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ABSTRACT: To realize the full-color displays using colloidal PDMS,_ ‘
nanocrystal quantum dot (QD)-based light emitting diodes  qps > QD |
(QLEDs), the emissive QD layer should be patterned to red (R), , ' Patterning ||} 2
green (G), and blue (B) subpixels on a micrometer scale by the Si0,— OTS-SAM '/-’-’_iF/f\I'LBi

solution process. Here, we introduced a soft contact QD- QD
transplanting technique onto the vacuum-deposited small molecules %

without pressure to pattern the QD layer without any damage to the HTL- \ Device |
prior organic layers. We examined the patternability of QDs by ITV

studying the surface properties of various organic layers systemati-
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cally. As a result, we found that the vacaum-deposited 4,4’,4"-tri(N-

carbazolyl)triphenylamine (TCTA) layer is suitable for QD-transplanting. A uniform and homogeneous QD patterns down to 2
um could be formed for all the RGB QDs (CdSe/CdS/ZnS, CdSe@ZnS, and Cd,_,Zn, S@ZnS, respectively) with this method.
Finally, we demonstrated the R, G, and B QLEDs by transplanting each QD onto the soft TCTA layer, exhibiting higher
brightness (2497, 14 102, and 265 cd m™?, respectively) and efficiency (1.83, 8.07, and 0.19 cd A™", respectively) than those of
the previous QLEDs fabricated by other patterning methods. Because this pressure-free technique is essential for patterning and
stacking the QDs onto the soft organic layer, we believe that both fundamental study and the engineering approach presented
here are meaningful for the realization of the colloidal QD-based full-color displays and other optoelectronic devices.
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B INTRODUCTION

The interest in colloidal nanocrystal quantum dot (QD)-based
light emitting diodes (QLEDs) has been growing due to their
excellent properties, such as narrow emission bandwidths by
the quantum confinement effect, emission wavelength tuna-
bility, and solution processability.' > Several years of multi-
faceted efforts on material synthesis® '® electrophysical
analysis,"' ~'* and device design'®>~'” also have improved the
device performance of the QLEDs comparable to that of
organic light-emitting diodes (OLEDs). In particular, the recent
demonstration of a QLED-based full-color display made the
QLEDs be one of the most promising candidates for display
devices."®

To produce the full-color QLED display devices, patterning
the different colored QDs (e.g., red (R), green (G), and blue
(B) QDs) on a micrometer scale is inevitably required to
separate RGB pixels. However, it is not easy to form the fine
patterns of RGB QDs in one emissive layer because the
sequential deposition/patterning processes of each QD solution

-4 ACS Publications  © 2015 American Chemical Society

can spoil the prior QD patterns. To make the QD layer
patterned, various QD “printing” methods, such as inkjet
printing,lg_21 contact/transfer printing,zz_29 and 3D printing,30
have been reported. Among these printing techniques, the
contact/transfer printing method using poly(dimethylsiloxane)
(PDMS) as a stamp has been introduced by the advantage of
making conformal contact with a substrate surface due to its
low adhesion property.’' In addition, the morphology of the
QD patterns fabricated in this technique is generally much
smoother than those obtained by other printing methods.
However, PDMS, the elastomeric stamp easily contorts and
swells up by most of organic solvents which are used for
dispersing QDs. Moreover, during the printing process, the
underlying functional organic layers in QLED devices can be
damaged. To overcome this issue, researchers adopted a rigid
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Figure 2. FOM images of the stripe-patterned green QDs on (a) mCP, (b) CBP, and (c) TCTA films using the transplanting method. Insets in each
figure are the magnified FOM images of the 4 ym stripes. (d) Plots of the work of adhesion values between each HTM and the green QDs on the
PDMS, and the chemical structures of the HTMs. The FOM images of the transplanted (e) red and (f) blue QDs on the TCTA film.

protection layer (e.g., parylene-C or SU-8) on the PDMS,*” and
used cross-linkable materials in the hole transport layer (HTL)
and/or the QD layer.'"®* A few QLEDs and QLED displays
have been demonstrated recently using these techniques, but
those cross-linkable materials require an additional annealing
process to make them hard with a high temperature.
Furthermore, there are just a few choices of the cross-linkable
hole transporting materials (HTMs) possessing low values of
the highest-occupied-molecular-orbital (HOMO) energy level
for easy hole injection into the QDs. Another reason for using
the rigid polymeric HTL was that a high pressure (196 kPa)
was applied to the organic HTL in the QD-transferring
procedure in previous work."*** Although we have plenty of
options for small molecule HTMs having a deep HOMO level,
it is impossible for the vacuum-evaporated soft organic layers to
endure such a high pressure. Moreover, due to the weak
adhesion between the organic HTMs and the prior layer (e.g,,
electrodes or hole injection layer), the organic layer can be
detached during the transfer process unless the surface
properties of the stamps are controlled precisely. Thus, to

