CHrinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Enhanced thermal stability of OLEDs based on an organic n-p heterojunction and its

derivative

Wei Shi(jifi7), Wei Zhao(i&X %), Bingjia Zhao(iX UK1¥), Yangyang Zhu(A:A47E), Yang Lin(#K7), Yachen Xu(1& 1V /),
Weixia Lan(=%/4§5), and Bin Wei (%4 %K)

Citation:Chin. Phys. B, 2026, 35 (3): 038502. DOI: 10.1088/1674-1056/adfdc8

http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Strong enhancement of spin-orbit torques and perpendicular magnetic anisotropy in

[Pt,5Tis.s/Co-Ni multilayer/Ta], superlattices

Xiaomiao Yin([H/)NH), Zhengxiao Li(ZEEL ), Jun Kang(#1%2), Changmin Xiong(FE £ %), and Lijun Zhu(:4L %)
Chin. Phys. B, 2026, 35 (1): 018502. DOI: 10.1088/1674-1056/aelc26

Multilevel optoelectronic hybrid memory based on N-doped Ge,Sb,Te; film with low

resistance drift and ultrafast speed

Ben Wu(#F), Tao Wei(£17%), Jing Hu(#H%%), Ruirui Wang(F Hii#i), Qiangian Liu(XI{# %), Miao Cheng(F£#x),
Wanfei Li(Z=%56 K), Yun Ling(#% =), and Bo Liu(XIJ3%)
Chin. Phys. B, 2023, 32 (10): 108505. DOI: 10.1088/1674-1056/ace765

NiO/B-Ga,0; heterojunction diodes with ultra-low leakage current below 10" A and

high thermostability

Yi Huang(# X)), Wen Yang(#%2), Qi Wang(EF), Sheng Gao(/5 1), Wei-Zhong Chen([%ffi*}1), Xiao-Sheng
Tang(JF#ZE), Hong-Sheng Zhang(7K 1. 7t), and Bin Liu(XIJ&)
Chin. Phys. B, 2023, 32 (9): 098502.  DOI: 10.1088/1674-1056/aca4be

Reliability of organic light-emitting diodes in low-temperature environment

Saihu Pan(i&#£5%), Zhigiang Zhu(2k & 5i%), Kangping Liu(X1| 3 °F), Hang Yu(-T-0), Yingjie Liao(EFL ), Bin
Wei(3x&), Redouane Borsali, and Kunping Guo(¥k# %)
Chin. Phys. B, 2020, 29 (12): 128503. DOI: 10.1088/1674-1056/abc154

High-performance inverters based on ambipolar organic-inorganic heterojunction

thin-film transistors

Sheng Sun(#)=%), Yuzhi Li(Z= & /), Shengdong Zhang (7K & %)
Chin. Phys. B, 2020, 29 (5): 058503. DOI: 10.1088/1674-1056/ab7e96


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adfdc8
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adfdc8
https://doi.org/10.1088/1674-1056/adfdc8
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae1c26
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae1c26
https://doi.org/10.1088/1674-1056/ae1c26
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ace765
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ace765
https://doi.org/10.1088/1674-1056/ace765
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/aca4be
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/aca4be
https://doi.org/10.1088/1674-1056/aca4be
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abc154
https://doi.org/10.1088/1674-1056/abc154
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab7e96
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab7e96
https://doi.org/10.1088/1674-1056/ab7e96

Chin. Phys. B 35, 038502 (2026)

Enhanced thermal stability of OLEDs based on
an organic n—p heterojunction and its derivative

Wei Shi(Ji70)!12, Wei Zhao(#4 1412, Bingjia Zhao(B4¥K1E)" 23, Yangyang Zhu(4#7)! 2,

Yang Lin(#k¥)12, Yachen Xu(#&: W /R)!12, Weixia Lan(CZ i #5)1 247,

and Bin Wei(Ziwt) 24

1 School of Mechatronic Engineering and Automation, Shanghai University, Shanghai 200072, China

2Key Laboratory of Advanced Display and System Applications, Ministry of Education, Shanghai University, Shanghai 200072, China

3 School of Microelectronics, Shanghai University, Shanghai 200444, China
4Nanan Institute of Shanghai University, Nan’an 362300, China

(Received 20 June 2025; revised manuscript received 1 August 2025; accepted manuscript online 21 August 2025)

