Subscriber access provided by UNIV OF SOUTHERN CALIFORNIA

Article

Highly Efficient Quantum-Dot Light-Emitting Diodes with DNA#CTMA
as a Combined Hole-Transporting and Electron-Blocking Layer

Qingjiang Sun, Guru Subramanyam, Liming Dai, Michael Check,
Angela Campbell, Rajesh Naik, James Grote, and Yonggiang Wang

ACS Nano, 2009, 3 (3), 737-743+ Publication Date (Web): 17 February 2009
Downloaded from http://pubs.acs.org on April 5, 2009

T WSS | DNA-CTMA (20 nmj | | DNA-CTMA (20 nm)

poly-TPD (45nm) | TPD (25 -TPD, 25
PEDOT (25 nm)_| | AL r :u,.u
(TO glass L iTOgass
C

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. ACS Nano is published by the American Chemical Society. 1155 Sixteenth Street
N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/nn8009079

Highly Efficient Quantum-Dot Light-
Emitting Diodes with DNA—CTMA as a
Combined Hole-Transporting and
Electron-Blocking Layer

Qingjiang Sun,” Guru Subramanyam,’ Liming Dai,"* Michael Check,* Angela Campbell,* Rajesh Naik,*

James Grote,* and Yonggiang Wang®

*School of Engineering, University of Dayton, Dayton, Ohio 45469, *Air Force Research Laboratory, Materials and Manufacturing Directorate, AFRL/RX, Wright-Patterson
AFB, Ohio 45433, and %0cean NanoTech, LLC, 2143 Worth Lane, Springdale, Arkansas 72764

he recent availability of monodis-
T persed and well-defined colloidal

quantum dots (QDs) synthesized
from low-cost solution methods has offered
a new class of chromophores for the emerg-
ing QD-based light-emitting diodes (QD-
LEDs) attractive for multiple consumer
applications,' * ranging from next-
generation user interfaces in mobile de-
vices and personal computers through
shadow-less biomedical lamps to flat light-
ing. Among many advantages of QD chro-
mophores over their organic/polymer coun-
terparts, the main features include their
narrow emission bands with a small full
width at half-maximum (fwhm <30 nm)
and a broad wavelength tunability through
the size and/or composition variation(s). In
addition, QDs can exhibit a high photolumi-
nescence (PL) quantum yield and photo-
chemical stability with appropriate surface
functionalization.? Recent developments in
QD-LEDs have led to bright and color-
saturated electroluminescence (EL) for the
three primary colors®~7 as well as white
light”~'® Although all the three primary
color QD-LEDs have already shown suffi-
ciently bright electroluminescent emissions
(up to ~9000 cd/m?)'® required for small-
size flat-panel displays (100—500 cd/m?),
there is still a pressing need for improving
the efficiency of QD-LEDs with a high color
purity. This is because even the highest re-
ported external quantum efficiency (EQE) of
2.0% for QD-LEDs>'> cannot favorably com-
pete with their highly efficient organic/poly-
mer counterparts.” Like polymer LEDs, a
balanced injection and confinement of elec-
trons and holes is essential in order to im-
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ABSTRACT Owing to their narrow bright emission band, broad size-tunable emission wavelength, superior

photostability, and excellent flexible-substrate compatibility, light-emitting diodes based on quantum dots (QD-

LEDs) are currently under intensive research and development for multiple consumer applications including flat-

panel displays and flat lighting. However, their commercialization is still precluded by the slow development to

date of efficient QD-LEDs as even the highest reported efficiency of 2.0% cannot favorably compete with their

organic counterparts. Here, we report QD-LEDs with a record high efficiency (~4%), high brightness (~6580 cd/

m?), low turn-on voltage (~2.6 V), and significantly improved color purity by simply using deoxyribonucleic acid

(DNA) complexed with cetyltrimetylammonium (CTMA) (DNA—CTMA) as a combined hole transporting and
electron-blocking layer (HTL/EBL). This, together with controlled thermal decomposition of ligand molecules

from the QD shell, represents a novel combined, but simple and very effective, approach toward the development

of highly efficient QD-LEDs with a high color purity.

