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Unravelling the electron injection/transport
mechanism in organic light-emitting diodes
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Katsuyuki Morii%?4, Takahisa Shimizu® ' & Hirohiko Fukagawa® '™

Although significant progress has been made in the development of light-emitting materials
for organic light-emitting diodes along with the elucidation of emission mechanisms, the
electron injection/transport mechanism remains unclear, and the materials used for electron
injection/transport have been basically unchanged for more than 20 years. Here, we unra-
velled the electron injection/transport mechanism by tuning the work function near the
cathode to about 2.0 eV using a superbase. This extremely low-work function cathode allows
direct electron injection into various materials, and it was found that organic materials can
transport electrons independently of their molecular structure. On the basis of these findings,
we have realised a simply structured blue organic light-emitting diode with an operational
lifetime of more than 1,000,000 hours. Unravelling the electron injection/transport
mechanism, as reported in this paper, not only greatly increases the choice of materials to be
used for devices, but also allows simple device structures.
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tarting with the report by Tang and VanSlyke in 1987,

organic light-emitting diodes (OLEDs) have been studied

intensively, and their practical application is the most
advanced among organic devices!. Over the past 30 years,
remarkable progress has been made in improving the efficiency of
light-emitting materials through, for example, the understanding
of the triplet-triplet annihilation (TTA) in fluorescent OLEDs
and the discovery of both phosphorescent emitters and thermally
activated delayed fluorescent (TADF) emitters>©. On the other
hand, the materials used between the cathode and the emitting
layer (EML), which includes the light-emitting material, have
remained basically unchanged”. Since the electron affinity (EA) of
the materials used in OLEDs is smaller than that of the materials
used in other organic devices, chemically reactive alkali elements
such as Li/Cs or molecular n-dopants have been essential for the
electron injection layer (EIL) near the cathode’~10. In addition,
compounds with nitrogen-containing heterocycles, such as pyr-
idine, imidazole and phenanthroline, have been typically defined
as electron transport materials (ETMs), and intensive efforts have
been made on developing ETMs with high electron mobility!1-1°.
The use of both EIL and typical ETMs is now almost seen as
“conventional wisdom” that has been gained through the devel-
opment of numerous OLEDs; however, the detailed mechanisms
involved in electron injection/transport from the cathode to the
EML have remained unclear, such as whether injection or
transport is more important to operate OLEDs at a low operating
voltage’-20. Since n-dopants change both injection and transport
properties, it has been difficult to distinguish their effects on the
operating voltage’1%12, In the development of ETMs used for
OLEDs, the operating voltage had mainly been discussed on the
basis of the electron mobility of ETMs, whereas the effect of the
electron injection property on the operating voltage has rarely
been discussed!!~1%. That is because little has been known about
the actual EA of organic compounds with a small EA until
recently?!-22,

Here, we elucidated the electron injection/transport mechan-
ism in OLEDs by correlating the characteristics of OLEDs with
the actual energy levels around cathodes. The only requirement to
obtain OLED emission at a low operating voltage was found to be
the minimisation of the energy barrier between the cathode and
the EML. Compounds with nitrogen-containing heterocycles,
which have been considered as typical ETMs, are found to per-
form electron injection rather than electron transport. We
demonstrate that these typical ETMs are not essential for OLEDs
by finding an EIL that can significantly reduce the work function
(WF) around the cathode. The realisation of a low-WF electrode
to eliminate reactive alkali elements from organic devices has
been the subject of intense study®23-27, Zhou et al. reported
various low-WF electrodes with a minimum WF of 3.1eV by
utilising polyethyleneimine?3. Lin et al. have fabricated an organic
film with a surface WF of about 2.5 eV by photoactivation of a
molecular n-dopant doped into a typical ETM®. Very recently,
Tang et al. have realised a low effective WF of 2.4eV using
multivalent anions?4. Both Bin et al. and the present authors
reported some phenanthroline derivatives that can reduce the WF
of electrodes to below 3 eV by utilising the coordination reaction
from phenanthroline derivatives with metals?>2, We also
demonstrated that the formation of hydrogen bonds (H-bonds)
between nitrogen in bases and other organic semiconductors
reduces the WF to about 3 eV?7. The EIL found in this study is
the superbase 2,6-bis(1,3,4,6,7,8-tetrahydro-2H-pyrimido[1,2-a]
pyrimidin-1-yl)pyridine (Py-hpp,), which can reduce the WF
near an Al cathode to about 2.0 eV through both the coordination
reaction and the formation of H-bonds?3. This extremely low WF
allows direct electron injection into materials used in blue and
green EMLs with a relatively large band gap. The luminance of

