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ABSTRACT: We present an investigation of deep-blue
fluorescent polymer light-emitting diodes (PLEDs) with a
novel functional 1,3,5-triazine core material (HQTZ)
sandwiched between poly(3,4-ethylene dioxythiophene):poly-
(styrene sulfonic acid) layer and poly(vinylcarbazole) layer as a
hole injection layer (HIL) without interface intermixing.
Ultraviolet photoemission spectroscopy and Kelvin probe
measurements were carried out to determine the change of
anode work function influenced by the HQTZ modifier. The
thin HQTZ layer can efficiently maximize the charge injection
from anode to blue emitter and simultaneously enhance the
hole mobility of HILs. The deep-blue device performance is
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remarkably improved with the maximum luminous efficiency of 4.50 cd/A enhanced by 80% and the maximum quantum
efficiency of 4.93%, which is 1.8-fold higher than that of the conventional device without HQTZ layer, including a lower turn-on
voltage of 3.7 V and comparable Commission Internationale de L'Eclairage coordinates of (0.16, 0.09). It is the highest efficiency
ever reported to date for solution-processed deep-blue PLEDs based on the device structure of ITO/HILs/poly(9,9-
dialkoxyphenyl-2,7-silafluorene)/CsF/AL. The results indicate that HQTZ based on 1,3,5-triazine core can be a promising
candidate of interfacial materials for deep-blue fluorescent PLED:s.
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B INTRODUCTION

Polymer light-emitting diodes (PLEDs) have attracted greatly
scientific and industrial attention because of their potential
applications in large-area solid-state lighting and thin film
transistor displays.' " However, the blue-light fluorescent
PLEDs have not been able to get the considerable efficiency
compared with the green and red fluorescent PLEDs.” It is well-
known that highly efficient blue-light fluorescent PLED is one
of the major challenges to further accelerate commercialization
of full color display and lighting source applications.®””
According to the National Television Standards Committee
(NTSC), standard blue light is required to be at Commission
Internationale de L’Eclairage (CIE) coordinates of (0.14,
0.08)."" The preferred CIE coordinates are in the deep-blue
area, implying that only a very wide energy band gap would
lead to deep-blue emitting. Polymeric deep-blue emitters have
drawn much attention as deep-blue emitters in PLEDs due to
their large energy band gap, good thermal stability, and high
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photoluminescence quantum efficiency as well as simple and
cheap film-forming ability for the large-scale commercial
production of the devices. The highest efficiencies ever
achieved among the best deep-blue PLEDs performances are
7.28% and 4.88 cd/A, respectively, with a maximum luminance
of 14700 cd/cm? and CIE coordinates of (0.16, 0.07) based on
polyspirofluorene with dual hole-transporting moieties.''
However, besides the ingenious molecular design of the
polymeric blue emitters, the corresponding solution-processing
hole injection or electron injection materials, which match to
polymeric blue emitters without interface mixing, are rarely
synthesized and investigated.

Generally, the effective electron injection from cathode is
feasible to achieve due to the facile matching between the
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lowest unoccupied molecular orbital (LUMO) energy level of
blue emitters and the low-work-function alkaline earth metals
or alkali salts.'” Subsequently, the most important factor
restricting the blue-light device performance is the limited hole
injection from anode to blue emitter, which possesses very deep
highest occupied molecular orbital (HOMO) energy level. ¥
For solving this problem, various hole injection layers (HILs)
are inserted between tin-doped indium oxide (ITO) and blue
emitter such as poly(3,4-ethylene dioxythiophene):poly(styrene
sulfonic acid) (PEDOT:PSS)/poly(vinylcarbazole)
(PVK),"*"'® Mo0Q,,"” etc. However, there still exists a large
injection barrier to approach ohmic contact.'® The work
function of ITO is only about 4.7 eV, while the HOMO energy
levels of the blue emitters are typically located from 5.5—6.3 €V,
leading to the discontinuous laminated ohmic contact between
ITO and deep-blue emitter with injection barrier higher than
0.3 eV.>">'? Although multiple HILs are applied to match the
energy level of ITO and deep-blue emitters to improve the hole
injection, the big HOMO energy level gap among HILs, for
example, PEDOT:PSS and PVK, is still difficult to overcome to
maximize the performance of deep-blue emitters.”’