KEYWORDS: quantum dot - light-emitting diode (LED) - QD-LED - DNA - flat display

prove the efficiency of QD-LEDs.'®'° Few of
the innovative QD-LED fabrication strate-
gies have been developed, including a
phase segregation approach to the mono-
layer of CdSe/ZnS core/shell QDs® and spin-
coating QDs directly on the top of a hole
transport layer (HTL)'>'® to improve the
brightness'® and external quantum effi-
ciency.’ However, most of the reported QD-
LEDs suffer from unbalanced charge trans-
port due to the misalignment of their
extremely low-lying highest occupied mo-
lecular orbits (HOMOs) against those of or-
ganic HTLs.>'%2° The energy barriers be-
tween HTLs and QDs are often further
enhanced by the presence of the insulat-
ing ligand molecules introduced onto the
QD surface during the synthesis for disper-
sion. So far, no single organic/polymer hole-
transporting material has been found to
possess HOMO matching that of QDs to en-
hance the hole transport. Zhao et al.?'
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Figure 1. (a) EL spectra at a luminance of ~2600 cd/m? and
(b) current density—luminance—voltage (J—L—V) character-
istics for device A with poly-TPD HTL and device B with ei-
ther spin-on or MAPLE DNA—CTMA HTL. The insets of (a) and
(b) show the device configurations and the luminous effi-
ciency versus current density curves for devices A and B,
respectively.

pioneered an approach to improve the device perfor-
mance by enhancing the hole transport using two ther-
mally polymerized solvent-resistant HTLs with different
HOMOs. While the thermally cross-linked polymers are
sufficiently stable to organic solvents used for deposit-
ing the top emission layer, the high temperature (typi-
cally >250 °C) required for thermal cross-linking could
inevitably cause thermal decomposition of the underly-
ing poly(3,4-ethylenedioxythiophene)/poly(styrene-
sulfonate) (PEDOT) hole-injection layer (HIL).

In this work, we report a general, but simple and
very effective, approach to realizing highly efficient QD-
LEDs with a high color purity by using multiple hole-
injection (HIL)/HTL layers, composed of PEDOT,
poly(N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl)benzidine
(poly-TPD) [or poly(N-vinylcarbozole) (PVK) blending
with and without poly-TPD], and a salmon-based de-
oxyribonucleic acid (DNA) complexed with cetyltri-
metylammonium (CTMA) to improve the hole trans-
port. It is for the first time that the DNA—CTMA was
used in QD-LEDs as both HTL and EBL.?2 The newly de-
veloped multiple HIL/HTLs are thermally stable to allow
for thermal decomposition of the insulating ligand mol-
ecules from the QD shell. As such, efficient and bal-
anced charge transport/confinement can be attained si-
multaneously, leading to highly efficient QD-LEDs with
an excellent color purity. As we shall report, QD-LEDs
developed in this study are characterized by a very low
turn-on voltage (~2.6 V), high brightness (~6580 cd/
m?), high efficiency (~4 cd/A), and significantly im-
proved color purity.
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Figure 2. (a) Schematic device configurations, (b) J—L—V
characteristics, and (c) luminous efficiency and power effi-
ciency versus current density curves for devices C, D, and E
with multiple HIL/HTLs. The insets of (c) show the photos of
devices A, B, C, and E operated at a constant current density
of 10 mA/cm? The figure legends in (b) and (c) represent
the compositions of the second HTL used in those devices
shown in (a).

As double-shell QDs often exhibit higher PL quan-
tum yields than their single-shell counterparts, we used
CdSe/CdS/ZnS (core/shell/shell) QDs with an average
diameter of ~8 nm in this study. The core/shell/shell
structure can further facilitate the charge injection from
organic HTLs/ETLs to QDs through the gradient energy
levels from the ZnS outer-shell through the CdS inner-
shell to the CdSe core. In a typical experiment, the QDs
were washed at least three times to remove excess
ligand molecules and/or impurities. Sun et al.'® have
previously demonstrated that QD-LEDs constructed
from these purified QDs showed better performance
than those based on the as-prepared QDs, though the
purification process could significantly reduce the PL
quantum yield from ~80 to 30%. The purified CdSe/
CdS/ZnS QDs showed saturated red PL emission peaked
at ~610 nm with the fwhm of ~24 nm.

