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A bright white quantum dot light-emitting device (white-QLED) with 4-[4-(1-phenyl-1H-benzo[d]imidazol-2-
ylphenyl]-2- [3-(tri-phenylen-2-yl)phen-3-yl]quinazoline deposited on a thin film of mixed green/red-QDs as a bilayer
emitter is fabricated. The optimized white-QLED exhibits a turn-on voltage of 3.2 V and a maximum brightness of
3660 cd/m?@8 V with the Commission Internationale de 1’Eclairage (CIE) chromaticity in the region of white light. The
ultra-thin layer of QDs is proved to be critical for the white light generation in the devices. Excitation mechanism in the
white-QLED:s is investigated by the detailed analyses of electroluminescence (EL) spectral and the fluorescence lifetime of
QDs. The results show that charge injection is a dominant mechanism of excitation in the white-QLED.
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1. Introduction

Colloidal quantum dots (QDs) are attractive luminescent
materials for creating light-emitting diodes (QLEDs) applying
to display or solid-state lightings due to their characteristics of
size-tunable band gap, high photoluminescence (PL) quantum
yield (QY), good stability and saturated colors with a narrow
bandwidth.['* Since the first QLEDs were demonstrated in
1994,551 the monochrome device performances have steadily
improved in terms of the brightness (21800 cd/m?),[%! current
efficiency (40 cd/A),!"! external quantum efficiency (20.5%),
and device lifetime (10° hours).!® Recently, white-QLEDs
have also received extensive attention as a cost-competitive
energy-efficient alternative to conventional electrical lighting.
Several researchers have reported the use of a stacked structure
of QDs and polymers or the hybridization of QDs/polymers as
emissive layer (EML) for enhancing efficiency and obtaining
color tuning capability.

Prototype results from the direct electroluminescence
(EL) of QDs through integrating red, green, and blue emitting
QD:s to produce white-QLEDs have been demonstrated.[*!0]
However, the use of blue-QDs can lead to reduced bright-
ness and efficiency because blue-QDs inherently possess un-
favorable energy level rendering hole injection into them
from neighboring hole transport layer (HTL) inefficient.
Tan et al.''l reported the white-QLEDs with a bilayer
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structure of yellow-QDs/poly(N, N’-bis(4-butylphenyl)-N,
N’-bis(pheny)benzidine) (Poly-TPD). However, the avail-
able blue-emitting polymer with high luminescent efficiency
and chemical resistance to adjacent layers is highly lim-
ited. Kang, et al.l'?l reported that the white-QLEDs by
using the hybridization of poly(9,9-dioctylfluorenyl-2, 7-
diyl) (PFO) blended with red- and green-colored CdSe@ZnS
QDs as EML, exhibited the Commission Internationale de
I’Eclairage (CIE) 1931 chromaticity of (0.33, 0.36) and max-
imun brightness of 1163 cd/m.”?! Torriss et al.!'3! real-
ized the white-QLEDs by using red-QDs and blue organic
molecule iridium(IIT)bis(2-(4,6-difluorephenyl) pyridinato-
N,C2) (Ir(IIHDP) dispersed into poly(N-vinylcarbazole)
(PVK) as EML. Wu et al. " reported white-QLEDs with red-
QDs and 4, 4-bis(2,2-diphenylethen-1-yl) biphenyl (DPVBi)
dispersed into PVK as EML. In the above cases, the multi-
color emitters (QDs and/or organic molecule) are blended into
a single EML and interact in a non-trivial way. Then those de-
vices suffer low luminance and high operating voltage due to
the high concentration of the mixed materials.[!>-1¢]

In this paper, we propose a white-QLED using a blue
fluorescent material 4-[4-(1-phenyl-1H-benzo[d]imidazol-
2-yl)phenyl]-2-[3-(tri-phenylen-2-yl)phen-3-yl]quinazoline
(BITpQz) deposited over the mixed green- and red-QDs layer
to create a bilayer EML. With the ignorable influence of BiT-
pQz on the PL lifetime of QDs, a stable and bright white-
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QLED operation in a wide range of bias is obtained by con-
trolling the ratio between green-QDs and red-QDs under the
critical condition of ultra-thinness. The turn-on voltage (the
voltage at brightness of 1 cd/m? ) of the white-QLED is as
low as 3.2 V, and the maximum brightness is measured to be
3660 cd/m?. Detailed spectral analysis is presented, and the
results show that charge injection appears to be an important
mechanism of EL in our device.

