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Abstract

This work presents the synthesis of a new hole-buffering material TAZS and
its successful application in polymer light-emitting diodes to enhance device
performance. The TAZS is composed of aromatic 1,2,4-triazolylcore linked
with three trihydroxy ters-butyl terminals via azomethine linkages. The TAZS
forms ashomogeneous film deposited by spin-coating process. The HOMO
and LUMO levels of TAZS are —5.23 eV and —2.40 eV, respectively, as esti-
mated from cyclic voltammogram. The current density results of hole-only
and electron-only devices confirm strong hole-buffering capability of TAZS
layer. Multilayer PLEDs with different thickness of TAZS (ITO/PEDOT:
PSS/TAZS (x nm)/SY/ETL/LiF/Al) have been successfully fabricated, using
spin-coating process to deposit hole-injecting PEDOT: PSS, TAZS, and emis-
sive SY layers. The PLED with 16 nm TAZS reveals the optimal device per-
formance, with maximum luminance and maximum current efficiency of
19,046 cd/m* and 4.08 cd/A, respectively, surpassing those without TAZS as
HBL (8484 cd/m’ 2.13 cd/A). The hole-buffering characteristic of TAZS
contributes greatly to improved charges’ recombination ratio and enhanced
emission efficiency.

Keywords

Hole-Buffering, Azomethine, Aromatic Triazole, Tris, Polymer
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1. Introduction

Polymer light-emitting diodes (PLEDs) [1] [2] [3] and organic light-emitting
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diodes (OLEDs) [4] [5] [6] have drawn considerable attention due to numerous
advantages such as self-luminous, wide view angle, and fast response time. Fur-
thermore, PLEDs can be easily adapted for solution processes such as spin-coating
and ink-jet printing which are appropriate processes for the fabrication of
large-area and flexible displays [1] [2] [3]. Conversely, OLEDs was convention-
ally fabricated by thermal evaporation under vacuum, which is more costly and
complicated. In general, balanced charge recombination in emission layer (EML)
is essential for enhancement of device efficiency and stability. However, for most
conjugated organic polymers and compounds applied in PLEDs holes transport
more favorably than electrons [7] [8]. Therefore, efficient hole-buffering layer,
which slows down hole-transport, is able to improve charge balance in EML.
Some hole-buffering materials have been reported, such as copper(II) phthalo-
cyanine (CuPC) and 4,4’,4”-tris(N-carbazolyl)-triphenyla-mine (TATC) [9]
[10]. They were inserted between hole injection layer and emission layer to re-
duce hole-transport effectively and improve the device performance [11]. We
have prepared a hole-buffering polymer composed of alternating p-terphenyl
and tetraethylene glycol ether, which effectively balance charges and device effi-
ciency [12].

Formation of Schiff base is a nucleophilic addition of primary amine andal-
dehyde group, followed with dehydration to form as azomethine (-CH=N-).
Schiff bases composed of azomethines have been reported during the past two
decades as materials for organic optoelectronic application [12]-[19]. The azo-
methine bond possesses similar isoelectronic characteristics to vinyl bond, giving
rise to similar optoelectronic and thermal properties [20] [21] [22]. However,
most of the Schiff base derivatives prepared for OLED applications focused on
phosphorescent luminescent materials [23] [24] [25] [26] [27]. To our know-
ledge, few studies focused on hole-buffering application for optoelectronic de-
vices [15]. The fluorescence intensity of aromatic materials substituted with
azomethine moieties is very weak due to quenching by photo-induced electron
transfer (PET) [28] [29]. This characteristic is beneficiary for hole-buffering ap-
plication in PLEDs, since its presence will not deteriorate color purity of the
emission.