The electron-deficient 1,3,5-triazine derivatives have been
widely used as electron transport materials,”' ~>* hole transport
materials,”* and bipolar transport materials.”> However, there is
no report on hole injection materials based on electron-
deficient 1,3,5-triazine and electron-rich compounds such as
phenol and its derivatives with preferred solution processing
ability. In this paper, we propose and design a novel hole
interface modifier material based on polymerization of
hydroquinone and 2,4,6-trichloro-1,3,5-triazine (HQTZ). The
resulted polymer contains phenol group as terminal group. Our
concept is confirmed by the systematic study using HQTZ as
HIL in a classical deep-blue poly(9,9-dialkoxyphenyl-2,7-
silafluorene) (PSF) fluorescent PLED. PSF is a promising
deep-blue fluorescent light-emitting polymer with good CIE
(0.16, 0.08) and comparable high quantum efficiency (QE) of
2.02% when PEDOT:PSS/PVK were used as multiple HILs.""
The HOMO energy level of PSF is ~5.8 eV, which is much
higher than the work function of ITO anode (~4.7 V). Thus,
it is essential to sandwich new intermediate HIL between
PEDOT:PSS and PVK for further enhancing deep-blue PSF
device performance. We found that HQTZ is excellently
compatible with PEDOT:PSS and PVK and can further
enhance the hole injection from ITO anode to PSF emitter
and hole transport of multiple HILs. The deep-blue device
performance is greatly improved by introducing HQTZ
between PEDOT:PSS and PVK. To the best of our knowledge,
this is the first report using HQTZ with 1,3,5-triazine core and
phenol terminal group as HIL in deep-blue fluorescent PLEDs.
The results indicate that with the development of more and
more deep-blue emitters with ideal CIE coordinates (CIE, <
0.1), the judicious molecular design of hole injection materials
will furnish the desired blue pixel for future flat-panel displays
and lighting sources.

B EXPERIMENTAL SECTION

Preparation of HQTZ. The synthesis route of HQTZ is shown in
Scheme 1. Hydroquinone (1.8 g, 16 mmol) was dissolved in a solution
of aqueous sodium hydroxide solution (0.65 g, 16 mmol, in 30 mL of
distilled water). Cyanuric chloride (1.0 g, 5.4 mmol) in acetone (10
mL) was added dropwise in 1 h. The reaction mixture was stirred at
room temperature for 5 h. After the methanol was removed under
reduced pressure, the residue was filtered by using a sintered-glass

Scheme 1. Synthesis Route of HQTZ
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funnel and purified by washing with water and methanol. The filter
cake dried under vacuum to yield a brown solid without any other
purification process, and the yield was as high as 73%.

Cyclic voltammetry (CV) test was conducted with platinum
electrodes at a scan rate of 100 mV/s against Hg/Hg,Cl, reference
electrode using ferrocene as internal standard in dry dichloromethane
containing 0.1 M tetra-n-butylammonium hexafluorophosphate
(nBu,NPFy) as a supporting electrolyte. '"H NMR and *C HMR of
HQTZ were recorded with 15 mg of sample dissolved in 0.5 mL of
deuterated dimethyl sulfoxide (d;-DMSO) using DRX-400 spectrom-
eter (Bruker Co., Ettlingen, Germany). Electrospray ionization (ESI)
mass spectrometry was recorded by Bruker-Esquire-3000. Matrix-
assisted laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectrum was recorded on a Bruker Autoflex instrument using
1,8,9-anthracene triol as a matrix with the type of negative ion mode.
The thermal stability of HQTZ was investigated by thermogravimetric
analysis (STA449C, Netzsch). The optimum geometry and electron-
state-density distribution of the HOMO and LUMO of the unimer
were investigated by performing density functional theory (DFT)
calculations at the B3LYP/6-31G (D) level using Gaussian 09 program
suite. The solubility of HQTZ was tested carefully, and it showed
moderate solubility of 15 g L™' in DMSO to avoid mixing with the
PEDOT:PSS layer as HQTZ was not soluble in water. HQTZ was not
soluble in common organic solvents such as acetone, dichloromethane,
and toluene.