2. Experimental details
2.1. Materials

In the present study, QD synthesis was carried out by
using the following reagents: Cadmium oxide (CdO, pow-
der, 99.99%), zinc acetate (Zn(AC),, solid, 99.9%), sele-
nium powder (Se, powder, 99.99%), sulfur powder (S, pow-
der, 99.9%), oleic acid (OA, 90%), trioctylphosphine (TOP,
90%), 1-octadecene (ODE, 90%). All chemicals were pur-
chased from Sigma Aldrich. According to the processes of
Ref. [17], we obtained the CdSe-ZnS core-shell QDs with PL
wavelengths of 515 nm (green) and 651 nm (red), QY's of 90%
(green) and 70% (red), full width at half maximum (FWHM)
of 38 nm (green) and 34 nm (red), respectively. The trans-
mission electron microscope (TEM) results of green-QDs and
red-QDs are shown in the inset of Fig. 1(a). It can be seen
that the regular sphere of green-QDs (~ 7 nm) and the irreg-
ular polygon of red-QDs (~ 10 nm) have been obtained. The
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Fig. 1. (color online) (a) Normalized PL spectra of the QDs, BiTpQz,
and absorption spectra of QDs with the inset: TEM results of the QDs.
(b) Energy band diagram of the proposed white-QLED and the chemical
structure of BiTpQz.

different shapes between green and red QDs are possible due
to a longer synthetic time (~ 20 min) of red-QDs than the
green-QDs (~ 10 min). The blue organic material BITpQz
with a PL wavelength of 445 nm, the highest occupied molec-
ular orbital (HOMO) level of 6.01 eV, and the lowest unoc-
cupied molecular orbital (LUMO) level of 2.8 eV was pur-
chased from YuRui Chemical Company in Shanghai, China.
The PL and absorption spectra of QDs and BITpQz are shown
in Fig. 1(a). The molecular structure of BiTpQz and energy
level alignments are shown in Fig. 1(b).