To address the issues of insufficient thermal stability in charge generation layers (CGLs) and carrier imbalance induced
by high-temperature annealing in organic light-emitting diodes (OLEDs), this study proposes a metal oxide-doped organic
n—p heterojunction (BPhen:Agy; O/NPB:MoO3) as the core functional layer and designs novel device structures based on its
derivatives. By analyzing the performance evolution of heterojunction thin films and OLEDs under annealing treatments
ranging from 27 °C to 100 °C, it was found that after high-temperature annealing, the surface MoOj3 particles became
uniformly dispersed in the heterojunction films, with reduced roughness and no crystallization observed, demonstrating
excellent thermal stability. Single-carrier device tests revealed that the current density reached its maximum value at 80 °C
annealing. In comparison, at 100 °C annealing, the current density decreased due to the dissociation of charge-transfer
complexes (CTCs), yet it remained higher than that under ambient conditions. Furthermore, the performance degradation
of the newly developed p—i—n—p structure OLEDs after high-temperature annealing was significantly smaller compared to

conventional p—i—n structures.
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1. Introduction

Organic light-emitting diodes (OLEDs), renowned for
their self-emissive properties, ultra-thin flexibility, high con-
trast ratio, and rapid response, have become a cornerstone
technology in display and lighting, extensively applied in pre-
mium sectors such as smartphones, wearable devices, automo-
tive displays, and medical aesthetics.!!~”! Nevertheless, prac-
tical OLED deployment is still confronted by critical chal-
lenges. The inherent low glass transition temperature (73)
of organic materials, which predisposes them to molecular
rearrangement or crystallization under thermal stress, leads
to morphological degradation and performance deterioration,
while the instability due to carrier injection barriers and trans-
port imbalances in complex device architectures will become
worse under thermal stress.[3-1%]

Conventional strategies are focused on synthesizing high-
T, organic materials, yet their industrial adoption remains
hindered by exorbitant development costs and poor pro-

[13-15] Recent advancements propose dop-

cess compatibility.
ing strategies to stabilize low-7; materials, for instance, in-
troducing metal oxides (e.g., AgoO and MoQj3) into or-
ganic semiconductors to form charge-transfer complexes
(CTCs).

Corresponding author. E-mail: weixia_lan@shu.edu.cn

These systems leverage dopant-host interactions

CSTR: 32038.14.CPB.adfdc8

to enhance thermodynamic entropy and suppress thermally-
induced crystallization. Among them, 4,7-diphenyl-1,10-
phenanthroline (BPhen):AgO and N,N’-di(1-naphthyl)-N,N’-
diphenyl-(1,1’-biphenyl)-4,4’-diamine (NPB):MoQ3, as repre-
sentative electron/hole-transport doping systems, have demon-
strated both significant 7, enhancement and exceptional car-
rier generation/transport capabilities. On the other hand, by
constructing n—p heterojunctions from these materials, they
can replace conventional metal electrodes as charge genera-
tion layers (CGLs), reducing interfacial injection barriers to
boost device efficiency. However, the thermal stability mech-
anisms of such heterojunctions under high-temperature con-
ditions and their impact on OLED reliability remain poorly
understood, particularly regarding synergistic effects among
dopant diffusion dynamics, carrier transport behavior, and de-
vice architecture design.[!0-19]

This study systematically investigates the metal oxide-
system (BPhen:Ag,O/NPB:MoO3)
through structural engineering and thermal annealing ex-

doped heterojunction
periments. We elucidated the effects of thermal annealing
(27 °C-100 °C) on the morphology of the heterojunction
films, including their crystallization and surface roughness.
The single-carrier transport properties were also analyzed,
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and p—i—n—p and n—p—i—-n OLED architectures based on the
n—p heterojunction were constructed to comparatively analyze
their optoelectronic degradation and interfacial failure mech-
anisms under thermal stress. This work ultimately reveals the
dual protective role of heterojunction overlayers in balancing
carrier transport and blocking environmental moisture/oxygen
permeation.