Device Fabrication and Characterization. PSF'* and PVK
(Alfa) were dissolved in o-xylene with the concentration of 10 g L™
and chlorobenzene with concentration of 15 g L™/, respectively. All
solutions were stirred for overnight before use. ITO substrates with a
sheet resistance <10 Q/sq were cleaned by a series of ultrasonication
treatments in acetone, deionized water, and isopropyl alcohol. A 40
nm-thick PEDOT:PSS (Bayer Baytron P 4083) layer was spin-coated
on the precleaned and O,-plasma-treated ITO and baked at 120 °C for
20 min to remove residual water. HQTZ layers with different
thicknesses of 10, 20, and 30 nm, were spin-coated on top of 40 nm-
thick PEDOT:PSS layer. A 35 nm-thick PVK layer was spin-coated on
40 nm-thick PEDOT:PSS layer or HQTZ layer (10, 20, and 30 nm).
For comparison, a 20 nm-thick HQTZ layer was directly spin-coated
onto ITO substrates. A 7S nm-thick PSF layer was spin-coated on top
of these HILs. Except the PEDOT:PSS layer, all the fabrication
processes were carried out in a nitrogen-circulated glovebox. Finally,
top electrodes of 1 nm cesium-fluoride (CsF) and 100 nm Al were
evaporated in sequence at a pressure of 3 X 107* Pa. The thickness of
the evaporated CsF and Al was monitored by a quartz crystal
thickness/ratio monitor (STM-100/MF, Sycon). The thickness of
relatively thick films was determined by a surface profiler (XP-2,
Ambios). The active emission area of the devices is 0.14 cm?.

The current density—luminance—voltage (J—L—V) characteristics
were measured by a Keithley 2400 source measurement unit and a
calibrated silicon photodiode. The luminance (L) and the luminance
efficiency (LE) were calibrated by a spectrophotometer (SpectraScan
PR-70S, Photo Research). The quantum efficiency (QE) was amended
by measuring the total light output in all direction in an integrating
sphere (ISO-080, Labsphere). The electroluminescence (EL) spectra
were collected via an optics photometer (USB4000, Ocean Optics).
The photoluminescence (PL) intensities were measured by
fluorescence spectrometer (RF-5301PC, Shimadzu). Time-resolved
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transient PL spectra were measured by spectrophotometer (FLS9200,
Edinburgh). The photovoltaic measurements were carried out under
an illumination of AM 1.5G solar simulator with the intensity of 100
mW/cm?* (Sun 2000 Solar Simulator, Abet Technologies). The kinetic
energy and work function of different HILs-modified ITO were
measured by ultraviolet photoemission spectroscopy (ESCALAB 250,
Thermo-VG Scientific) and scanning Kelvin probe force microscopy
(SKPS050, Cross-Tech). The morphology and roughness of films
were measured by atomic force microscope (AFM) (CSPMSS00,

Being Nano). The cross-section images were measured by scanning
electron microscope (SEM) with an acceleration voltage of 15 kV
(ULTRASS, Zeiss).

B RESULTS AND DISCUSSION

Figure 1, panels a, b, and c present the experimental device
architecture and schematic energy diagram of deep-blue
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Figure 1. (a) Device architecture and (b) schematic energy diagram of
deep-blue fluorescent PLEDs (P1) using HQTZ as an intermediate
HIL. (c) The molecular structures of HQTZ and PSF. (d) DFT-
optimized geometries and charge-density iso-surfaces for the HOMO
and LUMO energy levels of HQTZ unimer.

fluorescent PLEDs P1 (ITO/PEDOT:PSS/HQTZ(10, 20, or
30 nm)/PVK/PSF/CsF/Al) with HQTZ as an intermediate
HIL, and the molecular structures of HQTZ and PSF. For
comparison, device P2 without HQTZ (ITO/PEDOT:PSS/
PVK/PSF/CsF/Al), device P3 without PEDOT:PSS/HQTZ
(ITO/PVK/PSF/CsF/Al), and device P4 without PE-
DOT:PSS (ITO/HQTZ(20 nm)/PVK/PSF/CsF/Al) were

also fabricated as the control devices. As shown in Figure 1,
panel d, the z-electrons are spread over the two phenol units at
HOMO (energy level: —6.08 eV), while concentrated at the
triazine unit at LUMO (energy level: —0.73 eV), indicating
strong electron-donating ability of phenol and electron-
accepting ability of triazine. The bipolar transport properties
observed in the calculated HOMO and LUMO iso-surfaces
suggest that HQTZ should be an efficient and versatile material
for the applications in PLEDs.