Five-layer QD-LEDs with either poly-TPD (device A)
or DNA—CTMA (device B) as the HTL (inset of Figure 1a)
were fabricated. In both devices, PEDOT was spin-
coated from its aqueous solution as a HIL to increase
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Figure 3. Schematic energy level diagrams for the materials involved in devices A—E.

the work function of an indium—tin—oxide (ITO) an-
ode from 4.7 to 5.0 eV and to reduce surface rough-
ness for stable and pinhole-free electrical
conduction.?? The QD layer (~2 monolayers) was pre-
pared by spin-coating its toluene solution of an optical
density (O.D. =~ 2) at 1500 rpm, followed by drying at 80
°C for 10 min. ETLs were then prepared by sequential
thermal deposition of 1,3,5-tris(N-phenylbenzimidazol-
2-yl)benzene (TPBI) and tris(8-hydroxyquinoline)-
aluminum (Algs) under high vacuum. For device A, the
HTL was prepared by spin-coating a chlorobenzene so-
lution of poly-TPD onto the PEDOT layer, followed by
annealing at 150 °C for 30 min. For device B, the
DNA—CTMA layer was formed by either spin-coating
from a butanol solution (2 mg/mL) at 4000 rpm or
through a matrix-assisted pulse laser evaporation
(MAPLE) process (see Methods). The selective solubility
of DNA—CTMA in alcohol allowed its film formation by
spin-coating without dissolving the underlying HIL
(PEDOT)/organic HTLs. On the other hand, the DNA—
CTMA layer, once formed either by spin-coating or
MAPLE, was free from damage by organic solvents
(e.g., toluene) used for casting the overlaid QD layer
due to its selective solubility in alcohols. These
DNA—CTMA HTLs/EBLs possess unique optoelectronic
properties,??~ 2 including their optical transparency and
relatively low/high HOMO/LUMO (—5.6/—0.9 eV) attrac-
tive for the energy level adjustment in QD-LEDs de-
scribed below.

Figure 1a shows the electroluminescent (EL) spec-
tra for device A and device B with either spin-on or
MAPLE DNA—CTMA under high brightness (voltage).
All devices showed that saturated red emission from

www.acsnano.org

CdSe/CdS/ZnS peaked at ~621 nm with the fwhm of
~28 nm. The small red shift observed for EL relative to
PL is attributable to Forster energy transfer and/or the
Stark effect.’? The deep blue EL emission from poly-TPD
having a band gap of 2.9 eV in device A was observed
at ~420 nm under a brightness of ~2600 cd/m? as elec-
trons on the LUMO of TPBI could jump over the 0.9 eV
energy barriers into the LUMO of poly-TPD through de-
fects of the QD layer (only ~2 monolayers) to combine
with holes in the poly-TPD layer (see Figure 3A). For the
devices containing either spin-on or MAPLE
DNA—CTMA, with a wide band gap of 4.7 eV, how-
ever, no EL emission from the HTL/ETL was observed
even at a high brightness as electrons from TPBI were
completely blocked by the DNA—CTMA EBL before
jumping into the LUMO of poly-TPD (see Figure 3B).
This is another important advantage of the DNA—CTMA
QD-LEDs as the blue emission from poly-TPD degrades
the color purity. The Commission Internationale de
L'Eclairage (CIE) coordinates? for the light emitted from
device B are (0.68, 0.31), which exceeds the high-
definition television (HDTV) standard for red emission.
Figure 1b shows typical current density—
luminance—voltage (J—L—V) characteristics for de-
vices A and B. Also included in the inset of Figure 1b is
the corresponding EL efficiency as a function of the cur-
rent density. As can be seen, device B with MAPLE
DNA—CTMA exhibited overwhelmingly better perfor-
mance than that with the spin-on DNA—CTMA. Over-
all, device A displayed better performance than device
B. Table lists the turn-on voltage (V,,), the maximum lu-
minance (L™*), and the maximum luminous efficiency
(LE™2) for devices A and B (other devices are discussed
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Figure 4. (a) The J—L—V characteristics of device C with QDs having
been annealed at different temperatures for 10 min. The inset of (a)
shows the corresponding luminous efficiency versus current density
curves. (b) Thermogravimetric analysis of CdSe/CdS/ZnS core/shell/
shell QDs on the ITO/PEDOT/poly-TPD/DNA-CTMA multilayer.

later). The observed difference in device performance
for device B with the DNA—CTMA thin films deposited
by spin-coating versus MAPLE most probably originated
from different hole-transporting capabilities of the
DNA—CTMA films related to different impurity levels,
as both the spin-cast and MAPLE DNA—CTMA films pos-
sess the same film thickness (20 nm) and QD distribu-
tion with a similar surface morphology (Figure S1 in the
Supporting Information). However, the high-vacuum
MAPLE process is believed to produce a relatively pure
DNA—CTMA thin film with a well-defined molecular
weight in respect to spin-coating.?

