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ABSTRACT: Here, we report multilayer stacking of films
of quantum dots (QDs) for the purpose of tailoring the
energy band alignment between charge transport layers and
light emitting layers of different color in quantum dot light-
emitting diodes (QD LED) for maximum efficiency in full
color operation. The performance of QD LEDs formed by
transfer printing compares favorably to that of conventional
devices fabricated by spin-casting. Results indicate that zinc
oxide (ZnO) and titanium dioxide (TiO2) can serve
effectively as electron transport layers (ETLs) for red and
green/blue QD LEDs, respectively. Optimized selections
for each QD layer can be assembled at high yields by transfer printing with sacrificial fluoropolymer thin films to provide
low energy surfaces for release, thereby allowing shared common layers for hole injection (HIL) and hole transport (HTL),
along with customized ETLs. This strategy allows cointegration of devices with heterogeneous energy band diagrams, in a
parallelized scheme that offers potential for high throughput and practical use.
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Chemically synthesized colloidal semiconductor quan-
tum dots (QDs) are of interest for applications in
electronics and optoelectronics due to their unique

properties including size dependent band structure.1−7

Advanced solution-phase synthesis techniques enable not only
routes to uniform QDs and even complex quantum
heterostructures but also simple solution-casting methods for
utilizing these materials in passive and active device
structures.8−14 Light emitting diodes that incorporate solution
processed films of QDs (i.e., QD LEDs) as emissive layers are
of particular interest due to rapid progress in performance, with
levels of efficiency that are comparable to those of organic
LEDs.15−17 Energy band alignment between the charge
transport layers and QDs in these devices is critically important

to their operation.18−21 For example, hole transport materials
with low HOMO levels enable improved hole injection into
QDs due to the low band offset. Electron injection that occurs
at the interface between the ETL and the QDs can be
considered in the same manner as that for hole injection.17,22

Inorganic materials, especially metal oxides such as ZnO, TiO2,
SnO2, exhibit better band alignment with QDs than that
possible with organic materials that have been explored to
date.18−21 Well-matched energy levels increase the energy
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conversion efficiency and lower the threshold voltages for
operation.17,23,24 Of special note are QD LEDs with hybrid
organic−inorganic HTLs and ETLs formed by spin-casting, in
ways that maintain high performance by tailored band
alignment.8,17

Although such solution processing routes are attractive, the
formation of complex, multilayer assemblies is constrained by
the need to avoid redissolution of existing layers during the
deposition of overcoats. In addition, although recent work
suggests promise for emerging methods based on electro-
hydrodynamic jet printing,25−27 established techniques based
on screen printing and ink jet printing do not offer levels of
resolution needed for high performance displays. Recent
advances in dry processing approaches generally, and transfer
printing28 in particular, suggest powerful capabilities in this
context, wherein quantum dots can be patterned for each color
component in a display, in a rapid, parallel process with micron
and submicron resolution.29−32 Here, direct physical transfer of
materials occurs from soft flexible stamps to enable formation
of isolated structures of QD films on a target substrate for
pixelated QD LEDs. Difficulties in the patterned deposition of
other device layers, however, remain. Although transfer printing
may provide a solution for these cases as well, the surface
properties of each layer must be considered carefully to ensure
adequate adhesive interactions for high-yield transfer.30,31

In this paper, we present a scheme for multilayer transfer
printing in which a thin film of a fluoropolymer serves as a low
energy protective coating on the top surface of a preformed
stack that includes an emissive layer, charge transport layer, and
metal electrode, optimized in terms of the energy band
diagrams. After transfer, the fluoropolymer can be easily
removed without affecting the other layers due to its unique
orthogonal solvent properties. Although many combinations
are possible, we focus on fabrication of QD LEDs with shared
common layers of HIL and HTL and customized ETLs. ETLs
tailored to the band gap of each type of QD layer33−36 in a
pixelated, multicolor array can be printed in this manner. This
strategy offers versatile capabilities in the fabrication of full
color QD LEDs where the ETLs in each color pixel have energy
band alignments designed to maximize EQE and luminance,
regardless of the lateral geometries of the patterned active QD
layers.