2. Experimental details

Indium tin oxide (ITO)-coated glass substrates (thick-
ness: 180 nm, sheet resistance: 10 €/sq) were purchased
from CSG Holding Co. Ltd. (China). MoOs; powder and
Al wires (purity > 95%) were sourced from Sinopharm
Group, while AgrO powder (purity > 95%) was procured
from Adamas-beta. High-purity (> 99.5%) organic ma-
terials, including electron injection materials BPhen and
lithium-8-hydroxyquinolinolate (Liq), electron transport ma-
terial 4,6-bis(3,5-di(pyridin-3-yl)phenyl)-2-methylpyrimidine
(B3PyMPM), hole injection material NPB, hole trans-
port material 4,4'-cyclohexylidenebis[N,N-bis(p-tolyl)aniline]
(TAPC), light-emitting host 9,10-di(2-naphthyl)anthracene
(ADN), and sky-blue guest emitter 4,4'-[1,4-phenylenedi-
(1E)-2,1-ethenediyl]bis[N,N-diphenylbenzenamine] (DSA-
ph), were obtained from Sigma-Aldrich. Before fabrica-
tion, the ITO substrates were ultrasonically cleaned in iso-
propanol, acetone, and deionized water for 15 min, baked
dry, and treated with ultraviolet-ozone to enhance the work
function. The substrates were then transferred to a vacuum
thermal evaporator, with deposition initiated after achieving

a base pressure below 4 x 107> Pa. Evaporation rates were
controlled at 0.6-1.2 A/s for organic films, 1.0 AJs (total rate)
for doped organic films (referenced to the host material), and
> 5.0 A/s for Al electrodes.

The basic constituents of the heterojunction are the n-unit
BPhen: 15 wt.% Ag,0 and the p-unit NPB: 10 wt.% MoOs.
Based on these constituents, the structure of the n—p hetero-
junction is BPhen: 15 wt.% AgrO (20 nm)/NPB: 10 wt.%
MoO3 (10 nm), while that of the p—n heterojunction is NPB:
10 wt.% MoOs3 (10 nm)/BPhen: 15 wt.% Ag,0 (20 nm).

To find out the carrier generation and transport mecha-
nism of the heterojunctions, a number of single-carrier devices
were prepared. Among these devices, device A1 was based on
the n—p heterojunction, while device A2 was based on the n—
p—n heterojunction.

Device Al: ITO/BPhen: 15 wt.% Agr,O (40 nm)/NPB:
10 wt.% MoOj3 (40 nm)/Al (150 nm).

Device A2: ITO/BPhen: 15 wt.% Ag,O (20 nm)/NPB:
10 wt.% MoO3 (40 nm)/BPhen: 15 wt.% Ag,O (20 nm)/Al
(150 nm).

Finally, an OLED based on the conventional p—i—n struc-
ture is determined and labelled as device B. An OLED with
an optimized p—i—n—p structure, where the n—p heterojunction
serves as the electron generation layer, is established and la-
belled as device C, while an OLED with an optimized n—p—i—n
structure, where the n—p heterojunction functions as the hole
generation layer, is established and labelled as device D.

Device B: ITO/NPB: 10 wt.% MoO3 (30 nm)/TAPC
(10 nm)/ADN: 5 wt.% DSA-ph (20 nm)/B3PyMPM
(20 nm)/BPhen: 15 wt.% Ag>O (30 nm)/Al (150 nm).

Al Al
(a) Al n—p NPB:MoOj3 n BPhen:Ag,O
n BPhen:Ag,0 BPhen:Ag,O B3PyMPM
_ B3PyMPM _ B3PyMPM ;
3 ovosaon TARC
L TAPC TAPC NPB:MoOs
! NPB:MoOj pi NPB:MoOj nep BPhen:Ag,0
ITO 1TO ITO
Glass Glass Glass
p—i—n p—i-n-p n—p—i-n

(b)

BPhen

B3PyMPM

NPB

Fig. 1. (a) Structures of OLEDs. (b) Molecular structures of organic materials.
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Device C: ITO/NPB: 10 wt.% MoO3 (30 nm)/TAPC
(10 nm)/ADN: 5 wt.% DSA-ph (20 nm)/B3PyMPM
(20 nm)/BPhen: 15 wt.% Ag>0O (20 nm)/NPB: 10 wt.% MoOj3
(10 nm)/Al (150 nm).

Device D: ITO/BPhen: 15 wt.% Ag,O (20 nm)/NPB:
10 wt.% MoOj3 (10 nm)/TAPC (10 nm)/ADN: 5 wt.% DSA-
ph (20 nm)/B3PyMPM (20 nm)/BPhen: 15 wt.% Ag,O
(30 nm)/Al (150 nm).