2.2. Film and device fabrication

The various layers of QLEDs in this work were fabricated
by a combination of solution-processing and vacuum evapora-
tion techniques. All the solution processes were performed in
an N filled glovebox with the HO and O, below 10 ppm.
Firstly, the glass substrate precoated with a 150-nm thick,
~ 10 Q/sq indium tin oxide (ITO) layer was degreased in an
ultrasonic bath by the following sequence: in detergent, de-
ionized water, acetone, and isopropanol, and then cleaned in a
UV-ozone chamber for 15 min. After being cleaned, the hole
injection layer (HIL) of poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS) was spin-deposited onto
ITO by a spin coater with a speed of 5000 rpm and heated
at 150 °C for 30 min. HTL of poly-TPD was spin-coated
onto PEDOT:PSS with a speed of 3000 rpm and heated at
110 °C for 60 min. Then, the QDs were spin-coated onto
poly-TPD with a speed of 1500 rpm and dried at 150 °C
for 30 min to form the first EML. After spin-coating pro-
cessing, the blue emitting layer of BiTpQz was thermally
evaporated on QDs in a high vacuum (~10~* Pa) cham-
ber to form the second EML. Finally, the electron trans-
fer layer (ETL) of 1,3,5-tris(2-phenyl-1H-benzo[d]imidazol-
1-yl)benzene (TPBi), electron injection (EIL) of lithium fluo-
ride (LiF), and the cathode of aluminum (Al) were deposited
sequentially in the same chamber without breaking the vac-
uum. The thickness values and the deposition rates of the ma-
terials were monitored in situ by an oscillating quartz thick-
ness monitor. The typical deposition rates for organic materi-
als, LiF, and Al were 0.5, 0.1, and 5.0 A/s, respectively. The
device active areas defined by the overlap between the elec-
trodes were 3 mmx3 mm in all cases. For the time-resolved
photoluminescence (TRPL) measurements, the QDs/BiTpQz
blend films were deposited on quartz substrates by using QD
and BiTpQz mixed solutions with a mole ratio of about 1/2000
by a spin coater with a speed of 500 rpm. The QD concentra-
tions in these blend films were low in order to avoid aggregat-
ing QDs and reduce the influence of the QDs/BiTpQz mole
ratio on the energy transfer rate.['®! The QDs/poly(methyl
methacrylate) (PMMA) blend film and the QDs in toluene so-
lution were prepared as reference samples.
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The luminescence—voltage—current density (L-V—J) char-
acteristics of devices were measured simultaneously with
Keithley 2400 source meter and Minolta L.110 luminance me-
ter at room temperature. The EL spectra were measured with
the PR650 spectrometer. All devices were measured imme-
diately under ambient atmosphere without being encapsulated
after the devices had been fabricated. The absorption spectra
were measured by a HITACHI U-3900H spectrophotometer.
The TRPL spectra were measured by FL920 fluorescence life-
time spectrometer. The excitation source was a hydrogen flash
lamp (nF900) with a pulse width of 1.5 ns and a picosecond
pulsed diode laser (EPL-485) with a pulse width of 85 ps.

3. Results and discussion

The energy level diagram of the white-QLEDs is shown
in Fig. 1(b). The work functions of ITO anode and
LiF/Al cathode, the QDs conduction/valance band, and the
HOMO/LUMO of organic materials are cited from Refs. [19]
and [20]. It can be seen from Fig. 1(b) that holes and electrons
can be injected without facing energy barrier until they reach
poly-TPD/QD interfaces from PEDOT:PSS to poly-TPD and
from BiTpQz to QDs, respectively. When the voltage is in-
creased to the turn-on voltage, holes can be injected into red-
QDs and/or BiTpQz from poly-TPD to form excitons. It is
worth noting that the ultra-thin layer of QDs is critical for the
blue light generation in the device as proved below. Then, as
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the voltage increases continuously, the holes can be injected
into green-QDs from poly-TPD and generate the white emis-
sion. The detailed process in the white-QLED operation will
be discussed below.

In order to investigate the influence of the thickness of
quantum dots on the performances of device, the QLEDs
with only green-QDs (named device-G) and red-QDs (named
device-R) instead of mixed green and red-QDs as the first
EML were fabricated. The structures of device-G (the
inset of Fig. 2(a)) and device-R (the inset of Fig. 2(b))
are ITO/PEDOT:PSS(20 nm)/poly-TPD(40 nm)/green-
QDs/BiTpQz(20 nm)/TPBi(40 nm)/LiF(1 nm)/Al(100 nm)
and ITO/PEDOT:PSS(20  nm)/poly-TPD(40  nm)/red-
QDs/BiTpQz(20 nm)/TPBi(40 nm)/LiF(1 nm)/Al(100 nm),
respectively. The concentrations of green-QDs in toluene
solution were 2, 4, 6, and 10 mg/ml corresponding to the esti-
mated thickness values (based on Ref. [21]) of 0.4 monolayer
(ML), 0.8 ML, 1.2 ML, and 2 ML for the QD layers in device-
Gl1, device-G2, device-G3, and device-G4, respectively. The
concentrations of red-QDs in toluene solution were 6.5, 8, 9,
and 13 mg/ml corresponding to the estimated thickness val-
ues of 1 ML, 1.2 ML, 1.4 ML, and 2 ML for the QD layers
in device-R1, device-R2, device-R3, and device-R4, respec-
tively. The normalized EL spectra of device-G and device-R
at 9 V bias are shown in Figs. 2(a) and 2(b), respectively. The
L-V—J characteristics of devices-G, and devices-R are shown
in Figs. 2(c) and 2(d), respectively.
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Fig. 2. (color online) Normalized EL spectra at an applied voltage of 9 V for (a) devices-G with the green-QD thickness values of 0.4, 0.8, 1.2,
and 2 ML for the devices G1, G2, G3, and G4, respectively, and (b) devices R with the red-QD thickness values of 1, 1.2, 1.4, and 2 ML for
the devices R1, R2, R3, and R4, respectively. The L-V—J characteristics of (c) devices-G, and (d) devices-R. The insets in panels (a) and (b)

