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The injection of electrical charge from an electrode into organic semiconductors directly influences the performance
of organic optoelectronic devices. However, our understanding of the mechanisms behind charge injection remains incom-
plete. In this study, we explored the hole injection from an indium tin oxide (ITO) electrode into a hole transport layer
(HTL) by employing various organic interlayers (ILs) with different ionization potentials (IPs). It was demonstrated that
using O, plasma treatment onto an ITO surface and incorporating an interlayer (IL) with a higher IP between the ITO
electrode and the HTL can substantially increase the hole current density. This improvement leads to the achievement
of barrier-free injection and the establishment of space-charge-limited current. We propose two synergistic mechanisms
of spatial electron tunneling that govern the injection characteristics: electron tunneling from the HTL across the IL to
the electrode that establishes an electrostatic equilibrium with a zero-injection barrier and an electric-field-induced spatial
tunneling effect that occurs during device operation with applying bias. This research offers a strategy to achieve space-
charge-limited hole current and provides an explanatory framework for understanding the underlying physics of charge

injection.
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1. Introduction

The interface is the device, as stated by Kroemer in
2000, and later commented on in 2012.1?! This highlights
the significance of understanding interface properties for op-
toelectronics. In contrast to its inorganic counterparts, >~/ the
issue of electrical injection has long been a fundamental con-
cern in the field of organic semiconductor devices because of
a lack of a heavily doping approach to generate Ohmic con-
tacts at the electrode/semiconductor interface. An injection
barrier universally exists at electrode/organic-semiconductor
interfaces. The presence of this barrier typically leads to a
reduction in carrier injection efficiency, resulting in low in-
jection currents that eventually affect device efficiency. Be-
sides, understanding the injection barrier at the interfaces is
crucial for further elucidating optoelectronic device physics.
For example, achieving ideal devices with sufficiently high
injection current densities, which are crucial for applications
like organic electrically pumped lasers and the high brightness
of blue organic light-emitting devices, is impossible without
overcoming the injection barrier. The characterization of elec-
tron and hole trapping in organic semiconductors also needs to
carefully consider the influence of the injection barrier.[®-10]
The injection barrier is closely connected with the interface
properties at the electrode/organic semiconductor contact.

The hole injection barrier (AET) commonly defined as the

TThese authors contributed equally to this work.
fCorresponding author. E-mail: mschendc@scut.edu.cn

CSTR: 32038.14.CPB.adcb1d

energy difference between the work function (WF) of the elec-
trode and the ionization potential (IP) of the organic hole trans-
port layer (HTL)

AE; =1P — WF. ()

The IP and WF are generally measured by ultraviolet pho-
toelectron spectroscopy (UPS), then a AE value can be de-
termined. It should be noted that the above definition of the
injection barrier relies on the non-contact separated semicon-
ductor materials, which does not reflect the actual injection
barrier under electrical contact conditions in devices. Thus,
for certain organic semiconductor devices, the clear correla-
tion between the AE1 and injection current density may not
be seen. Therefore, a definition of the effective injection bar-
rier, denoted as AE] ¢, should be introduced to closely correlate
the AEye with the injection current densities. For the vanish-
ing of AEj, the current density of materials without trapping
should be space-charge-limited, according to the Mott—Gurney
law.[11]

Indium tin oxide (ITO) is widely used as an anode in or-
ganic optoelectronics due to its superior optical and electrical
properties, such as high transparency and conductivity,!>~16]
as well as its compatibility with existing applications in indus-
trial fields, including liquid crystal displays.''*! The published
WF values of ITO with O, plasma treatment generally range
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from 4.1 eV to 4.7 eV.l'7-29 Tang et al. reported the value of
4.4-4.5 eV by using x-ray photoelectron spectroscopy (XPS)
and UPS.['8) Our results for O, plasma ITO were 4.6 eV and
4.743 eV by using UPS and a Kelvin probe, respectively.!!”]
Nevertheless, the IP of organic HTLs commonly ranges from
5.0 eV to 5.8 eV, suggesting that the AEy at an ITO/HTL inter-
face normally covers the range 0.4—1.7 eV.

