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Inhibition of solution-processed 1,4,5,8,9,
11-hexaazatriphenylene-hexacarbonitrile crystallization
by mixing additives for hole injection layers in organic
light-emitting devices

Satoru Ohisa, Yong-Jin Pu, Shogo Takahashi, Takayuki Chiba and Junji Kido

We report the inhibition of solution-processed 1,4,5,8,9,11-hexaazatriphenylene-hexacarbonitrile (HAT-CN) crystallization by

mixing additives for the hole injection layers (HILs) in organic light-emitting devices (OLEDs). Various additives were mixed with

the HAT-CN layer, including acrylates, compounds resembling HAT-CN and arylamine derivatives. Among these, the HAT-CN

films mixed with ditrimethylol propane tetraacrylate (AD-TMP) and pyrazino[2,3-f][1,10]phenanthroline-2,3-dicarbonitrile (PPDN)

showed a transparent appearance and high solvent resistances. The former was ascribed to the inhibition of the crystallization.

We used these additives for the preparation of electron acceptor layers in charge generation layers (CGLs) of the CGL-only

devices. The device prepared by mixing HAT-CN with PPDN showed a lower driving voltage and was applied to the production

of an HIL in a solution-processed OLED. The device showed a lower driving voltage and a higher luminescent efficiency than

those of the device containing a conventional HIL, poly(3,4-ethylenedioxythiophene)/poly(4-styrenesulfonate) (PEDOT:PSS).
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INTRODUCTION

Organic light-emitting devices (OLEDs) have attracted a great deal of
attention as the next generation of energy-saving display and lighting
devices required for a low-carbon society.1–3 To fabricate highly
efficient devices, the incorporation of hole injection layers (HILs) is
indispensable because these significantly improve the characteristics of
hole injection from the anode to the emitting layer, leading to lower
driving voltages and improved charge recombination balance. To date,
various HILs have been reported,4–15 and, among these, 1,4,5,8,9,
11-hexaazatriphenylene-hexacarbonitrile (HAT-CN) has been
employed in HILs (leading to low driving voltage)4,16–22 since the
first application of OLED by LG Chemical Ltd.22 HAT-CN was first
reported by Czarnik and co-workers23 and its characterization has
been investigated in various studies.24–29 The most remarkable
property of HAT-CN is the extremely deep energy level of its lowest
unoccupied molecular orbital. Six nitrile groups attached to a
heterocyclic moiety generate a large electron withdrawal effect from
the heterocycle, making it a strong acceptor. Electron affinity (EA)
values ranging from 5.7 to 6.1 eV have been reported.30–31 In OLEDs,
HAT-CN is usually adjacently arranged to the hole transporting
materials (HTMs) such as 4,4′-bis[N-(1-naphthyl)-N-phenyl-amino]
biphenyl (α-NPD). When applying an electric field to the HAT-CN/
HTM bilayer, an electron is injected from the highest occupied
molecular orbital of HTM to the lowest unoccupied molecular orbital

of HAT-CN, thereby generating electron/hole charge pairs at the
interface, with HTM functioning as an electron donor material and
HAT-CN functioning as an electron acceptor material. Consequently,
HAT-CN functions as an HIL. The injected hole is transported
through the HTM, whereas the injected electron is transported
through HAT-CN with a mobility of 2.5 × 10− 4 cm2 V− 1 s− 1.27

Therefore, HAT-CN has attracted attention as an HIL-reducing
driving voltage agent.
Solution-processed HILs are advantageous for the fabrication of

large-area devices and are also effective for the suppression of leakage
currents and improvement of device yields. The applications of
HAT-CN to solution-processed HILs are desired. Unfortunately,
solution-processed HAT-CN crystallizes easily. In conventional
bottom emission-type OLEDs, HILs are required to have a very low
surface roughness because a rough surface induces device shorts while
decreasing device yields. Crystallized films usually have very rough
surfaces with hazy appearance, thereby making them unsuitable for
HILs in OLEDs. Several approaches to prevent crystallization exist. For
example, one approach involves fast drying of the coated solution. Lin
et al.21 reported on the solution-processed HAT-CN films formed
from acetone solutions that enabled fast evaporation because of its low
boiling point. A thin layer (4 nm) was formed with a root mean square
roughness of 2.82 nm. This relatively large root mean square value was
ascribed to the formation of HAT-CN nanoaggregates. These authors
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applied the HAT-CN layer to HILs in OLEDs. The OLEDs exhibited
excellent device performances because of the high hole injection
characteristics upon insertion of the solution-processed HAT-CN
layer. Although the obtained results were good, the utilization of
acetone as a coating solution is difficult because the solvent evapora-
tion rate is too high to control, lowering the robustness of thickness
control during mass production. Therefore, an alternative approach
allowing the inhibition of HAT-CN crystallization is required.
Herein, we report an alternative approach to inhibiting crystal-