show the structures of devices-G and devices-R, respectively.
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For device-G, figure 2(a) shows two peaks at 456 nm
and 516 nm corresponding to the emissions of BiTpQz and
green-QDs. With the thickness of green-QDs increasing from
0.4 ML to 2 ML, the blue color component in the spectra
changes from dominance to disappearance. It indicates that
blue emission can be generated easily when the QD layer is
ultra-thin (less than 1 ML), but inhibited while the QDs layer
is thick enough. It can be seen from Fig. 2(c) that the current
density and luminance of device at the same voltage decrease
with the thickness of the green-QDs increasing. It also implies
that more and more QDs take part in the luminescent process,
which leads to the influences of the unfavorable HOMO level
of green-QDs (6.5 eV, as shown in Fig. 1(b)) getting greater
and, consequently increasing the driving voltage of device-
G. For device-R, figure 2(b) shows two peaks at 456 nm and
660 nm corresponding to the emissions of BiTpQz and red-
QDs. As the thickness of red-QDs increases, device-R shows
similar trends to device-G, the blue color component in the
spectrum deceases as shown in Fig. 2(b), and the current den-
sities and luminances of the devices at the same voltage de-
crease as shown in Fig. 2(d). Compared with green one, the
higher ratio of QD components in spectrum of device-R can
be mainly attributed to the difference in HOMO level between
red-QDs (6.0 eV) and green-QDs (6.5 eV). The EL spectra in
Fig. 2 is slightly redshifted from the solution PL measured in
Fig. 1(a). We attribute this redshift to a combination of in-
terdot interactions, which have been observed previously in
closely packed QD solids,??! and the electric-field-induced
Stark effect.”?! From Fig. 2 we can know that the similar
trends happen in device-G and device-R, and the ultra-thin
layer (less than 1 ML) of QDs is critical for the efficient blue
light emission in both cases.

To obtain the white-QLED, the devices (named device-
W) with mixed green-QD and red-QD layer as the first EML
are fabricated with a structure (upper inset of Fig. 3(c)) of
ITO/PEDOT:PSS(20 nm)/poly-TPD(40 nm)/green-QDs:red-
QDs/BiTpQz(20 nm)/TPBi(40 nm)/LiF(1 nm)/Al(100 nm).
The weight ratio of green-QDs to red-QDs (G:R) and the to-
tal concentration of the mixed QDs solution (corresponding
to the thicknesses of the mixed QDs layer in device-W) are
both changed to optimize the performances of the devices.
Here, we just present three typical samples to illustrate the
optimization process. The G:R and total concentration of the
mixed QDs solution for devices W1, W2, and W3 are 1:5 with
3.2 mg/ml (0.51 ML), 1:5 with 3.9 mg/ml (0.62 ML), and 1:4
with 4.2 mg/ml (0.67 ML) respectively. The normalized EL
spectra of the device-W at 7 V bias are shown in Fig. 3(a).
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Fig. 3. (color online) (a) Normalized EL spectra of device-W under a
bias of 7 V, in which the weight ratio of G:R and the total thickness
values of the mixed QDs layers for devices W1, W2, and W3, are 1:5
with 0.51 ML, 1:5 with 0.62 ML, and 1:4 with 0.67 ML respectively.
(b) L-V—J and (c) current efficiency—current density of devices-W with
upper inset: device structure of the device-W, below-left inset: photo of
the 3 mmx3 mm active area emitting device-W3 at 7 V, and below-right
inset: photo of 2.1-inch (1 inch = 2.54 cm) white QLED at 8 V.