Several kinds of methods have been used to reduce the
AEy at an ITO/HTL interface. A straightforward approach is
to enhance the effective WF of ITO, thus leading to a lower
AE}, such as electrode modification through chlorination and
self-assembled layers to adjust the WF of electrodes within

21231 the use of metal oxides as hole injec-

a wide range,[
tion layers,!?*>] and interfacial modification with strong elec-
tron acceptor materials.>->8] Recent studies elucidating the
energy-level alignment at the electrode—organic interface have
significantly advanced our understanding of surface semicon-
ductor properties.!?*32] Wetzelaer et al. proposed a strategy
to add an organic interlayer with deeper ionization energy be-
tween the MoOj3 electrode modification layer and the organic
transport layer to achieve Ohmic injection.®! Although con-
tinuous efforts have been made to enhance the carrier injec-
tion from electrodes to organic semiconductors by interface
engineering,[!%-3342] considerable challenges remain in under-
standing the injection mechanisms and achieving barrier-free
injection. Questions to be explored include the carrier in-
jection mechanisms at the electrode/semiconductor interface,
connection between the AEy and AE] ¢, the proper energy land-
scape between the electrode, interlayer (IL) and HTL for hole
injection, and the effect of the AEj . on the ideal current den-
sities (theoretically maximum current density) of an organic
semiconductor. Herein, hole injection from the ITO electrode
to HTL was investigated by using various ILs with different
IPs. We show that with the O, plasma treatment and addition
of an IL with a higher IP between the ITO electrode and the
HTL, the hole current density can be significantly enhanced,
leading to barrier-free injection and space-charge-limited cur-
rent (SCLC). We propose that the O, plasma treatment gives
rise to the steep band bending at the ITO surface. Incorporat-
ing an IL with a higher IP between the ITO electrode and the
HTL leads to energy level pinning at the IP of the HTL, thus
resulting in a zero AE1.. Two kinds of spatial electron tunnel-
ing, i.e., spatial electron tunneling from the HTL to the elec-
trode to form electrostatic equilibrium conditions with a zero-
injection barrier (relevant to energy landscape) and an electric-
field-induced spatial tunneling effect under device operation,
were analyzed to govern the injection performances. Even-
tually, we prove that an SCLC was indeed realized through
the spatial electron tunneling effect by temperature-dependent
current density—voltage analysis and simulation with a drift-
diffusion model.
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Fig. 1. Two different hole-injection strategies and the IP and molecular
structures of the materials used. (a) Ladder injection: the IP of the IL
is intermediate between the ITO and the HTL. (b) Anti-ladder-injection:
the IP of the IL is deeper than the ITO and the HTL. (c) The IP of the IL
and the HTL materials, which was obtained by atmospheric photoelectron
spectroscopy AC-3. (d) The molecular structures of the materials used.

2. Results and discussion

Two kinds of energy landscapes (Figs. 1(a) and 1(b))
can be identified, which are denoted as ladder and anti-
ladder types, according to the WF of the ITO electrode
and the IPs of the IL and the HTL (Fig. 1(c)).
clude the charge neutralization effect, we investigated the