lization of solution-processed HAT-CN films. We mixed various
additives with the HAT-CN layer, including acrylates, compounds
resembling the HAT-CN chemical structure and arylamine derivatives.
We utilized tetrahydrofuran as a solvent because it is a good solvent
for various types of additives. HAT-CN layers mixed with some of
these additives were transparent that was ascribed to the inhibition of
HAT-CN crystallization. Furthermore, we evaluated solvent resistance
of the HAT-CN films to the stacking of the HTM by the solution
process. Among the additives studied, the HAT-CN films with
ditrimethylol propane tetraacrylate (AD-TMP) and pyrazino[2,3-f]
[1,10]phenanthroline-2,3-dicarbonitrile (PPDN) showed both a trans-
parent appearance and high solvent resistance. We used them as
electron acceptor layers in charge generation layer (CGL)-only devices.
The device containing the HAT-CN mixed with PPDN showed the
lowest driving voltage. Finally, we used the HAT-CN mixed with
PPDN as an HIL in a solution-processed OLED. This device showed a
lower driving voltage and higher luminescent efficiency compared
with the device containing the conventional HIL, poly(3,4-ethylene-
dioxythiophene)/poly(4-styrenesulfonate) (PEDOT:PSS).

EXPERIMENTAL PROCEDURE

Materials
HAT-CN, 1,3,5-tris(1-phenyl-1H-benzimidazol-2-yl)benzene (TPBi) and
8-quinolinolato lithium (Liq) were purchased from e-Ray Optoelectronics
Technology Co., Ltd (Taoyuan, Taiwan). 4,4′,4″-Tris(3-methylphenylphenyla-
mino)triphenylamine (m-MTDATA), N,N′-di-1-naphthalenyl-N,N′-diphenyl-
[1,1′:4′,1″:4″,1-quaterphenyl]-4,4-diamine (4P-NPD), 4,40-bis(2,2-diphenylvinyl)-
1,10-biphenyl (DPAVBi), PPDN and N,N0-(biphenyl-4,40-diyl)bis(N,N0,N0-
triphenylbiphenyl-4,40-diamine) (TPT1) were purchased from Luminescence
Technology Corp. (Hsin-Chu, Taiwan). α-NPD was purchased from Chemipro
Kasei Kaisha, Ltd (Hyogo, Japan). Poly[N,N0-bis(4-butylphenyl)-N,N0-bis(phe-
nyl)-benzidine] (poly-TPD) was purchased from American Dye Source, Inc.
(Montreal, QC, Canada). 9,90-Diphenyl-6-(9-phenyl-9H-carbazol-3-yl)-
9H,90H-3,30-bicarbazole (TrisPCz) was obtained from Hodogaya Chemical
Co., Ltd (Tokyo, Japan). PEDOT:PSS (CH8000) was purchased from Heraeus
Materials Technology (Hanau, Germany). 2,3,8,9,14,15-Hexa-fluoro-
5,6,11,12,17,18-hexaazatrinaphthylene (HATNA-F6) was synthesized as
reported elsewhere.32 AD-TMP was purchased from Shin-Nakamura Chemical
Co., Ltd (Wakayama, Japan). ZnO layer was coated using ZnO nanoparticles
synthesized according to the previously reported procedures.33,34 Indium tin
oxide (ITO) on glass substrates were purchased from Asahi Glass Co., Ltd
(Tokyo, Japan). All solvents were purchased from commercial providers.

HAT-CN crystallization inhibition and solvent resistance tests
Mixtures (10 mg) composed of HAT-CN and additives were dissolved in 4 ml
of tetrahydrofuran. AD-TMP was mixed at 1, 5 and 10 wt% into the total
volume of 10 mg. The other additives (that is, HATNA-F6, PPDN,
m-MTDATA and 4P-NPD) were mixed at 10 wt% into the total volume of
10 mg. The films for the tests were fabricated using the solutions, and the
fabricated films are listed in Table 1. The solutions were spin coated on quartz
substrates at 4000 r.p.m. for 30 s and annealed at 70 °C for 10 min (films 5, 7, 9
and 10) or 180 °C for 1 h (films 1–4, 6 and 8) in N2 atmosphere. HAT-CN
crystallization was visually evaluated by checking the haziness of transparency of
the fabricated films. Solvent resistance tests were conducted by rinsing the films

using p-xylene. Using a Shimadzu UV-3150 UV-vis-NIR spectrophotometer,
ultraviolet–visible absorption spectra of the films were measured before and
after rinsing.

