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Hybrid organic-quantum dot light emitting devices (QD-OLED) with bulk and planar
heterojunctions based on poly(dioctylfluorene) and electroluminescent quantum dots
CdZnSeS (QD) were obtained. The influence of @D concentration and the QD film morphology
on the device electroluminescence was investigated. For QD-OLED with QD emissive bilayer,
the device electroluminescent efficiency was higher compared to bulk heterojunction.

ITonyuensr rubpugHbIe OpraHUYecKHe cBeTomdiayuaiomime ycrpoiictBa (KT-OCHY) ¢ 065-
eMHLIM M ILUIAHAPHBIM TeTepollepexXoJaMy Ha OCHOBEe HMOJAN(IUOKTHIGIyOpeHa) M dJIeKTPOIIO-
MUHECIeHTHBIX KBAHTOBLIX Touek CdZnSeS (KT). Mccaenosano sausune Koumenrpauuu KT
u Mopdogoruu caoa KT Ha s1eKTpOIIOMUHECIEHIINIO YeTPolicTBa. OM(PEeKTUBHOCTEL 2JIeKTPO-
aomunectiennuu KT-OCUY ma ocHoBe smuccuonuoro 6uciaosd nd KT BbIlle 1Mo cpaBHEHHUIO C

KT-OCI1Y ma ocHOBe 06HEMHOTO TeTepOTEPeXoa.

1. Introduction

There has been an increasing interest in
hybrid organic-inorganic materials based on
electroluminescent nanocrystals (quantum
dots, QD) and conjugated polymers. Such
interest is motivated by a wide range of
possible application, including organic
light-emitting diodes (OLED) [1] and solar
cells [2]. Large area devices can be made
with conjugated polymers via easy process-
ing from solution. Also a use of QD in LED
structure (QD-OLED) is attracting increas-
ing interest in an effort to obtain devices that
combine the advantages of polymers with the
unique emitting properties of QD [1].

Currently, wide variety of nanocompo-
sites containing different QD has been ap-
plied and various multilayer schemes have
been adopted to produce high-efficient de-
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vices [1, 3—11]. Several kinds of QD-OLED
devices can be discriminated: (1) the device
with architecture based on a bulk hetero-
junction structure where charge photogen-
eration occurs at interfaces between elec-
tron donor (polymer) and acceptor (quantum
dot) both mixed in the same active layer
(polymer-QD blend), and (2) QD-OLED based
on a planar heterojunction formed by using
the QD as the luminescence layer, sand-
wiched between organic hole- and electron-
transport layers. Despite the progress in
performance of QD-OLED devices, the role
of the QD in hybrid material has not been
fully understood. Because monolayer char-
acter of QD layer in QD-OLED structures
represent a major factor in device perform-
ance, it is important to have a complete
picture how architectures of polymer-QD
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Fig. 1. The molecular structure of PFO (a); TEM image of morphology of PFO/QD hybrid films at

75 wt.% concentration of quantum dots (b).

hybrid materials would influence on elec-
troluminescent properties of QD-OLED.
Previous studied have already empha-
sized that integration of individual QD
layer inside hybrid QD-OLED devices can be
realized, besides by standard methods: spin-
coating [3-10], dip-coating [11], contact
printing [1] and Langmuir-Blodgett [1, 12].
The first two techniques introduce limita-
tions such as solvent incompatibility with
underlying polymeric conducting film. Ex-
ception is vertical phase segregation of
spin-coated QD (aliphatic capping groups)-
aromatic polymer blend into bilayer struc-
ture, where QD rise to the top [7, 13]. This
paper deals with the influence of morphol-
ogy of hybrid QD-polymer active layer and
the QD-OLED architectures on their elec-
troluminescent intensity and efficiency.

2. Experimental

The electroluminescent polymer used in
the studied reported her was poly(dioc-
tylfluorene) (PFO) with a molecular weight

M, =58,200 purchased from Sigma-
Aldrich.
Monodisperse colloidal semiconductor

CdZnSeS core-shell quantum dots with gra-
dient structure, total diameter of 6 nm (size
deviation ~10 %, Ar,,, = 530 mM) passivity
with organic ligands containing alkyl
groups on the base of oleic acid with trioc-
tylphosphine oxide and phosphonic acid
(further CdZnSeS with such organic cover
is designated as QD/TOPO) were synthe-
sized by chemical colloidal organometallic
method [6].

Hybrid polymer-QD light emitting mate-
rials were made by two different ways. By
the first one to form the structure with a
bulk heterojunction, thin hybrid films with
a thickness 50—80 nm are prepared by spin-
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coating method with different QD/PFO mass
ratio. The QD concentration in the solution
was changed in the range 17-80 wt. %. The
second fabrication strategy employs the di-
rect transfer of a QD monolayer on the top
of predeposited by spin-coating PFO layer
(50—80 nm) to form the structure with pla-
nar heterojunction.

The Langmuir films of self-assembled
colloidal QD/TOPO were formed by spread-
ing toluene solution of QD on the surface of
doubly distilled water. After the solvent
had completely evaporated, the QD layers
were picked up to the hydrophobic PFO film
or copper grid by Langmuir-Schaefer (LS)
(horizontal lifting) deposition technique.

