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Quantum dots (QDs) have shown great potential for next generation displays owing to their fascinating

optoelectronic characteristics. In this work, we present a novel full-color display based on blue organic

light emitting diodes (BOLEDs) and patterned red and green QD color conversion layers (CCLs). To enable

efficient blue-to-green or blue-to-red photoconversion, micrometer-thick QD films with a uniform surface

morphology are obtained by utilizing UV-induced polymerization. The uniform QD layers are directly inkjet

printed on red and green color filters to further eliminate the residual blue emissions. Based on this

QD-BOLED architecture, a 6.6-inch full-color display with 95% Broadcasting Service Television 2020

(BT.2020) color gamut and wide viewing-angles is successfully demonstrated. The inkjet printing method

introduced in this work provides a cost-effective way to extend the applications of QDs for full-color displays.

Introduction

Recent years have witnessed the emergence of various display
technologies to meet the increasing demands of the display
industry; among them, organic light-emitting diodes (OLED),
quantum dot-based LEDs (QLEDs) and micro-LEDs are con-
sidered as the most outstanding options which have received
significant attention from academia and industry.1–4 Among
these technologies, quantum dots (QDs) have shown great
potential for next generation displays owing to their solution
processability, facile color tunability, narrow emission band-
width, and high luminescence efficiency.4–6 Besides their
application as self-emitting layers in electroluminescence
devices, QDs can also be employed as color conversion layers
(CCLs) in liquid crystal displays (LCDs) or LED displays
because of their high photoluminescence characteristics.4–9 So
far, the most extensively explored application of QDs in display
devices is QD-enhanced films (QDEFs) equipped in backlights,
offering an alternative approach to extend the color gamut and
improve the optical efficiency of LCDs.7–14 Nevertheless, the
resulting LCDs still require additional polarizers and waste

two-thirds of the optical energy when the primary colors pass
through the color filter (CF). As color conversion materials,
QDs not only can be used in a backlight as QDEFs, but also
can be adopted as quantum dot color filters (QDCFs) for OLED
displays, which work without polarizers.15–17 Zhou et al. pro-
posed a method to make QDs better dispersed in the CF resin
as a color conversion film, enlarging the color gamut of the
film to 119% of the NTSC standard.15 Hyo-Jun Kim and col-
leagues developed patterned red QD nanocrystals dispersed in
a photo resist (PR) film and applied them in white organic
light-emitting diodes (WOLEDs) to improve the optical power
of red color through down-conversion of blue and green
light.17 They achieved an optical power enhancement of red
color by 40.2% compared to that from a conventional WOLED
without a QD dispersed PR film. Kuo and co-workers investi-
gated a full-color micro-display with a combination of a UV
micro-LED array, a photoresist mold, and red/green/blue QDs
by the aerosol jet (AJ) technique.18,19 Nonetheless, no practical
accomplishment is reported that could significantly impact
the display market since QD deposition and patterning tech-
niques on a selected area of a substrate remain the major bot-
tlenecks in realizing such devices. Therefore, facile and
efficient techniques for the patterning of QDs are needed for
further development. Several QD deposition methods have
been proposed to meet the demands, such as photolitho-
graphic patterning of QD embedded PR materials,20 inkjet
printing (IJP),21 dip-pen nanolithography,22 3D printing,23

contact-printing, etc.24–28 Among these, IJP is a non-contact,
mask-free approach for the deposition of films with arbitrary
patterns.29–31 Moreover, IJP also allows on-demand control of
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material deposition, thereby minimizing the material loss. The
ability to generate an arbitrary pattern is of extraordinary inter-
est for the manufacturing of multi-color pixels for next gene-
ration displays.

In this work, we realized an efficient full-color active display
by combining blue OLEDs with inkjet-printed red and green
QDs via a low cost manufacturing procedure. In this architec-
ture, active matrix blue OLEDs (AM-BOLEDs) are employed as
blue sub-pixels as well as an excitation source for QDs in red
and green sub-pixels. Patterned QDs act as CCLs, which are
prepared by mask-free and low-cost IJP technology. By using a
polymer-based QD ink, we obtained uniform green and red
QDs with a micrometer thickness. Light conversion efficiency
(LCE) from blue light to green and red color can be tuned by
changing the thickness of the QD layer. The LCE of the green
QD layer reached ∼90% with 10.2 μm and ∼33% for red QDs
with 10.5 μm. As CCLs, QDs can effectually widen the color
gamut and the brightness viewing-angle of OLEDs. Based on
this architecture, we successfully realized a full-color large-
scale QD display with a size of 6.6 inches. The color gamut of
our QD-OLED display reached 95% of the BT. 2020
(Broadcasting Service Television 2020) standard. These results
demonstrate that a rationally designed full-color display with a
combination of QDs and blue OLEDs could extend the appli-
cations of QDs in display technology.

