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The preparation of organic electroluminescent diodes (OLEDs) by printing with the
potential advantages of high material utilization, low equipment cost, simple process
flow, and favorable for large-area device preparation, is expected to be the next gener-
ation of OLED fabrication method. In this paper, PEDOT: PSS and CDBP: Ir(bt),acac
functional layers were prepared by spin coating/printing and characterized, respec-
tively. The results show that the double layer printing device achieved the best perfor-
mance, the maximum brightness and external quantum efficiency reach 4357cd/m?
and 2.45%, even better than that of the spin coated reference. It indicates that the
ink-jet printing process has a potential to overwhelm the spin-coating one for con-
structing high performance OLED. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5053133

I. INTRODUCTION

After C. W. Tang et al invented the organic light-emitting diode device (OLED) and followed by
nearly 30 years of development, OLED technology has finally been accepted by display industry.'-
Currently, the dominant industrial manufacturing process for OLED display panels is thermal evapo-
ration. Because of the much less material utilization, complex process flow, high equipment cost’ and
difficulty to guarantee the uniformity of large-area devices, this route has led to high cost of OLED
panels and limited the market penetration. In contrast, fabrication of OLED panels by printing is an
atmospheric process, with high utilization of materials and low production cost, which has generated
significant interests from the scientific community and industry.

At present, a number of printing processes including spin coating,® gravure printing,” screen
printing,'® and inkjet printing!! have been used for OLED fabrication. Among them, inkjet printing
featuring as non-contact, mask less, digital fabrication and high precision, ' have become the favorite
technology. Significant progresses have been made for inkjet printing OLED over the years.!?-!8
However, the current academic laboratory results are mostly based on printing only one functional
layer. And according to the industrial OLED technology roadmap, it is expected that from the hole
injection (HIL) to the emitting layer (EML) can be printed.

Compared with the vacuum thermal evaporation process, in the process of multilayer print-
ing, the interface between different functional layers, mutual solubility of solvents, functional
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ink spreading, film formation and uniformity control, etc. become more complex and diffi-
cult to control, caused the lower device performance even inferior to the corresponding spin-
coated devices. In order to explore those problems which could happened in multilayer printing
procedure, poly 3.4-ethylenedioxythiophene: polystyrene sulfonate (PEDOT: PSS) and bis
(2-phenyl-1,3-benzothiozolato-N,C2’) iridium (acetylacetonate) (Ir(bt),(acac)):9-[4-(4-carbazol-9-
yl-2- methylphenyl)-3-methylphenyl] carbazole(CDBP) were chosen as HIL and EML, printing and
spin-coating methods were used to construct them in this article, respectively. Finally, the double
layer printed OLED devices achieved the superior performance to that of spin-coated one, which
provided a strong support for the bright future of all printing OLED technology.

Il. EXPERIMENTAL
A. Materials and instruments

PEDOT: PSS (Clevios 4083) was used as the hole injection layer, and CDBP doped with
Ir(bt),acac (mass ratio of 9:1) were used as the light-emitting layer. For inkjet printing, the butyl ben-
zoate was used as the solvent and the concentration was 30 mg/ml. For spin-coating, chlorobenzene
was used as the solvent with the concentration of 15 mg/ml. 1,3,5-tris(1-phenyl-1H-benzimidazol-
2-yl)benzene (TPBi) was used as the electron transport layer (ETL), 8- Hydroxyquinoline Lithium
(Ligs) as electron injection layer (EIL), and Al as cathode. TPBi, CDBP and Ir(bt),acac were pur-
chased from Xi’an Baolaite Photo-Electric Technology Co., Ltd. and The molecular structures of
functional materials used in this work are shown in Figure 1.

PEDOT: PSS and CDBP: Ir(bt),acac functional layers were printed by Fujifilm Dimatix 2850.
The ETL/EIL/Al were deposited by vacuum thermal deposition system. Electroluminescence proper-
ties of four OLED devices were measured using Keithley 2400 Source Meter current-voltage source
meter and PR655 photometer, BM-7 photoelectric comprehensive measurement system in air. Thick-
nesses of functional layers were obtained by profile meter (DektakXT, BRUKER). AFM images were
collected using Dimension 3100 (Veeco, America).

