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ABSTRACT

The cadmium selenite (CdSe) quantum dots (QDs) have promising applications in display technology since
its luminescence wavelength can be tuned precisely from blue to red by changing the diameter of the core from
2.0 to 7.0 nm. A self-assembled monolayer of QDs, sandwiched between two organic thin films is necessary to
isolate the luminescence processes from charge conduction. The use of QDs for device technology, one of the
fundamental issues is how to distribute QDs uniformly on patterned surfaces with precise control of density. In
this study, we demonstrate that uniform distribution of QDs with controllable density can be achieved using the
conventional spin-coating method. We have fabricated high efficient QD-OLED by spin-coating method. The
estimated QDs threshold concentration was found ~ 9x10™ cm™ for the best performance of QD-OLED. The
AFM morphological studies of the hybrid device showed the formation of a disordered QD film as a result of
the aggregation of CdSe/ZnS QDs upon phase segregation. The analysis of electroluminescence (EL) and
photoluminescence (PL) performance of OLED showed that precise control of the QD concentration is
necessary to maximize the coverage of QDs on organic surface which is an important factor in color tuning. The
peak energies of the EL and PL showed only small spectral shifts and no significant dependence on the QD-
concentration. The QD emission was increased about three times by annealing of QD-OLED.
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1. INTRODUCTION

Recently semiconductor quantum dots (QDs) materials have attracted great attention for the scientific and
technological interest mostly because of their size-dependent optical and electronic properties. Among them
cadmium selenite (CdSe) QDs have promising applications in display technologies since its luminescence
wavelength can be tuned precisely from blue to red by changing the diameter of the core from 2.0 to 7.0 nm.*
Compare to organic emitters, inorganic semiconductor QDs have a number of advantages such as high photo-
stability and narrow emission line width.? The CdSe QD has narrow emission spectra e.g. full width half
maximum (FWHM) ~30 nm, compared to those of inorganic phosphors make them outstanding sources of
nearly pure color emission.® The environmental stability of CdSe QDs suggests that the device lifetimes of
hybrid inorganic/organic light emitting diodes (QD-LEDs) should be much longer than pure organic light
emitting diodes (OLEDs). The CdSe based QD-OLEDs could satisfy the technological requirements of flat
panel displays and imaging application which require the narrowband emission characteristics as well as the
efficient emission of visible light. The QD-LEDs is a keen technology for flat panel display for highly saturated
color emission.

The combination of CdSe QDs luminescence properties with the advantages of organic processing
techniques can be possibility to fabricate large area visible light emitters with physical properties of nano-
scale."** The charge conductivity of closely packed QDs film is poor, making inefficient electrical pumping of
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QD.° A single self-assembled QDs monolayer, sandwiched between two organic thin films is necessary to
isolate the luminescence processes from charge conduction. The QD will function as both lumophores and
charge transport layers in the device. The use of QDs for device technology, one of the fundamental issues is
how to distribute QDs uniformly on patterned surfaces with precise control of density. In this paper, we have
demonstrated the uniform distribution of CdSe/ZnS QDs with controllable density by using the conventional
spin-coating method. We used a self-assembled monolayer of QDs, sandwiched between two thin films of
organic layers on indium-tin-oxide (ITO) coated glass substrate for the QD-OLED fabrication. The effects of
process parameters on QDs concentration as well as tuning of QD-OLED performances were investigated.
There was a QD threshold concentration below which there was no emission from the QDs in QD-OLED. The
estimated QD concentration was found as ~ 9x10™ cm™ for the best performance of QD-OLED. The emission
intensity of QD-OLED was increased about three times by annealing at 80 °C for about 20 minutes at nitrogen
atmosphere. The estimated highest external quantum efficiency (EQE) of QD-OLED was around 2.1%. The QD
electroluminescence peak energy was remained same before and after the annealing of QD-OLED.