Device fabrications
CGL-only devices with a structure of (ITO/ZnO (10 nm)/electron acceptor
layer (10 nm)/α-NPD (100 nm)/Al) were fabricated. The electron acceptor
layers were HAT-CN mixed with the 10 wt% AD-TMP (devices A-1 and 2),
10 wt% PPDN (devices A-3 and 4), 10 wt% m-MTDATA (device A-5) and
10 wt% 4P-NPD (device A-6) formed by the spin-coating method. Evaporated
HAT-CN was also used (device A-7). The HAT-CN:10 wt% AD-TMP layers
were annealed at 70 °C for 10 min (device A-1) or 180 °C for 1 h (device A-2).
The HAT-CN:10 wt% PPDN layers were annealed at 70 °C for 10 min
(device A-3) or 180 °C for 1 h (device A-4). The HAT-CN:10 wt%
m-MTDATA and HAT-CN:10 wt% 4P-NPD layers were annealed at 70 °C
for 10 min. The ZnO layer was formed by the spin-coating method using a
liquid nanoparticle dispersion, and the α-NPD (100 nm) and Al layers were
formed by evaporation under high vacuum. OLEDs were fabricated with
a structure of (ITO/HIL/poly-TPD (40 nm)/10 wt% DPAVBi:45 wt%
TPT1:45 wt% TrisPCz (30 nm)/TPBi (50 nm)/Liq (3 nm)/Al). The applied
HILs were HAT-CN:10 wt% PPDN (10 nm) (device B-1), and a conventional
hole injection material PEDOT:PSS (30 nm) (device B-2) was formed by the
spin-coating method. The HAT-CN:10 wt% PPDN layer was annealed at
180 °C for 1 h in N2 atmosphere. PEDOT:PSS layer was annealed at 200 °C for
10 min in air atmosphere. With the exception of Liq and Al layers, each layer in
the system was formed by the spin-coating method. The Liq and Al layers were
formed by evaporation under high vacuum. The spin-coating and postanneal-
ing processes were conducted in N2 atmosphere. Poly-TPD functioning as the
hole transporting layer was formed from a chlorobenzene solution and was
subsequently annealed at 160 °C for 30 min. The 10 wt% DPAVBi:TPT1:
TrisPCz as the emissive layer was formed from an ester solution and annealed
at 130 °C for 10 min. TPBi functioning as the electron transporting layer was
formed from a methanol solution and annealed at 60 °C for 10 min. The
fabricated devices were encapsulated in glass caps with ultraviolet-cured resins
and oxygen getters. The sizes of the emission area were 2 mm×2 mm in all
cases. The current density–voltage (J–V) and luminance–voltage characteristics
of OLEDs were measured using a current source Keithley 2400 (TEKTRONIX,
INC., Tokyo, Japan) and a luminance meter Konica Minolta CS-200 (Tokyo,
Japan), respectively. Electroluminescence spectra were measured using a
spectral radiance meter Konica Minolta CS-2000. Quantum efficiencies were
calculated using the Lambertian assumption.

Table 1 Appearances and solvent resistances of the solution-

processed HAT-CN mixed with additives

Film Additive Concentration

Annealing tem-

perature (°C) Appearance

Solvent

resistancea

1 − − 180 °C Hazy +b

2 AD-TMP 1 wt% 180 °C Hazy +

3 AD-TMP 5 wt% 180 °C Transparent ++

4 AD-TMP 10 wt% 180 °C Transparent ++

5 HATNA-F6 10 wt% 70 °C Transparent −

6 HATNA-F6 10 wt% 180 °C Transparent −

7 PPDN 10 wt% 70 °C Transparent −

8 PPDN 10 wt% 180 °C Transparent ++

9 m-MTDATA 10 wt% 70 °C Transparent −

10 4P-NPD 10 wt% 70 °C Transparent −

Abbreviations: AD-TMP, ditrimethylol propane tetraacrylate; HAT-CN, 1,4,5,8,9,11-hexa-
azatriphenylene-hexacarbonitrile; HATNA-F6, 2,3,8,9,14,15-hexa-fluoro-5,6,11,12,17,18-hexa-
azatrinaphthylene; m-MTDATA, 4,4′,4″-Tris(3-methylphenylphenylamino)triphenylamine;
4P-NPD, (N,N′-di-1-naphthalenyl-N,N′-diphenyl-[1,1′:4′,1″:4″,1-quaterphenyl]-4,4-diamine;
PPDN, pyrazino[2,3-f][1,10]phenanthroline-2,3-dicarbonitrile.
aThe films were rinsed in p-xylene.
b++, insoluble, +, slightly soluble, − , soluble.
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RESULTS AND DISCUSSION