To ex-

hole injection from an ITO electrode to an HTL by mak-
ing hole-only devices. The typical device structure is
ITO/IL/HTL/TCTA (5 nm)/MoO3 (2.7 nm)/Al (100 nm).
The layer configuration of TCTA/MoOs3/Al was used as
a reference counter electrode to effectively hinder elec-
tron injection and provide the Ohmic contact for hole
extraction.’l  1,1-Bis[(di-4-tolylamino)phenyl]cyclohexane
(TAPC) and N,N’-Di (1-naphthyl)-N,N’-diphenyl-(1,1’-
biphenyl)-4,4'-diamine (NPB) were selected as the rep-
resentative HTL. Several arylamine-based materials, in-
4,4’ 4" -Tris(N-3-methylphenyl-N-phenyl-amino)-
(m-MTDATA),  2,2/,7,7'-Tetrakis(N, N-
diphenylamino)-2,7-diamino-9,9-spirobifluorene
TAD), NPB, 4,4 4" Tris(carbazol-9-yl)triphenylamine
(TCTA), and 4,4'-Bis(carbazol-9-yl)biphenyl (CBP), were
used as the ILs.
Fig. 1(d). It is worth mentioning that this is classified based

cluding
triphenylamine
(Spiro-

All the molecular structures are shown in

on the non-contact energy levels of materials, which may
not reveal the energy alignment in practical devices. For the
ladder-type, the WF of electrode (ITO), IL and HTL increases
sequentially; while for the anti-ladder-type device, the IL ma-
terial has a deeper IP value than the electrode and HTL, which
is different from the ladder-type device.

We first use the drift-diffusion model to investigate the
current density—voltage characteristics for the ladder-type and
anti-ladder-type devices. The device structure is designed as
anode/IL1 or IL2 (5 nm)/HTL (180 nm)/cathode, where the
IP or WF of anode, IL1, IL2, HTL and cathode are 5.0 eV,
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5.28 eV, 5.78 eV, 5.54 eV, 5.0 eV, respectively. Other param-
eters used in the simulation can be found in Table S1. For the
ladder-type injection device with IL1, the introduction of the
IL significantly enhances the injection current densities. This
is consistent with the experience in multilayer organic semi-
conductor devices, such as vacuum-evaporated organic light-
emitting diodes.[*** In contrast, for the anti-ladder-type in-
jection device, the introduction of the IL results in lower cur-
rent densities, indicating that the IL acts as a barrier layer in
this configuration.

We continue exploring the ladder-type and anti-ladder-
type injections by fabricating devices. The series of hole-
only device S1 with the structure of ITO (O, plasma)/X;
(5 nm)/TAPC (180 nm)/TCTA (5 nm)/MoO3 (2.7 nm)/Al
(100 nm), where X; stands for no-IL, NPB, Spiro-TAD, TCTA
and CBP, respectively, was fabricated to investigate the influ-
ence of different ILs. As shown in Figs. 2(a) and 2(c), the cur-
rent density sequentially increases for the devices with Spiro-
TAD, NPB, no-IL, and TCTA (1.73 mA/cm?, 12.16 mA/cm?,
36.10 mA/cm?, 364.80 mA/cm?, @2 V, respectively), while
the devices with TCTA and CBP as the IL gives consistent
current densities (364.80 mA/cm? versus 333.32 mA/cm?).
Comparing the current results with the IPs of the IL mate-
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rials, we observe two key findings: (i) the ladder-type IL
leads to reduced current injection, while the anti-ladder-type
IL gives rise to significant enhancement of current density; (ii)
the bigger IP offset between the IL and the HTL results in
the lower current density for the ladder type; however, the IP
offset hardly affects the injection current for the anti-ladder
type. To further test the effectiveness of this method, we also
investigated the devices employing NPB as the HTL and m-
MTDATA and TCTA as the IL, which representatively acts as
the ladder and anti-ladder cases (device series S2), as shown
in the Figs. 2(b) and 2(d) . The NPB device utilizing TCTA
as the IL exhibits a current density of 124.5 mA/m? at 2 V,
which is two times larger than the reference device without IL
(53.0mA/cm? @2 V) and six orders of magnitude greater than
the device with m-MTDATA (8.65 x 10~% mA/cm? @2 V).
This again proves the similar trend that devices with ILs form-
ing the ladder-type energy landscape perform worse in terms
of injection in contrast to the reference device without an IL,
while for the anti-ladder scenario, a dramatic enhancement of
current density can be obtained. To our surprise, these ex-
perimental results do not comply with the above-mentioned
simulation based on the drift-diffusion model.
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Fig. 2. Current densities of TAPC and NPB-based devices with O, plasma treatment on an ITO electrode incorporating different ILs. Current
density—voltage characteristics of the devices: (a) ITO (O, plasma)/IL (no-IL, NPB, Spiro-TAD, TCTA, CBP, 5 nm)/TAPC (180 nm)/TCTA
(5 nm)/MoOs3 (2.7 nm)/Al (120 nm); (b) ITO (O, plasma)/IL (no-IL, m-MTDATA, TCTA, 5 nm)/NPB (180 nm)/TCTA (5 nm)/MoOs3 (10 nm)/Al
(120 nm). The current densities at 2 V with different situations of ILs: (¢) TAPC-based devices; (d) NPB-based devices.