2. EXPERIMENTAL DETAILS

The investigated hybrid QD-OLED structure was composed of a monolayer of 5 nm size CdSe/ZnS
quantum dots (QDs) (as purchased from Evident Technologies, NY, passivated with trioctylphosphine oxide
(TOPO)) sandwiched between N,N’-diphenyl-N,N’-bis(3-methylphenyl)-(1,1’-biphenyl)-4,4’-diamine (TPD)
and tris-(8-hydroxyquinoline) aluminium (Algs) on glass substrates coated with a semitransparent indium tin
oxide (ITO) electrode as shown in Fig. 1(a). Two highly pure (99.9 %) chemicals TPD and Alqgs were purchased
from Aldrich-Sigma for this experiment. The QD, TPD and Alqs; materials were confirmed by observing their
absorption and emission spectra as shown in Fig. 1(b).

The QD solution was mixed with TPD dissolved in chloroform and spin-coated onto the ITO surface in a
single step. Different QD concentrations from 0.25 mg/ml to 5.0 mg/ml were prepared and mixed with TPD
dissolved in chloroform in different proportions. Nine hybrid samples were prepared with increasing CdSe/ZnS
QDs concentration. The self-assembled QD layer was formed after the phase segregation of the QDs from
TPD."® The phase segregation of QDs layer from TPD is shown in Fig. 2 by atomic force microscopy (AFM).
The formation of monolayer thick self-assembled QDs on top of a ~ 30 nm thick TPD layer was determined by
Rutherfurd Back Scattering (RBS) measurements. Subsequently around 50 nm thick Alqs layer was thermally
evaporated on top of the QD layer before the Al cathode layer deposition. The Alg; depositions were performed
at a high vacuum of 3x10° Torr and the deposition rate was fixed at about 1.5 A/s.? The thickness of the Algs
film was monitored by a crystal monitor. Around 70 nm thick Al cathode layer was deposited in the last step of
the device fabrication by using a JOEL JEE-400 Vacuum Evaporator. Similar OLED structure was also
fabricated with organic layers without QDs for the comparison with hybrid devices as shown in Fig 1(a). We
prepared 10 samples at a time on a substrate, each with an active area of 3x3 mm?2 All measurements were
performed in air on non-encapsulated devices, but samples were stored and saved under nitrogen atmosphere.
All measurements were done within two days after the device fabrication.
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Figure 1: (a) The structure of QD-OLED on ITO coated glass substrate. A single layer of 5 nm size CdSe/ZnS QDs is
sandwiched between 30 nm thick TPD and 50 nm thick Alqgs layers. A similar structure of OLED was also grown without
QD for comparison. (b) Absorption and emission spectra of 5 nm size CdSe/ZnS QDs, TPD and Algz for confirmation of the
materials.

The topography of self-assembled QD layer was characterized using AFM from Digital Instruments
Nanoscope as shown in Fig. 2. We measured electroluminescence (EL), current-voltage (I1-V) and light-current
(L-1) characteristics of QD-OLEDs at room temperature by the Keithley source meter 2400 model and Minolta
Luminance meter LS110. The QD-OLEDs were annealed at different temperatures for 20 minutes at nitrogen
atmosphere to investigate the annealing effect.

3. EXPERIMENTAL RESULTS

AFM images in Fig. 2 shows the formation of segregated uniform dispersion of single QD layer on TPD
apart from some aggregation. The QD density and the size of the aggregates can be varied by controlling the
process parameters such as spin speed, density of QD solution, etc. The aggregates disappeared at the higher QD
concentration typically when we used around 2.5 mg/ml CdSe/ZnS QDs solution. Generally, the QD density
decreases with increasing spin speed and lower the coverage of TPD surface. The QD concentrations were
estimated from the AFM images for different QD solution concentrations. The QD concentration was linearly
increased with solution concentration up to 3.0 mg/ml as shown in Fig. 3. After that the QD concentration was
become nearly constant due to the formation of multi-layers. We selected several concentrations of QD
solutions such as 0.25, 0.50, 1.0, 1.50, 2.00, 2.5, 3.00, 4.00 and 5.00 mg/ml for the formation of self-assembly
QD single layer at a spin speed of 5000 rpm for the fabrication of QD-OLEDs as shown in Fig. 1(a).