In this study, we synthesized a new azomethine-based molecule TAZS (aro-
matic 1,2,4-triazolyl as core) containing three peripheral trihydroxy tert-butyl
groups. The bulky, polar trihydroxy tert-butyl groups not only increase solubility
but also prevent aggregate formation during casting by wet processes.'H NMR,
2D COSY NMR, FT-IR, and mass spectrometry were used to characterize struc-
ture of TAZS. Multilayer PLEDs (ITO/PEDOT: PSS/TAZS/SY/ETL/LiF/Al)
have been successfully fabricated by subsequent spin-coating of hole-injecting
PEDOT: PSS layer, hole-buffer TAZS layer, and emissive SY layer. Insertion of
TAZS as hole-buffer layer (HBL) effectively enhanced maximum luminance and
maximum current efficiency to 19,046 cd/m” and 4.08 cd/A, respectively, from
those without the HBL (8484 cd/m? 2.13 cd/A).
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2. Experimental
2.1. Synthesis of TAZS

All the reagents and materials were from commercial sources and used without
further purification. Anhydrous tetrahydrofuran was obtained by refluxing with
sodium under N, atmosphere overnight. Scheme 1 depicts the detailed synthetic
routes of TAZS from 4-bromobenzoyl chloride (1).

A mixture of 4-bromobenzoyl chloride (1:3.29 g, 15.0 mmol) in n-methylpyr-
rolidone (30 mL) was added hydrazine monohydrate (0.38 g, 7.5 mmol) under
continuous stirring. The mixture was stirred at room temperature under N, at-
mosphere for 1 day. The mixture was poured into a large amount of water (200
mL), the appearing precipitate was collected by filtration, and then washed com-
pletely with ethyl acetate. The final product was dried under vacuum oven at
70°C to obtain 2 (yield: 4.61 g, 77.2%). 'H NMR (600 MHz, DMSO-d,, ppm): &
10.62 (s, 2H, -NH-), 7.85 - 7.84 (d, ] = 8.6 Hz, 4H, Ar-H), 7.75 - 7.74 (d,] = 8.2
Hz, 4H, Ar-H).

A mixture of 2 (1.60 g, 4.0 mmol), phosphorus pentachloride (1.92 g, 9.3
mmol) and toluene (30 mL) was stirred at 120°C for 3.5 hrs. After removal of
toluene by a rotary evaporator, the crude product was washed with water, fol-
lowed with drying in vacuum oven at 80°C. The crude was recrystallized from
ethanol and chloroform to obtain 3 (yield: 0.81 g, 46.3%). 'H NMR (600 MHz,
CDCl,, ppm): §8.00 - 7.98 (d, ] = 8.2 Hz, 4H, Ar-H), 7.62 - 7.60 (d, ] = 8.2 Hz,
4H, Ar-H).

A mixture of 3 (0.86 g, 2.0 mmol), p-bromoaniline (0.34 g, 2.0 mmol) and
N,N-dimethylaniline (15 mL) was stirred at 135°C for 12 hrs. The reaction mix-
ture was poured into 2N HCl,,, (30 mL) and the appearing solids were collected
by filtration, washed with water and dried in vacuum oven at 80°C. Then resi-

dues were recrystallized from H,O and dimethyl sulfoxide (DMSO) to provide
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Scheme 1. Synthetic routes of TAZS.
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4 (yield: 0.77 g, 72.0%). '"H NMR (600 MHz, DMSO-d, ppm): §7.69 - 7.67 (d, ]
= 8.1 Hz, 2H, Ar-H), 7.62 - 7.60 (d, ] = 8.1 Hz, 4H, Ar-H), 7.40 - 7.38 (d, ] = 8.0
Hz, 2H, Ar-H), 7.32 - 7.30 (d, ] = 8.0 Hz, 4H, Ar-H).

To a two-necked flask were added with 5-bromo-2-hydroxybenzaldehyde
(1.50 g, 7.5 mmol), potassium acetate (1.86 g, 18.9 mmol) and bis(pinacolato)
diboron (2.31 g, 9.1 mmol). After adding [Pd(dppf)Cl,] (0.36 g, 0.5 mmol) and
THF (30 mL), the mixture was stirred at 70°C for 18 hrs. After removing the
solvent by a rotary evaporator, the residue was re-dissolved in dichloromethane,
followed by extracting with water. The combined organic layer was concentrated
by a rotary evaporator, then further purified by column chromatography using
ethyl acetate and n-hexane (v/v = 1:12) as an eluent to obtain 5 (yield: 1.04 g,
56.1%). '"H NMR (600 MHz, CDCl,, ppm): & 11.22 (s, 1H, -OH), 9.92 (s, 1H,
-CH = 0), 8.04 (d, 1H, Ar-H), 7.94 (dd, 1H, ] = 8.2 Hz, Ar-H), 6.98 (d, 1H, ] =
8.3 Hz, Ar-H), 1.35 (s, 12H, -CH,).