To explore the possible effect induced by the O, plasma
treatment on ITO electrode, we further investigated the
third series of devices S3 with the structure of ITO (no-

plasma)/TCTA (w/ or w/o 5 nm)/TAPC (180 nm)/TCTA
(5 nm)/MoO3 (2.7 nm)/Al (100 nm). The current density—
voltage characteristics are shown in Fig. 3(a). For ease of
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comparison, the performances of their corresponding devices
with O, plasma are also plotted in Fig. 3(a). To our surprise,
the device with ITO (no-plasma)/TCTA (5 nm) shows dramat-
ically reduced current density in contrast to that of the device
with O, plasma treatment. Quantitatively, the current density
of the former is 7.86 x 10~3 mA/cm?2 at 2 V, which is around
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five orders of magnitude less than that of the corresponding
device with plasma (364.80 mA/cm? @2 V). Compared with
the device without O, plasma treatment and an IL, the ITO
(no-plasma)/TCTA (5 nm) device does not show obviously en-
hanced current density. Thus, it is clear that the O, plasma on
ITO plays a key role in carrier injection.
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Fig. 3. The current density—voltage characteristics of devices fabricated with ITO substrates with and without plasma treatment and different
interlayer thicknesses. (a) The comparative current density—voltage characteristics of the devices with the structure of ITO (w/ or w/o O,
plasma)/TCTA (5 nm or none)/TAPC (180 nm)/TCTA (5 nm)/MoO3 (2.7 nm)/Al (100 nm). (b) and (c) The current density—voltage characteristics
of TAPC (180 nm) and NPB (200 nm) hole-only devices with different thickness IL TCTA, and TCTA (5 nm)/MoOs3 (10 nm)/Al (120 nm) as
a cathode. (d) Fitting of thickness dependent current densities at different voltages by developing tunneling model of NPB (200 nm) hole-only

devices. Inset: In log-coordination.

The thickness dependence of the IL was also in-
vestigated using the following device structure: ITO
(O, plasma)/TCTA (3 nm, 4 nm, 5 nm, 6 nm)/TAPC
(180 nm)/TCTA (5 nm)/MoO3 (10 nm)/Al (120 nm) and ITO
(O, plasma)/TCTA (none, 3.0 nm, 6.0 nm, 9.0 nm)/NPB
(200 nm)/TCTA (5 nm)/MoOj3 (2.7 nm)/Al (100 nm). A strong
dependence of the current densities on the IL thickness was
observed (Figs. 3(b) and 3(c)). An optimized layer thickness
for efficient current injection is about 5 nm. For devices with
IL thickness exceeding that value, current densities decrease
with increasing IL thickness. When the IL thickness reaches
9 nm, a significant injection barrier is introduced, resulting in
lower current densities.

