the surface of TPD, the nanoparticles
aggregate into island structures on the surface of the
grid for TEM measurements.
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Fig. 1. Schematic layout of a CdSe/CdS/ZnS
(core/shell/shell structure) quantum dot stabilized with
organic ligands and the qualitative outline of its energy�
band diagram.

1 μm

Fig. 2. SEM image of QDs on the surface of TPD. QDs
with octylthiol ligands are shown as an example. Brighter
regions correspond to nanoparticles aggregated into a so�
called island structure. The surface coverage with QDs is
20–25%.
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The spacings between adjacent QDs within an
island occur because of the presence of passivating
ligands, which have a looser structure than the QDs.
This spacing, which we relate to the effective thickness
of the ligand shell (assumed in the following to be half
the spacing between the QDs), is determined both by
the ligand length and by factors depending on the
nanoparticle�synthesis conditions. Estimates of the
QD spacings for each case are listed in the table. One
can see that, for QDs coated with oleylamine, the
ligand layer is thicker than for QDs coated with
octylthiol and dodecanethiol. Looking now at the
chemical formulas of the ligands, one can see that, for
the QDs under study, the thickness of the ligand layer
very tentatively correlates with the ligand length deter�
mined by the number of carbon atoms in the chain.
Thus, in the samples with octylthiol and dodecaneth�
iol ligands, the average spacing between the QDs is
almost the same in spite of the fact that these mole�
cules have different lengths. It is possible that this is
the result of a difference in the degree of QD coverage
with ligands. Since it seems impossible to directly
measure the latter quantity, which, furthermore, may
vary uncontrollably during nanoparticle synthesis, the
only appropriate method for estimating the QD con�
centration in a closely�packed layer is to use direct
measurement by electron�microscopy techniques.

Another characteristic determined from the TEM
images is the QD distribution with respect to the
diameters of their inorganic body (i.e., disregarding
the ligand length). As one would expect, this distribu�
tion is the same, within error limits, for QDs with dif�
ferent types of ligand and is represented by a Gaussian
peak with an average diameter of ~7.5 nm and 10%
dispersion.

It is known that there are two main mechanisms
of exciton formation in QDs incorporated into
QD�OLEDs [13]: the direct injection of charge carri�
ers into the QDs and Förster energy transfer from the
transport layers, whose molecules play the role of exci�
ton donors. According to [13], excitons mostly form in

the Alq3 electron�transport layer in the vicinity of the
Alq3/QD interface. It was found previously for single�
layer QDs that the contribution of the direct�injection
mechanism to luminescence depends considerably on
the effective thickness of the ligand coating covering
the QDs and falls exponentially as this thickness
increases [14]. In our previous work [15], it was also
shown that the probability of the Förster energy trans�
fer can be heavily dependent on the distance R
between the QD layer and the exciton�donor layer.
Thus, the probability of energy transfer via the Förster
mechanism from a donor molecule near the interface
between the Alq3 and the QD layer to the latter is pro�
portional to (RF/R)6; here, RF is the Förster radius,
characterizing the distance at which efficient energy
transfer from an organic molecule to a QD takes place.
Therefore, an increase in R by 1 nm upon the replace�
ment of octylthiol with oleylamine (see table) can lead
to a considerable reduction in the Förster energy�
transfer rate.

To find out how the type of ligand affects the con�
tribution of the Förster mechanism to luminescence in
QD�OLEDs, we studied the photoluminescence spec�
tra of isolated layers of Alq3, QDs (Fig. 4a), and
QD/Alq3 (Fig. 4b) deposited onto glass. The structure
of these layers was the same as in subsequently fabri�
cated QD�OLEDs.

(a) 50 nm (b) 50 nm (c) 50 nm

Fig. 3. TEM images of QDs with (a) octylthiol, (b) oleylamine, and (c) dodecanethiol ligands.

Spacing between adjacent QDs upon coating with different
ligands

Ligand Average spacing, 
nm

Standard devia�
tion, nm

Oleylamine 3.6 0.5

Octylthiol 2.7 0.6

Dodecanethiol 2.8 0.5
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The glass/QD structures were fabricated by centrif�
ugation. The concentration of nanoparticles in the solu�
tions prepared for this purpose was adjusted to be the
same for each QD type. The glass/QD/Alq3(30 nm)
structures were fabricated by the sputtering of Alq3

onto the glass/QD samples after measurements with
the latter had been carried out. According to Fig. 4a,
the photoluminescence spectra of layers of QDs with
different ligands differ in intensity, even though they
were deposited from solutions with equal nanoparticle
concentrations and the photoluminescence quantum
yield for different QDs is the same. We attribute this
discrepancy to differences in the amount of nanocrys�
tals on the substrate, which results from inaccuracy of
the dropper upon spin�coating deposition of the QD
films. Upon evaporation of the Alq3 layer, the intensity
of the QD luminescence increased by 40–55%, while
the intensity of the luminescence from Alq3 was 10–

15% lower as compared to the glass/Alq3 sample.
Since the absorption in the films is small (not exceed�
ing 5% of the incident radiation), reabsorption pro�
cesses can be disregarded. Thus, changes in the lumi�
nescence intensity are explained by the Förster trans�
fer of excitons from the 30�nm Alq3 layer to the layer
of nanocrystals. Within measurement error, these
changes are independent of the length of the passivat�
ing ligands. Apparently, in the case under study, the
distance R between the QD layer and the Alq3 donor
molecules is shorter than the critical length RF, and
the efficiency of the energy transfer between the donor
and acceptor [16] (which characterizes the fraction of
generated excitons that are transferred to the QDs)
E = 1/[1 + (R/RF)6] varies insignificantly with an
increase in the ligand�coating thickness. As a result,
the rate of the Förster transfer of excitons from the
Alq3 layer to the QDs does not change noticeably as
well.