To a two-necked flask were added with 4 (0.32 g, 0.6 mmol), 5 (0.60 g, 2.4
mmol) and [(#Bu),PH]BF, (88.0 mg, 0.3 mmol). Then Pd (PPh,), (34.7 mg, 0.03
mmol), THF (20 mL) and K,CO,,, (2 M, 3 mL) were added under nitrogen at-
mosphere. The mixture was stirred at 70°C for 24 hrs. It was poured into a large
amount of water and then extracted with chloroform. The combined organic
layer was collected and the solvent was removed using a rotary evaporator. The
crude product was further purified by a column chromatograph using ethyl ace-
tate and n-hexane (v/v = 2:1) as an eluent to obtain 6 (yield: 0.18 g, 46.4%). 'H
NMR (600 MHz, DMSO-d,, ppm): J 10.94 (s, 1H, -OH), 10.89 (s, 2H, -OH),
10.30 (s, 1H, -CH=0), 10.28 (s, 2H, -CH=0), 8.01 (s, 1H, Ar-H), 7.95 - 7.93 (m,
3H, Ar-H), 7.88 - 7.87 (d, ] = 7.9 Hz, 2H, Ar-H), 7.82-7.81 (d, ] = 8.5 Hz, 2H,
Ar-H), 7.68 - 7.66 (d, ] = 7.9 Hz, 4H, Ar-H), 7.58 - 7.56 (d, ] = 8.5 Hz, 2H,
Ar-H), 7.52 - 7.51 (d, ] = 8.0 Hz, 4H, Ar-H), 7.11 - 7.09 (d, ] = 8.5 Hz, 1H,
Ar-H), 7.07 - 7.06 (d, ] = 8.5 Hz, 2H, Ar-H).

A mixture of 6 (0.5 mmol, 0.33 g), 2-amino-2-(hydroxymethyl)-1,3-propa-
nediol (tris, 7: 2.05 mmol, 0.25 g) and methanol (50 mL) was stirred at 55°C for
24 hrs. After removing methanol bya rotary evaporator, the resulted residue was
washed successively with acetone and chloroform to obtain TAZS (yield: 0.44 g,
90.8%). '"H NMR (600 MHz, DMSO-d,, ppm): §14.73 (s, 1H), 14.69 (s, 2H), 8.62
(s, 1H, -NH-), 8.60 (s, 2H, -NH-), 7.87 (s, 1H, Ar-H), 7.82 - 7.80 (m, 4H, Ar-H),
7.72 - 7.71 (d,] = 8.4 Hz, 1H, Ar-H), 7.67 - 7.66 (m, 6H, Ar-H) ,7.53 - 7.52 (d, ]
=79 Hz, 2H, Ar-H), 7.49 - 7.48 (d, ] = 7.9 Hz, 4H, Ar-H), 6.83 - 6.81 (d, ] = 8.7
Hz, 1H, Ar-H), 6.79 - 6.78 (d, ] = 8.8 Hz, 2H, Ar-H), 4.80 (m, 9H, -OH), 3.61 (m,
18H, -CH,-).