The device structure and molecular structures are shown
in Fig. 1. The OLEDs were annealed in a nitrogen at-
mosphere post-fabrication for 30 min. Thermal annealing
treatments were conducted using a JF-956 microprocessor-
controlled heating platform. All testing procedures were per-
formed under a nitrogen atmosphere at 100 °C with measure-
ments recorded at 30 min intervals. For the SEM, atomic force
microscopy (AFM), current density—voltage (J-V'), and opto-
electronic performance tests, the annealing conditions were set
at room temperature (27 °C), 60 °C, 80 °C, and 100 °C.

3. Results and discussion
3.1. Characterization of n—p heterojunctions

As observed in Figs. S1(a) and S1(b) (supporting infor-
mation, ESIT), the p—n heterojunction thin films exhibit dis-
tinct morphological differences compared to their counter-
parts. Figure S1(a) (ESIT) reveals that the p—n heterojunc-
tion film surface is relatively smooth and free of particle ag-
glomeration. When the lower layer is NPB:MoQO3, the smaller
molecular weight of MoO3 promotes layered growth, thereby
altering the growth mode of the upper Ag>O layer. Addition-
ally, the high surface energy of the ITO substrate enhances
compatibility with the NPB:MoOj3 film, further facilitating the

27 °C 60 °C

B 20446

RS 332 nra Rl\IS:,“S,.pTI.mn,

uniform dispersion of MoOj3 particles in a layered configura-
tion. This results in a homogeneous NPB:MoO3 doped film
with elevated surface energy, reducing the interfacial energy
mismatch at the p—n heterojunction. Under these combined
effects, the Ag,O layer adopts a planar growth mode, yielding
a flat surface morphology for the p—n heterojunction.

In contrast, Fig. S1(b) (ESI{) demonstrates that the n—p
heterojunction exhibits some irregular protrusions. This con-
firms that the molecular weight of metal atoms critically in-
fluences their nucleation behavior and film morphology. For
the n—p heterojunction, the lower heavy Ag atoms exhibit re-
duced nucleation barriers, favoring island-like growth. Dur-
ing the deposition of the upper NPB:MoO3 layer, the growth
of MoO3 nanoparticles is disrupted by the underlying Ag is-
lands, leading to particle agglomeration. Furthermore, the sig-
nificant surface energy disparity between the BPhen:Ag,O and
NPB:MoOj3 doped films drives MoO3 nanoparticles to prefer-
entially aggregate in high-surface-energy regions to minimize
system free energy. Consequently, the MoO3; nanoparticles
initially form islands, which gradually coalesce into larger ag-
glomerates as the NPB:MoOs film thickness increases.

An AFM test was performed to further investigate the dif-
ferent surface morphologies of the n—p and p—n heterojunction
films. Figures S1(c) and S1(d) (ESI¥) present the AFM phase
images. The root mean square roughness (RMS) of the two
heterojunctions is relatively similar, where the n—p heterojunc-
tion (3.34 nm) shows a slightly higher roughness than the p—n
heterojunction (2.97 nm). The reduced roughness of the p—n
heterojunction aligns with its smoother morphology observed
in SEM. Thus, the surface morphology of organic heterojunc-
tion films strongly depends on the material composition.

80 °C

100 °C

033 U d 23416

-9.000 £ €% °8 -19.165

Fig. 2. (a) SEM morphology and (b) AFM phase images of n—p heterojunction film after 30 min annealing at different temperatures.

Since the n—p heterojunction is suitable for application
in conventional OLEDs, the temperature effect is further ob-
served. Figure 2(a) shows the SEM images of the n—p het-
erojunction film annealed at room temperature (27 °C), 60 °C,
80 °C, and 100 °C for 30 min. It is observed that the film
annealed at 27 °C exhibits numerous protruding agglomer-
ated MoOs particles on the surface. Under the moderate/high-

temperature annealing (60 °C—100 °C), these particle-induced
protrusions disappear, resulting in a smooth and uniform sur-
face morphology. Meanwhile, the RMS of the n—p hetero-
junction film annealed at 27 °C for 30 min from the AFM im-
ages is 3.34 nm (Fig. 2(b)), and those of the films annealed at
60 °C, 80 °C, and 100 °C decrease to 3.07 nm, 2.97 nm, and
3.06 nm. This confirms that all annealed films remain amor-
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phous without detectable crystallization. The reduced rough-
ness is attributed to the thermally-driven uniform diffusion of
MoOs nanoparticles across the heterojunction surface, elimi-
nating agglomerations and flattening surface protrusions.

