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ABSTRACT: We report a hybrid, quantum dot (QD)-based, organic light-emitting diode architecture using a noninverted
structure with the QDs sandwiched between hole transporting layers (HTLs) outperforming the reference device structure
implemented in conventional noninverted architecture by over five folds and suppressing the blue emission that is otherwise
observed in the conventional structure because of the excess electrons leaking towards the HTL. It is predicted in the new device
structure that 97.44% of the exciton formation takes place in the QD layer, while 2.56% of the excitons form in the HTL. It is
found that the enhancement in the external quantum efficiency is mainly due to the stronger confinement of exciton formation to
the QDs.
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1. INTRODUCTION and optical properties, again similar to the organics, through
structural modifications (for example, in size and composition)
are among their main advantages.” Besides, these nanocrystals
are capped with organic ligands that make them dispersible in
aqueous/organic solutions. Therefore, they can be integrated
easily into the conventional organic LEDs (OLEDs) with the
use of common low-cost techniques such as spin-coating,'”""
dip-coating,'* layer-by-layer assembly,'>'* inkjet printing,"®
contact printing,lé and mist deposition.'”” The hybrid
combination of organic semiconductors and inorganic nano-
crystal colloids potentially allows for new possibilities to control

Organic semiconductors have been exploited in numerous
applications including light-emitting diodes (LEDs)," thin- ﬁlm
transistors,”” memristors, splntromcs,5 and photovoltalcs

Such a wide range of applications indicate their versatile
characteristics. Organics form a class of soft-matter semi-
conductors that can favorably be processed at low temper-
atures. They can be conveniently deposited onto a variety of
low-cost and large-area substrates including thin-film plastics,
glasses, and metal foils, which require no lattice matching unlike
inorganic semiconductor crystals. Similar to organic semi-
conductors, colloidal inorganic semiconductor quantum dots

(QDs), also known as nanocrystals, have recently gained Received: March 12, 2013
popularity. The robustness of these inorganic semiconductor Accepted: June 3, 2013
nanocrystals and their capability to tune the electronic structure Published: June 3, 2013

v ACS Publications  © 2013 American Chemical Society 6535 dx.doi.org/10.1021/am400903c | ACS Appl. Mater. Interfaces 2013, 5, 6535—6540


www.acsami.org

ACS Applied Materials & Interfaces

Research Article

(a ) Conventional architecture

TPBI

colloidalab
Ll bl L hd
PEDOT:PSS

\ Indium tin oxide (ITO) //’
Glass substrate

-2.3eV

(b) LiF/Al

-3.2eV -3.2eV

-2.8 eV

Poly-
TPD
ITO PEDOT

PSS

TPBi

4.7eV QDs

5.0 eV
-5.2eV

-6.2 eV

-7.1eV
Conventional architecture

Proposed architecture

A
//J

o3

TPBI

Hole transport layer //
| Holetransport laver |7
ColloidalQb _
poly-TPD
/ PEDOT:PSS
Indium tin oxide (ITO)
Glass substrate 4
23 eV
LiF/Al
B2eV ===, 32eV
: I -2.8eV
|
Poly- : :
TPD ! .
ITO  PEDOT : L TPBI
. I
47ev T Qps: ¢ ‘
|
5.0 eV : I
5.2 eV T
-6.2 eV
HTL LuMmo HOMO
-7.1leV TCTA :-27eV  -59eV
CBP ;-29eV -60eV
Proposed architecture MER i:24eV -SAeV
TPD :-23eV -52eV

Figure 1. (a) Device architecture schematics and (b) energy diagram of the devices studied here. In the conventional structure, the quantum dots are
sandwiched between the hole and electron transport layers (left), and in the proposed device architecture, the quantum dot layer is sandwiched

between two hole transport layers (right).

exciton formation, hence achieving high light-emission
efficiency.

Significant progress has been made following the first report
of QD-LEDs."?> The improvements, which mainly result from
the efforts of introducing advanced deposition methods,'*"'®
better device architectures'®'??° and materials,> ~> have led to
QD-LEDs with a maximum brightness reported of over 10000
cd m™2***7?® and a maximum external quantum efficiency
(EQE) of more than 2.7% (peak wavelength around 600 nm).”
To date, most hybrid devices sandwich the QD layer between
the hole and electron transporting layers. In such a device
design, the electron and hole are expected to form an exciton
and recombine inside the QDs. However, the energy band of
the QDs favors electron injection more than hole injection.
Thus, the exciton formation is inefficient as only a small
fraction of holes are able to overcome the large energy barrier
to the QDs, whereas most of the electrons leak toward the
organic layer, thus resulting in low efliciency device.