Results and discussion

In our display architecture, we used patterned AM-BOLEDs as
a pump light, which can excite the patterned red and green
QD layers. Fig. 1a and b show the architecture of the display
panel, which consists of a thin-film transistor (TFT) backplane,
arrays of AM-BOLED pixels, and a CF layer with patterned
color conversion QD layers. As the excitation light for QDs,

AM-BOLEDs are self-emission devices which operate in
current-driving mode. In other words, light emission from
AM-BOLEDs is driven by currents flowing to each sub-pixel,
which are controlled by the IGZO TFT backplane. Here, the
patterned AM-BOLEDs were prepared by the thermal evapor-
ation process. To minimize the effect of the IGZO-TFT on the
emission of AM-BOLEDs, we chose AM-BOLEDs with a top-
emission structure, as shown in Fig. 1b. Fig. 1d shows the elec-
troluminescence spectrum of BOLEDs, with an emission peak
at ∼460 nm and a narrow full width at half maximum (FWHM)
of ∼18.5 nm. After the fabrication of AM-BOLEDs, green and
red QDs were patterned on the substrate as CCLs. These pat-
terned QD layers are deposited by the IJP technique,21,32–34 in
which the deposition can take place precisely in the predefined
pattern region. Here we used Cd-based QDs as CCLs; Fig. 1e
and f display the photoluminescence (PL) and absorbance
spectra of green and red QD inks, respectively. The emission
peak of green QDs is observed at ∼526 nm with a FWHM of
21 nm, whereas red QDs exhibit an emission peak at ∼622 nm
with a FWHM of 30 nm. The absorbance spectra of green and
red QD inks show strong absorption for blue light with a short
wavelength. The PL quantum yield (QY) of green and red QDs
is above 95% and 85%, respectively, which indicates that these
QDs can be effectively excited by blue emission from BOLEDs.

In previous reports, electroluminescent (EL) QLEDs have
been prepared by IJP,32,33 where the thickness of the QD layer
should be kept thin since QDs act as the emitting layer in
which exciton recombination takes place. Being different from
active EL-QLEDs, the QD layer in QD-OLEDs acts as a CCL,
which requires a higher thickness to reduce the transmission
of light from BOLEDs. The traditional QD ink prepared by IJP
is mainly composed of a volatile solvent which can be removed
by heating or vacuum-drying.34–36 During the solvent removal
process, coffee rings would inevitably be formed due to
different evaporation rates of the solvent at the center and

Fig. 1 (a) A schematic illustration of the proposed architecture for the QD-OLED display panel. (b) The structure diagram of the QD-OLED device
with each pixel. (c) TEM of CdSe/ZnS in a polymer; the inset is a HRTEM image of a single CdSe/ZnS nanocrystal. (d) Electroluminescence spectrum
of BOLEDs, centered at ∼460 nm. (e, f ) Absorbance and photoluminescence spectra of green and red QDs.
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edge of the droplet. Coffee rings generally result from a higher
evaporation rate at the edge, leaving more solvent than at the
center, thereby leading to heterogeneous emission from QDs.
Recently, nanocomposites comprising a polymer host doped
with semiconductor nanoparticles have been intensively inves-
tigated as they combine the advantages of each component
and their properties can be easily tailored by varying the ratios
of constituents.33,37,38 In this work, we compared two types of
QD inks i.e. with a volatile solvent and with a polymer, here-
after referred to as solvent-based and polymer-based QD inks,
respectively. The solvent-based QD ink is mainly composed of
cyclohexylbenzene and QDs, while the polymer-based ink is
generally made of UV-curing resins and QDs.33,38 Fig. 1c shows
the transmission electron microscopy (TEM) and high resolu-
tion TEM (HRTEM) images of green polymer-based QDs. In
comparison with the TEM image of pure QDs in Fig. S1,†
Fig. 1c demonstrates that QDs also have good dispersibility
and crystallization in the polymer.

