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PUBLIC SUMMARY

= SAMs are promising alternatives to problematic PEDOT:PSS for efficient QLEDs.

Comprehensive molecular engineering enhanced the SAMs' interface modification capability.

The BCB-Br based red QLEDs deliver one of the highest EQE, PE and CE values with a low V.

BCB-Br demonstrates excellent compatibility in green and blue QLEDs.
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Colloidal quantum dot light-emitting diodes (QLEDs) show strong perfor-
mance dependence on efficient hole injection and balanced carrier injec-
tion. The widely used hole-injection layer (HIL) poly(3,4-ethylenedioxythio-
phene): poly(styrenesulfonate) (PEDOT:PSS) suffers from inherent strong
acidity, high cost and mismatched work function (WF) with transparent
anodes in QLEDs. In this study, we propose herein molecular engineering
on self-assembled monolayers (SAMs) as promising HILs to fabricate effi-
cient red, green and blue QLEDs. Asymmetric conjugation extension and
bromination on carbazole core strategically modulate the SAMs in dipole
moment and interfacial modification of ITO's WF. The 4-(10-bromo-7H-
benzo[c]carbazol-7-yl)butyl)phosphonic acid (BCB-Br) constructs the opti-
mal cascade energy level alignment for hole injection. SAMs based HILs
with exceptional uniformity and conductivity afford significantly enhanced
hole injection and reduced interfacial contact resistance in QLEDs. The BCB-
Br HIL based red QLEDs contribute an impressive external quantum effi-
ciency of 23.3% and a notably low turn-on voltage of 1.73 V. Moreover, the
devices are endowed with commendable power efficiency of 47.0 Im/W and
current efficiency of 30.4 cd/A, among the highest values across the criti-
cal QLEDs performance metrics in the literature. The university of SAMs as
excellent HILs is further demonstrated by the superior electroluminescence
(EL) performances in both green and blue QLEDs over PEDOT:PSS. These
findings underscore the efficacy of molecular designed SAMs to boost the
interface modification on transparent anodes, offering valuable insights for
the development of new HILs for QLEDs.

INTRODUCTION

Colloidal quantum dot light-emitting diodes (QLEDs) have emerged as a
promising next-generation technology for displays and lighting, owing to their
superior color purity, brightness, energy efficiency, and cost-effective device
fabrication.'™ Structurally, conventional QLEDs feature a multilayer architec-
ture of transparent anode/hole-injection layer (HIL)/hole-transporting layer
(HTL)/quantum dot emissive layer (EML)/electron-transporting layer
(ETL)/metal cathode, where the HIL plays a crucial role in hole injection and
transport from the anode into the HTL, significantly influencing the overall
device performance.” Great research efforts have thus been concentrated in
developing highly efficient and stable QLEDs via simple and fully solution
manufacturing techniques.

Traditionally, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDQOT:PSS) serves as the preferred HIL material due to its high trans-
parency, excellent conductivity, and favorable film-forming properties.”’
However, its widespread adoption has been restricted by inherent acidity,
elevated costs, and limited capacity to effectively modify the work function
(WF) of transparent conductive oxide (TCO, like ITO: indium tin oxide) elec-
trodes.*” The modifications on PEDOT:PSS or replacement of it with metal
oxides (such as NiO,, MoQ,, and Cu0,) HiLs can mitigate some of these
issues though,'”'"” these alternative solutions often necessitate complex and
high-temperature processing to further escalate the fabrication costs and
energy consumption. Considering these challenges, the development of cost-
effective high-efficient HILs is essential for promoting the practical applica-
tion of QLEDs.

Among the range of candidates, self-assembled monolayers (SAMs)
featuring conjugated terminal for charge extraction and anchoring groups for
surface modification on TCO electrodes possess significant potential for high-
throughput solution manufacturing of high-performance organic/perovskite
solar cells, field effect transistors, and perovskite light-emitting diodes
(PeLEDs).”" Such materials can spontaneously self-assemble into well-
spreading compact films from solutions on TCO substrates for better inter-
face contact and energy level alignment, facilitating hole extraction/transport
from adjacent functional layers to make the state-of-the-art new generation
optoelectronics.'”'"® Besides, the ultrathin SAMs films ensure high light trans-
mittance and efficient charge transfer via tunneling effect. The improved
interface contact and optimized charge injection therefore lead to signifi-
cantly enhanced electroluminescent (EL) performance in PeLEDs." In addi-
tion, different from metal oxides typically prepared from energy-intensive
processes and susceptible to vacancy defects,'” SAMs can be developed with
facile synthesis, adjustable energy levels, and scalability.”*’' Nevertheless, the
applications of SAMs in QLEDs remains underexplored. Challenges needed to
be tackled include protracted self-assembly time of SAMs (up to 10 h),
suboptimal device performance,”” and correlation between SAMs molecu-
lar structure and QLEDs performance. In-depth research in this domain is
thus imperative for advancing solution-processed QLED technology.