2.2. General Procedures

The 'H NMR and COSY NMR spectra were measured using a Bruker AV-600
MHz spectrometer, with the chemical shifts reported in ppm and using tetra-
methylsilane as the internal standard. The FT-IR spectra of compounds (in pellet
form) were recorded with a Jasco FT-IR Spectrometer Volar III. Mass spectra
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were measured with a mass spectrometer (Bruker Autoflex III TOF/TOF).
Thermogravimetric analysis (TGA) of TAZS employed a PerkinElmer TGA-7
from 50°C to 800°C at a heating rate of 10°C/min, under a nitrogen flow rate of
20 mL/min. The thermal decomposition temperature (T,) is the temperature at
5% weight loss of the sample. Differential scanning calorimetric (DSC) mea-
surements were conducted under nitrogen atmosphere, using a Mettler Toledo
DSC 1 Star System, at heating rate of 10°C/min. UV/Vis absorption spectra and
photoluminescence (PL) spectra were recorded on a Jasco V-550 spectrophoto-
meter and a Hitachi F-4500 fluorescence spectrophotometer, respectively. Cyclic
voltammetry (CV) were carried out on a voltammetric apparatus (Model
CV-50W) equipped with a three-electrode cell at a scan rate of 100 mV/s. The
cell was composed of a carbon as the working electrode, Ag/AgNO; electrode as
the reference electrode and a platinum wire as the auxiliary electrode. The elec-
trodes were immersed in acetonitrile containing 0.1 M (2n-Bu),NCIlO, as electro-
lyte. The energy levels were estimated using the ferrocene (FOC) value of —4.8
eV with respect to vacuum level, which is defined as zero. The onset potentials of
oxidation and reduction were determined by the intersection of two tangent
lines drawn at the background and rising current. Film thickness was measured
with a surface profiler, alpha-step 500. Surface morphology of spin-coated films
was measured with an atomic force microscope (AFM), equipped with a Vee-
co/Digital Instrument Scanning Probe Microscope (tapping mode) and a Na-

noscope III controller.

2.3. Device Fabrication and Characterization

Indium tin oxide (ITO)-patterned glass substrate was consecutively cleaned us-
ing neutral detergent, deionized water, acetone and isopropyl alcohol, immers-
ing in an ultrasonic bath at 50°C, each for 20 min. In addition, the ITO substrate
was rinsed with deionized water after each step. The cleaned ITO substrates were
baked at 120°C for 20 min to remove the deionized water. Finally, the cleaned
ITOs were treated in an UV-ozone chamber for 20 min. A solution of PEDOT:
PSS was spin-coated onto the ITO substrate at a spin rate of 3000 rpm and an-
nealed at 150°C for 20 min as a hole injection layer. A solution of TAZS in
ethanol and DMF (v/v = 5/1) was spin-coated onto the PEDOT: PSS layer and
annealed at 110°C for 20 min to form as the hole-buffer layer (HBL). The con-
centration was 1.5 mg/mL, with the spin rate varying from 1000 rpm to 4000
rpm to obtain different film thickness. Then, the fluorescent poly (pa-
ra-phenylene vinylene) derivative (Super Yellow PPV, SY, from Merck) was
spin-coated at 4000 rpm on top of the TAZS layer and annealed at 70°C for 20
min to construct the emission layer (EML). Finally, LiF (1 nm) and Al (90 nm)
was subsequently vacuum deposited on top of the EML as the cathode. The lu-
minance-voltage, current density-voltage relationships and electroluminescence
spectra (EL) of the multilayer PLEDs were recorded using a combination of the
Keithley source-meter (model 2400) and an Ocean Optics usb2000 fluorescence

spectrophotometer. The thickness of deposited films was measured using a sur-
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face profiler, alpha-step 500.

3. Results and Discussion
3.1. Synthesis and Characterization

Scheme 1 depicts the detailed synthetic procedures of TAZS from 4-bromobenzoyl
chloride (1) within five steps. The 'H NMR spectra of intermediates (2, 3, 4, 5)
are attached as Figures S1-S4 in Supplementary Information. Chemical struc-
tures of 2 - 5 were satisfactorily confirmed by the "H NMR in which the protons
were easily assigned. Compound 6 with three benzaldehyde peripherals was
synthesized from 3,4,5-tri(4-bromophenyl)-4H-1,2,4-triazole (4) and 2-hydroxy-
5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) benzaldehyde (5) by the Suzuki
coupling reaction. The '"H NMR and 2D COSY spectra of 6 are also provided as
Figure S5 and Figure S6. All protons were successfully assigned using the 2D
COSY spectra (Figure S6) and its structure was satisfactorily confirmed based
on the integral areas of the protons (Figure S5). Finally, the target TAZS with
three azomethine linkages was synthesized by the Schiff base-forming condensa-
tion of 6 and 2-amino-2-(hydroxymethyl)-1,3-propanediol(7: tris). The purpose
of attaching high polar trihydroxy tert-butyl groups is to improve the solubility
of TAZS in protic solvents such as alcohol. Figure 1 shows the "H NMR spec-
trum of TAZS, with all the proton peaks assigned by the 2D COSY NMR spec-
trum (Figure S7). The FTIR spectrum confirmed successful formation of azo-
methine linkages by the presence of C=N vibrational absorption peak at 1633
cm™' and a broad band of hydroxyl groups at 3310 cm™' (Figure S8). The
MALDI/TOFE-MS spectra of 6 and TAZS are demonstrated in Figure S9 and
Figure S10 and Figure S11 and Figure S12, respectively. The largest molecular
masses (m/z) of 6 and TAZS were 658.02 (Figure S9) and 967.23 (Figure S11),
respectively, which are very close to true molecular weights (657.67, 967.03).