Fig. 2a and c are three-dimensional optical microscope
(3D-OM) images of a single droplet of solvent-based and
polymer-based green QD inks by the IJP process. In Fig. 2a,
coffee rings of the solvent-based green QD drop can be
observed obviously. Fig. 2b presents a schematic for the coffee-
ring formation of the single solvent-based QD droplet. Due to
the compensation of the solvent loss at the edge, QDs with a
solvent are carried to the edge by capillary flow, and then a
coffee ring appears at the edge. In comparison with the
solvent-based QD ink, the polymer-based counterpart has a
relatively homogeneous morphology without a coffee ring, as
shown in the 3D-OM of one droplet of polymer-based green
QDs (Fig. 2c). The polymer-based QD ink is mainly composed
of QDs, acrylic resin and a photo-initiator, which enable a

coffee-ring free polymerization reaction rapidly under UV
exposure (Fig. 2d).

The morphology and surface profiles of these two types of
QD inks in a black photo resist (PR) mold via IJP are presented
in Fig. 3. Fig. 3a–d show the morphology, surface profile and
PL spectrum of the solvent-based green QD ink. From the OM,
3D-OM and SEM images shown in Fig. 3a–c, an uneven mor-
phology and a thin layer of the solvent-based QD ink are
obvious, especially with a significant coffee ring effect. Fig. 3d
shows the emission spectrum of solvent-based green QDs
excited by BOLEDs, where blue and green curves are Gaussian
fitting lines of the emission spectrum. The inset PL micro-
scopic image in Fig. 3d reveals inhomogeneous emission of
the solvent-based QD ink under a UV lamp (λex = 365 nm). In
Fig. 3d, the emission intensity of BOLEDs is much stronger
than that of green QDs which indicates that a large fraction of
blue light used to pump the QDs is transmitted through the
thin QD layer. By calculating the integration of the output
emission spectrum, the intensity ratio of blue emission is
about 79.2%. Fig. 3e–h demonstrate the morphology, surface
profile and PL spectrum of the polymer-based green QD ink.
In Fig. 3e–g, the OM, 3D-OM and cross-sectional SEM images
of polymer-based green QDs in the PR mold show a uniform
distribution and thick layer of QDs in sub-pixels. The height of
the black PR mold is ∼8 μm, and the thickness of solid solvent-
based QDs is just in the range of 1–3 μm from the center to the
edge, as shown in the surface profile in Fig. S2a.† The thickness
of the solid polymer-based QD film can reach an average of
∼8.6 μm easily (Fig. S2b†). The corresponding atomic force
microscope (AFM) image of the surface is shown in Fig. S3,†
and the surface roughness (Rq) of the polymer-based QD layer is
∼3.73 nm, which is better than the ∼16.1 nm of the solvent-
based QD layer. Correspondingly, when polymer-based QDs are
pumped by BOLEDs, the emission spectrum in Fig. 3h shows
considerably less transmission of blue light than that of the
solvent-based QD ink, and the intensity ratio of transmitted
blue emission is reduced to 17.8%. Furthermore, uniform QD
distribution can induce uniform emission in each sub-pixel
(inset PL microscopic image in Fig. 3h).

It is well-known that the printability of inks can be calcu-
lated by the inverse Ohnesorge number, Z ¼ ffiffiffiffiffiffiffiffi

γρa
p

=η, which is
determined by the nozzle diameter (a = 15 × 10−6 m), viscosity
(η = 6.2 × 10−3 Pa s), surface tension (γ = 29.4 × 10−2 J m−2) and
density (ρ = 1.07 × 103 kg m−3). The Z of polymer-based QDs in
this work is calculated to be ∼11.08, which is in the range of 1
< Z < 14.3.39 The ink will produce stable drops. Fig. S4a†
shows a photograph of droplets in the dropping process, exhi-
biting smooth and collimated fall from the nozzle of the
printer. The output of the polymer-based QD ink from the
nozzle is observed to be smooth and stable, enabling pattern-
ing of the QD layer on a large scale. After being injected onto
the substrate, QD ink droplets exhibit even spreading in the
PR mold, as observed by using a camera on the printer
(Fig. S4b†). We prepared patterned greed and red QD layers
with a size of 15 × 13 cm successfully, as shown in the photo-
graphs in Fig. S5.†