blue OLEDs without typical ETMs was increased by about
200,000 times at an applied voltage of 6 V by changing the EIL
from a Li compound to the EIL.

Results

Effect of electron injection barrier on operating voltage. The
electron injection/transport mechanism was clarified by investi-
gating the EIL- and electron transporting layer (ETL)-dependent
characteristics of the green phosphorescent OLEDs shown in
Fig. 1a and b (Supplementary Fig. 1). In addition to typical EILs
such as lithium fluoride (LiF) and (8-quinolinolato)lithium (Liq),
Py-hpp, was also used?$. Two similar materials were used for the
ETL shown in Fig. la: one was 7,10-bis(3-(pyridin-3-yl)phenyl)-
8,9-diphenylfluoranthene (F-Py), which is considered to be a
typical ETM owing to the existence of the pyridine substituent, and
the other was 7,10-bis(biphenyl-3-yl)-8,9-diphenylfluoranthene
(F-Ph). There are no significant differences in EA measured by
low-energy inverse photoemission spectroscopy (LEIPS) and the
lowest unoccupied molecular orbital (LUMO) between F-Ph and
F-Py (Supplementary Fig. 2)2122. However, both the turn-on vol-
tage at 1 cd m~2 and the operating voltage were found to be highly
dependent on the material used in the ETL for the OLEDs with no
EIL (OLED-1 and OLED-5) and for the OLEDs with Li com-
pounds (OLED-2, OLED-3, OLED-6 and OLED-7), as shown in
Fig. 1b. According to conventional wisdom, these results can be
attributed to the electron transportability of F-Py being higher than
that of F-Ph. Note the difference in turn-on voltage between
OLED-5 with no EIL and OLED-8 with Py-hpp,, which is as high
as about 10V. In addition, the turn-on voltage is almost inde-
pendent of the material used in the ETL when Py-hpp, was used
for the EIL (OLED-4 and OLED-8). Thus, it may be presumed that
F-Ph can transport electrons to the EML if electrons can be
injected from the cathode to F-Ph.

To verify this hypothesis, the electron injection barriers (EIBs)
at the Al/organic layer interfaces of each OLED were precisely
investigated using a combination of LEIPS and ultraviolet
photoelectron spectroscopy (UPS), as summarised from Fig. 1c-g

(Supplementary Figs. 3 and 4, Supplementary Table 1). A clear
difference in EIB was observed between the two OLEDs without
an EIL: the EIB in OLED-5 is 1.56 eV, whereas that in OLED-1 is
0.22 eV, which is consistent with the relationship between the
operating voltages of the two OLEDs (Supplementary Fig. 5). It is
reasonable to assume that the smaller EIB in OLED-1 is caused by
the coordination reaction between pyridine in F-Py and Al atoms
that diffuse into the F-Py, as illustrated in Fig. 1h (Supplementary
Fig. 6)2>%°. The difference in WF between OLED-5 and OLED-1
(A in Fig. 1d) originates from the coordination reaction?>26, In
addition, the direct measurement of EA by LEIPS clarified that the
coordination reaction also causes the change in the EA of F-Py
from 2.16 to 2.80eV (8g, in Fig. 1d) (Supplementary Fig. 4)30.
The EIB was found to be almost zero in OLED-2, where Liq was
inserted between Al and F-Py, as shown in Fig. le. We see from
the UPS/LEIPS spectra that no change in electronic structure was
observed other than a change in WF with the addition of Li
compounds into organic films, and WF was reduced by just
depositing Li compounds onto ITO/ZnO (Supplementary Figs. 3
and 4). Thus, Li compounds such as Liq and LiF reduce the WF
around the cathode simply because of their low charge neutrality
level (A in Fig. 1e and f)3L. It can be concluded that the difference
in operating voltage between OLED-2 and OLED-6 originates
from the presence or absence of the coordination reaction. Note
the EIB in OLED-8, the turn-on voltage of which is similar to that
of OLED-2. The insertion of Py-hpp, between Al and F-Ph
reduces the WF to about 2.0 eV, resulting in an almost zero EIB. It
was found that both the coordination reaction and the formation