Crystallization typically induces significant roughness
changes. Previous studies show that pristine NPB films be-
gin to crystallize at 80 °C, with roughness tripling compared
to room temperature; further annealing at 100 °C leads to
advanced crystallization and smoother surfaces with reduced
roughness.!!”! However, the n—p heterojunction exhibits min-
imal roughness variation after 80 °C and 100 °C annealing,
reaffirming its non-crystalline nature and superior thermal sta-
bility.

In contrast, the thermal stability of organic films is pri-
marily governed by the glass transition temperature () for
low-T, materials. While NPB has a T, of 98 °C,[22!] the
glass transition is a second-order transition process occur-
ring over a broad temperature range. The metal oxide-doped
NPB exhibits significantly enhanced resistance to crystalliza-
tion at high temperatures compared to pristine NPB.[16:22.23]
This is attributed to the disruption of the crystallizable molec-
ular layer orientation — which is a critical factor for NPB
crystallization — by the introduction of metal oxide dopants.
Similarly, for the BPhen:Ag,O doped layer, the complexation
reaction between BPhen and Ag forms a rigid molecular struc-
ture, contributing to stability at 100 °C.['6] Therefore, for the
n—p heterojunction, the doped AgrO and MoO3 absorb ther-
mal energy via phonon emission, reducing the lattice vibra-
tional frequencies of BPhen and NPB. This mechanism miti-
gates thermal damage to organic materials, thereby enhancing
the thermal stability of the heterojunction.

In BPhen:Ag,0O doped thin films, the complexation reac-
tion between BPhen and Ag (Fig. S2, ESIt) forms a more rigid
molecular structure, which contributes to the remarkable ther-
mal stability of BPhen:Ag,0O films at elevated temperatures
up to 100 °C. For the BPhen:Ag,O/NPB:MoOj3 heterojunc-
tion system, the incorporated Ag,O and MoOj3 dopants absorb
thermal energy through phonon emission mechanisms. This
process effectively reduces the lattice vibration frequencies of
both BPhen and NPB matrices, thereby minimizing thermally-
induced damage to the organic components. Consequently,
the heterojunction film exhibits significantly enhanced thermal
stability.

3.2. Temperature effects on carrier transport in the het-
erojunction

The energy levels of BPhen:15 wt.% Ag,O and
NPB:10 wt.% MoOs films were investigated in our previ-
ous work.?*! Compared to the energy levels of the pristine
BPhen film (—3.0 eV~—6.4 eV), those of the BPhen:Ag,O
film changed to —3.37 eV~—6.43 eV, where the incorpora-
tion of Ag>O induces a 0.37 eV downward shift of the LUMO

level. This reduced energy barrier significantly facilitates
electron transport to the LUMO level of BPhen:Ag,0. For
the NPB:MoOs film, its energy levels were determined to be
—2.32eVito—534eV.

Consequently, the energy difference between the LUMO
level of BPhen:Ag,O and the HOMO level of NPB:MoOs3
was calculated to be 1.97 eV at zero bias (Fig. S3(a), ESIY).
The LUMO level of BPhen:Ag,0 tends to shift downward
while the HOMO level of NPB:MoOj3 shifts upward to ob-
tain matched energy levels (Fig. S3(b), ESI{). This alignment
enables electrons to quantum mechanically tunnel through the
potential barrier from the HOMO to LUMO level. The re-
verse tunneling process (from the LUMO of BPhen:Ag;0 to
the HOMO of NPB:MoO3) is negligible due to the depletion
of free charges in the space-charge region.

Meanwhile, the Fourier transform infrared spectroscopy
characteristic peaks of BPhen:AgyO/NPB:MoOj3 heterojunc-
tion film and its constituent single-layer BPhen:Ag,O and
NPB:MoOj3 reveal no significant alterations in the spectral
position.[>*] This also provides clear evidence that charge
transfer occurs exclusively within constituent films and that no
interfacial charge transfer occurs at the heterojunction bound-
ary. These results further demonstrate excellent interfacial
contact characteristics in the composite film.