To study the chemical structure of HQTZ, 'H NMR, “*C
NMR, ES], and MALDI-TOF mass spectrometer of HQTZ
were conducted, and the results are shown in Figures S1—54.
The complex proton signals between 6.5 and 7.5 ppm in 'H
NMR spectrum are attributed to the phenyl groups in HQTZ,
and ESI mass shows HQTZ is a mixture containing several low
molecular weight oligomers. *C NMR spectrum also confirms
its complex structure as it shows a series of signals in aromatic
region. Although the structure is complex, the phenol structure
is the main part in HQTZ. MALDI-TOF mass spectrum shows
the fragment ion peaks of HQTZ, which are distributed in five
different molecular weight ranges. Interestingly, the space
between the two adjacent areas is about 200 Da, which is the
molecular weight of the unit containing a benzene ring and a
triazine building block. The gap of the adjacent fragment ion
peaks is 16 Da. The cleavage of ether bond is proved with the
loss of an oxygen atom. At the same time, there are a few
doubly charged ions, indicating that the molecular weight of
HQTZ is larger than the value of the fragment ion peaks. The
color of HQTZ solution will change after several days, which
means it is unstable in air. This result further confirms the
structure we proposed previously. It also contributes its
unexpected hole transport capability. The electrochemical
property of HQTZ shows oxidation potential (E,,) at 1.01 V
(see Figure 2a), which is used to estimate a HOMO energy
level of —5.41 eV according to the empirical formula Egopo =
—(E,, + 44) (eV)."" For comparison, the electrochemical
property of PVK shows E, at 1.18 V, and a HOMO energy
level of —5.58 eV is estimated. The HOMO energy level
difference of ~0.2 eV indicates that HQTZ is excellently
compatible with PVK and can form step-by-step hole injection.
It can be predicted that HQTZ can also be used to other deep-
blue emitters as HIL, such as spiro-polyfluorene (sPF),"'
oligofluorenes (T1),*° poly(9,9-dioctylfluorene) (PFO-
ETM),”” poly(9,9-di-n-octylfluorene-2,7-diyl) (PFO-TEP),*"
poly(3,6-(9,9-dihexyl)silafluorene) (PSiF),” and 9,9-dioctyl-
fluorene (PSiC8OF0),” etc., due to the well-matched HOMO
energy level with that of deep-blue emitters, as shown in Figure
SS. This illustrates that HQTZ can be a promising hole
injection material for deep-blue PLEDs. To determine the
LUMO energy level, we combine the oxidation potential in CV
with the optical energy band gap resulting from the absorption
edge (309 nm) in an absorption spectrum (see Figure 2b). It
can be used to estimate the LUMO energy level of —1.40 eV.
As shown in Figure S6, the thermal decomposition temperature
of 5% weight loss is around 192 °C in air atmosphere, which is
adequate for its application in PLEDs and other optoelectronic
devices.

Figure 3 presents the -V, L—V, LE-V, and QE-V
characteristics of deep-blue fluorescent PLEDs with/without
(w/o) the HQTZ HIL. Compared with the control devices,
device P1 with a 20 nm-thick HQTZ layer shows the enhanced
luminance and EL efficiency in conjunction with the lowest
leaking current in the low voltage. A maximum LE of 4.50 cd/A
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Figure 2. (a) Cyclic voltammograms of HQTZ and PVK in dry CH,Cl,, supporting electrolyte 0.10 M n-Bu,NPFy, scan rate 100 mV s™". (b) UV—
vis absorption and PL of HQTZ in DMSO.
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Figure 3. (a) J-V, (b) L—V, (c) LE=V, and (d) QE—V characteristics of device P1 (with 20 nm HQTZ), P2, and P3.

Table 1. Performance of Deep-Blue Fluorescent PLEDs with Different HILs at the Maximum LE and QE

device HILs Vor" (V) voltage (V) ] (mA/cm®) L (cd/m?) LE,, [LE,,"] (cd/A)  QEpu [QE.l" (%) CIE
P1 PEDOT:PSS/HQTZ(10 nm)/PVK 3.9 5.8 31.8 1103.5 3.47 [2.33] 3.79 [2.55] (0.16, 0.08)
P1 PEDOT:PSS/HQTZ(20 nm)/PVK 3.7 4.4 5.3 238.6 4.50 [3.52] 4.93 [3.85] (0.16, 0.09)
P1 PEDOT:PSS/HQTZ(30 nm)/PVK 3.8 5.0 26.5 1028.3 3.88 [2.76] 426 [3.07] (0.16, 0.09)
P2 PEDOT:PSS/PVK 4.1 4.6 14.2 356.4 2.51 [1.79] 2.75 [1.96] (0.16, 0.08)
P3 PVK 47 6.6 79.2 261.3 0.33 [0.21] 0.37 [0.23] (0.17, 0.10)
P4 HQTZ(20 nm)/PVK 43 54 16.5 457.1 2.77 [1.87] 3.04 [2.05] (0.16, 0.11)