2 | (2021)12:2706 | https://doi.org/10.1038/s41467-021-23067-2 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

a S o il ':
Al (cathode) |, no EIL Liq LiF Py-hpp, | 1 h
EIL (1 nm) [ Fry | F-Py F-Py F-py |1
- - - - 1
- OLED-1 OLED-2 OLED-3 OLED4 !
. B 1
_DIC-TRZ | no EIL Lig LiF Py-hpp, | 1
EML: ir(mppy), | % 1
[ FPn | F-Ph F-Ph F-Ph |
yTL-40BFP3a | Y 1
4 HTL e . OLED5 OLED-6 OLED-7 OLEDB i
HIL: Clevios HIL
ITO (anode)
Glass
OLED
b JPE—
10 ETL: 100 ETL: f Py-hpp
E F-Py F-Ph ' (OLED-8
10 10 ¥
el +
x:2 & + i
8 102 = 102 : OLig (OLED-6)
s OLiq (OLED-2) + VLiF (OLED-7) il
€ 1ok BLF(OLED-3) o 40 -
2 » X Py-hpp, (OLED-4) + no EIL (OLED'5)\OOC .®Coord|natlon
qoob v [ 100] Lo 11 40 > .
0 5 10 0 5 10 SR by
Voltage (V) Voltage (V) O y-hpp,
c d oLeD-1 € OLED2 f oLens 9 oLEDs8 hizbend

Al i F-Py

Fig. 1 Characteristics of OLEDs with different EIL/ETL combinations. a Multilayer structure of an OLED, chemical structure of the materials used in the
ETL and EIL, and schematic illustrations of their combination. b Luminance-voltage characteristics of green phosphorescent OLEDs prepared using various
EIL/ETL combinations. c-g Summary of the energy diagrams around each cathode estimated from UPS and LEIPS, where Ef and E,,. represent the Fermi
and vacuum levels, respectively. h, i Schematic illustrations of nitrogen-induced interactions around the cathode such as the coordination reaction with
diffused Al atoms and the formation of H-bonds between Py-hpp, and the material used in the ETL.

of H-bonds contribute to the production of this small WF, as
illustrated in Fig. 1g and i (Supplementary Fig. 3). The deposition
of 1-nm-thick Py-hpp, on F-Ph decreases the surface WF to about
2.5eV, which is caused by the formation of H-bonds (Supple-
mentary Figs. 3, 7 and 8)%7. The WF was further reduced to about
2.0eV by utilising the coordination reaction when Al was
deposited on this film (Supplementary Figs. 3 and 6, Supplemen-
tary Table 1)2>26, The importance of utilising both H-bonds and
the coordination reaction can be seen from the characteristics of
the OLED where hydrogen-free Cgo was employed in the ETL
(Supplementary Fig. 9). We see from Fig. 1b, c and g that the EIB
difference of only 1.56 eV causes a turn-on voltage difference of
about 10 V. Since the EA of ETL near the cathode is almost the
same as the cathode WF in both OLED-8 and OLED-2, reducing
the EIB to near zero seems to be essential to deliver electrons from
the cathode to the EML at a low operating voltage. In addition, the
results of our experiment suggest that nitrogen-containing
heterocyclic compounds perform electron injection from the
cathode rather than electron transport.