In order to further improve the EL efficiency, six-
layer QD-LEDs based on trilayer HIL/HTLs were fabri-
cated with the MAPLE DNA—CTMA being used as the
underlying HTL for the QD emitters (Figure 2a). The sec-
ond HTLs in devices C, D, and E were poly-TPD, PVK,
and poly-TPD/PVK blends (weight ratios of 1:2, 1:1, and
2:1), respectively, spin-cast from the corresponding
chlorobenzene solutions (PVK is another well-known
hole-transporting polymer in organic/polymer LEDs'"?).
The J—L—V characteristics, luminous and power effi-
ciencies for devices C, D, and E are given in Figure 2b,c.
As can be seen, the device performance strongly de-
pends on the compositions of the HIL/HTL layers. De-
vice C, with a combined poly-TPD/DNA—CTMA HTL,
showed much better performance than devices A and
B (Table). Using PVK/DNA—CTMA as the combined
HTLs, device D exhibited reduced outputs with respect
to device C (Table). The performance of device E varied
with poly-TPD/PVK weight ratios in the first HTL. De-
vice E, with a poly-TPD/PVK weight ratio of 1:2, showed
a worse overall performance than that of device C (1).
By increasing the poly-TPD/PVK weight ratios up to 1:1

TABLE 1. EL Performance of the QD-LEDs Constructed in this Study

device B device E
deviceA spin-on MAPLE  deviceC device D 1:2 11-2:17
Von (V) 3.6 5.0 4.2 32 4.2 4.0 26
[™*(cd/m?)  ~3610 ~2724 ~2758 ~4737 ~4278 ~4749 ~5250—5760
LE™ (cd/A) 2.4 1.0 15 34 24 28 43
PE™ (Im/W) 18 0.8 15 21-23

“The poly-TPD/PVK weight ratios.
A‘“ﬁ%\@) VOL.3 = NO.3 = SUN ET AL.

and 2:1, however, we observed an improved overall
performance than that of device C for device E; a V,,
of 2.6 V, L™ of ~5250—5760 cd/m?, LE™* of 4.3 cd/A,
and PE™ of 2.1—2.3 Im/W. The inset of Figure 2c shows
the photos of devices A, B, C, and E operated at a con-
stant current density of 10 mA/cm? These devices ex-
hibited different light outputs at the same current den-
sity due to different efficiencies.

The device performance variations described above
for all of the QD-LEDs investigated in this study can be
rationalized by the schematic energy level diagrams
shown in Figure 3. As mentioned earlier, PEDOT acts as
the HIL in all devices by improving the work function of
ITO from —4.7 to —5.0 eV. With its HOMO (—5.2 eV)
close to the work function of PEDOT HIL and its LUMO
(—2.3 eV) being 1.6 eV higher than that of QDs (—3.9
eV) and 0.9 eV higher than that of TPBI ETL (—3.2
eV),'7282% poly-TPD may act as HTL/EBL in device A.
Similarly, DNA—CTMA acts as the HTL/EBL in device B
since its HOMO (—5.6 eV) lies between the work func-
tion of PEDOT HIL and the HOMO of QDs (—6.0 eV)'®
and its LUMO (—0.9 eV) is 3 eV higher than that of QDs
and 2.3 eV higher than that of TPBI.?*?>26 The energy
barrier of 2.3 eV between the LUMO of DNA—CTMA and
that of TPBI is too high for electrons to reach the
DNA—CTMA layer from the TPBI layer in device B,
though the electrons on LUMO of TPBI in device A can
overcome the 0.9 eV energy barriers to jump into the
LUMO of poly-TPD to produce the blue emission from
poly-TPD under high voltages (vide supra). Conse-
quently, device B exhibited a higher EL color purity
than device A. The better overall performance achieved
from device A compared to device B indicates a higher
overall hole-transporting capability for poly-TPD than
DNA—CTMA.2® Nevertheless, a balanced hole and/or
electron transport has not yet been achieved for de-
vice A nor for device B. As seen in Figure 3, the trans-
port of electrons from the Ca/Al cathode to the LUMO
of QDs in both devices is in cascade through the LUMOs
of Algs and TPBI ETLs. On the other hand, the holes in-
jected from the ITO anode in device A can transport eas-
ily to the HOMO of poly-TPD HTL through PEDOT HIL
but may accumulate at the poly-TPD/QD interface with
an energy barrier of 0.8 eV. In device B, the holes need
to first overcome a relatively high energy barrier of 0.6
eV to inject from PEDOT HIL to the HOMO of
DNA—CTMA and then an additional 0.4 eV to the
HOMO of QDs.