“V, turn-on voltage corresponding to 1 cd/m?% LE,,,, the maximum luminous efficiency; QE,,, the maximum quantum efficiency; LE, the

average maximum luminous efficiency; QE,,,, the average maximum quantum efficiency.

and QE of 4.93% are obtained, which are enhanced by 80% with a 20 nm-thick HQTZ layer exhibits a lower turn-on
compared with those of the conventional device P2 with the voltage of 3.7 V and CIE coordinates of (0.16, 0.09), which is
typical ITO/PEDOT:PSS/PVK anode. Moreover, device P1 similar to CIE (0.16, 0.08) of device P2 and very close to

26408 DOI: 10.1021/acsami.5b06068
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Table 2. Performance of Deep-Blue Fluorescent PLEDs with Different HILs at the Current Density of around 35 mA/cm?

device HILs voltage (V)
P1 PEDOT:PSS/HQTZ(10 nm)/PVK 58
P1 PEDOT:PSS/HQTZ(20 nm)/PVK 5.4
P1 PEDOT:PSS/HQTZ(30 nm)/PVK 54
P2 PEDOT:PSS/PVK 5.0
P3 PVK 5.8
P4 HQTZ(20 nm)/PVK 58
“LE,,, the average luminous efficiency around 35 mA/ cm?; QE,.y

J (mA/cm?) L (cd/m’) LE [LE,,] (cd/A) QE [QE,]" (%)
31.8 1103.5 347 [2.25] 3.79 [2.46]
35.6 1409.8 3.96 [3.32] 4.30 [3.63]
36.3 1343.2 3.70 [2.68] 4.06 [3.04]
32.5 802.7 2.47 [1.61] 2.71 [1.77]
35.5 60.4 0.17 [0.13] 0.18 [0.14]
33.8 868.7 2.57 [1.72] 2.82 [1.89]

the average quantum efficiency around 35 mA/cm?.

NTSC standard blue light with CIE coordinates of (0.14, 0.08).
The big influence of a cascade HIL structure can also be
demonstrated from the lower efficiency and higher turn-on
voltage of P3 device with the single PVK layer as HIL. The
results indicate that none of PEDOT:PSS, HQTZ and PVK
layers can be omitted to form cascade hole injection for
obtaining the highly efficient deep-blue fluorescent PLEDs. The
detailed device parameters with the highest efficiency are
summarized in Table 1. For illustrating a real improvement in
device performance, the statistical data of maximum LE and QE
of P1 (with 20 nm HQTZ), P2, P3, and P4 are shown in
Figure S7. The error bars denote the 25th and 75th percentile
values, composed of 23, 25, 17, and 18 separate devices for each
type prepared at the same condition. The values of the average
maximum LE and QE are 3.52 cd/A, 1.79 cd/A, 0.21 cd/A, 1.87
cd/A, and 3.85%, 1.96%, 0.23%, 2.05%, respectively, for P1
(with 20 nm HQTZ), P2, P3, and P4. From these data, it is
clear that the device efficiency is highly improved by using
HQT?Z as the intermediate HIL. In addition, by comparing P2
and P4 J-V, L—V, LE-V, and QE—V curves (Figure S8), we
find that HQTZ also shows comparable hole injection property
as that of PEDOT:PSS. Since the highly acidic aqueous solution
of PEDOT:PSS can gradually corrode ITO anode and
eventually degrade device performance and long-term stabil-
ity,”" it is promising to use HQTZ as HIL in PLEDs or organic
photovoltaic cells in the future. The performance of deep-blue
fluorescent PLEDs with different HILs at the operating current
density of around 35 mA/cm? is shown in Table 2. The LE and
QE of device with PEDOT:PSS/HQTZ(20 nm)/PVK HILs are
3.96 cd/A and 4.30%, respectively, which are much higher than
those of devices with PVK or PEDOT:PSS/PVK.