Fabrication of over 100 OLEDs and their characteristics. To
investigate the electron injection/transport mechanism, over 100
OLEDs were fabricated using the 28 materials shown in Fig. 2a
for the ETL in Fig. la (Supplementary Figs. 10-17, Supplemen-
tary Tables 2 and 3). The materials shown in Fig. 2a are divided

into two groups: one comprises typical ETMs with nitrogen-
containing heterocycles (X1-X11, group X) and the other com-
prises materials not generally used for ETLs (Y1-Y17, group Y).
In addition to the 1-nm-thick Lig, LiF, and Py-hpp, used in
Fig. 1, a 5-nm-thick Py-hpp,-doped film consisting of both
Py-hpp, and one of the materials shown in Fig. 2a was also used
for the EIL. Since both the coordination reaction and the for-
mation of H-bonds are effective only for reducing the EIB, the
thick Py-hpp,-doped film sometimes increases the operating
voltage of OLEDs, unlike typical n-doped systems (Supplemen-
tary Fig. 9)8912:25-27 The operating voltages of OLEDs, which
are highly dependent on the EIL/ETL combination, were ana-
lysed. Since the operating voltage is considered to be correlated
with the energy-level alignment in the OLED from the results
shown in Fig. 1, the operating voltage of each OLED at a current
density of 1 mA cm™2 is plotted against the EA of each material
estimated by DFT calculation (Fig. 2b, ¢, d and e). Although the
EAs estimated from the DFT calculation are not accurate, they
can be used as relative values for analysis (Supplementary
Fig. 18). Note the difference in operating voltage between the
OLEDs with group X and the OLEDs with group Y shown in
Fig. 2b and c. The OLEDs with group X exhibited lower operating
voltages, which originate from the coordination reaction between
Al and nitrogen-containing heterocycles, as illustrated in Fig. 1.
Although the operating voltages of the OLEDs with group Y
shown in Fig. 2b and c are higher than those of the OLEDs with
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Fig. 2 Summary of OLED characteristics using 28 materials as ETL. a Chemical structure of materials used as ETL in green phosphorescent OLEDs.
b-e Summary of correlation between calculated EA of materials used as ETL (horizontal axis) and operating voltage of OLEDs at current density (J) of
1mA cm~2 (vertical axis) (b EIL is Lig; ¢ EIL is LiF; d EIL is 1-nm-thick Py-hpp,; e EIL is Py-hpp,-doped film). The luminance at J=1mA cm~2 is about

800 cd m~2 in almost all OLEDs.

group X owing to a lack of the coordination reaction, it is natural
that the least-squares approximations of the operating voltages
are straight lines since Liq and LiF only reduce the WF around
the cathode3!. In contrast, the operating voltages of the OLEDs
with group Y are significantly reduced by using Py-hpp, as the
EIL (Fig. 2d and e). The operating voltage is strongly correlated
with the EA independently of the molecular structure, and a
current density of 1 mA cm~2 was obtained at operating voltages
below 5V for the ETLs with a calculated EA above 1.3eV
(Y1-Y13), as shown in Fig. 2e. We see from Fig. 2d and e that it is
not necessary to use typical ETMs to obtain OLED emission at a
low operating voltage. Additionally, almost all OLEDs with Py-
hpp,-doped films exhibit an external quantum efficiency (EQE)
of about 20%, independent of the ETLs (Supplementary Figs. 16
and 17). It is concluded that the materials in group X, which were
previously considered to be ETMs, are actually essential for
electron injection rather than for electron transport.

To discuss the electron injection/transport mechanism in
detail, the correlation between the operating voltages of OLEDs
with Py-hpp,-doped films and the actual EA of several materials
is summarised in Fig. 3a. For some of the materials, their reported
electron mobilities are also described!3-17-32-35_ The operating
voltage can be divided into three regions (i)-(iii). Since the WF is
reduced to be about 2 eV by using Py-hpp,, it is likely that the
linear increase in the operating voltage in region (i) is caused by
the increase in EIB at the organic/cathode interface (Supplemen-
tary Fig. 19). In region (ii), where the EIB is almost zero, the
operating voltage is low, independent of the molecular structure
and electron mobility. Whereas in region (iii), the operating
voltage increases, which can be attributed to the large difference
in EA between the host (Y4) and the ETL?0. Note the operating