RESULTS AND DISCUSSION
Figure 1 presents a schematic illustration of the multilayer
transfer process performed with a polydimethylsiloxane
(PDMS) elastomeric stamp and a fluoropolymer as an
antiadhesive capping layer. It also shows top view optical
micrographs at each step. The process begins with the
preparation of a donor substrate that consists of a silicon
wafer functionalized with a self-assembled monolayer of
octadecyltrichlorosilane (ODTS) on its surface to minimize
adhesion. Spin-casting 30 nm thick CdSe/CdS/ZnS core−shell
red QDs and 25 nm thick zinc oxide (ZnO, ETL) from sol-gel
solution and thermally annealing (90 °C for 20 min, 110 °C for
30 min in vacuum) forms the functional layers on this substrate.
Electron beam evaporation through a shadow mask yields a 100
nm thick aluminum (Al) electrode to complete the multilayer
stack (Figure 1a). Contact and removal of the stamp peels away
selected regions of this stack to leave pixelated patterns in the
desired geometry. The geometry of the relief on the stamp
defines the pixel dimensions in this subtractive form of transfer
printing (Figure 1b). Next, a thin film of a fluoropolymer (1

μm, OSCoR 2312 photoresist solution, Orthogonal INC) spin-
cast on the pixelated QD/ZnO/Al and then thermally annealed
(100 °C for 1 min) yields a low energy coating (about 35 mJ/
m2). Retrieval of the resulting pixelated stacks, all embedded in
the fluoropolymer layer, occurs with a flat PDMS stamp.
Adhesion to the fluoropolymer is sufficiently strong to allow
retrieval of the multilayers (QD/ZnO/Al/fluoropolymer) from

Figure 1. Schematic illustration of a process for multilayer transfer
printing of active materials for QD LEDs and top view optical
micrographs corresponding to each step. (a) Sequential spin-
coating steps and thermal annealing define films of CdSe/CdS/ZnS
core−shell red QDs and zinc oxide (ZnO) on an ODTS-treated
silicon substrate. Electron beam evaporation through a shadow
mask defines aluminum (Al) electrodes. (b) Contacting and
removing a PDMS stamp peels away selected regions of the
multilayer stack to leave pixelated patterns in the desired geometry.
(c) Spin-casting and thermal annealing forms a thin film of a
fluoropolymer material over the pixelated QD/ZnO/Al structures.
A flat PDMS stamp provides a means to retrieve the fluoropolymer
layer with the pixel structures on its surface, for delivery to a target
substrate. (d) Pixel arrays printed onto a receiver substrate (TFB/
PEDOT:PSS/ITO/glass) followed by solvent removal of the
fluoropolymer yield functional devices.
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the donor substrate, but is sufficiently weak to enable release
onto a target substrate (Figure 1c and Figure S1). Advantages
of use of the fluoropolymer include: (i) the introduction of
carrier to facilitate retrieval of pixels onto the flat PDMS stamp
at yields that are consistently 100% (Figure S2) and (ii) the
entire array of pixels transfers in a single retrieval and delivery
step. The low surface energy and the orthogonal solvent
properties of the fluoropolymer are key to its use in this
context.
Transfer of the QD/ZnO/Al/fluoropolymer stack occurs at

elevated temperatures (100 °C for 10 min; Figure 1d) onto a
glass substrate that supports a prepatterned, 150 nm thick
indium tin oxide (ITO) anode (cleaned with acetone/isopropyl
alcohol (IPA)/DI water and exposed to UV Ozone (UVO) for
10 min) with a spin-cast and thermally annealed (210 °C for 10
min) 40 nm thick hole injection layer (HIL) of poly(3,4-
ethylenedioxythiophene)polystyrenesulfonate (PEDOT:PSS).
A spin-cast and thermally annealed (180 °C for 30 min) 20
nm thick film of poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,40-
(N-(4-s-butylphenyl)) diphenylamine)] (TFB) solution serves
as the hole transfer layer (HTL). The final step involves
immersion in a stripper solution (Orthogonal stripper 700
solution, Orthogonal INC) to remove fluoropolymer, without
any measurable effect on the underlying layers (Figure S3).37