OH_oH
OoH:
bow q.fq

]

m,

T T T T T T T T T T T
88 86 84 82 80 78 76 74 72 70 638 ppm
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Figure 1. "H NMR spectrum of TAZS in DMSO-d,.

T
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DOI: 10.4236/msce.2018.69002

11 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2018.69002

C.-Y. Lin, Y. Chen

3.2. Thermal and Optical Properties of TAZS

Thermal decomposition and transition properties of TAZS were investigated
using a thermogravimetric analytical apparatus (TGA) and a differential scan-
ning calorimeter (DSC), respectively, at a scanning rate of 10°C/min and under a
nitrogen atmosphere. TAZS reveals a two-step thermal decomposition (Figure
S13(a)) and the thermal decomposition temperature (T,) is 264°C (at 5% weight
loss). The first-step decomposition of TAZS is attributable to the thermal de-
gradation of peripheral trihydroxy tert-butyl groups. The second stage would be
the decomposition of aromatic chromophores. Furthermore, the residue at
800°C was still high at ca. 43%, which is probably owing to thermal carboniza-
tion of rigid aromatic core including triazolyl group. However, TAZS does not
exhibit any thermal transitions up to 200°C, as shown in Figure S13(b), sug-
gesting that it is amorphous material in film state. The bulky trihydroxy
tert-butyl terminals and high twist angle between triazolyl core and phenyl
groups prevent the crystallization process during film casting. Amorphous ma-
terial is highly required for PLEDs because it effectively reduces performance
degradation caused by crystallization during device operation.

Figure 2 shows the normalized UV/Visible absorption and photolumines-
cence (PL) spectra of TAZS in ethanol solution and in film state, with the cha-
racteristic data summarized in Table 1. In ethanol, the main absorption maxi-

mum of TAZS is peaked at 315 nm, with a smaller peak located at 421 nm. The

| —— UV of TAZS (EtOH) |

1.2 « = UV of TAZS (film) 1.2
—— PL of TAZS (EtOH)

101 L -t PLOfTAZS (fim) | 4 o

0.8

0.6 1

0.4

Normalized Abs. Intensity (a.u.)
o
(e}

Normalized PL Intensity (a.u.)

0.0

300 400 500 600
Wavelength (nm)

Figure 2. Normalized absorption spectra and photoluminescence spectra of TAZS in
ethanol solution (-) and in the film state (---).

Table 1. Optical properties of TAZS.

UV/Vis A, (nm) PL A, (nm) 0P
Solution® Film® Solution? Film® (eV)
TAZS 315,421 321,433 509 527 3.24

“In 10~° Methanol solution. "The films were obtained by spin-coating (1000 rpm) their solutions (5 mg/mL
in DMF). “The value was estimated by the A, of the UV/Vis spectra.
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main absorption of TAZS is attributed to the m-n* transitions of conjugated
moieties, whereas the absorption band at 421 nm is attributable to the n-n* tran-
sitions of conjugated region including terminal azomethines. The PL intensity of
TAZS is extremely low in both solution and film state (the PL spectra in Figure
2 is after normalization). This is because of significant fluorescence quenching
due to the photo-induced electron transfer (PET) from azomehtine groups [28]
[29]. Non-emissive HBL is beneficial to high color purity, because even slight
emission from HBL may deteriorate emission color. The PL spectra of TAZS in
the ethanol and solid state are located at 509 nm and 527 nm, respectively. The
absorption and PL maxima of TAZS in solid state are red-shifted slightly relative
to those in ethanol solution. The redshift is probably owing to molecular aggre-

gation caused by stronger intermolecular interactions.