voltages of OLEDs with X4 and X7 with similar molecular
structures. Although the electron mobility of X4 is one order of
magnitude higher than that of X7, the OLED with X4 exhibits a
higher operating voltage, which may originate from the large EA
difference between X4 and Y4 (host)!320, It was also confirmed
that the operating voltages of the OLEDs with Y14 and Y17 are
comparable even when the electron mobilities of Y14 and Y17
differ by four orders of magnitude3%3>, Thus, the most stringent
requirement to obtain OLED emission at a low operating voltage
was found to be the minimisation of the energy barrier between
the cathode and the EML.

Furthermore, the operational lifetime of OLEDs, which has
been intensively studied in recent years, has been analysed with an
unprecedented amount of lifetime data (Fig. 3b)30-°. With the
exception of Y8, the lifetime is highly dependent on the operating
voltage and almost independent of the material used in the EIL/
ETL. Thus, it has been found that the main role of the EIL/ETL in
long-lived OLED:s is to adjust the charge balance around the EML.
Since the operating voltage and lifetime of many OLEDs with Py-
hpp, as part of the EIL are comparable to those of state-of-the-art
green OLEDs reported in the literature, the range of choices of
materials used between the cathode and the EML is expected to be
increased greatly by our finding!®!1°. Among these OLEDs with
low operating voltages and long lifetimes, the most noteworthy is a
simplified OLED in which both the light-emitting host and
the ETL are Y4. Thus, the application of Py-hpp, to the EIL and
the understanding of the electron injection/transport mechanism
will cause a paradigm shift not only in the concept of electron
injection/transport materials, but also in the structures of OLEDs.
A significant advantage of Ph-hpp, over 2,2',2”-(1,3,5-benzine-
triyl)-tris(1-phenyl-1-H-benzimidazole), which was reported to be

4 | (2021)12:2706 | https://doi.org/10.1038/s41467-021-23067-2 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https:/

/doi.org/10.1038/541467-021-23067-2

ARTICLE

a b
—— 1 T T T T I . I .
n
10 T ETL/EIL
AY17 (1:~109) group X/Liq 1
- b < - m group Y/Liq
b AY14 (1:~10) S Ba group é;ll:li 1
P I 1 € L o group Y/Li
g g fa o w group X/1-nm-Py-hpp, 1
< | ] o o A group Y/1-nm-Py-hpp, _
E VX1 (4:~10%) =] 10 g o v group X/doped film
I ] [SE o Agroup Y/doped film E
2 Y15 A Y”(H*ms) 5 |7 . 40 " ki
n
o 5 \ 14:~10°5) 4 8 A" 1
) Y13 (u:~109)A x4( 109 g o R
= y i~ = -
5} xt0@~00y vs 7% 2 R v OLEDs using Y4
i ~1 0+ Y2 A gV’ = M 1
VA Y4 (host, 103) T e voRe o % T
L ost, 4~ ] pe
S OLEDS using Y8 o A oy 1
v
L L L L 1 L L L L 1 L L L 1 1 A, 1 L
15 2 25 0 100 200 300 400
EA measured by LEIPS (eV) LT50 (h)

Fig. 3 Quantitative analysis of OLED characteristics. a Summary of correlation between actual EA of materials used as ETL (horizontal axis) and operating
voltage of OLEDs with Py-hpp,-doped film at J of TmA cm~2 (vertical axis). The electron mobility (1) of some materials is also shown. b Summary of
correlation between operational lifetime (LT50) (horizontal axis) and operating voltage of OLEDs at luminance of 10,000 cd m—2 (vertical axis). LT50 is
the time for the luminance to decay by 50% from 10,000 cd m~—2.

