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Approaching Ohmic hole contact via a synergetic
effect of a thin insulating layer and strong electron
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Organic light-emitting diodes (OLEDs) have drawn tre-
mendous attention due to their widespread applications
in flat-panel displays and solid-state lightings over the
years [1–4]. The charge injection is crucial for the per-
formance of OLEDs featuring sandwiched p-i-n struc-
tures [5–9]. For OLEDs, an indium tin oxide (ITO)
electrode with a work function of 4.7 eV, and most hole-
transporting materials (HTMs) with the highest occupied
molecular orbitals (HOMOs) close to −5.5 eV, which
cause sizable hole injection barriers [10,11], are com-
monly used. Various hole injection layers (HILs), in-
cluding conducting polymers [12,13], insulators [14,15],
and strong electron acceptors [16–18], have been ex-
tensively investigated to promote the hole injection and
reduce driving voltages of OLEDs. Among these,
1,4,5,8,9,11-hexaazatriphenylene-hexacarbonitrile
(HATCN) has been implemented as the most popular
HIL due to its high electron affinity (EA), good opera-
tional stability, and low deposition temperature [19].
Previous analyses have suggested that enhanced hole in-
jection using HATCN as the HIL is ascribed to the effi-
cient charge generation at the HATCN/HTM interface
under the applied electric fields [20]. However, due to the
electrostatic coupling between HTMs and strong elec-
tron-withdrawing HATCN, the HOMO of the HTMs is
usually pinned approximately 0.3 eV below the Fermi
level (EF), leading to a considerable charge generation
barrier [21,22]. Accordingly, the hole injection efficiency

(ηinjection), determined as the ratio of the injected current
density (JHOD) of a hole-only device (HOD) to the theo-
retical space-charge-limited current density (JSCLC), is
limited to 30% for the typical ITO/HATCN/N,N′-di
(naphthalene-1-yl)-N,N′-diphenyl-benzidine (NPB) con-
tact [23].

The charge generation of HATCN/HTM is related to
the charge generation barrier of organic heterojunction
and is strongly affected by the external electric field dis-
tribution at the interface. Consequently, it is promising to
circumvent the limitations of HOMO level pinning and
further improve the hole injection efficiency toward
Ohmic contact by enhancing the localization of electric
fields through surface morphology tuning. Bearing this in
mind, we reported an efficient bilayer HIL based on the
synergetic effect of a thin insulator and strong electron
acceptors. Except applying strong electron-withdrawing
HATCN for energy alignment tuning, a thin insulating
layer of Teflon was inserted between ITO and HATCN to
increase the surface roughness and reinforce the locali-
zation of the electric field at the organic heterojunction,
which enabled approximate Ohmic hole contact with an
injection efficiency as high as 80%. Thus, the resulting red
phosphorescent OLED with a novel HIL of Teflon/
HATCN shows a low turn-on voltage of 2.4 V and
maximum external quantum efficiency (EQE)/power ef-
ficiency (PE) of 33.1%/41.6 lm W−1, respectively. More
impressively, the EQE and PE of the optimized device
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remain at 28.0% and 23.4 lm W−1 at a high brightness of
5000 cd m−2, demonstrating the great potential for high-
quality display and lighting.

HODs with device structures of ITO/HIL/NPB
(100 nm)/Al (150 nm) were firstly fabricated to study the
performance of various HILs. To quantitatively evaluate
the hole injection properties, the hole injection efficiency
(ηinjection)-electric field (F) curves were calculated using
the following assumption that JSCLC is the space-charge-
limited current density with Ohmic contact [17].
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where ε0 and εr are the vacuum permittivity and relative
permittivity (~3), respectively. L is the thickness of layers,
and V is the applied voltage. For NPB with a thickness of
100 nm, the hole mobility (μ) was calculated based on a
previously reported method [17], which has been proven
effective for various organic semiconductors. As shown in
Fig. S1, μ of the 100-nm NPB was estimated to be
1.06 × 10−4 cm2 V−1 s−1. As shown in Fig. 1a, the HODs
with no HIL or thin insulating film of Teflon (2 nm)
showed a similar low injected current below 5 V bias,
whereas the Teflon-based HOD showed a higher current
density of 2031 A m−2 at 8 V bias. Based on previous re-
ports [6], we used the Fowler-Nordheim equation to
further verify the origins of hole injection enhancement
of ITO/Teflon (2 nm)/NPB (Fig. S2). The linear depen-
dence between the intensity of the ln(J V−2) and reciprocal
bias (V−1) combined with the rough surface morphology
of ITO/Teflon suggests that the Teflon-induced localiza-
tion of electric fields is responsible for a charge tunneling