To investigate the effects of temperature and duration on
carrier transport in the n—p heterojunctions, single-carrier de-
vices (device Al based on an n—p heterojunction and device
A2 based on a n—p—n heterojunction) were analyzed. Figure 3
presents the J-V curves of device Al annealed at 27 °C, 60 °C,
80 °C, and 100 °C for different durations. As shown, the J re-
mains nearly unchanged after annealing at 27 °C (Fig. 3(a)),
independent of the annealing time. When the annealing tem-
perature increases to 60 °C and 80 °C, the J rises with the tem-
perature and annealing time (Figs. 3(b) and 3(c)). When the
temperature increased to 100 °C (Fig. 3(d)), a gradual decline
in the J with the prolonged annealing time occurs, though the
values still exceed those measured under ambient conditions.

In single-carrier devices, the J at a given V is governed
by carrier mobility and carrier concentration. For device Al,
a portion of the carriers originate from charge generation at
the n—p heterojunction. Since the heterojunction’s charge gen-

t,1291 the carrier concentra-

eration is temperature-independen
tion in the device primarily depends on injection efficiency,
which is influenced by the contact area between the organic
film and electrodes. After annealing, the reduced roughness of
the heterojunction film optimized the electrode-organic layer
contact, enabling superior carrier injection. Additionally, el-
evated temperatures lowered the interfacial energy barrier at
the organic/electrode interface, further improving injection ef-
ficiency. These combined effects accounted for the increased

J in post-annealed device Al.
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Fig. 3. The J-V characteristics of device Al after thermal annealing at different temperatures and duration. (a) 27 °C, (b) 60 °C, (c) 80 °C, and (d) 100 °C.

As the n—p heterojunction remains non-crystalline even
after high-temperature annealing, the carrier mobility in de-
vice Al follows the Arrhenius-like equation

A
=) 0
B

where L is the pre-exponential factor, A is the activation en-
ergy, kg is the Boltzmann constant, and 7 is the temperature.
The Arrhenius-like equation is applicable to amorphous or-
ganic materials, indicating that carrier mobility increases with
rising temperature, which aligns with the observed J enhance-
ment in the annealed device Al.

Furthermore, at moderate annealing temperature, more
molecules gain rotational freedom (Fig. S4(b), ESIf). At
higher temperatures, an increased fraction of molecules
aligns perpendicular to the substrate (Fig. S4(c), ESIY),
which facilitates hole transport and further enhances hole
mobility.?®>71 Meanwhile, after high-temperature annealing,
Agr0 and MoOs3 nanoparticles diffuse more uniformly in

(28] reducing conductivity inhomogeneity

the heterojunction,
caused by agglomeration. This uniformity also contributes
to increased carrier mobility in the organic materials. Addi-
tionally, based on the surface equilibrium mechanism, molec-
ular mobility at the film surface typically exceeds that in the
bulk. As illustrated in Fig. S4(a) (ESIY), during deposition,
molecules tend to align parallel to the substrate due to high
surface mobility, and this orientation remains stable as the film
grows. During annealing, thermal stress increases molecular
dynamics, allowing molecules to reorient via free ‘rotation’
(blue regions in Fig. S4, ESI+).[20]

Due to the cumulative thermal effect, varying annealing
durations at the same temperature induce distinct impacts. At
27 °C, 60 °C, and 80 °C, the J shows a proportional depen-
dence on the annealing time. In contrast, at 100 °C, pro-
longed annealing reduces the J, since high temperature dis-
rupts the interactions between Mo>*/Mo®" ions and NPB
molecules. Extended annealing dissociates CTCs, leaving iso-
lated Mo’ */Mo®" and NPB, thereby weakening p-type dop-
ing and lowering hole mobility. Nevertheless, the J remains
higher than under ambient conditions, as the benefits of an-
nealing likely improved injection and also the reduced rough-
ness outweighed these negative effects.

To confirm the universal electrical response of n—p het-
erojunctions to thermal treatment, we further observe the
charge carrier transport of the n—p—n heterojunction (device
A2). Figure S5 (ESIY) illustrates the J-V characteristics of
device A2 under various annealing conditions. As shown
in Fig. S5(a) (ESI{), when annealed at 27 °C, the J re-
mains stable across different annealing durations, confirming
that ambient-temperature annealing does not alter the internal
structure or morphology of the organic thin films.

When the annealing temperature rises to 60 °C and 80 °C
(Figs. S5(b) and S5(c), ESIY), the J increases with the pro-
longed annealing time. This is consistent with the behavior
observed in device A1, which was attributed to the thermally-
induced molecular rearrangement within the organic layers.
However, at 100 °C annealing (Fig. S5(d), ESIY), the extended
annealing time leads to a continuous decline in the J, similar
to that of device Al. This degradation arises from the disrup-
tion of CTCs in the organic film under high-temperature stress,

038502-5



Chin. Phys. B 35, 038502 (2026)

which damages the structural integrity and reduces carrier mo-
bility. The consistency between devices Al and A2 stems from
the shared n—p architecture, affirming the universal electrical
response of n—p heterojunctions to thermal treatment.