a b c
10 /
. @, : T
EIL (Py-hpp, or Lig) O OQ T g & ou S
e F
1,2-ADN O O B E o §
_ 1,2-ADN s 0k e 2
- 1,2-ADN: BD.1 A § F e 8
S 1= €
Revaerasal i
HATC I o
HIL: Clevios HjL N OQ Q 1O°Er
ITO (anode) Y E
BD-1 (6) 1010 R |
Glass Voltage (V) Voltage (V)
d e f
10— T T— T — T — T rr——
S F_EL o‘N L - E =
£ | OPy-hpp, °
é‘ I OLiq ° 1 0 0.8 . £ i ]
28 i L4 71 E ) b S E E
S fe ©® 1  €osF 1 5. 1
S o 1 =z ¢t 1 ¢V
€ s £ E 3
s t 1 §oaf 4 8 oL ]
s = - VE
© B T a B T E =
= - -
s f 1 “o2F - L -
X E E
w L i F 3
PRI BT B L1 P ol veed il
700 10" 102 400 500 600 700 102 10° 100

Current density (mA cm)

Wavelength (nm)

Initial luminance (cd m=2)
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a good EIL in a recent study, was also confirmed (Supplementary
Fig. 20)40.

Simply structured blue OLED. On the basis of these findings, we
have succeeded in developing an innovative blue fluorescent
OLED with low operating voltage, high efficiency and high
operational stability despite its simple device structure (Fig. 4).
Since the EAs of materials used in blue EMLs are generally smaller
than those of materials used in green and red EMLs, it has been
difficult to reduce the operating voltage of blue OLEDs, and
improving their operational stability has also been the biggest
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challenge for their practical application. However, we see from
Fig. 2d and e that Py-hpp, can be used to efficiently inject elec-
trons from the cathode into some aromatic hydrocarbons (Y9,
Y10 and Y12) that are used in blue fluorescent OLEDs as the light-
emitting host. Thus, we designed the simply structured OLED
shown in Fig. 4a, where the emitting host and EIL are adjacent.
Since the operating voltage was slightly lower for the blue OLED
in which 1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile (HAT-
CN) was deposited on top of ITO/Clevious HIL 1.3N (supplied by
Heraeus Holding GmbH), we employed a stacked structure of
Clevious HIL 1.3N and HAT-CN as the HIL of blue OLEDs
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(Supplementary Fig. 21). The emitting host 1,2-ADN is effective
for improving the EQE by utilising TTA, and the fluorescent
emitter BD-1 is a promising material for demonstrating long-lived
OLEDs?#1. In recent years, doping of alkali elements has not been
indispensable to realise red/green phosphorescent OLEDs with
low operating voltages; however, alkali-element-doped ETL has
been essential to reduce the operating voltage of blue fluorescent
OLEDs owing to the small EA of blue EMLs!81941, The blue
OLED consisting of a host and Py-hpp, exhibits the lowest
operating voltage among the blue OLEDs consisting of various
EIL/ETL combinations including Liq-doped ETL (Supplementary
Fig. 21)4L. In particular, an EIL-dependent operating voltage was
clearly observed in the simply structured OLED, as shown in
Fig. 4a, b, and c: the luminance of the blue OLED was increased by
about 200,000 times at an applied voltage of 6 V by changing the
EIL from Liq to Py-hpp,. The blue OLED with Py-hpp, exhibits a
high EQE of more than 9%, realised by utilising TTA as shown in
Fig. 4d>*L. In addition, the blue OLED with Py-hpp, as the EIL
shows both a good colour purity and an extremely long opera-
tional lifetime, as shown in Fig. 4e and f. Since the time for the
luminance to decay to 50% of the initial luminance of 100 cd m~2,
which is discussed as the lifetime for many blue OLEDs (LT50), is
too long to be measured, we estimated the lifetime from the data
shown in Fig. 4f (Supplementary Fig. 22)3642:43, The lifetime was
estimated to be more than 1,000,000h, which is almost the
same as that of OLEDs used in commercial products3¢. The time
for the luminance to decay to 50% of the initial luminance of
1000 cd m~2, which is examined in recent blue OLEDs, is also
expected to be long (about 6000 h) (Supplementary Fig, 23)44. The
fact that a long-lived blue OLED could be realised without using
typical ETLs is of great significance for the realisation of highly
efficient and long-lived blue OLEDs, which is at the frontier of
OLED research. Py-hpp, will eliminate the need for a typical ETM
with high triplet energy (Et) and stability, which is a bottleneck in
realising long-lived blue OLEDs fabricated using phosphorescent
and TADF emitters*>. Considering the confinement of Er, one of
the most promising materials as an alternative to the typical ETM
is the emitting host, the Et of which is basically higher than that of
emitters, as demonstrated in Fig. 2. On the other hand, since high
efficiencies have been obtained in this study and in previous
studies even in green phosphorescent OLEDs with anthracene
derivatives with low Er, we believe that a variety of materials can
be used for ETLs, regardless of their Er, if electrons can be injected
efficiently from good EILs such as Py-hpp,!°.