injection and an increased current density at high applied
voltages. As depicted in Fig. 1b, using a strong electron
acceptor HATCN as HIL leads to almost one order of
magnitude improvement in current density with hole
injection efficiency of approximately 10%. The results
agree well with previous reports that HATCN could sig-
nificantly ameliorate the hole injection of ITO/NPB by
forming a charge generation layer near the anodes [10].
Remarkably, as the electric field reached close to
400 kV cm−1, the HOD based on the novel bilayer HIL of
Teflon (2 nm)/HATCN (10 nm) exhibited a high ηinjection
up to 80%, which is significantly higher than those with
either Teflon or HATCN interlayers (Fig. S3). The above
results indicate that approximate Ohmic contact for ef-
ficient hole injection can be achieved by simply inserting
a thin Teflon film between an ITO and HATCN.

To explain the mechanism for hole injection enhance-
ment, ultraviolet photoelectron spectroscopy (UPS) was
conducted to investigate the influence of the Teflon in-
terlayer on the interfacial energy alignment, which was
usually crucial for the charge generation process and hole
injection efficiency (Figs S4 and S5). For HIL of HATCN/
NPB, due to the strong electron-withdrawing character of
HATCN, the HOMO of NPB at the heterojunction in-
terface is pinned at 0.52 eV below the EF. Given that the
transport band gap of HATCN is 4.2 eV, the lowest un-
occupied molecular orbitals (LUMOs) of HATCN is es-
timated to be 0.15 eV higher than the EF. Therefore, the
charge generation barrier, which can be determined by
the energy offset between the LUMO of HATCN and
HOMO of NPB, is expected to be 0.67 eV in this case
(Fig. 2a). Unlike the strong electron acceptor of HATCN,
the insertion of electronically inert Teflon has negligible
influence on the interfacial energy alignment (Fig. S6).

Figure 1 (a) Current density-voltage curves of HODs with the structure of ITO/HILs/NPB/Al. (b) Hole injection efficiencies of HODs at different
electric fields.
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The charge generation barrier of ITO/Teflon (2 nm)
/HATCN (10 nm)/NPB was calculated to be 0.70 eV
(Fig. 2b), which is very close to that of ITO/HATCN/
NPB. Hence, it can be presumed that apart from energy
alignment tuning, other factors such as film morphology
or distribution of electric fields may account for superior
hole injection properties of the Teflon/HATCN HIL.

Then, we employed atomic force microscopy (AFM)
measurements to study the correlations between the film
morphology and charge injection properties of the bilayer
HIL. As presented in Fig. 2c, the vacuum-deposited Te-
flon displays isolated nanograins on the ITO substrate.
Additionally, the HATCN films on the ITO/Teflon show
a high surface roughness with a root-mean-square
roughness (Rrms) of 4.52 nm, and the HATCN on a

pristine ITO exhibits a smaller Rrms of 0.76 nm (Fig. S7).
These results are consistent with the previous report that
HATCN tends to form island-shaped patches on a hy-
drophobic surface [24]. Furthermore, perfluorinated and
nonconjugated features of Teflon could lead to low po-
larizability and weak intermolecular van der Waals in-
teraction [25]. However, the HATCN with large π-
conjugation and cyano groups possesses stronger inter-
molecular CN-π interactions [26]. Therefore, it could be
anticipated that intermolecular interactions between
HATCN and HATCN should be much stronger than that
between HATCN and Teflon, which contributes to the
formation of HATCN islands on the top of the ITO/
Teflon surface. Consequently, the thin Teflon layer played
a crucial role in directing the ideal morphology of the