3.3. Electrochemical Properties

Cyclic voltammetric apparatus has been constantly employed to measure the
electrochemical properties, especially onset oxidation and reduction potentials,
of organic and polymeric materials. The highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels are
readily estimated from the onset oxidation and reduction potentials, respective-
ly. Figure 3 demonstrates the cyclic voltammogram (CV) of TAZS and Table 2
summaries corresponding electrochemical data. The CV curve was not a closed

loop, probably attributed to the equilibrium between TAZS and electrolyte ion

4x10°

2x107

Current (A)

-2x1073 1

T T T T T T

3000 2000 1000 0 -1000  -2000  -3000
Potential (mV)

Figure 3. Cyclic voltammogram of TAZS in 0.1 M (2-Bu) NCIO,; scan rate: 100 mV/s.

Table 2. Electrochemical properties of TAZS.

Eonset(ox) vs. FoC Epnsetred) vs. Foc Enomo Erumo Egd E;P '
(V) (V) (ev)® (eV)* (ev)* (eV)*
TAZS 0.43 -2.40 -5.23 -2.40 2.83 3.24

“Epotymer = 0.07 V vs. Ag/AgNO;. bEHOMO = ~(Eqnserom, roc + 4-8) eV. ‘Ejyyo = —(Egperreay, roc + 4-8) eV. dEg =

[LUMO — HOMO. °E, = 1240/ A, s, (nm).
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was still not established. The estimated HOMO and LUMO levels of TAZS are
—5.23 eV and —-2.40 eV, respectively, leading to a bandgap of 2.83 eV. This
bandgap is much lower than the optically estimated one (E,™ = 3.24 eV), due
probably to the bipolar characteristic of TAZS. The oxidation starts from elec-
tron-rich azomethine moiety, while the reduction begins from electron-with-
drawing triazolyl core. Accordingly, the electrochemically estimated bandgap
(Egel) is much lower than that calculated from onset absorption (E,™"). Figure 4
demonstrates the energy band diagrams of composition layers in multilayer
PLEDs (ITO/PEDOT: PSS/TAZS/SY/LiF/Al). The HOMO level of TAZS (-5.23
eV) is deeper than —5.0 eV of PEDOT: PSS; thus there is a barrier height (AE, =
0.23 eV) at the interface of TAZS and hole-injecting PEDOT: PSS layers. Accor-
dingly, the presence of TAZS layer will reduce injection/transport rate of holes.
In addition, the LUMO level (-2.40 eV) of TAZS is higher than —2.8 eV of SY
emissive layer to result in a barrier height in the interface. Moreover, elec-
tron-withdrawing triazolyl core tends to obstruct holes’ transport. Therefore,
TAZS is expected to be an effective hole-buffer layer in PLEDs to raise charges’

recombination ratio that results in enhanced emission efficiency.

3.4. Morphological Properties

Film homogeneity of compositional layers, whether in OLEDs or PLEDs, is an
essential prerequisite to obtain efficient and reproducible devices. When use wet
processes such as spin coating or inkjet printing to deposit film, polymers usual-
ly give rise to more homogeneous film than low molecular weight compounds.
This is because of intrinsic film-forming property of polymers attributable to
high molecular weight. On the contrary, the film-forming property of low mo-
lecular compounds is usually poor by solution processes. However, as illustrated
in Figure 5, the surface morphologies of TAZS obtained from atomic force mi-
croscopy (AFM) were quite smooth. The root-mean-square (rms) surface
roughness were between 1.90 to 3.33 nm (Table 3), compared with 1.20 nm of

-2 -
-2.40
238
-3
-33
3 LiF/Al
2 _
E 4 TAZS sy -3.7
3 PEDOT:PSS
2
0 ITO
5 48
> 50 _______ 50
-5.23

6
Figure 4. Energy band diagrams of PLEDs (ITO/PEDOT: PSS/TAZS/SY/LiF/Al).
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Figure 5. AFM images of (a) PEDOT: PSS and (b)-(e) TAZS on the top of PEDOT: PSS film deposited at different spin rate. Spin
rate: (b) 1000; (c) 2000; (d) 3000; (e) 4000 rpm.