transfer and pattern the RGB QDs on the vacuum-deposited
soft organic layer, reducing the pressure to the receiving
substrate is required. Also, it is important to control the surface
energy and adhesion between the organic HTL, the QD film,

and the surface of the PDMS stamp.
Here we show a “QD-transplanting” technique, which is a

method for transferring a patterned QD layer onto a vacuum-
deposited small molecule HTL with little pressure, based on a
systematic investigation of the surface properties (ie., the
surface energy of various organic HTMs and the work of
adhesion) between the HTMs on a glass substrate and the QDs
on the PDMS stamp. Using this method, we successfully
demonstrated the full-color QLEDs consisting of the trans-
planted R, G, and B QDs (CdSe/CdS/ZnS, CdSe@ZnS, and
Cd,_,Zn,S@ZnS, respectively) on the vacuum-deposited
4,4',4"-tri(N-carbazolyl)triphenylamine (TCTA) layer which
possesses a deep HOMO energy level.
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B RESULTS AND DISCUSSION

The transplanting technique is a simple, dry, and non-
destructive process to the underlying organic layers. The
specific process illustrated in Figure 1a is as follows: first, QDs
were spun onto a SiO, substrate treated with octadecyltri-
chlorosilane (OTS) self-assembled monolayer (SAM) to help
the QD film detach easily from the substrate. After that, the
UV-ozone-treated PDMS stamp was placed on the QDs/OTS/
SiO, substrate for 10 s with no additional pressure, and then
the stamp was peeled off. Finally, the QD-inked PDMS stamp
was attached to the receiving substrate without pressure for 10 s
and peeled off. The receiving substrate was prepared by vacuum
evaporation, consisting of the MoOj; as a hole injection layer
(HIL) and TCTA as the HTL, on top of the indium—tin oxide
(ITO) glass substrate. A smooth and homogeneous QD film
was successfully formed on the vacuum-deposited TCTA layer
by this technique, as shown in the atomic force microscopy
(AFM) image in Figure 1b. The root-mean-square roughness of
the surface was 3.52 nm. To clarify the comparative advantage
of the transplanting method to the pressure-assisted contact
printing, we applied pressure during the QD printing onto the
TCTA layer. We found that the transferred QD layers cracked
as shown in Figure S1 in Supporting Information. Because the
pressure-assisted transfer of the QD film onto the polymer
HTL was already demonstrated without any defects in the QD
film, the cracks are possibly attributed to the break of the
underlying TCTA layer. In other words, our soft contract
transplanting method is a superb technique for printing QD
thin films onto the vacuum-deposited small molecule layers.

As mentioned previously, the HOMO energy level of the
HTL should be low for efficient hole injection into QDs. For
this purpose, we chose three carbazole-based small molecule
HTMs possessing a deep HOMO level, which were N,N'-
dicarbazolyl-3,5-benzene (mCP), 4,4’-N,N’-dicarbazole-biphen-
yl (CBP), and TCTA. Their HOMO energy values measured
by an AC-2 photoelectron spectrometer are —5.93, —5.97, and
—5.70, respectively, which are sufficiently low to inject holes
into QDs. For the feasibility study of the QD-transplanting
onto the vacuum-deposited HTLs, we transplanted green QDs
onto each HTL using the PDMS stamp which has line-and-
space patterns with widths of 6, 4, and 2 ym. The wettability
and patternability of the QDs onto each HTL were observed
with a fluorescent optical microscope (FOM). The FOM
images in Figure 2 clearly show the difference between the
patterns of the transplanted QDs. On the mCP layer, the QD
stripes are nonuniformly and sparsely patterned, and thus they
show weak fluorescence (Figure 2a). For the case using CBP,
the QD patterns are more uniform than those on the mCP film,
but the edges of the patterns are quite rough and partly broken
especially in the narrow stripes (Figure 2b). On the other hand,
when we use TCTA as the HTL, the QD stripes are highly
uniform and their edges are fine for all widths of the patterns
without any noticeable defects (Figure 2c). Insets in each figure
show the magnified FOM images of the 4 um stripes. After
transplanting the QDs to each HTL, the PDMS stamps were
also examined with the FOM to ascertain the existence of
residual (i, untransferred) QDs. As expected, a lot of QDs
remained on the PDMS stamp imprinted on the mCP layer,
while few QDs existed on the stamp used for the TCTA film
(see Figure S2).