The morphology of nanohybrid PFO/QD
and QD layers has been controlled by means
of the transmission electron microscopy
(TEM) with EM-125 microscope (Selmi,
Ukraine) operated at 100 kV accelerating
voltage.

The QD-OLED with total structure
ITO/PEDOT:PSS/PFO+QD/Bu-PBD/Al
(structure with bulk heterojunction) and
ITO/PEDOT:PSS/PFO/QD/Bu-PBD/Al
(structure with planar heterojunction) were
fabricated. A hole injection polymer poly(3, 4-
ethylenedioxythiophene)(poly(styrenesulfon
ate) (PEDOT:PSS, Sigma-Aldrich) with
thickness 40 nm and electron-conductor 2-4-
tert-Butylphenyl)-5-(4-biphenylyl)-1,3,4-0x
adiazole (Bu-PBD, Sigma-Aldrich) with
thickness 20-30 nm were spin coated. The
luminescence spectra were recorded on SDL-2
spectrophotometer.

3. Results and discussion

Dispersion of QD in a polymer matrix is
an important issue of any nanocomposite as
QD have a tendency to phase segregate [7,
13]. TEM images on Fig. 1 show the uni-
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Fig. 2. TEM images of morphology of QD layer on PFO film transferred at (a) 15 mN-m™! surface

pressure and 2 mg/ml QD concentration; (b) 20-35 mN-m~

1. 2 mg/ml (monolayer); (c) 20—

35 mN-m™1, 3.8 mg/ml (bilayer); (d) 20-85 mN-m~1, 5 mg/ml (collapse of QD film).

form distribution of QD/TOPO in PFO
films. Taking into account the surface pas-
sivation of QD by TOPO, we can assume
that this QD/PFO homogeneously dispersion
due to strong interaction between the ali-
phatic chains of TOPO and the aliphatic
side arms of aromatic PFO (see Fig. 1, a).

The QD/TOPO monolayer is not formed
in a single step by spin-coating of PFO/QD
mixed solution. Because the large dipole
moment of the phosphorous-oxygen bond
permits TOPO-capped QD to form a stable
monolayer at an air-water interface and the
electrostatic interaction of the alkyl chain
help prevent particle agglomeration, the al-
ternative method for obtaining hybrid pla-
nar heterojunction QD-OLED is Langmuir-
Schaefer (LS) techniques [12].

Fig. 2 shows the morphology of QD films
on the water/air interface versus surface
pressures. At low surface pressure (5—
15 mN-m~1) and concentration of QD solu-
tion (2 mg/ml), QD/TOPO form a variaty
isolated domain structures with 15-50 nm
in diameter (Fig. 2a). At a surface pressure
between 20-85 mN-m~1 the formation of
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monolayer is observed (Fig. 2b). The formed
monolayer is unstable and has pores. Thus,
for hybrid planar heterojunction QD-OLED
the stable QD bilayer (Fig. 2¢) as active
layer was used, which was obtained on
water/air interface at a surface pressure
30 mN-m™! and QD concentration 3.8-
4.0 mg/ml. The QD film collapsed at a sur-
face pressure of 40—45 mN-m~1 and QD con-
centration more than 4 mg/ml (Fig. 2d).
The obtained parameters of QD monolayer is
in fair agreement with the surface pressure-
area isoterms of QD/TOPO that were re-
cently reported [12].

The study of the pressure isotherm of
colloid quantum dots at air-water interface
allowed forming homogeneous close-packed
QD bilayer on the surface of a hole-conduct-
ing layer (PFO) by Langmuir-Schaefer tech-
nique. A series of experiments on transfer
of multilayered QD films from a water sur-
face on a PFO film surface is carried out.
The obtained QD bilayer films were continu-
ous and covered all surface of a PFO layer
completely.
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Fig. 3. Schematic of bulk (a) and planar (b) heterojunction and energy diagram of QD-OLED
devices, where 1 — ITO anode; 2 — PEDOT:PSS; 3 — PFO; 4 — QD; 5 — Bu-PBD; 6 — Al-cathode.
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Fig. 4. EL spectra of (a) bulk heterojunction at 33 wt.% (I); 50 wt.% (2); 80 wt.% (3) QD
concentration in active layer and (b) planar heterojunction with bilayer (I), monolayer (2) and

collapsed layer of QD (3) as a active layer.

Fig. 3 show the electroluminescent devices
with a two types of an architectures:
ITO/PEDOT:PSS(40 nm)/PFO+QD(50 )/Bu-
PBD(40 nm)/Al (a) and ITO/ PEDOT:
PSS(40 nm) /PFO(50 nm)/QD/Bu-PBD(40 nm)/
Al (b), which contain an ITO layer as an anode,
PEDOT:PSS as a hole transport layer, Bu-
PBD as an electron transport layer, Al as a
cathode, and energy band diagram associ-
ated with them.