Processing steps that follow previously reported procedures
yield QD LEDs from these transferred multilayers.30,38 Figure
2a and b show photographs of working devices at operation
voltages of 4 V, along with the electroluminescence (EL)
spectra of green (EL = 536 nm) and red (EL = 628 nm) QD
LEDs. Both types of devices exhibit narrow EL peaks (full
width at half-maximum < 50 nm) with no parasitic emission
from the HTL or ETL (Figure 2c). Figures 2d−f present the
performance compared to otherwise similar devices formed by
the sequential spin-casting. The relative current density−
voltage (J−V), the maximum luminance−voltage (L−V) and
the external quantum efficiency (EQE) characteristics of
devices (Figure 2e and f, red line) formed by transfer are
comparable to or slightly better than conventional devices
(Figure 2e and f, black line).
The main attractive feature of the transfer scheme is that it

enables patterned delivery of materials for individual red−
green−blue QDs onto a single target substrate.29−31 The
multilayer approach reported here builds on this advantage by
allowing the use of different material stacks for LEDs with
different colors. We characterized QD LEDs that include HIL/
HTL layers of PEDOT:PSS/TFB/(red, green, or blue QDs)/
(ZnO or TiO2)/Al, where QDs and ETL are separately selected
to maximize performance. Figure 3a−d and Figure S4 show the
characteristics of red, green or blue QD LEDs with different
ETL materials (i.e., ZnO or TiO2). Previous reports30,38

provide guidance on the selection of the thicknesses of the ZnO
and TiO2. Red QD LEDs (Figure 3a and b) that use ZnO
exhibit maximum luminance values at 10 V, more than 1 order
of magnitude higher than otherwise identical devices formed
with TiO2. The ZnO also enables much higher maximum EQE
than TiO2 (Figures S5 and S6). By contrast, green QD LEDs
show the opposite trends (Figure 3c and d): although the
maximum luminances of green QD LEDs with ZnO and TiO2
are similar, the maximum EQE enabled by TiO2 is greater than
that by ZnO. The results in Figure S4 shows that blue QD
LEDs with TiO2 exhibit characteristics better than those with
ZnO.

Figure 3e, f, and g provide schematic illustrations of the
energy band alignment between charge transport layers and
QDs having different band gaps and energy levels. The band
edge positions of the ETLs (ZnO and TiO2) are based on band
energies relative to the vacuum level experimentally measured
via ultraviolet photoelectron spectroscopy (UPS). Absorption
spectra provide the optical band gaps (Figure S7). The energy
level of the conduction band edge of ZnO is similar to the work
function of Al, that is, 4.3 eV. The conduction level of TiO2 is
∼3.9 eV, which might create a barrier to electron injection from
the electrode. The relatively small band offset is expected to
make ZnO more suitable for the electron injection than TiO2.
In addition, ZnO can facilitate electron migration toward the
red QDs due to the ideal band alignment for charge injection
(Figure 3f). However, the band alignment of ZnO with green
and blue QDs may be less than ideal due to the large
conduction band offset and associated hindrance for electron
injection into the QDs (Figure 3g). In contrast, the conduction
band edge of TiO2 lies between those of the green and blue
QDs and the Al electrode. The well-aligned TiO2 energy level
results in improved electron transfer into the green or blue
QDs compared to ZnO. Multilayer transfer printing provides a
practical path for exploiting this type of separate engineering of
band alignment for different colored QD LEDs in a pixelated
array.