In order to determine the reason for these drastic differences
depending on the receiving organic layer, we measured the

contact angles and calculated the work of adhesion values with
the following equation32

d d
ny W'
VVI,Z = 4 d d + p P
ntrn Htn

(1)

where W , is the work of adhesion between materials 1 and 2, y
is the surface energy with the superscripts of d and p for the
dispersion and polar components, respectively. The contact
angles on various films (mCP, CBP, TCTA, and QDs on
PDMS) were obtained by using the low-bond axisymmetric
drop shape analysis (LBADSA) method® which is based on the
fitting of the Young—Laplace equation to the droplet images
with polar and nonpolar probing liquids (deionized (DI) water
and ethylene glycol (EG), respectively). The calculated work of
adhesion values between each HTM and the QDs on PDMS,
i.e, Wicpany Wepp,ops and Wrcra qpy were 10.7, 11.2, and 11.4
mJ m~% respectively, as compared in Figure 2d. From the
result, we can know that the mCP film has weaker adhesion
with the QDs compared to the other organic films, and
therefore, the QDs were poorly transferred onto the mCP layer.
Meanwhile, the Wrcraqp is slightly higher than the Wepp op,
which resulted in the fine patterns of QDs on TCTA as shown
in the FOM images. The contact angles with dispersive and
polar solvents, surface energy, and work of adhesion values are
summarized in Table 1. We also examined the patternability of

Table 1. Contact Angles, Surface Energies, And Works of
Adhesion Values of the HTMs and the QDs on a PDMS
Stamp

contact angle

[deg]

¥* (dispersion 7 (polar work of

DI component) component) adhesion®

HTL  water EG [m] m~2] [m] m~2] [m] m2]
mCP 87.9 65.0 491 1.32 10.7
CBP 89.1 61.7 6.60 0.72 112
TCTA 90.7 58.9 8.47 0.28 114

QDson  97.0 77.3 3.82 0.84

PDMS

“Work of adhesion between each HTL and the QDs on a PDMS
stamp.

red- and blue-emitting QDs onto the TCTA film in the same
method, and found that these QDs also formed fine and clear
patterns on TCTA as shown in Figure 2e,f.

Although the transplanted QD patterns on mCP and CBP
are quite rough and inhomogeneous, we fabricated and
characterized the green QLED devices with all HTLs for
comparison. To fabricate the QLED devices, 1,3,5-tris(N-
phenylbenzimidazol-2yl) benzene (TPBi) as an electron
transport layer, LiF as an electron injection layer, and Al
cathodes were deposited sequentially on top of the QD layer. A
schematic device structure and the device performance are
shown in Figure 3. Because the QDs were hardly transplanted
on the mCP layer, the current density of the device with mCP
is much larger than that of the other devices (Figure 3b),
whereas its luminance and efficiency are very poor (Figure S3).
Besides, we could not observe any emission from the green
QDs except for the blue peak originating from the adjacent
organic layers (Figure 3c). In the case of the CBP layer on
which the QDs were partly transplanted, the device emitted a
green color mainly from the QDs and a weak blue color from
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Figure 3. (a) Scheme of the QLED device structure, and the characteristics of the green QLEDs with mCP, CBP, and TCTA as the HTL in terms of

the (b) current density—voltage and (c) normalized EL spectra in log-scale measured at S mA cm™

-2

the adjacent organic layers, which are attributed to the
imperfect QD-deposition on the CBP layer. The QLED with
the TCTA layer, as verified already, exhibits better performance
compared to the other HTMs-based devices. Additionally, in
terms of material stability, TCTA has a higher glass transition
temperature (T,) of 151 °C than CBP (62 °C) and mCP (60
°C).***> Because the vacuum-deposited HTLs should be
exposed to the ambient condition during the QD printing
process (even though it is conducted in the glovebox filled with
inert gas), the device performance is significantly affected by
thermal stability of organic materials which are likely to be
crystallized and degraded in the ambient condition (see Figure
S4). Thus, higher efficiency can be obtained in the QLEDs with
TCTA possessing high T, as the HTL.

Based on the results, we fabricated the R, G, and B QLEDs in
the same device structure by transplanting each QD layer onto
TCTA. Figure 4 shows the device performance in terms of the
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Figure 4. Optical and electrical characteristics of the R, G, and B
QLEDs on the TCTA HTL fabricated by the transplanting method:
(a) current density—voltage, (b) luminance—voltage, (c) luminous
efficiency—current density, and (d) normalized EL spectra measured at