We emphasize that it is quite important to find the optimum
HQTZ thickness for highly efficient deep-blue fluorescent
PLEDs. Figure S9 presents the LE—L and QE—L characteristics
of P1 device with different thickness HQTZ layer. Optimized
device with 20 nm-thick HQTZ exhibited a relatively higher
efficiency than that of device with 10 nm-thick or 30 nm-thick
HQT?Z layer. The thinner HQTZ layers did not bring the best
results more likely due to the poor electron-blocking ability,
which allowed the electrons to tunnel through,32 while the
thicker HQTZ layers may increase the contact resistance.’’ For
identifying the electron-blocking capability, the HQTZ layer
was introduced between the PSF and poly(p-phenylenevinlene)
(P-PPV) layers (ITO/PSE/HQTZ/P-PPV/CsE/Al). The
green emission is dominant for this device (ITO/PSF/
HQTZ/P-PPV/CsF/Al), compared with the P-PPV-only
device (ITO/PEDOT:PSS/P-PPV/CsF/Al), as shown in
Figure 4. In contrast, a device with the reverse structure of
ITO/P-PPV/HQTZ/PSF/CsF/Al shows the blue emission
dominantly, although there is a small widening and red-shift
emission compared with the pure PSF device (ITO/
PEDOT:PSS/PSF/CsF/Al). The results suggest that the
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Figure 4. EL spectra of devices with the structures of ITO/P-PPV/

HQTZ/PSF/CsF/Al, ITO/PSF/HQTZ/P-PPV/CsF/Al, ITO/PE-
DOT:PSS/P-PPV/CsE/Al, and ITO/PEDOT:PSS/PSE/CsF/Al

HQT?Z layer can effectively block the electron transport from
the PSF to the anode, and the recombination between the
injected holes and electrons primarily occurs within the PSF
layer for P1 device.

Figure 5, panel a shows the EL spectra of device P1 with 20
nm HQTZ, P2, P3, and P4 at 35 mA/cm?, respectively. The
emission peaks at ~440 nm for each device, coming from the
original blue emission of PSF regardless of the type of HILs."*
However, slightly wide EL spectra were found when
PEDOT:PSS is not introduced for P3 and P4 devices, which
may originate from the exciplex formed between PVK and PSF
due to the large hole-injection barriers existed in HILs. The
better CIE results for devices with HQTZ indicate that the
insertion of HQTZ layer is beneficial to make the formed
excitons to be limited in the PSF emitter emission zone. The
optical transmittance spectra of ITO/PEDOT:PSS/HQTZ(20
nm)/PVK, ITO/PEDOT:PSS/PVK and ITO/HQTZ(20 nm)/
PVK are shown in Figure S, panel b. There is no significant
change in the transparence of ITO/PEDOT:PSS/HQTZ(20
nm)/PVK and ITO/PEDOT:PSS/PVK films, illuminating
HQTZ layer has hardly any detrimental effect on the light
out-coupling of devices. However, a higher transparence from
380—480 nm was detected for ITO/HQTZ(20 nm)/PVK film
compared to ITO/PEDOT:PSS/PVK film, which is advanta-
geous to improve blue-light emission for P4 device in
comparison with P2 device. Figure S, panel ¢ shows the PL
spectra of two different films of PEDOT:PSS/HQTZ(20 nm)/
PVK/PSE(10 nm) and PEDOT:PSS/PVK/PSE(10 nm)
processed on quartz. The PL intensity of quartz/PE-
DOT:PSS/HQTZ(20 nm)/PVK/PSF(10 nm) shows much
higher PL intensity compared to that of quartz/PEDOT:PSS/
PVK/PSF(10 nm), which is consistent to its highest device EL
efficiency. The HQTZ interlayer prevents significant quenching
of radiative excitons between the active layer and the HQTZ
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Figure S. (a) Normalized EL spectra of P1 (with 20 nm HQTZ), P2, P3, and P4 devices. (b) Transmittance spectra of ITO/PEDOT:PSS/
HQTZ(20 nm)/PVK, ITO/PEDOT:PSS/PVK, and ITO/HQTZ(20 nm)/PVK. (c) PL spectra of PSF (10 nm) films processed on quartz/
PEDOT:PSS/HQTZ(20 nm)/PVK and quartz/PEDOT:PSS/PVK. (d) Time-resolved transient PL spectra of quartz/PEDOT:PSS/HQTZ(20

nm)/PVK/PSF(10 nm) and quartz/PEDOT:PSS/PVK/PSF(10 nm).

layer, thus enhancing the device performance. To investigate
the intrinsic reason, the exciton lifetime of PSF was measured,
as shown in Figure 5, panel d. The total instrument response
function (IRF) for PL decay is less than 30 ps, and the time
resolution is less than 10 ps. The exciton lifetime at 440 nm for
quartz/PEDOT:PSS/HQTZ(20 nm)/PVK/PSF(10 ‘nm) film
shows the longer exciton lifetime of 4.576 ns than that of
quartz/PEDOT:PSS/PVK/PSF(10 nm) of 3.258 ns. It
indicates that exciton quenching becomes smaller after the
insertion of HQTZ layer between PEDOT:PSS and PVK. The
efficient PL intensity enhancement and the increase of exciton
emission lifetime at 440 nm imply that PSF singlet excitons can
more efficiently come into being for P1 device.