Figure 2. Photographs of transfer printed (a) green and (b) red QD
LEDs at an operation voltage of 4 V. (c) Electroluminescence (EL)
spectra of the corresponding green (EL = 536 nm) and red (EL =
628 nm) QD LEDs. Performance ((d) current density−voltage, (e)
luminance−voltage, and (f) external quantum efficiency) of the
conventional (black curves) and transfer printed (red curves) red
QD LEDs.
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Figure 4 shows that multilayer transfer enables integration on
a single substrate in which the red and green QDs pixels
incorporate different, optimized HTLs. TiO2/green QDs pixel
array embedded in fluoropolymer layer was prepared with same
technique explained in Figure 1 and transferred on the receiver
substrate (TFB/PEDOT:PSS/ITO/glass) (Figure 4a and b).
Then, ZnO/red QDs pixel array was printed while aligned
between TiO2/green QDs pixel array (Figure 4c and Figure
S8). Figure 4d and e show fluorescence microscopy (FOM)
images of receiver substrate after printing TiO2/green QD pixel
array and, subsequently, printing ZnO/red QD pixel array. In
conclusion, it is demonstrated that each red and green QD pixel
can have a different ETL material and the same kind of HTL on
the same substrate (Figure S9). This approach has significant
implications in that the device performance of Cd-free QD
LEDs is deeply related to its electron transfer layer (ETL),
whereas the hole injection layer (HTL) is still limiting factor in
the case of conventional Cd-based QD LEDs.39

CONCLUSION
The results presented here establish multilayer transfer printing
as a route to high efficiency of QD LEDs with the tailored
energy band diagram. Multilayer assemblies prepared on donor
substrates can be successfully transferred to receiver substrates

regardless of the number of layers. A key advance involves the
introduction of a hydrophobic fluoropolymer thin film, which
facilitates the process and is easily eliminated without damage
to the QD LED after transfer. In this manner, it is possible to
create pixelated arrays of QDLEDs with heterogeneous energy
band diagrams, with well-matched HOMO/LUMO level
between the charge transport layer, charge injection layer,
and active layer. These results have potential relevance to a
variety of optoelectronic40−42 and electronic devices,43−45

especially those fabricated by solution processes, on the same
substrate.

METHODS
Quantum Dot Synthesis. Chemicals. The reactions were carried

out in a standard Schlenk line under N2 atmostsphere. Technical grade
trioctylphosphine oxide (TOPO) (90%), technical grade trioctylphos-

Figure 3. Current density−voltage, luminance−voltage, and
external quantum efficiency of red ((a) and (b)) and green ((c)
and (d)) QD LEDs with different ETL (ZnO or TiO2). (e)
Schematic illustration of the energy band alignment between
charge transport layers (ZnO and TiO2) and QDs (red, green, and
blue) with different band gaps and energy levels. Energy band
diagrams of (f) “red QD with ZnO or TiO2” and (g) “green/blue
QD with ZnO or TiO2”.

Figure 4. Optical micrographs ((a) and (b)) of pixelated arrays of
ZnO/red QDs on an ODTS-treated silicon wafer, patterned by a
subtractive process using a PDMS stamp. (c) Schematic illustration
of ZnO/red QDs and TiO2/green QDs pixels delivered to the same
substrate by multilayer transfer printing. Fluorescence microscopy
(FOM) images of the substrate (d) after printing green pixel array
and (e) subsequently printing red pixel array.
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phine (TOP) (90%), technical grade octylamine (OA) (90%),
technical grade trioctylamine (TOA) (90%), technical grade
octadecene(ODE) (90%), CdO (99.5%), Zn acetate (99.99%), S
powder (99.998%), and Se powder (99.99%) were obtained from
Sigma-Aldrich. ACS grade chloroform and methanol were obtained
from Fischer Scientific. All chemicals were used as received.
Synthesis of Red Quantum Dots. Red CdSe/CdS/ZnS were

prepared in a manner similar to established methods.33 A total of 1.6
mmol of CdO powder (0.206 g), 6.4 mmol of OA, and 40 mL of TOA
in a 200 mL three-neck round-bottom flask were degassed at 150 °C
for 30 min under vacuum. Then, the solution was heated to 300 °C
under N2 atmosphere. At 300 °C, 0.4 mL of 1.0 M TOP:Se, previously
prepared in glovebox, was swiftly injected into the Cd-containing
reaction mixture. After 45 s, 1.2 mmol of n-octanethiol dissolved in 6
mL of TOA was slowly injected at a rate of 1 mL min−1 via a syringe
pump. The reaction mixture was then allowed to stir for an additional
30 min at 300 °C. Simultaneously, 16 mL of 0.25 M Zn-oleate solution
dissolved in TOA was prepared in a separate reaction flask with Zn
acetate. The Zn-oleate solution was slowly injected into the CdSe
reaction flask, followed by injection of 6.4 mmol of n-octanethiol
dissolved in 6 mL of TOA at a rate of 1 mL min−1 using a syringe
pump.
Synthesis of Green Quantum Dots. Green CdSe@ZnS (gradient