Discussion

We conclude that both the reactive alkali elements and typical
ETMs, such as compounds with nitrogen-containing heterocycles,
are not essential for delivering electrons from the cathode to the
EML in OLED:s if electrons can be injected effectively. This lib-
eration of materials used in OLEDs was achieved by tuning the
WF near the cathode to about 2.0 eV using the superbase, and
simply structured OLEDs that combine low operating voltage,
high efficiency and high operational stability were realised. The
fact that a WF equivalent to that of Cs, which has the smallest WF
among the reactive alkali elements, is realised suggests that alkali
elements near the cathode are unnecessary. The electron injec-
tion/transport mechanism unravelled in this study is expected to
contribute to significant progress in organic electronics.

Methods

Fabrication of organic light-emitting diodes (OLEDs). Green phosphorescent
OLEDs (shown in Figs. 1, 2 and 3) were fabricated on glass substrates coated with a
100-nm-thick ITO layer. Prior to the fabrication of the organic layers, the substrate
was cleaned using ultrapurified water, and organic solvents, and by UV-ozone
treatment. After the UV-ozone treatment, Clevios HIL 1.3 N was spun onto the

substrate to form a 10-nm-thick layer. Clevios HIL 1.3 N is effective for not only
injecting holes from the ITO, but also reducing the possibility of electrical shorts
within the device. The film structure of the green phosphorescent OLEDs was ITO
(100 nm)/Clevios HIL 1.3 N (10 nm)/a-NPD (20 nm)/4DBFP3Q (10 nm)/DIC-TRZ:
Ir(mppy)s (3 wt%, 25 nm)/electron transport layer (ETL, 40 nm), where a-NPD is
4,4'-bis[N-(1-naphthyl)-N-phenyl-amino]biphenyl, 4DBFP3Q is N3,N3"-bis
(dibenzo[b,d]furan-4-yl)-N3,N3"”-diphenyl-[1,1":2,1":2",1” -quaterphenyl]-3,3"” -dia-
mine, DIC-TRZ is 2,4-diphenyl-6-bis(12-phenylindolo)[2,3-a] carbazol-11-yl)-1,3,5-
triazine, and Ir(mppy); is fac-tris(3-methyl-2-phenylpyridinato-N,C2’-)iridium(III).
In this study, we used various materials as the ETL, as shown in Figs. 1a and 2a. After
the ETL was formed, an electron injection layer (EIL) was deposited. In the OLEDs,
1-nm-thick LiF, Liq, and Py-hpp, were used as EILs. In addition to these three EILs,
we employed a 5-nm-thick doped film consisting of 40 wt%-Py-hpp, and another
material used as the ETL. The evaporation rate of organic materials was about
0.04 nm/s, except for Py-hpp, and emitter dopants (Supplementary Table 4). After
the formation of the EIL, a 100-nm-thick Al layer was deposited as the cathode. The
devices were encapsulated using a UV-epoxy resin and a glass cover in nitrogen
atmosphere after cathode formation.