Fig. 2 3D-OM images of a single (a) solvent-based green QD droplet
and (c) polymer-based green QD droplet. Schematic for (b) coffee-ring
formation of the solvent-based QD droplet and (d) UV-polymerization
of the polymer-based QD droplet.
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For displays, it is important to achieve uniform QD films
with controllable thicknesses. The thickness of the QD layer
can be controlled with different numbers of droplets. Fig. S6a–
d† show the optical pictures of liquid QD inks with different
numbers of ink droplets. Liquid QD inks are excited with a UV
lamp (λex = 365 nm) for 5 min, at room temperature under a
nitrogen atmosphere, and then patterned solid QD/polymer
layers are obtained after polymerization. The thickness of the
QD layer in sub-pixels can be controlled by changing the
number of QD ink drops accurately. Fig. S6e† presents the
relationship between the thickness and the drop numbers of
the QD ink. Fig. 4a–c show the cross-sectional morphology of
patterned polymer-based QDs with different thicknesses.

Fig. S7† shows the corresponding 3D-OM and top-view SEM
images, revealing a smooth morphology of the QD layers with
different thicknesses. Fig. 4d and g present the PL microscopic
images of patterned green and red QDs. We can observe
uniform emission from patterned QDs in each sub-pixel,
which indicates that the sufficient reliability and reproducibil-
ity of polymer-based QDs are obtained from the large-scale IJP
process. Fig. 4e and h show the PL spectra of solid green and
red QDs with different thicknesses, excited by BOLEDs. In our
QD-OLED, the LCE of QDs in the solid phase is important to
realize efficient performance of the display device. We intro-
duced LCE to characterize how much blue emission is con-
verted by the QDs and finally transformed into the brightness

Fig. 3 (a) OM, (b) 3D-OM and (c) SEM images of the solvent-based green QD film in sub-pixels. (d) EL spectrum of solvent-based green QDs,
excited by BOLEDs; the inset is a microscopic image under a UV lamp. (e) OM, (f ) 3D-OM and (g) SEM images of the polymer-based QD film in sub-
pixels. (h) EL spectrum of polymer-based green QDs, excited by BOLEDs; the inset is a microscopic image under a UV lamp (λex = 365 nm).

Fig. 4 (a–c) SEM images of polymer-based green QDs with different thicknesses in a PR mold. (d, g) OM images of patterned green and red QDs in
a black PR mold matrix on a substrate under UV excitation (λex = 365 nm). (e, f ) PL spectra and light conversion efficiency of green QD layers with
different thicknesses, excited by BOLEDs. (h, i) PL spectra and light conversion efficiency of red QD layers with different thicknesses, excited by
BOLEDs.
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perceived by the human eye.9,17,40 LCE is calculated by Lout/Lin,
where Lout is the luminance of the converted light like green
and red light from QDs and Lin is the luminance of the input
light from BOLEDs. Fig. 4f and i respectively present the plots
of conversion efficiency of green and red QD layers as a func-
tion of different thicknesses. It is obvious that there is trans-
mission of blue emission via the green QD, even with a thick
QD film. With an increase in the thickness (3.6–10.2 μm), the
transmission of blue light is reduced. Correspondingly, the
LCE of green QDs increases, reaching ∼90% at a thickness of
10.2 μm. As evident in the emission spectra of the red QD layer
in Fig. 4h, with an increase in the layer thickness
(3.1–10.5 μm), the intensity of blue light decreases while that
of red light increases obviously, and the corresponding LCE
also increases. When the thickness of the red QD layer is
∼10.5 μm, the LCE can reach ∼33%. All of these results indi-
cate that a QD layer with a sufficiently large thickness is
necessary to achieve high conversion efficiency for blue light.