composition shell) quantum dots were prepared in a manner similar to
established methods.34 A total of 0.2 mmol of CdO, 4 mmol of Zn
acetate, 4 mmol of OA, and 15 mL of ODE were prepared in a 100 mL
three-neck round-bottom flask, degassed at 120 °C for 30 min under
vacuum. The solution was heated to 300 °C under N2 atmosphere. At
300 °C, 0.1 mmol of Se and 3.5 mmol of Se dissolved in 2 mL of TOP
was swiftly injected into the reaction flask using a syringe. The reaction
solution was then allowed to stir for an additional 10 min at 300 °C
before being rapidly cooled by an air jet.
Synthesis of Blue Quantum Dot. Blue ZnCdSSe/ZnS (alloy core

with ZnS shell) quantum dots were prepared in a manner similar to
established methods.35 A total of 1 mmol of CdO, 10 mmol of Zn
acetate, 7 mL of OA, and 15 mL of ODE were prepared in a 100 mL
three-neck round-bottom flask. After degassing these chemicals at 120
°C for 30 min under vacuum, the reaction flask was heated to 300 °C.
Then, 2 mmol of S dissolved in 3 mL of ODE was swiftly injected into
the reaction flask. After 10 min, 8 mmol of S dissolved in 3 mL of TBP
was injected into the reaction flask, and then the reaction temperature
was maintained at 300 °C for 30 min. Finally, the reaction solution was
cooled to room temperature.
QD LED Device Fabrication. For the spin-coated QD LEDs, the

devices were fabricated on ITO-coated glass substrates (sheet
resistance of 15−25 Ω/□). The prepatterned ITO substrates were
cleaned with acetone and isopropanol, consecutively, and then treated
with UV-ozone for 15 min. PEDOT:PSS (Clevios P VP AI 4083) was
spin-coated onto the ITO at 4000 rpm and baked at 120 °C for 5 min
in air and 180 °C for 15 min in a glovebox. Then TFB (H.W. Sands
Corp.) was spin-coated using m-xylene (0.5 mg/mL) at 3000 rpm,
followed by baking at 180 °C for 30 min in a glovebox. After washing
twice with a chloroform and methanol mixture (1:1 volume ratio),
QDs were finally dispersed in chloroform solution (∼30 mg/mL), and
spin-cast on top of the TFB layer at 2000 rpm and then subsequently
annealed at 180 °C for 30 min. ZnO or TiO2 (Sigma-Aldrich) (30 mg/
mL in butanol for ZnO and 5 wt % in butanol for TiO2) was spin-
coated at 3000 rpm and annealed at 100 °C for 30 min. ZnO
nanoparticles were synthesized following the literature.36 In brief, a
solution of potassium hydroxide (1.48 g) in methanol (65 mL) was
added to zinc acetate dihydrate (2.95 g) in methanol (125 mL)
solution and the reaction mixture was stirred at 60 °C for 2 h. The
mixture was then cooled to room temperature and the precipitate was
washed twice with methanol. After ETL spin-casting, a 100 nm thick
Al cathode was deposited by an electron-beam evaporator at a rate of 1
Å/s. Finally, the devices were encapsulated using a cover glass with
epoxy (NOA 86) in a glovebox.
QD LED Device Characterization. The device characteristics and

EL spectra were recorded using a Spectrascan PR-655 spectropho-
tometer coupled with a Keithely 2602B voltage and current source

measurement unit. EQE can be calculated by the ratio of the number
of photons emitted by the device to the number of electrons injected.
All device measurements were performed under air ambient
conditions.
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