Figure 2 (a) The energy level alignment at the interface of ITO/HATCN/NPB. (b) The energy level alignment at the interface of ITO/Teflon/
HATCN/NPB. (c) The AFM images of bare ITO, ITO/Teflon (2 nm), and ITO/Teflon (2 nm)/HATCN (10 nm). (d) Illustration of the hole injection
property of Teflon/HATCN. (e) The c-AFM measurement of ITO/Teflon (2 nm)/HATCN (10 nm)/NPB (100 nm).
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HATCN film using a sequential deposition.
Furthermore, a sample with the structure of ITO/Te-

flon (2 nm)/HATCN (10 nm)/NPB (100 nm) was pre-
pared for conductive AFM (c-AFM) to map the current
distribution on the surface. As shown in Fig. 2e, the
current distribution is closely related to the surface
morphology. A high current of more than 500 fA was
mainly distributed around the nanostructured islands,
indicating that the nanoscale islands can act as hotspots
for efficient hole injection. According to previous reports
[27,28], nanoparticles of C60 and aluminum could sig-
nificantly enhance the charge injection properties of ITO
by enhancing the local electric field. As a result, the su-
perior hole injection properties of the nanostructured
islands could be interpreted by the effect of electric field
localization. Under bias voltages, charges at the interface
of Teflon/HATCN/NPB tended to accumulate at na-
noscale islands of Teflon/HATCN with larger surface
curvature than flat areas. As a result, the higher surface
charge density at the nanoscale islands reinforced the
local electric field, thus improving the charge injection.
To further investigate the origin of the electric field lo-
calization at the Teflon/HATCN/NPB interface, the cur-
rent distribution at HATCN/NPB with a relatively flat
surface was studied using c-AFM. The study showed an
almost uniform distribution in the range of 5 μm × 5 μm
(Fig. S8), confirming that the nanostructured islands of
Teflon/HATCN were essential to the electric field loca-
lization and resulting in higher injection efficiency than
the HATCN with a flat surface. Therefore, the synergetic
effect of a thin insulating layer of Teflon and strong
electron acceptor of HATCN can be concluded as the
following two aspects. First, using high EA HATCN is
conducive to modulating the interfacial energy alignment
and reducing the charge generation barrier. Second, thin
hydrophobic Teflon with high surface roughness is con-
ducive for forming an inhomogeneous surface morphol-
ogy at the interface of HATCN/NPB, thus enabling the
localization of electric field and efficient charge genera-
tion/injection around the nanostructured islands. Based
on the understanding of synergetic hole injection me-
chanisms, the Teflon-induced localization of the electric
field should apply to other HTMs and high EA HILs. To
test this hypothesis, we fabricated HODs with an HTM of
4,4′-cyclohexylidenebis[N,N-bis(4-methylphenyl)benze-
namine] (TAPC, ionization potential = 5.6 eV) and an
HIL of MoO3 (EA = 6.7 eV) [29,30], and a similar Teflon-
induced hole injection enhancement was observed in the
corresponding HODs (Fig. S9). These results confirm the
validity and compatibility using Teflon/strong electron