The aggregation can be attributed to spinodal phase separation that is triggered by the increase of
interaction between QDs when a good solvent such as chloroform is replaced by air. In the absence of the
solvent, the QDs experience a stronger Van der Waals attraction due to less dielectric shielding of solvent
molecules. The QD density and the average size of the aggregates can be varied by controlling the process
parameters. These observed patterns are due to the coalescence of the QD droplets before drying. It is suggested
that the first nanocrystal layer is yellow and the second layer is white in the AFM images. The aggregates
disappeared at the higher QD concentration typically around the 2.5 mg/ml CdSe/ZnS QDs solution. Different
surface morphology was observed with different spin speed. Generally, the QD density decrease with increasing
the spin speed and lower the coverage of surface.
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Figure 2: 5x5 um (left) and 3x3 pum (right) AFM images of 5 nm size QDs on TPD/ITO layers on glass substrate for the 2.5
mg/ml solution of CdSe/ZnS QDs in chloroform as dropped and spin-coated at 5000 rpm
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Figure 3: The plot of estimated QD concentration from AFM images on TPD layer as a function of QD solution
concentration
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The EL spectra of QD-OLEDs were measured at room temperature at 25 V bias for different concentrations
of QDs on TPD layer as shown in Fig. 4. There is a QD threshold concentration below which there was no
emission from the QDs. At low QD concentrations we have only observed green emission (~ 530 nm) from Algs
layer as the QD layer could not covered the all area of the device cross-section. However the red emission (~
630 nm) from the QDs became visible at the higher QD concentrations (onset of QD emission from 1.5 mg/ml
solution) with green emission due to the corresponding increase in area coverage. The 2.5 mg/ml QDs solution
was produced the highest intensity QD-OLED. The organic EL was due to the presence of voids, grain
boundaries, and interstitial spaces in the QD monolayers that allow the creation of excitons on organic sites.®
With increasing QD coverage, there will be a larger absorption cross-section to maximize the energy from the
organic molecules to QDs. Excitons generated at a distance more than the Forster energy transfer radius away
from the QD in Algs will also result in organic EL.>*° In addition, the higher holes injection rate into the Algs
layer at the higher electric field (e.g. 25 V bias) increased the organic emission. The QD emission stays
dominant until breakdown occurred.
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Figure 4: The EL spectra of QD-OLED for different QD concentrations at room temperature (RT) at 25 voltage bias. There
is a QD threshold concentration below that we cannot observe the QD emission. The EL intensity of high concentration (2.5
mg/ml) QD-OLED was increased about three times after annealing.

When the high intensity QD-OLED was annealed at 80 °C for 20 minutes at nitrogen atmosphere we
observed very strong red emission from the QD under the same bias voltage. The green emission from the Algs
layer was almost disappeared. The QD emission becomes nearly three times stronger after the annealing. This
strong QD emission is an evident that the direct injection and recombination of carriers in QD. The mechanism
of this improvement is not understood. The annealing temperature was just above the glass transition
temperature (Tg) of TPD (~ 65 °C) but well below the T, of Algs (~ 170 °C)."**® The re-arrangement of QDs in
the TPD/Alqs interface may take place during the annealing to form a more uniform layer which we realized in
the suppression of Algs emission. Annealing may also help to improve the QD surface morphology and the loss
of some of the QD surface ligands."* The estimated QD concentration was found around 9x10** cm? for the
best performance of QD-OLED.
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Figure 5: The | — V characteristics of high concentration (2.5 mg/ml) QD-OLED before and after the annealing. The I-V
characteristic of OLED without QD at room temperature for comparison.