It can be seen from Fig. 3(a) that the device-W1
(G:R=1:5, 0.51 ML) shows two peaks at 456 nm (BiTpQz)
and 660 nm (red-QDs) with imperceptible green-QDs emis-
sion. With increasing the thickness of the mixed QD layer,
device-W2 (G:R=1:5, 0.62 ML) shows two peaks at 456 nm
(BiTpQz) and 660 nm (red-QDs) with a shoulder at 516 nm
(green-QDs). Then, as the ratio of G to R and the concentra-
tion of the mixed QDs solution increase to 1:4 and 4.2 mg/ml,
the device-W3 (G:R=1:4, 0.67 ML) shows three peaks at
516 nm (green-QDs), 660 nm (red-QDs) and a suppressed blue
emission of 456 nm (BiTpQz). It indicates that the intensities
of blue emission can be adjusted by varying the thickness of
QD layer in these devices, which agrees with the results of
Fig. 2. Figures 3(b) and 3(c) show the L-V—J and the current
efficiency—current density characteristics of device-W respec-
tively. It can be seen from Fig. 3(b) that the current density of
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device-W changes little within the error as the thickness of the
mixed first EML changes from 0.51 ML to 0.67 ML. The turn-
on voltage and the maximum brightness of device-W increase
with the thickness of the mixed QDs increasing. Although
the device-W2 exhibits the best current efficiency in Fig. 3(c),
the optimized device with the best spectral characteristics for
white-QLED is obtained from device-W3 (Fig. 3(a)), which
exhibits a turn-on voltage of 3.2 V, a maximum brightness of
3660 cd/m? at a bias of 8 V (Fig. 3(b)), and the CIE 1931
chromaticity (0.27, 0.23)—(0.29, 0.41) from 4 V-8 V (inset of
Fig. 4(b)) which are in the region of white light. The below-
left inset of Fig. 3(c) shows the photograph of the white-QLED
recorded at 7 V, demonstrating the bright and uniform white
emission. We finally realize a 2.1-inch white-QLED proto-
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type by the same method (the below-right inset of Fig. 3(c))
which implies a good stability of the white-QLED.

In order to prove that the blue emission in our
white-QLED from BiTpQz
TPD, a corresponding device without BiTpQz is fabri-

comes instead of Poly-
cated based on the structure (the inset of Fig. 4(a)) of
ITO/PEDOT:PSS(20 nm)/poly-TPD(40 nm)/green-QDs:red-
QDs(G:R =1:4,0.67 ML)/TPBi(40 nm)/LiF(1 nm)/Al(100 nm),
in which all the layers are the same as that of device-W3 ex-
cept BiTpQz. Figure 4(a) shows the normalized EL spectrum
of the corresponding device at 7 V, which exhibits a spectrum
with green-QDs (516 nm) and red-QDs (660 nm) emission but
without the distinct blue emission. It indicates that the blue
emission from Poly-TPD can be ignored in our device.
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Fig. 4. (color online) (a) Normalized EL spectrum of corresponding device with a structure in which all the layers are the same as those of
device W3 except BiTpQz, and the device structure in inset. (b) Normalized EL spectra of device-W3 at the voltages varying from4 V to 8 V,
and corresponding CIE trend chart in inset. The PL lifetimes of QDs in toluene solution, QDs/PMMA blend film, and QDs/BiTpQz blend film

for (c) green-QDs and (d) Red-QDs.