In this work, we show that the QDs deposited inside the hole
transporting layer (HTL) substantially enhances the device
performance in non-inverted device structure. Compared to the
conventional device, this proposed architecture yields over five-
fold enhancement in EQE in the best device. The improvement
was attributed to the stronger confinement of exciton formation
in the QDs and the better balance of electron and hole
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injection into the QDs. It was also discovered that the Forster
resonance energy transfer (FRET) from the HTL to the QDs is
minimum in this device architecture. The best device reaches an
EQE level of 3.14% with a minimal efficiency droop at the
emission peak of 512 nm. To the best of our knowled%e, this is
the highest reported value for noninverted structures.'®**>%3°

2. EXPERIMENTAL SECTION

QD Synthesis and Purification. Details of the synthetic method
of alloyed CdSeZnS quantum dots with a composition gradient are
described in the literature.'**" For a typical preparation of green-
emitting QDs, 0.1 mmol of cadmium oxide (CdO), 4 mmol of zinc
acetate (Zn(Acet),), 5 mL of oleic acid (OA), and 20 mL of 1-
octadecene (1-ODE) were loaded in a 50 mL 3-neck flask and heated
at 100 °C under vacuum environment to form cadmium oleate
(Cd(OA),) and zinc oleate (Zn(OA),). The reactor was then filled
with nitrogen and heated up to 300 °C. At the elevated temperature, 2
mL of tri-n-octylphosphine (TOP) with 0.1 mmol of selenium (Se)
and 3 mmol of sulphur (S) was injected into the flask swiftly, and the
reaction mixture was maintained at 300 °C for 10 min for the
nanocrystals growth. The reactor was cooled to room temperature to
complete the reaction, forming alloyed CdSeZnS quantum dots with a
composition gradient.

The crude nanocrystals solution was purified by precipitation using
acetone and methanol and re-dispersing in toluene. This process was
repeated for 3 times, following the redispersion of the QDs in fresh
toluene with a concentration of 10 mg/mL for further use. The
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Figure 2. (a) L—V and J—V characteristics of the QD devices with TCTA hole transport layer. (b) Electroluminescence spectra of the devices under
a current density of 22.22 mA cm? (inset) zoom-in of the blue window of the spectrum.
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Figure 3. (a) Current density and (b) external quantum efficiency versus voltage characteristics for the devices with varying the thickness of TCTA
used as the hole transporting layer. EQE of the devices increases consistently with the addition of TCTA.

purified QDs solution was measured to give a quantum yield around
50% in solution by comparing the fluorescence intensities with a
standard reference dye, fluorescein-27, which has an emission peak at
502 nm and a fluorescence quantum yield of 0.87 in 0.1 M NaOH
solution. Furthermore the quantum efficiency value has been
confirmed with an independent method (see Figure S1 in the
Supporting Information).

Device Fabrication. For the device fabrication, a routine cleaning
procedure, including ultrasonication in acetone and ethanol, followed
by rinsing in deionized (DI) water, was first carried out to clean
patterned indium tin oxide (ITO) glass, which has a sheet resistance of
30 /sq. Subsequently, the cleaned substrates were dried in an oven at
80 °C. A 5 min O, plasma treatment was applied to the ITO substrates
before they were loaded into the glove box and vacuum chamber for
deposition. A layer of poly(3,4-ethylenedioxythiophene)-poly-
(styrenesulfonate) (PEDOT:PSS) was spin-coated at 3000 rpm and
baked in N, atmosphere for 30 min, followed by 30 nm of poly(4-
butylphenyl-diphenyl-amine) (poly-TPD) serving as the HTL. The
QD emissive layer was spin-coated at a speed of 2000 rpm and
annealed at 150 °C under N, environment for 30 min. On top of the
QD layer, the hole transport layer (4,4’,4'-tris-(carbazol-9-yl)-
triphenylamine (TCTA), 4'-bis(carbazol-9-yl)-biphenyl (CBP), 4-
butylphenyl-diphenyl-amine (TPD), or N,N’-bis-(1-naphthyl)-N,N’'-
diphenyl-1,1"-biphenyl-4,4'-diamine (NPB)), 1,3,5-tris(N-phenylben-
zimidazol-2-yl)benzene (TPBi), lithium fluoride (LiF), and aluminum
(Al) were deposited by thermal evaporation. The effective area of the
LED devices is 9 mm?.
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Measurements. UV—vis absorption spectra were measured with
Shimadzu UV-2450 spectrophotometer, fluorescence measurements
were obtained with Horiba Jobin Yvon Fluorog-3 FluorEssence
spectrofluorometer and the photoluminescence quantum yield of the
QDs was determined b;r comparing with the standard reference dye by
the reported method.?