We measured the |-V characteristics of the best performance QD-OLED before and after the annealing as
shown in Fig. 5. The I-V characteristics of an OLED without QD layer is also plotted with the QD-OLED for
comparison. The current density was lower in QD-OLED compared to OLED for the same bias voltage due to
the poor conductivity nature of QD layer. The current density of QD-OLED was increased after the annealing.
We did not use any interface layer such as LiF between the electrode (Al) and the organic layer (Alqgs) to reduce
the interface barrier between the electrode and organic layer.** In the electroluminescence characteristics of QD-
OLED, the emission intensity nearly exponentially increases with current density up to ~ 1 x 102 (A/cm?) as
shown in Fig. 6. The emission intensity is almost saturated after the current density of ~1.5x102 (A/lcm?). The
highest EQE of QD-OLED was around 2.1% after annealing. The observed luminance intensity of QD-OLED is
comparable with the reported high performance QD-OLED.*#
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Figure 6: The plot of QD-OLED luminance intensity after annealing as a function of current density at room temperature.
The luminescence intensity was around 1000 Cdm at around 1x10 A/cm? current density. The L-I curve of an OLED
without QD at room temperature is also plotted for comparison.

4. DISCUSSIONS

The work function of different layers in QD-OLED as shown in Fig. 7 is known from the previous
studies.’®*® The holes are considered to be injected from the ITO electrode to QDs through the TPD layer.
Similarly, the electrons are injected from the Al cathode to QDs through the Algs layer. The carrier injection
from the electrodes depends on the bias voltage due to the interface barriers of different layers. The interface
barrier can be defined by the difference in energy levels (valence and conduction bands offsets) between the
electrode and the QD. When the applied bias voltage exceeds the interface barrier height (band-edge offsets) the
injection of electrons and holes occurs into the QD. The electrons and holes transport by hopping mechanism
from one sit to another through Algs and TPD layers, respectively, to accumulate at the QD interfaces. This
induces a charge gradient buildup on both sides of the QDs interface and generates a strong electric field across
the QD junction. The presence of the higher band gap ZnS material coating on CdSe QD create an additional
energy barrier at the interface between the organic and QD. The ZnS energy barrier becomes more effective in
reducing injection of carriers into the QD core with thicker over-coating. The additional energy barrier of ZnS
would counter balance the improvement of QDs carrier radiative recombination emission due to the better
surface passivation of QDs by ZnS as well as for forming quantum wall trap centre for electrons and holes. This
phenomenon shows that the EL process can be influenced by additional parameters besides surface passivation
of the emitting cores. The annealing of QD-OLED device may reduce the interface barrier between the QDs and
organics which we observed in the QD-OLED I-V characteristics in Fig. 5. The reduction of interface barriers
increase electrons and holes injections into QD which we observed in the electroluminescence measurements of
QD-OLED after annealing as shown in Fig. 4.
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Figure 7: The schematic energy band diagram of QD-OLED showing the direct charge injection mechanism in device

The band diagram drawn in Figure 7 shows the energy difference between the conduction bands of the
TPD and CdSe QDs is higher than that between the corresponding valence bands, i.e., Ec(TPD) — E¢(CdSe) =
2.3 eV compared to Ev(TPD) — Ev(CdSe) = 1.3 eV. That difference favours injection of holes from the TPD into
the QDs over electrons into the TPD structure. The force migration of a small fraction of holes into the Algs
resulting in a contribution to the EL signal in the green region of the spectrum. The energy band diagram in
Figure 5 shows that the presence of ZnS over coating is associated with an additional energy mismatch (energy
barrier) at the interface between the organic and QD because of the higher band gap of ZnS.

5. Conclusions

The effects of CdSe/ZnS QD concentrations on the performance of self-assembly QD-OLEDs were
investigated. Simple spin-coating method was used to fabricate the high performance QD-OLEDs. The uniform
density of QDs on TPD layer was controlled by varying the QD solution concentrations with 5000 rpm speed of
the spin coater. The estimated QD concentration was found ~ 9x10™ c¢m™ for the best performance of QD-
OLED. The annealing of QD-OLED was increased the QD emission intensity about three times than before
annealing. The electroluminescence peak energy of QD was remained same before and after the annealing of
QD-OLED. The effect of process parameters and the mechanism of QDs emissions are discussed.
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