The fabrication process of colorful QDCFs is schematically
shown in Fig. 5a. Firstly, patterned CF layers were positioned
on a glass substrate after the conventional photolithography
procedure including coating, baking, UV exposure and photo
development, followed by the preparation of patterned black
PR molds onto the CF layer. Then polymer-based QD inks are
then injected into black PR molds by the IJP machine. After

UV curing, the patterned QDCF layer is obtained. As shown in
the emission spectra of green and red QDs pumped with
BOLEDs (Fig. 5b), there is a small amount of blue light being
transmitted through the QD layers. Even though the thickness
of the QD layer reaches several micrometers, there is still a
small amount of blue light from BOLED leaking from the QD
layer. To further filter the transmission of blue light, we
employed a CF at the outer side of our device (Fig. 5a). Fig. 5c
is the microscopic image of a colorful CF, where the black
region represents the black PR mold that acts as a groove for
liquid QD inks and reduces the optical crosstalk of QDs. After
printing green and red QD inks in the black PR mold on the
substrate, a colorful QDCF is prepared, as shown in the micro-
scopic image in Fig. 5d. Fig. S8† is the cross-sectional SEM
image of the as-prepared colorful QDCF. To confirm the role of
the CF, we measured the transmittance spectra of green and
red CFs as shown by the solid curves in Fig. 5e. The transmit-
tance spectrum for the green CF revealed that it has low trans-
mittance in the blue region with a short wavelength and rela-
tively high transmittance in the green region (476–605 nm),
reaching the highest transmittance of ∼80.8% at around
520 nm (green solid curve in Fig. 5e). The transmittance spec-
trum of the red CF shows low transmittance for light with a
wavelength shorter than 590 nm, and high transmittance for
the red region at a longer wavelength. The highest transmit-

Fig. 5 (a) The process diagram of the fabrication of the colorful QDCF by the IJP process. (b) Emission spectra of green and red QDs from the
QDCF, excited by BOLEDs. (c) Partially enlarged microscopic image of the colorful CF. (d) Partially enlarged microscopic image of solid green and
red QDs on the colorful CF by IJP. (e) Transmittance spectra of green and red CFs (solid curves) and QDCFs (dashed curves). (f ) Emission spectra of
the green QD layer with CFs (green curve) and without CFs (black curve), excited by BOLEDs. (g) Emission spectra of the red QD layer with CFs (red
curve) and without CFs (black curve), excited by BOLEDs.
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tance reaches ∼100% for wavelengths longer than 600 nm in
the case of the red CF. In comparison with the bare CF, the
transmittance of the QDCF exhibits a slight decrease, as
shown by the dashed curves in Fig. 5e. With printed QDs, no
blue emission is observed in the emission spectra of the QDCF
(green and red curves in Fig. 5f and g). Overall, the colorful CF
can maintain the color purity of QDs, which is helpful for the
color gamut of full-color QD-OLED displays.

Combining the patterned QDCF with BOLEDs, we fabri-
cated a full-color display panel in which the QDCF layer also
serves as the protection cover for BOLEDs. When full-color
AM-BOLEDs are driven by a TFT, the fabricated display panel
can yield white light. The EL spectrum for white light of
BOLEDs + QDCF is shown in Fig. S9.† In comparison with a
conventional colorful organic display panel structure com-
posed of white OLEDs (WOLEDs) and a CF, the QDCF with
BOLEDs exhibits a narrower bandwidth. The structure diagram
and PL spectrum of WOLEDs are shown in Fig. S10.† Fig. 6a
and b provide a comparison of emission spectra for WOLEDs +
CF and BOLEDs + QDCF. By using the CF, the bandwidth of
WOLEDs + GCF is ∼32 nm, noticeably wider than that of
BOLEDs + GQDCF (∼20 nm). In Fig. 6b, the bandwidth of
WOLEDs + RCF is ∼54 nm, whereas it is ∼32 nm for BOLEDs +
RQDCF. The narrower bandwidth of the structure composed of
BOLEDs and the QDCF will lead to a wider color gamut.
Therefore, the color gamut of our QD-OLED display reaches
∼95% of the BT. 2020 standard (Fig. 6c). In addition, another
advantage of the QDCF is that it provides a wide viewing-angle
of BOLEDs due to the light scattering nature of the QDs. To
further quantify the light diffusion performance of the QDCF,

a luminance-angle test was implemented, which was based on
measurements of the luminance at different angles, ranging
from −60° to +60°. As can be observed in Fig. 6d, the viewing-
angle of BOLEDs is only within ±17°, when the luminance of
emitted light reaches 90% of its value at the normal angle. In
comparison, the final 90% luminance angles of red and green
QDCFs are more than 60° (green and red curves in Fig. 6d),
which is higher than that of the OLED and LCD
counterparts.2,41 Based on QD-BOLEDs, we have fabricated a
full-color display based 6.6-inch TV panel as shown in Fig. 6e.