Inhibition of HAT-CN crystallization by mixing additives
Chemical structures of HAT-CN and the additives are shown in
Figure 1. The inhibition effects obtained by mixing the additives are
summarized in Table 1. The HAT-CN-only film (film 1) showed a
hazy appearance ascribed to HAT-CN crystallization. Then, we
mixed AD-TMP with HAT-CN at 1, 5 and 10 wt% concentrations
(films 2–4). After spin coating, the films were annealed at 180 °C for
1 h in N2 atmosphere to allow the reaction of the acryl groups of
AD-TMP. Nevertheless, film 2 still showed a hazy appearance. On the
other hand, films 3 and 4 containing higher concentrations of
AD-TMP than film 2 showed transparent appearances, thereby
suggesting that the mixed AD-TMP inhibited HAT-CN crystallization.
We found that mixing at concentrations of ⩾ 5 wt% was effective for
inhibiting crystallization. Other additives were mixed with HAT-CN at
a concentration of 10 wt%. Films 5–10 showed transparent appear-
ances as a result of mixing in of the additives. Thus, by mixing with

additives, we succeeded in inhibiting crystallization of the solution-
processed HAT-CN.

Solvent resistances
To apply the HAT-CN films to solution-processed OLEDs, the films
must be resistant to HTL-coating solvents such as p-xylene. The films
were rinsed in p-xylene. The ultraviolet–visible absorption spectra
were measured before and after rinsing. The results are summarized in
Table 1 and Supplementary Figure S1. After rinsing, absorbance of
film 1, composed of only HAT-CN, is almost consistent with that
before rinsing, and the bulk of the HAT-CN powder was also almost
insoluble in p-xylene. The solvent resistances of the other films were
also evaluated. Film 2 showed slight film dissolution upon rinsing,
whereas films 3 and 4 did not dissolve and showed high solvent
resistance. In the case of films containing HATNA-F6, films
5 (annealed at 70 °C) and 6 (annealed at 180 °C) were dissolved in
the rinsing solvent. In the case of films containing PPDN, film 7
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Figure 1 Chemical structures of 1,4,5,8,9,11-hexaazatriphenylene-hexacarbonitrile (HAT-CN) and the additives.
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(annealed at 70 °C) was dissolved in the rinsing solvent, whereas film 8
(annealed at 180 °C) surprisingly showed no dissolution. We assumed
that the enhanced interaction with PPDN by high temperature
annealing provided the film with high solvent resistance character-
istics. Films 9 and 10 containing arylamine derivatives dissolved in the
rinsing solvent as a result of dissolution of the mixed arylamine
derivatives and HAT-CN. In this solvent resistance test, the investiga-
tion of annealing temperature effect in HAT-CN mixed with
arylamine derivatives has not been performed. Based on these results,
in this work, we selected the additives AD-TMP and PPDN for use in
HAT-CN as the HIL in solution-processed OLEDs.

Charge generation characteristics
To evaluate the charge generation characteristics, we fabricated
CGL-only devices with a structure of (ITO/ZnO (10 nm)/
HATCN:10 wt% AD-TMP or PPDN (10 nm)/α-NPD (100 nm)/Al).
HAT-CN:10 wt% AD-TMP layers were annealed at 70 °C for 10 min
(device A-1) or 180 °C for 1 h (device A-2). HAT-CN:10 wt% PPDN
layers were annealed at 70 °C for 10 min (device A-3) or 180 °C for 1 h
(device A-4). The electron-transporting ZnO layer was inserted as the
hole injection blocking layer for the ITO anode, and the hole-
transporting α-NPD layer (100 nm) served as the electron donor
and the electron injection blocking layer for the Al cathode. Figure 2
shows the J–V characteristics of the devices. Devices A-1 and A-4
showed nearly similar behaviors, exhibiting the lowest driving voltages.
Device A-2 showed a higher driving voltage than device A-1. Most
likely, the high-temperature annealing caused the phase separation of
HAT-CN and networked AD-TMP in the film, deteriorating the
device characteristics. Conversely, device A-4 showed a lower driving
voltage compared with device A-3. Based on the solvent resistance
tests of HAT-CN:10 wt% PPDN, we assume that the high-temperature
annealing improved the molecular packing of the film, resulting in
lower driving voltages. With regard to the heat resistance of the films,
PPDN was superior to AD-TMP as an additive. Then, we evaluated
the charge generation characteristics of the devices containing HAT-
CN mixed films with arylamine derivatives. The devices were
fabricated with the same structure as described above with the
exception of the electron acceptor layers. The used electron acceptor
layers were HAT-CN mixed with 10 wt% m-MTDATA (device A-5),
10 wt% 4P-NPD (device A-6) and only the evaporated HAT-CN
(device A-7). The J–V characteristics of the devices are shown in
Supplementary Figure S2. These three devices showed lower driving
voltages than device A-4. Among these, device A-7 showed the lowest
driving voltage. These results suggested that the charge generation
characteristics depend on the type of mixed additives. These additives
significantly affected the charge generation characteristics. Unfortu-
nately, these electron acceptor layers containing arylamines did not