Blue fluorescent OLEDs (shown in Fig. 4) were fabricated similarly to the green
phosphorescent OLEDs except for the thickness of the ITO layer (70 nm). The film
structure of the blue fluorescent OLEDs was ITO (70 nm)/Clevios HIL 1.3 N
(10 nm)/HAT-CN (5 nm)/Merck specific HTL (20 nm)/1,2-ADN:BD-1 (3 wt%,
25nm)/ETL (25 nm). After the ETL was formed, the EIL was deposited. In the
OLEDs shown in Fig. 4, 1-nm-thick Liq and Py-hpp, were used as the EILs. After
the formation of each EIL, a 100-nm-thick Al layer was deposited as the cathode.
The devices were encapsulated using a UV-epoxy resin and a glass cover in
nitrogen atmosphere after cathode formation.

Red phosphorescent OLEDs (Supplementary Fig. 9) were fabricated similarly to
the green phosphorescent OLEDs except for the thickness of the ITO layer
(150 nm). The film structure of the red phosphorescent OLEDs was ITO (150 nm)/
Clevios HIL 1.3 N (10 nm)/a-NPD (40 nm)/Zn(BTZ),:Ir(piq); (6 wt%, 30 nm)/ETL
(45 nm), where Zn(BTZ), is bis[2-(2-hydroxyphenyl)benzothiazolato]zinc(II)] and
Ir(piq); is tris[1-phenylisoquinolinato-C2,N]iridium(III). The materials used as
ETLs were 6”-(4-([2,2'-bipyridin]-6-yl)-2-(5H-dibenzo[b,d]borolyl)phenyl)-
2,2":6',3"-terpyridine (spB-BPy,, X5 in Fig. 2a) and Cg. After the ETL was formed,
the EIL was deposited. In the OLEDs shown in Supplementary Fig. 9, 1-nm-thick
LiF, Liq, and Py-hpp, were used as the EILs. After the formation of each EIL, a
100-nm-thick Al layer was deposited as the cathode. The devices were encapsulated
using a UV-epoxy resin and a glass cover in a nitrogen atmosphere after cathode
formation.

Device characterisation. Electroluminescence (EL) spectra and luminance were
measured using a spectroradiometer (Minolta CS-1000). A digital SourceMeter
(Keithley 2400) and a desktop computer were used to operate the devices. We
assumed that the emission from the OLEDs was isotropic, such that the luminance
was Lambertian; thus, we calculated the external quantum efficiency (EQE) from
the luminance, current density, and EL spectra.

Ultraviolet photoelectron spectroscopy (UPS). Glass substrates coated with a
150-nm-thick ITO layer were cleaned with ultrapurified water and organic sol-
vents, and by UV-ozone treatment. ZnO was deposited using a Mirror Tron
sputtering system (Choshu Industry Co., Ltd.). Then, we deposited organic thin
films and/or metals using a vacuum evaporation system, and the samples were
exposed to air immediately. The samples were placed in a holder and then
introduced into the load lock chamber of a UPS measurement apparatus. The total
time of exposure to air was 10 min for all the samples. UPS spectra of the samples
were measured using a CHA analyser with a 128-channel detector; the excitation
source was a Hel (21.22 eV) discharge lamp. A bias of —8.0 V was applied to each
sample to separate the sample and the secondary edge for the analyser.

Low-energy inverse photoemission spectroscopy (LEIPS). LEIPS spectra of
5-nm-thick host films on glass/ITO were measured using an LEIPS measurement
system (ALS Technology Co., Ltd.). No discernible dependence on the sample
current or photon energy was observed, confirming that the LEIPS spectra were
free from sample charging. The electron affinity was obtained by the standard
procedure for determining the ionisation energy by UPS. The onset of the LEIPS
spectrum was determined as the intersection of the straight line fitted to the onset
region of the spectrum and the baseline (Supplementary Fig. 4).

DFT calculation. Quantum chemical calculations were performed using the hybrid
density functional theory (DFT) functional, Becke and Hartree-Fock exchange, and
the Lee, Yang and Parr correlation (B3LYP) as implemented by the Gaussian 09
program packages. Electrons were described by Pople’s 6-31 G(d,p) basis sets for
molecular structure optimisation.

Data availability
The data that support the plots within the paper are available from the corresponding
author upon reasonable request.
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