The above discussion indicates that holes are minor-
ity carriers and electrons are majority carriers in these
QD-LEDs, which is opposite to most organic/polymer
light-emitting devices, given that most organic mol-
ecules/polymers are p-type semiconductors.' In order
to improve EL efficiency, it is important to enhance the
injection/transport of minority carriers. The high effi-
ciency of the six-layer QD-LEDs, with the DNA—CTMA
HTL/EBL, is thus attributable to the improved hole

www.acsnano.org
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TABLE 2. EL of Device C after Thermal Annealing at
Different Temperatures for 10 min

device C

80—100°C 120°C 140—160 °C 180 °C 200 °C

Von (V) 3.2 3.2 2.9 2.6 26
L™ (cd/m?) ~4737 ~5000  5400—5700  ~6580  ~5800
LE™™ (cd/A) 3.4 35 3.7—38 4.1 3.9

transport efficiency. Compared to device A, the 0.8 eV
energy barrier between HOMOs of poly-TPD and QDs
(Figure 3A) is alleviated by the in-between DNA—CTMA
HTL in device C for an easy hole transport to the HOMO
of QDs from that of the poly-TPD HTL through the
HOMO of DNA—CTMA by overcoming energy barriers
of only 0.4 eV on both sides of the DNA—CTMA layer
(Figure 3C). Compared to device B, the 0.6 eV energy
barrier between the work function of PEDOT and the
HOMO of DNA—CTMA (Figure 3B) is alleviated by the in-
between poly-TPD HTL in device C to be 0.2 and 0.4
eV energy barriers on each side of the poly-TPD layer
(Figure 3C). Therefore, device C exhibited an improved
overall performance than both device A and device B
while retaining the high color purity (Table). Although
PVK has a HOMO of —5.4 eV, aligning well with that of
DNA—CTMA, the overall performance for device D is
lower (an increased V,, and decreased L™, LE™®*, and
PE™) than that of device C (Table), indicating that the
hole-transporting capability of PVK is not as good as
that of poly-TPD. In device E, the transport of holes from
the PEDOT HIL to DNA—CTMA HTL is believed to be
multichanneled, as holes can simultaneously inject into
the HOMOs of poly-TPD and PVK from the PEDOT HIL,
followed by subsequent transport into the HOMO of
DNA—CTMA. For hole transport through the first HTL
in device E, part of the holes in the HOMO of poly-TPD
may first go to the HOMO of PVK (0.2 eV lower than that
of poly-TPD) and then transport to the HOMO of
DNA—CTMA. In this case, the 0.4 eV energy barrier be-
tween the work function of PEDOT and the HOMO of
PVK is alleviated by the intermixed poly-TPD HTL, while
the 0.4 eV energy barrier between HOMOs of poly-TPD
and DNA—CTMA is also alleviated by the intermixed
PVK HTL (Figure 3E). At a poly-TPD/PVK weight ratio of
1:2, the hole transport through PVK is dominant with
the hole injection from PEDOT HIL into the HOMO of
PVK being only slightly improved by the relatively small
amount of the intermixed poly-TPD, leading to a bet-
ter device performance of device E than device D, but
worse than device C (Table). Upon increasing the poly-
TPD/PVK weight ratios up to 1:1 and 2:1, the multichan-
neled hole transport from PEDOT HIL to DNA—CTMA
HTL, through poly-TPD/PVK, and then to QDs is opti-
mized. Device E, thus, exhibited a better performance
than that of device C (Table).