To further illustrate the internal physics mechanism, the
surface work functions of HILs-modified ITO were measured
by scanning Kelvin probe force microscopy (SKPFM). The
work functions of ITO/PEDOT:PSS/HQTZ(20 nm)/PVK,
ITO/PEDOT:PSS/PVK, ITO/HQTZ(20 nm)/PVK, ITO/
PVK, and ITO/HQTZ are 5.13 eV, 5.09 eV, 4.85 eV, 4.78
eV, and 4.76 eV, respectively, as shown in Figure 6, panel a.
Apparently, the insertion of HQTZ layer can efficiently
improve the surface work function of HILs-modified ITO,
which is advantageous to facilitate the hole injection from
HILs-modified ITO to the deep-blue emitter PSF. Besides, it
can be seen that the single HQTZ layer can efficiently enhance
the work function of ITO (4.65 eV) to more than 0.11 eV,
which is similar to the single PVK layer (0.13 €V). Meanwhile,
ultraviolet photoelectron spectroscopy (UPS) measurements
were performed with monochromatized Hel radiation at 21.2

eV. The surface work function is defined by the secondary
electron cutoff. From the UPS measurements, the work
function value of Au/PEDOT:PSS/HQTZ/PVK and Au/
PEDOT:PSS/PVK is 4.0 and 3.8 eV, respectively, as shown
in Figure 6, panel b. The results are quite similar to the UPS
measurements performed on two differently synthesized
PEDOT samples with the work function values of 4.0 and
4.4 eV.>> The work function values of UPS are consistent to
those of SKPFM, illustrating that the insertion of HQTZ layer
can effectively further lower the barrier of hole injection from
HILs-modified ITO to PSF and enhance the device perform-
ance. Furthermore, the photovoltaic measurements were also
conducted to determine the open-circuit voltage (V,.) value,
which is decided by the difference of work function of the
electrodes based on metal—insulator—metal model,>* shown in
Figure 6, panel c. The V. value of P1 with 20 nm HQTZ, P2,
and P3 is 1.88 V, 1.76 V, and 1.72 V, respectively, implying that
the barrier height of hole injection decreases when the HQTZ
layer is inserted. The photovoltaic results are consistent with
those of SKPFM and UPS measurements.

The insertion of HQTZ layer between PEDOT:PSS and
PVK not only enhances the hole injection, but also improves
the hole transport in HILs. The hole mobility of the HILs was
measured by space-charge-limited current (SCLC) model with
the equation of J = (9/8) e,equ (V2/d>).”® The hole mobility
was measured by hole-only device with the structures of ITO/
Mo0O;(10 nm)/PEDOT:PSS(40 nm)/HQTZ(20 nm)/PVK-
(35 nm)/PSF(75 nm)/MoO5(10 nm)/Al and ITO/MoO,(10
nm)/PEDOT:PSS(40 nm)/PVK(3S nm)/PSF(75 nm)/
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Figure 6. (a) Surface work function of HILs-modified ITO by
SKPFM. (b) The secondary electron cutoff of UPS based on Au/
PEDOT:PSS/HQTZ/PVK and Au/PEDOT:PSS/PVK; these two
types of structures of UPS are shown in the inset of panel b. (c) J-V
characteristics of P1 with 20 nm HQTZ, P2, and P3 devices under
AM 1.5G solar simulator with an intensity of 100 mW/ cm?.