B. Fabrication of OLED devices

The OLED device structure is shown in Fig. 2. It was made on indium tin oxide (ITO) coated
glass substrates. The ITO substrate was cleaned with a glass cleaner, ethanol and acetone, and then
deionized water, ethanol, and acetone were sequentially ultrasonicated for 10 min. After drying,
oxygen plasma treatment was performed for 3 minutes. The PEDOT: PSS and CDBP: Ir(bt),acac
were sequentially deposited by either inkjet printing or spin coating at different thicknesses as listed

CDBP Ir(bt)y(acac)

TPBi

FIG. 1. Molecular structures of materials for the OLEDs.
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CDBP: Ir(bt),acac

Glass substrate

FIG. 2. Schematic of OLED device layer structure.

TABLE I. Thickness of PEPOT:PSS and CDBP:Ir(bt);acac during printing and spin coating.

PEPOT:PSS CDBP:Ir(bt),acac
Spin-coating 26nm 25nm
Printing 24nm 28nm
TABLE II. The design of OLED device.
Device PEDOT: PSS CDBP: Ir(bt),acac
A Spin-coating Spin-coating (solvent: chlorobenzene, concentration: 15 mg/mL)
B Spin-coating Inkjet printing (solvent: butyl benzoate, concentration: 30mg/mL)
C Inkjet printing Spin-coating (solvent: chlorobenzene, concentration: 15 mg/mL)
D Inkjet printing Inkjet printing (solvent: butyl benzoate, concentration: 30mg/mL)

in Table I. The TPBi (30 nm)/Liq (2 nm)/Al (100 nm) was sequentially deposited by vacuum thermal
evaporation. In order to investigate the influence of different solution deposition processes on the
multi-layer OLED devices, both spin coating and inkjet printing processes were performed and four
groups of devices were made, as shown in Table II, and characterized.

All the spin coating processes were at 4000 rpm for 30s, and the inkjet printing processes were
performed with 10pl cartridge using Dimatix 2850. The coated PEPOT: PSS film was baked on a hot
plate at 120°C for 15 min, and EML film was baked at 60°C for 15min.

lll. RESULTS AND DISCUSSION

The electroluminescent properties of device A and device B are shown in Fig. 3. The maximum
luminance, current efficiency, power efficiency and external quantum efficiency (EQE) of device A
are 2264 cd/m?, 6.638 cd/A, 2.35 Im/W and 2.3%, respectively. These parameters for Device B are
1201 cd/m?, 6.445 cd/A, 3.15 Im/W and 2.14%.

For device C, the maximum luminance, current efficiency, power efficiency and EQE are
2033 cd/m?2, 4.886 cd/A, 2.19 Im/W, and 1.62%, respectively. These Parameters for device D are
4357 cd/m?, 7.318 cd/A, 3.54 Im/W and 2.45%. They are shown in Fig. 4. The actual data are given
in Table III.

As the EL spectrum shown in Figure 4(d), all of the four devices emit the same spectrum. The
emission peaks at 560 nm, regardless of spin coated or inkjet printed. It is apparent that different
solvents and coating methods have no influence on emitting material.

As the data shown in Table III, the inkjet printed device D achieved the best performance among
the four devices with the highest luminance, the lowest turn-on voltage and the best efficiency. Since
the film obtained by both spin coating and printing processes kept almost the same thickness as
shown in Table I, the probability of performance difference caused by different film thickness can be
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FIG. 3. (a)V-J-L curves; (b) L-EQE curses; (c) L-C.E-P.E curves of Device A and Device B; (d) illuminated diagram of four
devices.

excluded. Further investigation of film morphology by AFM showed that all of those double layers
have almost identical morphology and roughness, as the AFM images of HIL/EML shown in Figure 5.

The surface energy of PEDOT: PSS layer was also investigated by measuring the contact angle,
in order to determine the interface property after deposition of CDBP: Ir(bt),acac layer. It is very
interesting to find that the inkjet printed PEDOT: PSS film has larger contact angle than spin coated
film, but it is the opposite for EML, as shown in Figure 6. This may explain why the all-printed device
D has the best property compared to other devices.