3.3. Thermal stability of heterojunction-based OLEDs

Heterojunctions with p—i—n, p—i—n—p, and n—p—i—n struc-
tures were further applied in the OLEDs. Figure 4 presents
the optoelectronic performance of device B (based on a p—i—n
structure) after 30 min annealing at different temperatures. As
shown in Fig. 4(a), the turn-on voltage (V,,) decreases post an-
nealing and stabilizes with the increasing temperature, which
should originate from the variation of carrier injection barriers
and defects in the transport layers. Moderate annealing could
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reduce injection barriers and repair defects in the functional
layers, improving injection efficiency. Figure 4(b) demon-
strates enhanced current efficiency (CE) at 60 °C annealing;
this is attributed to tighter molecular packing in the organic
layers and improved carrier mobility. Additionally, the ther-
mal energy promotes uniform diffusion of metal nanoparticles
within the doped films, further boosting mobility.

In contrast, the EQE declines after moderate-to-high-
temperature annealing (Fig. 4(c)). This stems from the altered
distributions of Ag nanoparticles in the heterojunction, which
modifies the localized surface plasmon resonance (LSPR) ef-
fect and perturbed the local electric field enhancement.[2%-30]
The spectral peak shift shown in Fig. 4(d) is also caused by
such distribution alternation of Ag nanoparticles.
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Fig. 4. Photoelectronic performance characteristics of device B under varying thermal annealing temperatures. (a) J-V-L, (b) CE-L-PE, (c)

EQE-L, and (d) EL spectra.

Figure S6 (ESIY) illustrates the spatial distribution of Ag
nanoparticles before and after annealing. In the pre-annealed
state (27 °C), silver nanoparticles exhibit a pronounced ten-
dency to agglomerate into clustered configurations. This cre-
ates localized high-density regions where adjacent particles
maintain minimal interparticle spacing through intimate con-
tact (Fig. S6(a), ESIT). This agglomeration behavior gener-
ates conspicuous surface protrusions that significantly increase
film roughness. When subjected to elevated temperatures, the
supplied thermal energy enables Ag nanoparticles to overcome
both surface energy barriers and diffusion potential barriers.
The activated nanoparticles undergo surface diffusion, pro-
gressively separating from their initial agglomerates and ul-
timately achieving homogeneous, monodisperse distribution
throughout the film matrix (Fig. S6(b), ESIT). This redistri-
bution process substantially increases the average interparticle
distance, resulting in an alternating spatial arrangement be-

tween Ag nanoparticles and the organic material.

Thus, while the CE improves at 60 °C, the EQE degrades
due to spectral deviations. At 80 °C and 100 °C, efficiency
continues to decline due to the carrier imbalance originat-
ing from the excessively high carrier mobility and reduced
recombination efficiency. Meanwhile, the partial crystalliza-
tion disrupted the organic layer’s homogeneity as tempera-
tures approached the 7, of TAPC (82 °C).B! At 100 °C,
severe film degradation caused by temperatures far exceed-
ing Ty irreversibly deteriorates device performance. Table S1
(ESIt) summarizes the performance of device B after anneal-
ing. Annealing at 60 °C yields optimal device performance,
with the CE increasing by 16.9% compared to that observed
under room-temperature annealing.

We further optimized the heterojunction structure to p—i—
n—p (device C), where the n—p heterojunction worked as the
electron generation layer. Figure 5 illustrates the optoelec-
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tronic characteristics after 30 min annealing at various tem-
peratures. As shown in Fig. 5(a), the Vo, of device C remains
stable (2.5+0.1 V) across all annealing temperatures. In con-
trast to device B, device C features electrons derived from n—p
heterojunction excitation, while hole injection efficiency ex-
hibits temperature-dependent behavior. As a result, annealing-
induced enhancements in carrier injection efficiency exert a
negligible impact on the Vp,.