Table 3. Thickness and roughness of films deposited at different spin rates®

Deposited films Spin rate (rpm) Thickness (nm) Roughness (nm)®
PEDOT: PSS 3000 40 1.20
1000 34 3.33
2000 28 2.75
TAZS*
3000 16 2.00
4000 5 1.90

‘Films were obtained by spin-coating of TAZS solution in EtOH and DMF (v/v = 5/1); the concentration
was 1.5 mg/mL. "Root-mean-square (rms) surface roughness.

the underlying PEDDOT: PSS layer. Moreover, the roughness decreased from
3.33 nm to 1.90 nm with spin rate increasing from 1000 rpm to 4000 rpm. The
bulky trihydroxy fert-butyl groups on the periphery of TAZS are effective to
prevent extreme aggregation in film state. This is coincident with previous result
obtained in DSC investigation, which confirmed the amorphous phase of TAZS
in solid state. Amorphous materials usually lead to better homogeneous mor-

phology when deposited by solution processes.
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3.5. Single-Carrier Transporting Property

In order to evaluate charge-transporting properties of multilayer PLEDs in the
presence of TAZS layer, we fabricated single-carrier (hole-only and elec-
tron-only) devices by appropriate selection of cathode and anode metals, respec-
tively. The hole-only device (HOD), ITO/PEDOT: PSS/TAZS/SY/LiF/Au, used
high work function Au (-5.1 eV) as the cathode instead of aluminum (Al). High
work-function Au cathode restricts electron injection; therefore, holes contri-
bute exclusively to current density. The electron-only device (EOD),
Glass/PEDOT: PSS/Ag/TAZS/SY/LiF/Al, employed silver (Ag) as the anode to
prevent hole injection into EML [30] [31]. The function of PEDOT: PSS layer

was to smooth the surface of ITO glass. Figure 6 depicts current density versus

250
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Figure 6. (a) Current density versus voltage characteristics for HOD with and without
TAZS layer; (b) Current density versus voltage characteristics for EOD with and without
TAZS layer.
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voltage of the single carrier devices. For blank devices without TAZS layer, the
current density of HOD is much higher than that of EOD under the same oper-
ating voltage. For instance, at 6.0 V the current density was ca. 75 mA/cm® for
HOD; however, it was almost non-detectable for EOD. Apparently, holes trans-
port much faster than electrons in these PLEDs, leading to low charge recombi-
nation ratio and degraded emission efficiency. Therefore, reduction of holes’
transport is necessary to raise charge recombination ratio and emission efficien-
cy.

For hole-only devices, current density decreases dramatically after the inser-
tion of TAZS layer (Figure 6(a)), confirming its hole-buffering capability. More-
over, the reduction in current density increases greatly with thickness from 5 nm
to 34 nm. On the other hand, for electron-only devices the current density de-
creases only slightly in the presence of TAZS layer (Figure 6(b)). From the re-
sults of single-carrier devices, it is clear that the TAZS layer reveals mainly
hole-buffering capability to raise charges’ recombination ratio and emission effi-

ciency.

3.6. Electroluminescent Properties

To determine the applicability of TAZS as hole-buffer layer (HBL), multilayer
PLEDs were fabricated with a device structure of ITO/PEDOT: PSS/TAZS/SY/
LiF/Al. The PEDOT: PSS is conventional hole-injection layer, while the Super
Yellow (SY) was employed as the fluorescent emitter. The hole-buffering TAZS
layer was deposited between hole-injection PEDOT: PSS and emissive SY layers.
All of the organic layers, including PEDOT: PSS, TAZS and SY, were deposited
by spin-coating process. The thickness of TAZS layer varied from 5 nm to 34
nm, depending on the spin rates (Table 3). Figure 4 demonstrates the energy
level diagram of composition layers in the PLEDs. The TAZS (-5.23 eV) has a
HOMO level deeper than SY (-5.0 eV), with a barrier height of 0.23 eV for
holes. In addition, as mentioned above, the electron-withdrawing aromatic
1,2,4-triazolyl moieties reduce transport of holes. This indicates that TAZS acts
mainly as hole-buffering layer.