In this study, we have herein developed a novel class of SAMs featuring
conjugation extended terminal and phosphonic acid anchoring groups as
HiLs for efficient QLEDs. These SAMs demonstrate remarkable self-assem-
bly capacity and fast surface spreading over ITO surface within seconds.
Molecular engineering on carbazole core synergistically enhanced the SAMs'
solution-processability, dipole moment and the highest occupied molecular
orbital (HOMO) energy levels. The optimal SAMSs, ie, 4-(10-bromo-7H-
benzo|clcarbazol-7-yl)butyl)phosphonic acid (BCB-Br), contributes the deep-
est intrinsic HOMO level and the highest dipole moment, enabling effective
modification on ITO's WF for improved energy level alignment. Importantly,
the spin-coated BCB-Br films afford superior uniform, compact and conduc-
tive HILs for balanced hole injection and carrier recombination. The BCB-Br
HIL based red QLEDs deliver a reduced turn-on voltage (V) (1.73 V) and a
high external quantum efficiency (EQE) (23.3%), substantially surpassing
those based on PEDOT:PSS (1.81 V, 21.6%) or unoptimized SAM (1.83 V,
19.4%) counterparts. Importantly, the commendable power efficiency (PE) of
47.0 Im/W and current efficiency (CE) of 30.4 cd/A establish them among the
highest-performing devices that excel across these critical performance
metrics in the literature. Notably, BCB-Br HILs demonstrate excellent
compatibility in green (EQE=17.3%) and blue (EQE=8.7%) QLEDs, underscor-
ing its versatility across the entire RGB spectrum. This research offers valu-
able insights for optimizing SAMs-based HILs and highlights their potential to
enhance QLED performance.

MATERIALS AND METHODS
Materials

BCB-Br together with other two SAMs (ca. Cz and BCB) were synthesized
in our laboratory (Scheme S1). Chlorobenzene and dimethyl sulfoxide were
procured from Sigma-Aldrich Ltd. Ethanol, isopropanol, acetone and octane
were acquired from Shanghai Titan Scientific Co. Ltd. Poly(ethylene-

2 The Innovation Materials 3(3): 100151, August 27, 2025

www.the-innovation.org/materials


mailto:ifeghxie@xmu.edu.cn
mailto:whtang@xmu.edu.cn
mailto:ifeghxie@xmu.edu.cn
mailto:whtang@xmu.edu.cn
https://doi.org/10.59717/j.xinn-mater.2025.100151
https://doi.org/10.59717/j.xinn-mater.2025.100151
https://doi.org/10.59717/j.xinn-mater.2025.100151
https://creativecommons.org/licenses/by/4.0/
https://www.the-innovation.org/materials
https://www.the-innovation.org/materials
https://www.the-innovation.org/materials

dioxythiophene):polystyrenesulfonate (PEDOT:PSS, Al 4083) was obtained
from Heraeus, Inc. Poly(9,9-dioctylfluorene-alt-N-(4-sec-butylphenyl)-
diphenylamine) (TFB) was purchased from Luminescence Technology Corp.
The red/green/blue (R/G/B) quantum dots and ZnMgO solutions were
supplied from Mesolight Inc. All chemicals were used as received.