The metal-induced density of interface states model was
first proposed by Flores and Tejedor et al.[*3! Vizquez et al.
applied this model to metal/organic interfaces, elucidating how
weak chemical interactions between organic molecules and

metals can generate significant induced density of interface
states (IDIS).[*®) To explore if the IDIS model can explain
our observation, we made the following devices by using Au
as the electrode: Au (40 nm)/TCTA (w or w/o 5 nm)/TAPC
(180 nm)/TCTA (5 nm) /MoOs3 (10 nm)/Al (100 nm). It is in-
teresting to find that the device employing Au (40 nm)/TCTA
(5 nm) exhibits similar current densities to the corresponding
device without a TCTA IL (Fig. S2). These results obtained
using Au as the anode suggest that suppression of IDIS due
to the metal-induced effect does not play a key role in devices
with the same IL.

A literature investigation on the WF of ITO is shown in
Table S3. The published WF values of ITO with O, plasma
treatment generally range from 4.1 eV to 4.7 eV. We propose
that the understanding of this experimental observation should
be further developed. Before contact with organic semicon-
ductors, the WF of ITO after O, plasma should be consid-

078101-4


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adcb1d
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adcb1d

Chin. Phys. B 34, 078101 (2025)

ered as two parts: the bulky region and the surface. Note
that the WF is not strictly defined as a surface quantity in this
work, since for nano systems with a thickness less than sev-
eral nanometers, the concept of surface is blurred.*”! Further-
more, the surface behavior of ITO is difficult to measure pre-
cisely since the measurement process itself can alter its work
function. As demonstrated in Fig. S3, a comparison is made
between the current densities of devices fabricated using ITO
substrates that have undergone AC-3 testing and those that did
not. Notably, the WF of the tested samples exhibits signif-
icant variation compared to their untested counterparts. The
WF of the bulky region is 4.6 eV, which matches well with the
documented results. However, for the surface region, the WF
descends abruptly, indicating the strong electron withdrawing
capacity at the exact surface due to the O, plasma reaction.
Since the fact that the common techniques like UPS do not
separately reveal contributions from the bulk and surface re-
gions, the surface induced by O, plasma should be extremely
thin. Therefore, in the UPS test, the skin depth (Note S1)
of ultraviolet light should penetrate into the bulk region of
the ITO. So, the detected photoelectrons include contributions
from both the bulk and the surface. This explanation gives the
energy diagrams before contact for the ladder-type (Fig. 4(a))
and anti-ladder-type (Fig. 4(b)) systems, respectively. After
contact between the electrode and organic semiconductors,
the energy levels of the entire system realign due to the dif-
fering electron chemical potentials of the separated layers, 3]
establishing a rebalanced electrostatic equilibrium. From the
analysis of the non-contact case, the thickness of the surface
interfacial layer induced by O, plasma should be extremely
thin (approximately tens of atomic layers), thereby resulting
in a low volumetric surface density of states. For the ladder-
type system, since the IP of the IL is smaller than those of
both the HTL and the band tail of ITO with O, plasma treat-
ment, the valence electrons of the IL transfer to ITO surface
states. Eventually, the energy levels at the ITO/IL interface
are pinned at the IP of the IL (Fig. 4(c)) due to the low surface
density of the Oy-plasma-induced states. Thus, an injection
barrier (AE.y) arises at the ITO/IL interface from the energy
difference between adjacent layers in the ladder-type system.
AE., depends functionally on the IP of the ILs in the ladder-
type system because of the pinning effect. This fully explains
the experimental results of ladder-type devices employing ILs
with different IP values (e.g., Fig. 2(a), the case with NPB and
Spiro-TAD).