Figure 7 presents the luminance-voltage, current density-voltage characteris-
tics, and current efficiency versus current density of the multilayer PLEDS, with
the corresponding data summarized in Table. Insertion of TAZS layer leads to
obvious reduction in current density and increase in turn-on voltage (Figure
7(b), Table 4). This is attributable to the hole-buffering effect of the TAZS layer.
However, the maximum luminance, maximum current efficiency, and maxi-
mum luminous power efficiency reveal significant enhancement except for the
device with 34 nm of TAZS layer. For instance, at 16 nm TAZS layer the lu-
minance and current efficiency are optimal at 19,046 cd/m’ and 4.08 cd/A, re-
spectively. The device performance is superior to that of the blank without the
TAZS layer (8,484 cd/m?* 2.13 cd/A). Dramatic performance degradation at
thicker TAZS (34 nm) is probably ascribed to imbalanced charges’ recombina-

tion caused by over-reduction in holes’ transport. However, regardless of the
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Figure 7. (a) Luminance versus voltage; (b) Current density versus voltage; (c) Current

efficiency versus current density, and EL spectra of PLEDs. Device structure: ITO/PEDO:
PSS (40 nm)/TAZS (x nm)/SY (70 nm)/LiF (1 nm)/Al (90 nm).
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Table 4. Optoelectronic properties of PLEDs with hole-buffering TAZS layer®.

Von Liax CEax LPE, ., CIE
Thickness of TAZS R0 (cd/m)¢ (cd/A) (m/W)e (x y)'
None 3.4 8484 2.13 0.88 (0.41,0.57)
5 nms 4.1 10,664 3.93 1.51 (0.41,0.57)
16 nm?® 4.5 19,046 4.08 1.38 (0.40, 0.58)
28 nms# 53 10,770 3.44 1.14 (0.39, 0.58)
34 nm8 5.7 6574 2.71 0.88 (0.42, 0.56)

“Device structure: ITO/PEDOT: PSS (40 nm)/TAZS (x nm)/SY (70 nm)/LiF (1 nm)/Al (90 nm). ®Turn-on
voltage at 10 cd/m”. “Maximum luminance. “Maximum current efficiency. ‘Maximum luminous power effi-
ciency. The 1931 CIE coordinate at maximum luminance. #Thickness was measured by alpha-step.

TAZS thickness, the emission spectra remains almost unchanged as shown in
Figure 7(d) and in CIE coordinates in Table 4. This indicates that the recombi-
nation region of holes and electrons is mainly in the emissive SY layer. Accident
exciton formation in TAZS layer near interface will not degrade color purity,
because the emission of TAZS is negligible due to fluorescent quenching by in-
duced electron transfer from azomethine groups [28] [29]. To conclude,
hole-buffering capability of TAZS layer effectively raise the recombination ratio
of carriers in PLEDs to improve carriers’ recombination ratio, leading to en-

hanced device performance.

4. Conclusion

We have successfully synthesized a new aromatic 1,2,4-triazolylderivative (TAZS)
linked with three peripheral trihydroxy fert-butyl groups via azomethine bond.
The TAZS is an amorphous material with thermal decomposition temperature
of 264°C. Moreover, TAZS reveals as homogeneous film by spin-coating
process. Insertion of TAZS layer between hole-injecting PEDOT: PSS and emis-
sion SY layers dramatically reduces current density of hole-only devices, but on-
ly slightly for electron-only devices. Multilayer PLEDs have been successfully fa-
bricated using 5 - 34 nm spin-coated TAZS as hole-buffer layer (HBL). The
PLED with 16 nm TAZS demonstrates the optimal performance, with maximum
luminance and maximum current efficiency of 19,046 cd/m” and 4.08 cd/A, re-
spectively. Both luminance and efficiency are significantly enhanced when com-
pared to the device without HBL (8484 cd/m?, 2.13 cd/A).
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Figure S14. Power efficiency versus current density of PLEDs. Device structure:
ITO/PEDOT: PSS (40 nm)/TAZS (x nm)/SY (70 nm)/LiF (1 nm)/Al (90 nm).
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