the current density of 50 mA cm™

current density—voltage, luminance—voltage, luminous effi-
ciency (LE)—current density, and normalized electrolumines-
cence (EL) spectra. The current density at a certain applied
voltage is high in the sequence of the red, green, and blue
devices, because the hole injection barrier from the HOMO
level of the HTL to the valence band (VB) level of each QD is
different due to the difference in the intrinsic band gap of the
QDs. From the luminance—voltage characteristics, we obtained
the maximum luminance of 2497, 14102, and 265 c¢d m™? for
the R, G, and B QLEDs, respectively. The maximum LE values
of the transplanted R, G, and B QLEDs are 1.83, 8.07, and 0.19
cd A™" as plotted in Figure 4c, which correspond to 1.93%,
2.33%, and 0.32% in terms of the external quantum efficiency
(EQE), respectively. The performance of the transplanted
devices is not as high as that of the recent reports without
patterning the QD layer,™ but the performance of our QLEDs
is comparable to or even better than the g)atterned QLED:s in
terms of the efficiency and brightness.'® > As shown in Figure
4d, all devices exhibit deeply saturated colors by the narrow EL
emission profile with the Gaussian full-width-at-half-maximum
(fwhm) bandwidths of about 30 nm. Most of the emission
originated from the QD layers owing to the good patterning
property of the QDs onto TCTA, which offers the possibility to
fabricate full-color display devices with wide color gamut. The
peak emission wavelengths are 637, 519, and 436 nm for R, G,
and B QLEDs, respectively. The corresponding Commission
Internationale de 'Eclairage (CIE) coordinates are (0.68, 0.31),
(0.15, 0.72), and (0.19, 0.06) for R, G, and B devices, which
mostly cover the color gamut of the National Television
Standards Committee (NTSC) 1953 standard color space
(Figure S4). The device performance of the transplanted R, G,
and B QLED:s is also summarized in Table S1.

B CONCLUSION

We introduced a soft contact QD-transplanting technique onto
the vacuum-deposited small molecules without pressure and
demonstrated the full-color QLEDs using this method. We also
studied the patternability of the QDs on the mCP, CBP, and
TCTA layers by investigating their surface properties. Among
the HTMs, TCTA showed the best QD-patternability and
QLED performance due to the high work of adhesion and high
T, In addition, the QD-transplanting on TCTA served the
uniform and homogeneous QD patterns down to a few
micrometers for all the RGB QDs. Based on the results, the R,
G, and B QLEDs were successfully fabricated by transplanting
each QD onto the soft TCTA layer, exhibiting higher
brightness and efficiency than those of the previous QLEDs
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fabricated by other patterning methods. We believe that the
transplanting technique with the fundamental studies and
engineering presented here is meaningful for the realization of
the colloidal QD-based full-color displays and other optoelec-

tronic devices.

B EXPERIMENTAL SECTION

Preparation of Red, Green, and Blue QDs. Red, green, and
blue-emitting QDs were synthesized in the structures of CdSe/CdS/
ZnS, CdSe@ZnS, and Cd,_,Zn S@ZnS, respectively, by using or
slightly modifying the previously reported methods.*” Their sizes were
8 nm for red and blue QD, and 9 nm for green QD.

QD-Transplanting. A Si/SiO, substrate was treated with UV-
ozone for 10 min and rinsed with DI water. The cleaned substrate was
immersed in a 2 mM solution of OTS in hexadecane for 2 h to make
the surface hydrophobic, followed by the sonication in chloroform,
isopropyl alcohol, and methanol for 10 min each and drying at 120 °C.
The QD dispersion in hexane (10 mg mL™") was spin-coated onto the
OTS-SAM treated SiO, substrate at a rate of 4000 rpm for 30 s. For
the PDMS stamp, Sylgard 184 A and B were mixed with a volume ratio
of 10:1, and then they were poured onto a Si master substrate
patterned by photolithography and cured at 60 °C for 1 h. For better
adhesion between the PDMS stamp and QDs, the surface of the
PDMS was treated with UV-ozone for 4 min.

Fabrication and Characterization of QLEDs. By the thermal
vacuum evaporation, the MoO; (10 nm) and TCTA (40 nm) were
deposited in sequence on a patterned ITO-glass substrate under the
pressure of 3 X 107 Torr. The QD layer was then deposited on the
ITO/MoQO;/TCTA layers by the transplanting method, followed by
the thermal evaporation of TPBi (40 nm), LiF (0.5 nm), and Al (100
nm) successively at a rate of 1, 0.05, and 3 A/s, respectively. The
current—voltage—luminance characteristics were measured with a
Keithley 236 source-measure unit and a Keithley 2000 multimeter
coupled with a calibrated Si photodiode. The EL spectra of the devices
were obtained using a Konica-Minolta CS-1000A spectroradiometer.
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© Supporting Information

AFM images, FOM images of residual QDs on PDMS stamps,
the characteristics of the green QLEDs with different HTLs,
CIE color coordinates of QLEDs, the air stability of HTMs, and
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