We move on to discuss the energy alignment of anti-
ladder-type system, which gives significantly enhanced cur-
rent densities. A different re-aligned electrostatic equilibrium
scheme, i.e., energy level alignment after contact, is devel-
oped. As shown in Fig. 4(d), electron transfer from the HTL
to the band tail of ITO is considered to occur, since in the anti-

ladder case the IP of the HTL is smaller than that of both the
IL and the band tail of ITO with O; plasma treatment. This is a
spatial tunneling effect from the HTL to the ITO electrode af-
ter fabrication of the devices. It gives the energy-level pinning
at the IP of the IL, thus resulting in a zero value of AEy;. Thus,
if the IP of the IL is larger than IP of the HTL, the injection
influence is the same. This is consistent with the experimen-
tal results in Fig. 2. Considering the results in the thickness-
dependent experiment of the IL (Figs. 3(b) and 3(c)), we re-
alized that after applying the forward bias to the device, there
should be an electric-field-induced spatial tunneling effect that
leads to electron transfer from the ITO electrode to the HTL.
We developed a theoretical model to understand this process,
and the details of the derivation are presented in Appendix A.
Additionally, the fitted parameters and a detailed discussion
are shown in Table S4. The current density dependence on
IL thickness (Fig. 3(c)) can be well fitted by the developed
tunneling model (Fig. 3(d)) for IL thicknesses below 6 nm.
This indicates that the electron tunneling is responsible for the
strong dependence of current densities on IL thickness.

(a) Before contact (b)
7 4.0 % 4.0
- ITO — ITO
£ 4.6 2 46
2 2
% 5.0 % 5.0
£ £
g 5
=) &
(c) Injection barrier in device (d)
% 40 2 10
° 1TO ) X ITO
. 4.
5 46 3 48
% 5.0 5 50
AE
5| 1
| el 23 |

Zero injection barrier

Fig. 4. The schematic energy-level diagram of the electrode/organic sys-
tems before contact: (a) ladder-type; (b) anti-ladder-type; and after con-
tactin devices: (c) ladder-type with a significant injection barrier; (d) anti-
ladder-type with zero injection barrier.
From the model, it is clear that if the thickness of the
IL exceeds a critical value (approximately 6 nm), the injec-
tion current density is significantly decreased. The injec-
tion barrier introduced by the tunneling distance is denoted
as AEy,. Therefore, the total AE7, equals the sum of AE.,
and AE,. This provides a comprehensive explanation for the
current density—voltage characteristics of anti-ladder-type de-
vices. We further emphasize that the root-mean-square (RMS)
roughness of both ITO and TCTA (approximately 3 nm, as
shown in Fig. S7) introduces topographical fluctuations, caus-
ing the actual thickness of vapor-deposited device layers to
deviate from the electron tunneling distance. As illustrated
in Fig. 3(b), the current density exhibits an initial increase fol-
lowed by a decrease as the IL thickness increases. Specifically,
when the IL is relatively thin, partial direct contact persists be-
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tween the ITO and the HTL, resulting in a partial tunneling ef-
fect. When the IL thickness reaches a sufficient value to com-
pletely isolate ITO and HTL (with the minimum IL thickness
acting as the threshold), the tunneling current attains its maxi-
mum. This rationale underpins the fitting process starting from
3 nm in Fig. 3(d). As the thickness further increases, the tun-
neling probability decreases sharply due to the increased bar-
rier width. This mechanism is corroborated by the consistency
between the optimal IL thickness (approximately 6 nm) and
the RMS roughness (approximately 3 nm). Beyond this crit-
ical thickness, charge transport transitions from electron tun-
neling to a two-step process: injection from the electrode into
the IL, followed by transport through the IL to the HTL. Since
IL materials typically exhibit deep IP, electrode-to-IL injection
becomes significantly impeded. This explains the sharp cur-
rent density decline at greater thicknesses (e.g., 9 nm), which
deviates from predictions based solely on electron tunneling
models.