To compare the characteristics of QD�OLEDs
based on QDs with different thicknesses of the ligand
layer, we fabricated a series of three OLEDs with QDs
coated with oleylamine, octylthiol, and dodecaneth�
iol. The concentration of nanoparticles in the solu�
tions used for OLED fabrication was the same in all
three cases and coincided with that in the above�
described photoluminescence experiments.

The electroluminescence spectra of the fabricated
OLEDs normalized to the Alq3�emission peak at
525 nm are shown in Fig. 5. The narrower emission
peak at 635 nm corresponds to the QDs. Evidently, the
relationship between the peaks of the QD and the Alq3

emission changed in favor of QDs in comparison to
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Fig. 4. Photoluminescence spectra of (a) glass/QD and
(b) glass/QD/Alq3(30nm) structures containing QDs
coated with (1) oleylamine, (2) octylthiol, and (3) dode�
canethiol ligands. Curve 4 in panel (a) shows the photolu�
minescence spectrum of a glass/Alq3 sample (30 nm). The
insets show the schematic layouts of the structures.
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Fig. 5. Normalized electroluminescence spectra of
QD�OLEDs containing QDs coated with (1) oleylamine,
(2) octylthiol, and (3) dodecanethiol molecules; the volt�
age V = 6.8 V. The inset shows the schematic layout of the
OLED.
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the photoluminescence spectrum. This behavior can
be explained both by the contribution from additional
mechanisms of QD excitation (direct charge�carrier
injection and Förster energy transfer from the TPD
transport layer) and by narrowing of the exciton�gen�
eration region in Alq3 in the case of electrolumines�
cence as compared to photoluminescence. As was said
above, excitons mostly form in Alq3 at the interface
with the QD layer and, thus, it can be stated, as it was
with photoluminescence, that the efficiency of the
Förster energy transfer varies insignificantly upon a
change in the passivating ligand length. The spectra
also indicate that the relative contribution from the
emission of QDs is larger for diodes based on nanopar�
ticles with short octylthiol and dodecanethiol ligand
molecules as compared to the OLED containing QDs
with relatively long oleylamine molecules.

The current–voltage characteristics I–V of the
OLEDs are plotted on the double�logarithmic scale in
Fig. 6. They confirm the effect of passivation QD coat�
ings on charge transport in organic structures. One can
see that, for the same voltages, the QD�OLEDs with the
longest oleylamine molecules have the lowest working
currents, while those with the shortest octylthiol mol�
ecules have the highest. We note also that the I–V
curves of all three diodes feature two distinct regions
corresponding to different current�flow conditions:
the ohmic mode, in which the current density j is pro�
portional to the voltage V, and the mode of trap�lim�
ited current, in which j ∝ Vn (n > 2) [17].

We attribute the differences in the current–voltage
characteristics and the spectra of the OLEDs based on
QDs with octylthiol and dodecanethiol, where the
thicknesses of the ligand coatings are nearly the same,
to inaccuracy of the dropper upon the spin�coating
deposition of the nanoparticle films leading to differ�
ences in the degree of substrate coverage with nano�
particles. The smaller working currents for OLEDs
containing QDs with dodecanethiol molecules give
evidence of a higher nanoparticle concentration in the
layer (QDs represent a barrier for charge carriers),
which is in agreement with the spectra of the diodes.
Meanwhile, the current–voltage characteristics and
spectra of OLEDs containing QDs with oleylamine
molecules can be understood only by taking into
account differences in direct injection, which is much
less efficient in nanocrystals with a thick oleylamine
coating.

Thus, we conclude that the thickness of the QD
ligand coating has little effect on the Förster energy
transfer in QD�OLEDs, but considerably affects the
direct injection of electrons and holes into the QDs.
To obtain OLEDs with high working currents (and,
consequently, high brightness) and cleaner emission
from the QDs, one should use nanoparticles coated
with a thinner layer of short ligand molecules (pro�

vided that such a coating does not affect the QD char�
acteristics, such as the photoluminescence quantum
yield).

4. CONCLUSIONS

Thus, we have demonstrated that the thickness of
the passivation coating of a QD in a close�packed QD
layer is not unambiguously determined by the ligand
length. The QD spacing can be considerably affected
by the degree of QD coverage with ligands and, thus,
direct electron�microscopy measurements are
required to estimate the QD concentration in a close�
packed layer. It is established that, for CdSe/CdS/ZnS
QDs, the thickness of the passivation coating has a
considerable effect on the electroluminescence in
QD�OLEDs. To enhance electroluminescence result�
ing from the direct injection of charge carriers, it is
necessary to choose passivators with the shortest mol�
ecules.
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