acceptor as HIL.
Finally, we applied a highly efficient bilayer HIL with a

moderate surface roughness and high light transmittance
(Table S1, Fig. S10) to red phosphorescent OLEDs
(PhOLEDs) with a device structure of ITO/Teflon (0 or
2 nm)/HATCN (10 nm)/NPB (40 nm)/TCTA (10 nm)/
Bebq2:Ir(mphmq)2tmd (5%, 30 nm)/Bebq2 (5 nm)/
DPPyA (30 nm)/LiF (0.5 nm)/Al (150 nm) (Fig. 3a). The
chemical structures of materials in PhOLEDs are sum-
marized in Fig. S11. In this study, DPPyA and Bebq2
served as the electron-transporting materials and hosts,
respectively [31,32]. Due to their high electron mobility,
the electrons are the majority carriers, and holes are
minority carriers for the reference PhOLEDs with pristine
HATCN, which were further characterized by single-
carrier devices (Fig. S12). Incorporating efficient HILs
was conducive to improving carrier balance and boosting
the efficiencies of red PhOLEDs by increasing the injec-
tion of minority carriers since the carrier densities are
closely related to charge transport and injection [33]. As
shown in Fig. 3b, the OLEDs based on the HATCN and
Teflon/HATCN exhibited similar turn-on voltages of
2.4 V. This result agrees with the nearly equal hole in-
jection barriers derived from the UPS analysis. At vol-
tages greater than 3 V, the current density at the
nanoscale islands of Teflon/HATCN increased sig-
nificantly and reinforced local electric fields [34], which
made nanoscale islands act as hotspots for superior hole
injection. As a result of improved hole injection and
charge balance, the performances of OLEDs based on
Teflon/HATCN were superior to those with pristine
HATCN at practical brightness. The EQE and PE of the
red PhOLEDs with bilayer HIL of Teflon/HATCN were
32.6% and 38.6 lm W−1 at 1000 cd m−2 and remained at
28.0% and 23.4 lm W−1 at a practical luminance of
5000 cd m−2. The reference devices with pristine HATCN
HIL exhibited lower EQE/PE of 26.7%/29.4 lm W−1 at
1000 cd m−2 and 23.8%/15.6 lm W−1 at 5000 cd m−2.
Moreover, the T95, defined as the lifetime to 95% of the
initial luminance, is extended from 64.2 to 180.6 h at
1000 cd m−2 by incorporating the Teflon/HATCN as the
interlayer (Fig. 3d). It has been illustrated that triplet-
polaron annihilation (TPA) was one of the main causes of
degradation of the PhOLEDs because such bimolecular
annihilation may lead to the formation of charged traps
or nonradiative recombination centers [35]. Viewing that
the majority carriers of PhOLEDs with HATCN were
electrons, it could be anticipated that incorporating Te-
flon/HATCN facilitated the hole injection and radiative
recombination, which were beneficial for promoting the
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device lifetime by suppressing the accumulation of po-
larons and the resulting TPA process [33]. Consequently,
using bilayer HIL of Teflon/HATCN helps in developing
stable and high-efficiency OLEDs for energy-saving ap-
plications.

In summary, we have demonstrated a new way to es-
tablish an approximate Ohmic hole injection via the sy-
nergetic effect of a thin insulating layer and strong
electron acceptors. Modulation of film morphology and
energy level alignment can be simultaneously accom-
plished via sequential evaporation of Teflon and HATCN.
Benefiting from the localization of the electric fields and
small charge generation barrier at the inhomogeneous
interface, the newly developed HIL with an insulator/
strong electron acceptor/HTM architecture can achieve
near-unity hole injection efficiency for HTMs with deep-
lying HOMOs up to −5.5 eV. As a result of efficient and
balanced charge injection, the optimized red PhOLEDs
exhibit a high EQE of 32.6% and a low driving voltage of
3.2 V at a practical brightness of 1000 cd m−2. In princi-
ple, this study may bring new insight into the design
principles of universal and efficient HILs and provide an

effective technique toward future displays and lighting.
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基于薄绝缘层和强电子受体的协同效应实现近似
欧姆接触的高效空穴注入策略
刘子扬1, 魏鹏程1, 宾正杨3, 王学文4, 张东东1,2*, 段炼1,2*

摘要 有效的电荷注入是发展低电压、高效率有机发光二极管
(OLEDs)的关键. 然而, 目前应用最广泛的空穴注入材料(HATCN)
的注入效率仅约10%, 无法满足高清显示和照明的需要. 因此, 我们
基于薄绝缘层(特氟龙(Teflon))和强电子受体(HATCN)的协同效
应设计了一种高效、通用的空穴注入技术. 研究表明特氟龙诱导
形成的纳米岛状结构有助于增强界面电场局域化, 搭配HATCN可
以实现高效的电荷产生和空穴注入 . 新型的注入层 (T e f l on /
HATCN)可实现近似欧姆接触的高效空穴注入, 其注入效率高达
80%以上. 基于该方法制备的红色磷光OLED的启亮电压仅为2.4 V,
最大外量子效率高达33.1%. 本文关于薄绝缘层和强电子受体的协
同效应的研究为发展高性能电荷注入材料提供了新策略.

LETTERS SCIENCE CHINA Materials

3130 December 2021 | Vol. 64 No.12© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021


	Approaching Ohmic hole contact via a synergetic effect of a thin insulating layer and strong electron acceptors 