Experimental
Preparation of the color filter and PR mold

In the first step, glass substrates were ultrasonically cleaned
followed by ultraviolet ozone treatment. Then, patterned red,
green and blue color resists were fabricated by the convention-
al photolithography procedure. Next, color resists were coated
onto the glass, and then baked at 230 °C. A patterned mask
was used to form patterns on the color resist under UV
exposure. After the development process, patterned solid CF
layers were successfully fabricated and patterned CF layers and
black PR molds were also prepared by the photolithography
procedure. The thickness of PR molds can be tuned by chan-
ging the amount of the black light resist.

IJP of QD inks

All QD materials were purchased from Suzhou Xingshuo
Nanotech Co., Ltd, Guangdong Poly OptoElectronics Co., Ltd

Fig. 6 (a) EL spectra of WOLEDs with green CFs (black solid curve), BOLEDs with green QDCFs (green solid curve) and transmittance spectra of
green CFs (green dashed curve). (b) EL spectra of WOLEDs with red CFs (black solid curve), BOLEDs with red QDCFs (red solid curve) and transmit-
tance spectra of red CFs (red dashed curve). (c) The color gamut of the QD-OLED display (blue triangle area), in comparison with the color gamut of
BT. 2020 (black triangle area). (d) Luminance distribution as a function of angle of BOLEDs, GQDs-BOLEDs and RQDs-BOLEDs. (e) A physical photo
of a full-color QD-OLED display with a size of 6.6 inches.
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and DIC Corporation. In this work, the weight concentrations
of the two types of QD inks were both ∼15%. The solvent for
the solvent-based QD ink was cyclohexylbenzene. The com-
ponent of the polymer-based QD ink contained acrylic resin
(∼70%), a photoinitiator (5%), a cross-linking (10%) agent and
QDs (∼15%). The printing of QD inks was performed by using
a Dimatix Fujifilm DMP-2831 printed with a 10 pL Dimatix
materials cartridge, which was controlled with Dimatix Drop
Manager software. The printing frequency was set at 5 kHz
and a customized waveform was utilized. After being printed
into the PR mold, QD inks were solidified under a UV lamp for
5 min (λ = ∼365 nm). All of these processes were performed in
a nitrogen-filled glovebox.

Characterization

Optical and fluorescence images of samples were obtained
using a laser confocal microscope (Olympus FV1000-IX81,
Japan). UV–vis absorbance spectra were obtained using an
ultraviolet-visible spectrophotometer (UV-2600, Japan).
Fluorescence spectra were measured using a spectrometer
(Princeton Instruments Acton SP2300, USA) equipped with a
CCD camera (Princeton Instruments Pixis100, USA). Scanning
Electron Microscope (SEM) images were obtained using a Nova
Nano SEM 200 (FEI).

Conclusions

In summary, we realized a real active matrix full-color display
by combining a QD enhanced CF with BOLEDs, where
AM-BOLEDs act as blue sub-pixels as well as the excitation
light for the red and green conversion QDs. Patterned QD
layers are prepared by IJP technology, which is a low-cost and
effective approach for patterning of QD inks. We found that
polymer-based QD inks can lead to the formation of thicker
films, which help absorb blue excitation light more effectively
than thinner films obtained from the solvent-based counter-
part. Moreover, a colorful CF was used to reduce the trans-
mission of blue emission from BOLEDs. Our results reveal that
QDs can widen the color gamut and luminance angle of
BOLEDs. By incorporating the patterned QDs with BOLEDs, we
successfully fabricated a QD-OLED display panel with a size of
6.6 inches and demonstrated at SID 2019. The color gamut of
our QD-OLED could reach ∼95% BT 2020. Our proposed archi-
tecture and fabrication method provide a cost-effective and
practical solution to address the bottlenecks in the develop-
ment of high-resolution, large-scale QD-based photonic
devices, especially in the area of active QD display
applications.
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