Figures 5(b) and 5(c) reveal that annealing at 60 °C re-
duces the performance of device C. Since the carrier gener-
ation ability of the n—p heterojunction is temperature inde-
pendent, the increased hole injection disrupts the carrier bal-
ance, resulting in the inferior performance of the OLED. At
80 °C and 100 °C, the efficiency further declines. This is be-

1400f 27 C (a) 110°

——60 °C ~
1200 ——80 °C 41104
1000f ~ 100°C 1108
800}
41102
600}

Current density (mA/cm?)
Luminance (cd/m?)

a00f ‘{, j10t
2001 —_ 110°
1
0L, ~ 10-1

2 4 6 8 10 12
Voltage (V)

12
27 °C ——80 °C (c)
——60 °C —~—100 °C
S8t
S
m 47
o
@
0-

104

100 10 102 103
Luminance (cd/m?)

cause annealing temperatures approaching or exceeding the
T, of organic materials induce crystallization, which exces-
sively enhances the carrier mobility and exacerbates imbal-
ance. Meanwhile, the high-temperature annealing disrupts
CTCs and damages structural integrity. Figure 5(d) demon-
strates significant shifts in the EL spectra. Similar to device B,
these spectral changes are attributed to altered distributions of
Ag nanoparticles, which modified the LSPR effect. As shown
in Table S1 (ESIf), device C exhibits smaller performance
degradation at 100 °C annealing compared to device B. This
is attributed to the electron generation layer based on the n—p
heterojunction, which mitigates the thermal annealing impact

on carrier injection.
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Fig. 5. Photoelectronic performance characteristics of device C. (a) J-V-L, (b) CE-L-PE, (c) EQE-L, and (d) EL spectra.
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The heterojunction structure was then varied to n—p—i—
n (device D), where the n—p heterojunction worked as the
hole generation layer. Device D demonstrates similar trends
to those observed with device C. Figure 6(a) reveals a sta-
ble V,, after moderate/high-temperature annealing, as the hole
concentration in the device is governed by the field-induced
tunneling mechanism at the n—p interface, which depends
solely on the external electric field and remains temperature-
independent. Consequently, annealing-induced changes in
carrier injection do not significantly alter V,,. However, the
device efficiency shows temperature-dependent behavior.

Figures 6(b) and 6(c) indicate efficiency reduction at
60 °C annealing. This is likely due to the localized optimiza-
tion of electron injection disrupting the carrier balance. At
80 °C-100 °C, the efficiency further declines; this is due to
the combined effects of material crystallization and disruption
of charge-transfer mechanisms. Additionally, post-annealing
shifts in the EL spectra of device D (Fig. 6(d)) correlate with
redistributed Ag nanoparticles, where the LSPR effect induces
a red shift in emission peaks.[?%3%] Table S1 (ESIf) summa-
rizes device D’s performance under annealing. At 100 °C, the
PEax decreases by 11.1% — a smaller degradation compared
to device B. These results confirm that integrating n—p hetero-
junctions either as an electron or hole generation layer could
improve the thermal stability of OLEDs.

4. Conclusion

To address the performance degradation of OLEDs
caused by carrier imbalance in CGLs under high-temperature
conditions and the susceptibility of conventional structures to
environmental moisture/oxygen erosion, this study proposes
an optimized CGL design using metal oxide-doped organic
n—p heterojunctions (BPhen:Ag,O/NPB:MoQO3) and also in-
troduces a novel p—i—-n—p and n—p-i—n device architecture.
Systematic investigations into the thermal stability and opto-
electronic behavior of heterojunction films and devices under
27 °C-100 °C annealing revealed three key outcomes. First,
the AgrO- and MoOs-doped n—p heterojunction exhibited en-
hanced thermal stability, with reduced surface roughness and
suppressed crystallization after high-temperature annealing;
this is attributed to uniform nanoparticle diffusion enabled by
metal oxides. Second, single-carrier device tests demonstrated
temperature-dependent carrier transport, where the J peaked
at 80 °C (Jso > Jeo > J100 > J27) due to improved mobility,
while the partial dissociation of CTCs at 100 °C caused a de-
cline, though values remained higher than those at room tem-
perature. Third, the p—i—n—p OLED (device B) incorporating
the n—p heterojunction showed significantly smaller efficiency
degradation post annealing compared to conventional p—i—n
structures, alongside reduced surface dark spots. The het-
erojunction enhances charge generation/separation with op-
timal thickness balance, optimizes charge injection/transport
via energy-level modulation aided by n-/p-doping, improves

the thermal stability of OLEDs, and increases their environ-
mental stability.
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