When a liquid is deposited by inkjet printing or spin coating, different forces are exerted to
the molecules in the liquid. It is obvious that spin coating generates much larger centrifuge force
whereas inkjet printing does not. This force can have influence on the molecular arrangement,'*2°
which will affect the spreading of the next layer and hence the interface property. It is known that the
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FIG. 4. (a) V-J-L curves; (b) L-EQE curses; (c) L-C.E-P.E curves of Device C and Device D; (d)Spectrum of four devices.
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TABLE III. Electroluminescence properties of four OLED devices. Vo the voltage at 1 cd m2.

At 200cd m2 maximum values
Voltage CE PE EQE CIE L CE PE EQE
Von V) dA)  ImWDhH (%) x.y) (cdm?)  (dAh) AmWhH (%)
Device A 5.9 9.5 6.6 22 2.3 (0.51,0.48) 2264 6.638 2.35 2.30
Device B 5.0 7.2 5.0 2.1 1.7 (0.48,0.50) 1201 6.445 3.15 2.14
Device C 5.0 7.2 4.8 2.1 1.6 (0.49,0.50) 2033 4.886 2.19 1.62
Device D 4.5 6.3 5.3 2.7 1.8 (0.50,0.50) 4357 7.318 3.54 2.45
a) B e b
N, 7 TRi=0218nm TR
SSE L R A S S o313 om 1.0nm
ik
-1.0 nm -1.0 nm
(©
992.5 pm 1.2 nm
-1.0 nm -1.2 nm

Height Toum

Height Toum

FIG. 5. The AFM images of (a) spin coating HIL/spin coating EML (S+S); (b) spin coating HIL/printing EML (S+P);
(C) printing HIL/spin coating EML (P+S); (D) printing HIL/printing EML (P+P).

@ cAa=20.103c ® CA=128.744°

FIG. 6. The contact angles of water drop on (a)spin-coated PEDOT:PSS; (b)printed PEDOT:PSS; (c) spin-coated EML;
(d) printed EML.
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FIG. 7. The V-J curves of single carrier devices.

interface property between functional layers plays a critical role to balance the carrier mobility.?!=24
To verify this hypothesis, a series of single charge carrier printed/spin-coated devices were made
and characterized. In detail, ITO/HIL or EML (24~28nm)/TAPC (10nm)/Al and ITO/HIL or EML
(24~28nm)/TPBi (10nm)/Liq (1nm)/Al are designed as hole only and electron only device to explore
the effect of printing and spin coating process on the charge transport ability of HIL/EML, respectively.
From the result as shown in Figure 7, we can found both of the printed HIL and EML exhibit higher
charge transport ability in hole only devices. The lower hole transport ability exhibited in spin-
coated HIL and EML means a higher voltage is needed to drift the charge from ITO into HIL and
generate exciton in EML. As a result, a high bias should be applied in Device A to achieve the same
luminescence as its reference item. For electron only devices group, the printed and spin coated HIL
show comparative charge transport ability. On the other hand, the printed EML shows higher electron
transport ability than spin coated one. As we know, a higher hole and lower electron transport ability
of printed PEDOT:PSS is beneficial to confine the exciton placed in EML. At the same time, a higher
electron transport ability of printed EML assures more balance carrier happened than spin-coated
one. Both of them contribute to the best performance of double layer printed device.

IV. CONCLUSIONS

In this paper, we constructed four OLED devices in which the PEDOT: PSS and CDBP:
Ir(bt),acac functional layers were prepared by spin coating and printing, respectively. The double-
layer printing device got the most brilliant performance in them, the maximum brightness, current
efficiency, power efficiency and EQE reached 4357 cd/m?, 7.318 cd/A, 3.54 Im/W and 2.45%. We
attribute the high performance comes from a higher hole and lower electron transport ability of
printed PEDOT: PSS combining with a higher electron transport ability of printed EML. With the
help of them, more balance carriers and exciton confining can be obtained in EML, and the better
performance than the spin coated reference can be achieved. This work provides a strong support for
the bright future of all printing OLED technology.
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