Fabrication of QLEDs

The patterned ITO substrates were subjected to ultrasonic cleaning in
ethanol, acetone, and isopropanol solutions, with each treatment lasting
15 min. The substrates were then dried in an oven at 80°C. Before proceed-
ing with device fabrication, ITO substrates underwent plasma treatment for 7
min to enhance surface properties. For the hole injection layers, PEDOT:PSS
(Al 4083) solutions filtered through 0.22 pum polyvinylidene fluoride (PVDF)
filters were spin-coated onto ITO substrates at 3000 rpm for 40 s, followed by
thermal annealing at 150°C for 30 min in air. For preparing SAMs films, BCB-
Br (or Cz, BCB) solutions in dimethyl sulfoxide (0.5 mg/mL) were drop-cast
onto ITO substrates and allowed to stand for 30 s to facilitate effective
assembly within nitrogen-filled glove box (0, < 1 ppm, H,0 < 1 ppm) before
spin-coating. Subsequently, the substrates were spin-coated at 4000 rpm for
40 s before annealed at 120°C for 10 min. Once the HILs were established,
layers of TFB (chlorobenzene, 8 mg/mL), CdZnSe/ZnS quantum dots (octane,
17 mg/mL), and ZnMgO (ethanol, 25 mg/mL) were sequentially spin-coated
at 3000 rpm. Each layer underwent annealing at specific temperatures: 130°C
for 30 min, 100°C for 10 min, and 80°C for 10 min. The samples were then
transferred to a high-vacuum deposition chamber at a pressure of approxi-
mately 5x107* Pa for the deposition of a 100 nm thick aluminum top cathode.
The effective area of the device was set at 4 mm?. After the fabrication
process was completed, the devices were encapsulated using UV-curable
adhesive within the glove box to ensure stability and functionality.

Characterization

The energy-dispersive X-ray spectroscopy (EDS) images were observed
using a field emission scanning electron microscope (Zeiss, Gemini SEM
500). Theoretical calculations concerning molecular geometry, energy levels,
electrostatic surface potentials (ESP), and dipole moment were performed
based on density functional theory (DFT) utilizing the B3LYP/6-31G (d, p)
basis set. Molecular surface electrostatic potentials were mapped using
Visual Molecular Dynamics (VMD), with the Van der Waals surface defined at
0.001 e Bohr. The work functions of different HiLs were determined through
ultraviolet photoelectron spectroscopy (UPS) utilizihg a Thermo Fisher
ESCALAB Xi* instrument. Conductive atomic force microscopy (C-AFM)
measurements were conducted on a Cypher ES (Oxford Instruments Asylum
Research) in alternating current (AC) mode at 2.44 Hz using an ASYELEC.01-
R2 probe. Absorption and transmittance spectra were recorded with a UV-
3600 spectrophotometer (SHIMADZU). Water contact angles for PEDOT:PSS
and SAM films were measured with a DSA25E instrument (Kruss). The
current density-voltage-luminance (J-V-L) characteristics and electrolumi-
nescence (EL) spectra were captured using the M3000 measurement system
(McScience). Additionally, transient electroluminescence (TREL), electro-
chemical impedance spectroscopy (EIS), and capacitance-voltage (C-V)
characteristics were assessed with the all-in-one measurement system
Paios 4.3 (Fluxim).

RESULTS AND DISCUSSION
Molecular design and material properties

SAMs are typically comprised of an anchoring group, a spacer linkage, and
a conjugated terminal. The anchoring groups bond with TCO electrodes to
promote interface interactions and surface wetting for solution spreading.”
Molecular design on SAMs should thus take a good consideration on modu-
lating the film-forming dynamic, molecule density and tolerance to subse-
quent layer deposition. We herein select phosphonic acid as the anchoring
group owing to its superior binding strength and weaker acidity in compari-
son to sulfonic and carboxylic acids.”” For the spacer, which bridges the
anchoring and terminal groups, a medium-length butyl (C4) chain was
employed. Compared to ethyl (C2) and hexyl (C6) chains, this spacer not only
improves the solubility of the molecule but also ensures efficient charge
injection capabilities.” Furthermore, the butyl spacer imparts enhanced
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molecular flexibility to SAMs, better accommodating mechanical stresses
that may arise during device operation. The conjugation terminal incorpo-
rated into SAMs dictates the energy levels, dipole moment, intermolecular 1t-rt
interactions and film-forming properties of the monolayers.”’ Initially, we
employed carbazole as the conjugation terminal in light of its appropriate
HOMO energy level, easy-to-modify structure and commercial availability.”
However, the highly coplanar structure of carbazole led to excessive molecu-
lar aggregation, which manifests as relatively poor solubility and suboptimal
film-forming properties.”” Additionally, the structural symmetry of carbazole
also limits charge delocalization, thereby hindering the generation of a high
intrinsic dipole moment-an essential factor for effectively modifying the ITO
WF. To overcome these challenges, we introduced an asymmetric terminal
group, specifically benzo[clcarbazole, to enhance both the solubility and the
dipole moment of the resulting SAMs.** Upon incorporating an electron-with-
drawing bromine (Br) atom into the asymmetric benzo[c]carbazole unit,”
these improvements are further amplified. Such molecular engineering
synergistically optimizes the intrinsic electrochemical properties and interface-
modifying capabilities of the SAMs, which are expected to facilitate the hole
injection process at the interface.