It is interesting that the most efficient hole injection in
our representative model should require two kinds of spatial
electron tunneling, i.e., spatial electron tunneling from the
HTL to electrode to form electrostatic equilibrium conditions
with zero AE.,, and electric-field-induced spatial tunneling
effect under device operation. The maximum injection single-
carrier current is space-charge-limited. To explore if the anti-
ladder strategy by spatial electron tunneling can lead to SCLC,
we further made the following devices with the structure of
ITO (O, plasma)/X3/TAPC (180 nm)/TCTA (5 nm)/MoO3
(10 nm)/Al (100 nm), where X3 represents TCTA (5 nm), CBP
(5 nm), MoO3 (2.7 nm)/TCTA (5§ nm), MoO3 (2.7 nm)/CBP
(5 nm), respectively. The devices containing MoO3 were fab-
ricated as the control devices. As shown in Fig. 5(a), all the
devices with different ILs exhibit nearly the same current den-
sities. It is interesting that the devices with and without MoQOj3
have similar injection current densities. This suggests that the
current is limited by bulky transport. The results show that
a suitable IL can achieve a role comparable to the traditional
MoOj; electrode modification layer.

All these phenomena indicate that the current injection
based on the spatial electron tunneling effect has reached its
limit, suggesting the current may be governed by SCLC. Ac-
cording to the Mott—Gurney square law, the trap-free SCLC
can be expressed as

9 Vv?
J=-eu— 2
Qe @)
where € is the dielectric constant, p is the charge mobil-
ity, and L is the thickness of organic thin film. Under

SCLC, the slope of the current density—voltage curve in a
log—log diagram should be equal to 2. To eliminate the in-
fluence of built-in potential on the analysis, NPB, which ex-
hibits symmetric forward and reverse current densities, was

selected. Consequently, the slope of current density—voltage
temperature-dependent of the IL was analyzed using the fol-
lowing device structure: ITO (O, plasma)/TCTA (5 nm)/NPB
(160 nm)/TCTA (5 nm)/MoO3 (10 nm)/Al (100 nm). The
slope approximates 1.7 across temperature, as shown in the
Fig. 5(b). Electrostatic energy-level alignment calculations
predict carrier accumulation near the electrode/IL or IL/HTL
interfaces (Fig. S4). Furthermore, drift-diffusion simulations
only fit experimental results when doping is included (Fig. S6),
indicating doping-like behavior in the current density. This
carrier accumulation reduces the slope below 2. All these re-
sults imply that SCLC is achieved through the spatial electron
tunneling.
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Fig. 5. (a) Current density—voltage characteristics of devices with the
structure of ITO (O, plasma)/X3/TAPC (180 nm)/TCTA (5 nm)/ MoO3
(10 nm)/Al (100 nm), where X3 represents TCTA (5 nm), CBP (5 nm),
MoO3 (2.7 nm)/TCTA (5 nm), MoOs3 (2.7 nm)/CBP (5 nm), respectively.
(b) The slope of current density—voltage characteristics of the hole-only
device at different temperatures for the structure ITO (O, plasma)/TCTA
(5 nm)/NPB (160 nm)/TCTA (5 nm)/MoO3 (10 nm)/Al (100 nm).

3. Conclusion

In summary, we investigated the current injection char-
acteristics of hole-only devices employing an ITO/IL/HTL
layer configuration, classified as ladder-type or anti-ladder-
type based on the IPs of the constituent layers. For the anti-
ladder case, the IP of the IL exceeds the bulk WF of both
ITO and HTL. We found that the ladder-type ILs reduce cur-
rent injection, while the anti-ladder-type ILs significantly en-
hance current density. A larger IP offset between the IL and
HTL further decreases current density in ladder-type devices,
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while the IP offset minimally affects injection currents in anti-
ladder-type systems. We demonstrate that the AEj ¢ originates
from two components: AEje, and AEj ;. Our results con-
firm that introducing an anti-ladder-type high-IP IL with op-
timized thickness effectively reduces the energy barrier AE .
An explanatory framework including two kinds of spatial elec-
tron tunneling, i.e., spatial electron tunneling from the HTL to
the electrode to form electrostatic equilibrium conditions with
zero AE., and electric-field-induced spatial tunneling effect
under device operation, was used to interpret the experimen-
tal results. This work provides a straightforward and effec-
tive method to achieve hole injection approaching the SCLC
regime while elucidating fundamental charge injection physics
at electrode/organic semiconductor interfaces.