In addition to the engineering of the HIL/HTLs de-
scribed above, we also exploited in situ ligand decom-

Www.acsnano.org

position to further improve the device performance.
The coverage of QD core/shell by insulating ligands is
known to be necessary for uniform dispersion of QDs in
solution and uniform film formation for device applica-
tions. However, the presence of these insulating ligand
molecules around the QD shell could inevitably cause
an additional energy barrier for the carrier injection
from HTLs and ETLs to the QD core. It has recently been
reported that enhanced performance of QD-LEDs could
be achieved by high-temperature thermal annealing
of QDs on a cross-linked polymer HTL to decompose
ligand molecules from the QD shell. Therefore, device
C was chosen to investigate possible thermal effects
on the device performance as PVK is susceptible to ther-
mal degradation (Figure S2 in the Supporting Informa-
tion). Figure 4a shows the J—L—V characteristics for de-
vice C after being annealed at different temperatures
between 100 and 200 °C for 10 min. Also included in the
inset of Figure 4a are the corresponding curves for the
luminous efficiencies versus current densities. As can be
seen, the device with QDs annealed at temperatures be-
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Figure 5. MAPLE deposition system: (a) schematic and (b) photograph.
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low 120 °C exhibited similar performance to the as-
prepared device C (annealed at 80 °C, Figure 2b,c).
Upon increasing the annealing temperature up to and
above 140 °C, the device performance was significantly
improved as reflected by a reduced V,, and an in-
creased L™ and LE™ (TableTable). For instance, the
device with QDs annealed at 120 °C showed a V,, of
~3.2'V, L™ of ~5000 cd/m? and LE™ of 3.5 cd/A,
while the device with QDs annealed at 180 °C achieved
the best performance with a V,,, of 2.6 V, L™ of ~6580
cd/m?, and the LE™™ of ~4.1 cd/A. Although devices
with QDs annealed at 200 and 180 °C turned on at a
similar V,, of 2.6 V, the former showed a reduced L™
of 5800 cd/m? and LE™ of 3.9 cd/A.

Comparing Figure 4a with Figure 2b indicates that
the enhanced device performance induced by the high-
temperature annealing (=140 °C) arises from an in-
creased current injection due to the thermal decompo-
sition of ligand molecules from the QD shell. This is
further supported by the thermogravimetric analysis
(TGA) result for the CdSe/CdS/ZnS QDs given in Figure
4b, which shows a noticeable weight loss of ~0.11%
over ~120—180 °C, reflecting the gradual decomposi-
tion of ligand molecules from the QD shell.2? The further
weight loss observed above 180 °C is, most probably,
due to the excess loss of the surface-bound ligands ac-
companied by thermal decomposition of other organic
components within the device structure (e.g.,
DNA—CTMA, poly-TPD; Figure S2 in Supporting Infor-
mation). The ligand decomposition facilitates the car-

METHODS

Materials. Poly(3,4-ethylenedioxythiophene)/poly(styrene-
sulfonate) (PEDOT) was supplied by Baytron (Al P4083), while
poly(N,N'-bis(4-butylphenyl)-N,N’'-bis(phenyl)benzidine (poly-
TPD, ADS 254BE) and poly(N-vinylcarbozole) (PVK) were pur-
chased from American Dye Source, Inc. and Aldrich, respectively.
1,3,5-Tris(N-phenylbenzimidazol-2-yl)benzene (TPBI) and tris(8-
hydroxyquinoline)aluminum (Algs) were obtained from H.W.
Sands Corp. The CdSe/CdS/ZnS QDs were provided by Ocean
NanoTech, LLC. All chemicals were used without further purifica-
tion unless otherwise stated.