Figure 2 Current density–voltage characteristics of the charge generation-
only devices: electron acceptor layers of HAT-CN:10 wt% AD-TMP annealed
at 70 °C for 10 min (device A1) and 180 °C for 1 h (device A2), HAT-
CN:10 wt% PPDN annealed at 70 °C for 10 min (device A3) and 180 °C for
1 h (device A4). AD-TMP, ditrimethylol propane tetraacrylate; HAT-CN,
1,4,5,8,9,11-hexaazatriphenylene-hexacarbonitrile; PPDN, pyrazino[2,3-f]
[1,10]phenanthroline-2,3-dicarbonitrile.

Figure 3 Energy diagram in organic light-emitting devices (OLEDs).
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show solvent resistance, and therefore, they could not be applied to
solution-processed OLEDs.

Application of HIL in OLED
We fabricated a solution-processed blue fluorescent OLED with an
HIL comprising HAT-CN and PPDN additive and compared it with
the corresponding OLED containing PEDOT:PSS as the HIL.
The device structure was (ITO/HAT-CN:10 wt% PPDN (10 nm)
(device B-1) or PEDOT:PSS (30 nm) (device B-2)/poly-TPD
(40 nm)/10 wt% DPAVBi:TPT1:TrisPCz (30 nm)/TPBi (50 nm)/Liq
(3 nm)/Al). With the exception of Liq and Al layers formed by
evaporation under vacuum, all layers were formed by the spin-coating
method. We selected each layer material based on the point of view of
solvent resistances of the materials to the corresponding upper layer
coating solvents. TPBi dissolves well in methanol. In contrast, TrisPCz
has a high resistance to methanol.35 TPT1 was further added to
improve the hole-transporting property. TrisPCz and TPT1 can
dissolve in the coating solvent. Poly-TPD shows a high resistance to
the coating solvent.36 The energy diagram of the fabricated devices is
shown in Figure 3. Here, we used the averages of the reported energy
level values for HAT-CN.30,31 The electroluminescence spectra,
current density–voltage–luminance, current density–external quantum
efficiency and current density–power efficiency characteristics are
shown in Figure 4. Device B-1 showed a significantly lower driving

voltage than device B-2. The current density–external quantum
efficiency of device B-1 was also higher than that of device B-2.
As a result, the power efficiency of device B-1 was also higher than that
of device B-2. The slightly different electroluminescence spectra shapes
probably resulted from the differences in total thicknesses and charge
recombination positions in the devices. The HAT-CN:10 wt% PPDN
HIL showed better performance than the PEDOT:PSS HIL. These
results clearly reveal that the HAT-CN mixed with additives serves as a
highly effective HIL for solution-processed OLEDs.

CONCLUSIONS

We demonstrated the usefulness of the HAT-CN mixed with additives
as an HIL in solution-processed OLEDs. The mixed additives inhibited
the crystallization of HAT-CN during the solution process in the films.
Among the mixtures with additives, AD-TMP and PPDN mixed films
showed high solvent resistances to p-xylene. The charge generation
characteristics of HAT-CN mixed with AD-TMP, PPDN and α-NPD
were evaluated and compared. Thus, the HAT-CN mixed with
PPDN showed better characteristics and a high heat resistance.
A solution-processed blue fluorescent OLED with a HAT-CN mixed
with PPDN as HIL was fabricated. The device with a HAT-CN mixed
with PPDN showed a lower driving voltage and higher luminescent
efficiency than the devices containing PEDOT:PSS. These results

Figure 4 Organic light-emitting device (OLED) characteristics: (a) electroluminescence (EL) spectra at 2 mA cm−2, (b) current density–voltage–luminance,
(c) current density–quantum efficiency and (d) current density–power efficiency characteristics.
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demonstrated the high usefulness of the HAT-CN mixed with
additives as an HIL for solution-processed OLEDs.
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