The as-designed SAMs were synthesized according to our previous
reports,”’ with their molecular structures depicted in Figure 1A. The utilization
of inexpensive raw materials coupled with straightforward purification offers
a notable economic advantage for our SAMs with an estimated production
cost of approximately $20 per gram in the lab (Table S1), which is attractive
to replace the conventional PEDOT:PSS (~3000 $/L). A schematic depiction
of QLEDs configuration utilizing these SAMs as HlLs is illustrated in Figure
1B. To vividly elucidate the geometric and electronic structures of the SAMs,
we performed density functional theory (DFT) calculations at the B3LYP/
6-31G(d,p) level. The HOMO energy levels of the three SAMs, predominantly
residing on the carbazole skeleton, were calculated as -5.37 eV for [4-(9H-
carbazol-9-yl)butyllphosphonic  acid  (Cz), -525 eV for (4-(7TH
benzo[c]carbazol-7-yl)butyl)phosphonic acid (BCB), and -5.46 eV for BCB-Br
(Figure ST). The electrostatic surface potential (ESP) analysis was further
conducted to visualize the charge distribution across the molecules (Figure
1C). The ESP mappings unveil the predominant concentration of negative
electrostatic potential (in red color) at the conjugation terminal, while the
positive electrostatic potential (in blue color) is primarily localized at spacer
and anchoring groups. This charge polarization facilitates the generation of a
high intrinsic dipole moment.* Specifically, compared to the symmetric Cz
(=1.93 D), the asymmetric BCB achieves an increased dipole moment
(2.28 D). The further introduction of Br into BCB endows BCB-Br with signifi-
cantly enhanced dipole moment to 4.04 D. Notably, SAMs with large molecu-
lar dipoles and low-lying HOMO energy levels are advantageous for eliciting a
downshift in the WF of ITO.

Subsequently, we conducted ultra-violet photoelectron spectroscopy (UPS)
measurements to evaluate the impact of SAMs on the WF of ITO. The WF
can be calculated using the equation WF = hv = E.; o, Where hvis 21.22 eV
and Ey..oi denotes the energy of the secondary electron cut-off, as illustrated
in Figure 1D. The WF of PEDOT:PSS-modified ITO was determined to be
4.98 eV, which aligns with the reported value in the literature.” After surface
deposition of Cz and BCB, the WF of ITO was modified to be 4.95 eV and
5.00 eV, respectively. Surprisingly, a much elevated WF (5.26 eV) was further
achieved for ITO with BCB-Br modification. Such drmatically enhanced WF
facilitates superior energy level alignment with the HTL (Figure S2), effec-
tively minimizing recombination energy losses associated with hole injection
at the HIL/HTL interface.

SAMs with phosphonic acid anchoring groups are known to sponta-
neously form atomically thin layers on TCO electrodes.” To validate the self-
assembly characteristics of these SAMs, X-ray photoelectron spectroscopy
(XPS) was utilized to analyze the elemental composition of the SAM-modi-
fied ITO. As illustrated in Figure 1E, a notable shift of the In 3d peaks to higher
binding energies is observed for all SAM-modified ITO substrates in compari-
son to the pristine, confirming the robust interaction between SAMs and ITO
surface. Afterwards, ultraviolet-visible (UV-vis) transmittance spectroscopy
was employed to evaluate the optical properties variation with the deposition
of SAMs films on ITO surface (Figure 1F). Notably, all SAM-modified ITO
substrates exhibited high transmittance across the entire visible spectrum,
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Figure 1. Molecular structures of SAMs and characterizations of their films (A) Molecular engineering on SAMs. (B) Schematic diagram of stacked QLED device structure. (C)
ESP analysis of three SAM molecules. (D) UPS measurements of modified ITO substrates, (E) XPS and (F) UV-vis transmittance spectra of SAMs and PEDOT:PSS films modified
ITO substrates. (G) Elemental mapping of N (green) for BCB-Br film spin-coated on ITO obtained using EDS. (H) C-AFM images of three SAM films spin-coated on ITO and the
corresponding average currents.

closely resembling that of the bare ITO. In contrast, the PEDOT:PSS coated  range.
ITO displayed higher transmittance in the short wavelength range of The film coverage and homogeneity of SAMs on ITO substrates after rins-
300-450 nm, while a relatively reduced transmittance in the 450-550 nm  ing with dimethy!l sulfoxide (DMSO) were further investigated using energy-
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Figure 2. The EL performances of the red QLEDs utilizing SAMs or PEDOT:PSS as the HILs (A) EL spectra at 2 V, (B) the current-voltage-luminance (J-V-L), (C) power effi-
ciency (PE), (D) current efficiency (CE) and (E) EQE curves of SAMs or PEDOT:PSS-based red QLEDs. (F) The EL performance comparison for CdZnSe/ZnS red QLEDs in this work

with the literature reports (see Ref. S1-S9 in Table S2).