Formation of the DNA—CTMA Layer. DNA—CTMA complexes for
solution spinning were prepared according to the reported pro-
cedure.' Briefly, 4 g of the pristine DNA sample (M,, =~ 8000 kDa)
provided by the Chitose Institute for Science and Technology
(CIST) was dissolved in 1 L of 14 M() - cm distilled/deionized wa-
ter at room temperature. The DNA solution was then sonicated
at 0 °C with 10 and 20 s durations for each of the sonication wave
pulses and between the pulses, respectively, to reduce the mo-
lecular weight of DNA to ~200 kDa. This was followed by filter-
ation through a nylon filter with a 0.45 .m pore size to remove
any particles created during sonication. The filtered DNA solution
was then added dropwise to an equal amount of CTMA solu-
tion (4 g/L in 14 MQ - cm distilled/deionized water) with a bu-
rette. White DNA—CTMA precipitates formed as the DNA was
added to the aqueous solution of CTMA. After having mixed the
solution for an additional 4 h at room temperature, the precipi-
tate was removed by filtering the solution under a vacuum us-
ing a nylon filter with a pore size of 20 wm. During the filtering
process, an additional 3—4 L of 14 M} - cm distilled/deionized
water was poured through the filter to rinse the precipitate and
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rier injection from HTLs and ETLs to the QD core and
also increases the interdot carrier mobility, leading to
the enhanced device performance for the thermally an-
nealed QD-LEDs. However, the thermal annealing was
found to be accompanied by a concomitant film mor-
phology change that could inevitably cause some det-
rimental effects to the device performance. As a result,
device C, with QDs being annealed at 200 °C, showed an
overall decrease in the device performance, due to the
increased surface roughness caused by reaggregation
of QDs, after the excess loss of surface bound ligands in
this particular case, and possible thermal decomposi-
tion of certain organic components within the device
structure (Figures S2 and S3 in the Supporting
Information).

In summary, we have demonstrated that the use of
DNA—CTMA as a combined HTL and EBL, coupled with
controlled thermal annealing to decompose ligand
molecules from the QD shell, can significantly enhance
the device performance, including the color purity, of
QD-LEDs through efficient, but balanced, carrier injec-
tion/transport and strong charge confinement. QD-
LEDs with a record high efficiency, high brightness, low
turn-on voltage, and improved color purity have been
successfully demonstrated. The methodology devel-
oped in this study represents a significant advance in
the development of highly efficient QD-LEDs with an
excellent color purity for various applications, such as
in the next generation of flat-panel displays and flat
lighting systems.

to ensure that any CTMA that did not bind to the DNA was thor-
oughly rinsed away. The precipitate was then collected, placed
in a Teflon beaker, and dried in a vacuum oven overnight at 40
°C. The resultant DNA—CTMA complexes were found to be
soluble in alcohol but not in water or other common organic sol-
vents for solution-spinning into thin films.

Alternatively, matrix-assisted pulsed laser evaporation
(MAPLE) was explored for deposition of the DNA—CTMA layer.?
Figure 5 shows the schematic and photograph of the MAPLE
process. As can be seen, MAPLE is a modified pulsed laser depo-
sition technique that involves laser ablation of a target pre-
pared by dissolving organic material(s) in an appropriate sol-
vent and freezing the solution solid with liquid nitrogen. The
solvent (i.e.,, butanol in this case) in the resulting solid matrix tar-
get evaporates when exposed to excimer laser pulses, while the
organic material(s) is released and deposited onto the desired
substrate. Unlike conventional pulsed laser deposition (PLD)
techniques, the organic materials in resulting films deposited
by MAPLE retain their chemical and structural integrity. It is con-
sidered a pseudodry technique where the organic material(s) be-
haves as though it was deposited by a physical deposition pro-
cess. MAPLE produces high quality, highly uniform, adherent,
organic, polymeric, biopolymer, and inorganic polymer thin films
on many different types of substrates of varying geometries.
The technique provides precise uniform thickness control, multi-
layer capability, discrete deposition of materials and uniform
conformal coverage. MAPLE has been used for fabrication of thin
films for various applications, such as chemical and biological
sensors, microfluidic biosensors, biocompatible polymer films
for drug-delivery systems, DNA and antibody microarrays, and
biocompatible coatings for implants and pharmaceutical
applications.
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Charaterization. Electroluminescence (EL) spectra were re-
corded with an Ocean Optics USB-4000 optical fiber. The
current—voltage (J—V) and luminance—voltage (L—V) character-
istics were measured on a computer-controlled Keithley 236
Source-Measure Unit and a Keithley 2000 Multimeter coupled
with a Si photomultiplier tube. The absolute light intensity was
calibrated by a Minolta LS-110 camera. All the measurements
were performed under ambient conditions.
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