Excitations of the QDs in QLEDs occur via either direct
charge injection and/or nonradiative energy transfer (NRET)
from an adjacent charge transport layer.?*%3] The overlaps
of the QD absorption spectrum with the PL spectra of BiT-
pQz (as shown in Fig. 1(a)) imply the possibility of excita-
tion mechanism via the Forster energy transfer from BiTpQz
to QDs. However, taking into account the white QLED energy
band structure (Fig. 1(b)) and the spectrum results of device-
W3 at low voltage (Fig. 4(b)), the charge injection is the most
likely way to generate an exciton instead of the Forster energy
transfer. In order to verify the operation process in our white-
QLEDs, the normalized EL spectra of the optimized device-
W3 at the applied voltage varying from 4 V to 8 V are pre-
sented in Fig. 4(b). At a bias of 4 V (just above a turn-on volt-

age of 3.2 V), the spectra in Fig. 4(b) show two peaks of red-
QDs and BiTpQz each with a weak shoulder of green-QDs.
As the voltage increases, the blue emission from BiTpQz de-
creases, and the green and red emission from QDs increase
gradually. Since the carrier mobility in QDs is quicker than
in BiTpQz, increasing voltage can cause excitons to recom-
bine further into organic layer and farther away from QDs, 3]
which does not favor the Forster mechanism since exciton en-
ergy transfer to QDs occurs within the Forster radius. How-
ever, the QD emission is more efficient at higher voltages in
the device as shown in Fig. 4(b). This result suggests that the
Forster energy transfer from BiTpQz to QDs is not the dom-
inant excitation process of QDs in our hybrid white-QLEDs.
Instead, charge injection appears to be an important mecha-
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nism of EL in QDs.

In order to support the proposed excitation mechanism
in our device, we further investigate the influence of BiTpQz
on PL lifetime of the QDs via TRPL. The fluorescence de-
cay curves of the QDs in toluene solution, QDs/PMMA blend
film, and QDs/BiTpQz blend film are measured at the QD peak
emission. The results of the green-QDs and red-QDs cases
are shown in Figs. 4(c) and 4(d), respectively. Previously, it
has been proved that the fluorescence lifetime of the accep-
tor QDs increases due to the exciton feeding via NRET. [20]
However, in our work, little difference between the fluores-
cence lifetimes of QD in QDs/PMMA and QDs/BiTpQz film
is observed from both the green-QDs and red-QDs cases. For
the green-QDs, figure 4(c) shows a single exciton lifetime of
19 ns in toluene solution and a reduced lifetime of 13.81 ns
in QDs/PMMA film. The reduced lifetime of QDs in film
can be attributed to the involvement of the nonradiative pro-
cess between packed QDs and/or the exposure of the dipole
to an inhomogeneous environment. Meanwhile, a slightly re-
duced lifetime of 12.77 ns in the QD/BiTpQz film compared
with that of QDs/PMMA film is observed. For the red-QDs,
figure 4(d) shows the same trend as Fig. 4(c). The red-QDs
exhibit exciton lifetimes of 23 ns in toluene solution, 16.25 ns
in QDs/PMMA film, and 15.42 ns in QD/BiTpQz film, respec-
tively. Compared with that of QDs/PMMA film, a slightly re-
duced lifetime of QDs in QD/BiTpQz film can be ascribed to
the probable charge separation between QDs and BiTpQz.[*’!
However, since the enhanced fluorescence lifetime of QDs
has been observed from neither green-QDs/BiTpQz nor red-
QDs/BiTpQz films, the excitation mechanism of QDs in our
white-QLEDs cannot be ascribed to the energy transfer from
BiTpQz to QDs.

4. Conclusions

We demonstrate a bright white-QLED with a blue fluores-
cent material BITpQz deposited on a thin film of mixed green-
and red-QDs serving as bilayer EML. The optimized white-
QLED exhibits a turn-on voltage of 3.2 V and the maximum
brightness of 3660 cd/m*> @8 V with the CIE chromaticity in

the region of white light. The analyses of EL spectral and
TRPL show that charge injection is the dominant excitation
process of the ultra-thin layer of QDs in our white-QLEDs.
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