MoO;(10 nm)/Al As shown in Figure S10, the hole mobility
of the device with HQTZ is about 4.66 X 1075 cm® V™! 57},
which is two-orders higher than that of device without HQTZ
(3.99 x 1077 cm? V™! s7!). Thus, it can be seen that the HQTZ
layer extraordinarily enhances the hole transport/injection at
the same time. For verifying the carrier balance whether or not
in device, we also fabricated electron-only device with the
structures of ITO/AI(80 nm)/CsF(1 nm)/PEDOT:PSS(40
nm)/HQTZ(20 nm)/PVK(35 nm)/PSF(75 nm)/CsF(1 nm)/
Al and ITO/AI(80 nm)/CsF(1 nm)/PEDOT:PSS(40 nm)/
PVK(35 nm)/PSF(75 nm)/CsF(1 nm)/Al. The electron
mobility of the device with HQTZ is about 6.26 X 10~° cm*

26411

V™' s7!, which is a little higher than that of electron-only device
without HQTZ (1.47 X 107 cm® V™' s7') and comparable to
the hole mobility of hole-only device with HQTZ (4.66 x 107°
cm® V7! s71), indicating that the hole and electron carriers are
well balanced with the insertion of HQTZ layer. The
simultaneous improvements of the hole injection/transport
and the hole/electron balance ultimately lead to the enhance-
ment of P1 device performance. These are consistent to the
data in Table 2. To further study the carrier mobility of pure
HQTZ material, the hole-only device with the structure of
ITO/MoO;(10 nm)/HQTZ(80 nm)/MoO;(10 nm)/Al and
the electron-only device with the structure of ITO/AI(80 nm)/
CsF(1 nm)/HQTZ(80 nm)/CsF(1 nm)/Al were also prepared
(see Figure S11). The hole and electron mobilities of HQTZ
are 595 x 107 ecm? V7' s7! and 191 X 107 cm? V7! 57}
respectively. The bipolar transport observed through SCLC
suggests that HQTZ is an efficient and versatile material for
various applications in PLEDs.

Low surface roughness is very important to obtain an even
hole injection with unlocalized electric field and will delay the
deterioration of organic materials and devices.*® Figure 7,

3.500m

3.000m

2.500m

2.000m

1.500m

1.00nm

0.500m

Onm

HQTZ

PEDOT:PSS
PEDOT:PSS

Figure 7. AFM images of (a) ITO/PEDOT:PSS/HQTZ(20 nm)/
PVK and (b) ITO/PEDOT:PSS/PVK. The SEM cross-section images
of (¢) ITO/PEDOT:PSS/HQTZ/PVK and (d) ITO/PEDOT:PSS/
PVK. (AFM image dimensions = S ym X S ym and SEM bar = 200
nm).

panels a and b show the AFM images of ITO/PEDOT:PSS/
HQTZ(20 nm)/PVK and ITO/PEDOT:PSS/PVK films. The
surface root—mean—square (RMS) roughness with the
insertion of 20 nm-thick HQTZ layer is 0.51 nm, whereas
the RMS roughness is increased to 0.56 nm without the HQTZ
layer. This indicates that there exists perfect interface contact
when HQTZ is introduced between PEDOT:PSS and PVK.
The well-distributed electric field for P1 device may inhibit
composite excitons to dissociate into positive and negative
charges, leading to the enhancement of P1 device performance.
Interface intermixing is another factor that one may consider to
influence the device performance. Figure 7, panels ¢ and d show
the SEM cross-section images of ITO/PEDOT:PSS/HQTZ/
PVK and ITO/PEDOT:PSS/PVK films. The intermixing at the
PEDOT:PSS/HQTZ or HQTZ/PVK interface is minimal,
suggesting that HQTZ is suitable and feasible to be used in
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multilayer HILs. We owe the reason to the worse solubility of
top PVK layer in dimethyl sulfoxide, as shown in Figure S12.
All results illustrate that HQTZ can be a promising candidate of
hole interfacial materials for deep-blue fluorescent PLED:s.

B CONCLUSION

In this paper, a novel material HQTZ was developed and
introduced between PEDOT:PSS and PVK in deep-blue
fluorescent PLEDs as an intermediate HIL. The maximum
LE and QE of device adopting the HQTZ layer are improved
by 80% compared to conventional device with PEDOT:PSS/
PVK. PL and time-resolved transient PL spectra reveal that
HQTZ layer can effectively prevent the radiative excitons
quenching in conjunction with the good electron blocking
ability. SKPFM, UPS, and photovoltaic measurements show
that HQTZ layer can further increase the surface work function
and reduce the barrier of hole injection in PLEDs. Furthermore,
the hole mobility is enormously enhanced, and the charge
carriers are efficiently balanced, which is also favorable to
improve the deep-blue device performance. Moreover, HQTZ
material can form good contact with PEDOT:PSS and PVK,
which is beneficial to improve the device stability. The results
illustrate that HQTZ as a promising candidate of hole
interfacial materials has a wonderful application prospect in
deep-blue fluorescent PLEDs.
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