Excitons formation takes place on the
QD/PFO interface. Holes are injected from
the ITO into the PFO matrix and are trans-
ported towards the QD, while electrons are
injected from cathode and transported to
the QD. The diagram (see Fig. 3¢) shows
that hole transport PEDOT:PSS and elec-
tron transport Bu-PBD layers decrease the
corresponding  potential  barriers on
ITO/PFO and QD/AI interfaces, thus, prob-
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ability of injection of electrons from the
cathode, and holes from ITO in an active
layer increased. Exciton generation occurs
via direct charge injection and Forster reso-
nance energy transfer from polymer macro-
molecules to QD. Because a large surface
area is set up to aid energy transport by
blending the QD and polymer phases, in
ITO/PEDOT:PSS/PFO+QD/Bu-PBD/Al elec-
troluminescent structure the energy trans-
fer from PFO to QD is responsible for
nanoparticle EL and that direct electrical
excitation is not predominant in these de-
vices compared with the planar
ITO/PEDOT:PSS,/PFO/QD/Bu-PBD/Al QD-OLED
structure.

The emissive spectra of diode with the
bulk heterojunction reveals the band
maximum at 420-440 nm, caused by the ex-
cimer luminescence of PFO macromolecules
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Fig. 5. Luminance vs the current density (a) and

heterojunction (1) and planar heterojunction (2).

and at 575 nm peak corresponding to the
QD emission at incomplete energy transfer
from a matrix to QD (Fig. 4a). In a range of
QD concentration in polymer-QD films from
10 to 50 wt. % the EL intensity of PFO
significantly decreases and the EL intensity
of QD increases with increasing QD concen-
tration due to energy transfer. In this con-
figuration the QD act as luminescent cen-
ters and take a part in carrier transport
process. The EL quenching was observed at
the higher QD concentration due to disbal-
ance of charge carriers in the active layer.
By controlling the blend ratio, we could ob-
tain a pure white color from the QD-OLED.

In the planar heterojunction (PFO/QD)
device, the 420-440 nm peaks correspond-
ing to the emission of PFO has a negligible
intensity compared to that of the QD (see
Fig. 4b). The highest EL efficiency and
emissive intensity of QD-OLED are observed
with QD concentration 4 mg/ml when QD
bilayer film structure is formed. It was de-
termined that QD monolayer transferred
from a water surface to PFO films has a lot
of defects and pores. This resulted to the
decrease of the electroluminescent intensity
and efficiency. In that planar hetercjunc-
tion devices the QD are only the lumines-
cence centers and don’t participate in the
charge transport. The thickness of QD layer
increased with increase of QD concentration
in nanocomposite. This causes reduction of
efficiency of QD-LED device. The carrier
number disbalance and reduction of EL inten-
sity takes place, because low mobility of holes
transported through a thick QD layer [14].

In Fig. 5 show current-voltage and the
luminance characteristics for two types of
QD-LED structures: with the emissive layer
from QD, and the PFO/QD blend.
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current-voltage characteristics (b) of the bulk

A maximum luminescence of
1.5-103 Cd/m?2 and maximum current effi-
ciency 0.9 Cd/A are obtained at 10 V in the
bulk heterojunction. In the planar hetero-
junction, a luminance as high as
2.2.103 Cd/m?2 with a maximum current ef-
ficiency 1.4 Cd/A is obtained.

4. Conclusion

In conclusion, we have demonstrated the
hybrid QD-LED structures with emissive
layer on the base of bulk heterojunction
(PFO/QD) and quantum dots layer. The
emissive layer in the forms of QD bilayer
structure provides higher QD-OLED effi-
ciency compared with bulk structure, while
the structures with bulk heterojunction
allow changing the color coordinates by a
variation of QD concentration in the poly-
meric matrix. Thus the morphology and
structure of hybrid QD/polymer active layer
are one of the most important factors defin-
ing EL efficiency of QD-OLED.
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l'iopugni 00’eMHMII Ta MJIAHAPHUM TreTeporepexoau
3 eJIEKTPOJIOMiHECIeHTHHMH KBAHTOBUMHM TOYKAMH
CdZnSeS Ta nmomi(miokTHIdIyopeHOM)

0.0.Mamegienko, O.C.Kpuxncanosecovra, I0.M.Casin, O.M.Boék,
H.B.Ilozopenoea, B.B.Bawenko

Opgepsxano riopugui opraniuni csitaosunpominoroui npucrpoi (KT-OCBII) 3 06’emuum Ta
IJIaHADHUM TreTepolepexofaMu Ha OCHOBI moai(mioxTuiadiyopeHy) Ta eleKTPONIOMIHECIIEHT-
Hux KBaHTOBuUX TouokK CdZnSeS (KT). Hocaimxeno Bmiue koHuentpanii KT Ta mopdosnorii
mrapy KT Ha exexrpoJsmomiHecieHIliro npucrpoio. EdexrusHicTs enexrposomineciennii KT-
OCBII uHa ocuosi ewmiciiinoro Gimapy 3 KT Bume nopieuano 3 KT-OCBII wa ocHoBi 06’emHOro
reTepoNepexony.
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