The electroluminescence (EL) spectra of the fabricated OLEDs
were measured using a PhotoResearch SpectraScan PR70S spectror-
adiometer, whereas the electrical characteristics were obtained using
Yogakawa GS610 source measurement unit. We assumed the emission
pattern was Lambertian, and calculated the EQE from the luminance,
current density, and electroluminescence spectrum. All measurements
were carried out at room temperature under ambient atmosphere
without any encapsulation.

3. RESULTS AND DISCUSSION

Figure la shows the schematic of the conventional and
improved QD devices with their corresponding band diagrams.
The structure of a conventional QD device consists of glass
substrate/ITO/PEDOT:PSS/poly-TPD/QDs/TPBi/LiF/
AL'*?72930 Iy the conventional QD device, poly-TPD and
TPBi are used to transport holes and electrons, respectively.
The electrons and holes are expected to recombine radiatively
inside the QD layer. However, a large highest occupied
molecular orbital (HOMO) energy barrier of 1.9 eV exists for
the hole to transport toward the QDs. In contrast, the well-
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aligned lowest unoccupied molecular orbital (LUMO) of TPBi
and the conduction band of the QDs do not block the electron
transport. This band alignment makes electron injection easier
than the hole injection. However, this leads to undesirable
exciton recombination outside the QDs. Furthermore, the
excess electrons accumulate inside the QDs causing them to
charge (QD charging), which increases the Auger recombina-
tion rate. To address the charge imbalance issue, slowing down
the electron injection rate is necessary. In our study, various
HTLs are used to slow down the electron because of their low
electron mobility. For the improved device, the HTL is
deposited between the QD and electron transport layers as
shown in Figure la.

Figure 2a shows the J—V and L—V for the conventional and
improved QD devices using a well-known TCTA as a HTL to
block the electrons. The turn-on voltages are 6.1 and 6.5V, and
the resulting maximum brightness levels are 283 and 10110 cd
cm™? for the devices without and with TCTA, respectively. The
electroluminescence spectrum of the fabricated QD-LEDs is
recorded under a current density of 222 mA cm™ and a
significant improvement of the QD-LED performance is
observed from the device with the TCTA HTL (Figure 2b).
Compared to the conventional device, more than S5-fold
enhancement in the brightness can be obtained when the
QD layer is sandwiched between the two HTLs (poly-TPD and
TCTA). In addition, the improved QD device also suppresses
the blue emission that is otherwise observed in the conven-
tional structure (inset of Figure 2b). This blue emission is
attributed to the poly-TPD layer, which clearly shows that
excess electrons leak towards the HTL and recombine with the
holes outside the QDs. Therefore, it can be safely concluded
that the deposition of TCTA can reduce the electrons injected
into QDs and result in a better charge balance in the QD Ilayer,
which agrees with our previous assumption.

To further investigate the effect of TCTA on the device
performance, we fabricated a series of devices with different
TCTA thicknesses. Figure 3a shows the current density versus
of the device voltage with different TCTA film thicknesses.
Under the same current density, the operational voltage
increases with the TCTA thickness, mainly due to the low
electron conductivity of TCTA (<1 X 107® cm? V™! s and
the energy barrier at the TPBi/TCTA interface. Figure 3b
presents the EQE versus current density for the devices given in
Figure 3a. The EQE of the conventional device (without
TCTA) is also depicted in the same figure. It can be clearly
seen that 20 nm thick TCTA gives the best device performance
and the observed efficiency droop (EQE roll-off) is comparable
to the previous literature.'® This suggests that the charge
balance was optimized at 20 nm. The maximum achievable
brightness is 26370 cd m™> under the current density of 333
mA cm > The highest EQE, current efficiency and power
efficiency achieved in this structure are 3.14%, 8.7 cd A™" and
4.4 Im W™, respectively, whereas these are only 0.59%, 1.7 cd
A7', and 0.8 Im W™, respectively, for the conventional device
under the same current density.