Appendix A
Al. Device fabrication and testing methods

All devices were fabricated on glass substrates precoated
with a 95-nm-thick layer of ITO with a sheet resistance of
30 Qsq .
trasonic bath of acetone, detergent, deionized water, isopropyl

The substrates were cleaned in sequence in ul-

alcohol, and then treated by O, plasma for 2 min before de-
vice fabrication. The evaporation rates of the IL and the HTL
are controlled by 0.1 A-s~! and 1.0 A-s~!, respectively. All
evaporations are done at a pressure lower than 3 x 10~ Pa.
The current density—voltage characteristics of all devices were
assessed in a glovebox atmosphere, where the concentrations
of oxygen and water were maintained below 0.1 ppm, utiliz-
ing a Keithley 2400 source meter for precise measurement. To
obtain current density—voltage characteristic curves at various
temperatures, nitrogen gas at room temperature was cooled
by flowing through a copper tube connected to a tank filled
with liquid nitrogen. The cooled nitrogen was then directed
into the test chamber containing the devices under investiga-
tion. During measurements, a high-precision barometer mon-
itored the gas path pressure, while a thermocouple measured
the substrate temperature. The nitrogen flow rate was adjusted
to maintain the substrate temperature within +1 °C of the de-
sired range.

A2. Simulation and numerical computation

For the simulation method, the equations of one-
dimensional drift-diffusion model are discretized and solved
by a home-made program using iteration method. Detailed
calculations can be referenced in Refs. [49,50]. The electro-
static energy level alignment was determined by solving the
Poisson equation without applying a bias, with the calculation
expressions detailed in Note S2. The process for solving this
was analogous to that of the one-dimensional drift-diffusion
model. The global fitting of the tunneling current was imple-

mented using Python programming, specifically by invoking

the built-in minimize function to minimize a custom loss func-
tion that computes the overall error across all groups.

A3. Electron tunneling theory

The current density expression can be derived as follows:

J=pv=epy, (A1)

where p is carrier density, v is the velocity of carriers, p is car-
rier concentration, py is the carrier concentration. For organic
semiconductors, the carrier primarily undergoes drift motion
after injection, thus the carrier movement speed can be char-
acterized by the bulk mobility of the material

J = eplE, (A2)

where U represents the carrier mobility, and E is the electric
field. In the presence of the interlayer, the carrier injected into
the organic semiconductor is equivalent to the product of the
carrier concentration pg from the electrode and the tunneling
probability T’

J =epoT UE. (A3)

Consider the interlayer as a one-dimensional rectangular bar-
rier, and for carriers of electrode, there is generally a situation
where Ej, < Vp, then we can get!!
4Kk* 2
T— B , (Ad)
(k2 +B2)” (sh(Bd))” +4k* B2

where k = \/2m*Ey /h2, B = \/2m* (Vo — E;) /h2, and sh(Bd)

is a symbolic representation for a specific function

ePd _ e—Pd
sh(Bd) = —————

Here, m* represents the effective mass of the carrier, # is the

(AS5)

reduced Planck constant, Ey is the kinetic energy of the carrier
before penetrating the barrier, Vj is the height of the barrier,
and d is the width of the barrier. E; can be further expressed

as
1
Ep = —m*V%.

2

Generally, after tunneling, the kinetic energy of the carrier re-

(A6)

mains nearly unchanged, so the velocity of the carrier can also
be represented by the bulk mobility of the material. Therefore,

we have
1

Ei = Em*(,uE)z.

Finally, we obtain an expression for the device current density

(A7)

in the scenario where an interlayer is present
4> B>
2\? 2
(k2+B2)" (sh (Ba))? + 412

J=epo UE. (AS8)
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