We then investigated the effects of other HTLs on the device
performance. Three commonly used HTL, CBP, NPB, and
TPD, were used in this study and the devices emission spectra
are shown in Figure 4. The inset of Figure 4 presents the
enhancement factor (the number of fold enhancement) in the
QD emission compared with the conventional QD-LED
structure. The devices with QDs sandwiched between HTLs
consistently exhibit improvement in EQE. Comparing between
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Figure 4. Electroluminescence spectra of the devices using different
hole transport layers and (inset) enhancement factor achieved in the
QD emission using different HTL compared with the conventional
structure. The emission spectra were recorded under the same current
density of 1 mA cm™

four sets of devices, the device with TCTA outperformed those
with other HTL devices. NPB, TPD, and CBP have much
higher electron mobility (6 X 10049 % 107 and 3 X 107* cm?
V! 57! respectively)** > than the TCTA (<1 X 10~® cm? V™!
s™"). For a device using these three HTLs, more electrons can
be injected into the QD film because of their higher electron
mobility. Therefore, the charge balance could not be optimized
in the QD layer, hence yielding low device performance.
Beside the effect of charge balance, QDs are also playing an
important role in the device performance. QDs, without
sufficient surface passivation, contain inherent dangling bonds
which can trap both electrons and holes. Long hydrocarbon
chains with functional groups of phosphine, carboxylic acid, and
thiol are attached on the surface of QDs to passivate the surface
and reduce the dangling bonds but it is still difficult to cover the
QDs’ surface completely. Therefore, direct exciton formation
inside QDs will be inefficient even if the charge is well balanced
in the QD layer. The improvement in the device performance
observed here may also possibly be attributed to the exciton
formation in the organic semiconductor (i.e, TCTA, NPB,
TPD, or CBP) combined with nonradiative energy transfer to
the QDs.'® To understand the factors causing the improve-
ment, we used a phosphorescence organic molecule, bis(2-
phenylquinoline) (acetylacetonate)iridium (II1I) (Ir(III)-
(phq),(acac)), to study the exciton distribution inside the
device. The devices fabricated in this study consisted of ITO
(150 nm)/PEDOT:PSS (60 nm)/poly-TPD (30 nm)/QD
emissive layer (20 nm)/TCTA: Ir(Ill)(phq),(acac) (5%, 20
nm)/TPBi (35 nm)/LiF (0.5 nm)/Al (150 nm), in which
Ir(11I) (phq),(acac) is used to harvest all the exciton forming in
the TCTA layer. Figure 5 shows the emission spectra of the
corresponding devices with the sensing layer inside TCTA layer
under current density of 22.22 mA cm ™2 The emission spectra
are from the QD and Ir(Ill)(phq),(acac) molecule with the
emission peaks at 512 and 596 nm, respectively. It is observed
that QDs make more contribution in the emission. The
deconvolution study predicts that 97.44% of the exciton
formation is in the QD layer, while only 2.56% of the excitons
formed in the TCTA layer. In addition, it is also found that the
energy transfer from the organic transport layer to QDs has
been miniscule in our study and the enhancement in EQE is

dx.doi.org/10.1021/am400903c | ACS Appl. Mater. Interfaces 2013, 5, 6535—6540
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Figure S. Emission spectrum of the device by placing organic
phosphorescent molecule in the TCTA layer. This emission spectrum
was recorded under the current density of 22.22 mA cm™2 Energy
band diagram of the device in this study (inset).

mainly due to the improvement of charge balance in the
system. We then used the same principle to fabricate hybrid
devices with QDs of different sizes. The devices with QDs
sandwiched between the HTLs consistently outperform the
control devices. Here we achieved four-fold improvement in the
blue-emitting device, and five-fold improvement in the green-
and red-emitting device.

4. CONCLUSION

In conclusion, high-efficiency hybrid QD-LEDs have been
demonstrated in which the QD active layer is sandwiched
inside the hole transporting layer. The best luminance and EQE
presented here exhibit more than five-fold enhancement
compared to the conventional structure. The improvement is
mainly due to the better confinement of the exciton formation
in the QDs and the balanced charge carrier injection into the
QDs active layer, whereas the energy transfer between the
organic layer and QDs in this architecture is minimized. The
results indicate that the proposed device architecture with
active QDs placed inside the hole transporting layers in this
work opens up a simple, efficient pathway to fabricate high-
performance QD-based optoelectronic devices.
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