Table 1. EL performance parameters of SAMs or PEDOT:PSS-based red QLEDs

HILs Ve (V) Ae® (nm) FWHM® (nm) PE? (Im/W) CE* (cd/A) EQE' (%) CIE® (x, y)

PEDOT:PSS 1.81 628 227 411 275 216 (0.68,0.31)
Cz 1.83 628 22.6 37.9 25.2 19.4 (0.68,0.31)
BCB 1.75 628 22.2 443 285 21.9 (0.68,0.31)
BCB-Br 1.73 628 224 47.0 30.4 233 (0.68,0.31)

2 Turn-on voltage at a luminance of 1 cd/m?2. ® Peak wavelength of the EL spectrum. © Full-width at half-maximum of the EL spectrum. ¢ Maximum power
efficiency. € Maximum current efficiency. " Maximum external quantum efficiency. ¢ Commission International de I'Eclairage 1931 color coordinates.

dispersive X-ray spectroscopy (EDS) analyses, where nitrogen (N) was
selected as the characteristic element for molecular identification. As illus-
trated in Figure 1G, the nitrogen mapping of BCB-Br film demonstrates a
highly homogeneous distribution without noticeable segregation. Compara-
tive analysis for P and C atoms also shows no discernible differences, similar
to those in Cz and BCB samples (Figure S3). For a more in-depth exploration
of the film characteristics, conductive atomic force microscopy (C-AFM)
measurements were undertaken. As illustrated in Figure TH, the BCB-Br film
exhibits an average current of 7.43 nA, slightly higher than that of BCB film
(7.16 nA). In contrast, the Cz film displays a dramatically lower average
current (3.16 nA), accompanied by inferior uniformity. The AFM height
images further elucidate that the BCB-Br fim possesses a smoother
morphology with an average root mean roughness (RMS) of 2.85 nm,
compared to 3.19 and 2.98 nm for Cz and BCB counterparts (Figure S4),
respectively. These results highlight our molecular engineering synergisti-
cally enhances the film-forming quality and interface modification of SAMs.
Concurrently, the hydrophobicity of the various SAM films was investigated
via water contact angle measurements (Figure S5). Remarkably, all three
SAM films exhibited substantially enhanced hydrophobicity compared to
PEDOT:PSS, showcasing water contact angles surpassing 50°, which is

beneficial for resisting water vapor adsorption.

Device performances and mechanism analysis

To evaluate the potential of three SAMs as HliLs for QLEDs, we first fabri-
cated red-emitting QLEDs with the architecture of ITO/PEDOT:PSS or
SAMs/(poly(9,9-dioctylfluorene-alt-N-(4-(sec-butylphenyl)-diphenylamine)
(TFB)/CdZnSe/ZnS quantum dots/ZnMgO/Al, where TFB served as HTL and
ZnMgO as the ETL. The best-performing QLEDs were fabricated by spin
coating a 0.5 mg/mL SAM solution in DMSO at 4000 rpm for 40 s, which is a
rapid and scalable fabrication process conducive to large-scale production.
For comparison study, the devices incorporating PEDOT:PSS and unopti-
mized Cz as HILs were designated as reference devices.

The normalized EL spectra of four devices as presented in Figure 2A were
recorded at a bias voltage of 2 V. All devices display a consistent EL peak at
628 nm, accompanied by a narrow full width at half maximum (FWHM) less
than 23 nm (refer to Table 1), reflecting excellent spectral purity. The corre-
sponding Commission Internationale de I'Eclairage (CIE) color coordinates
are determined to be (0.68, 0.31). The corresponding current-voltage-lumi-
nance (J-V-L) characteristics are shown in Figure 2B. Notably, the BCB-Br or
BCB HILs based QLEDs present substantially higher current densities than
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HIL effectively promotes hole injection and
transport, enabling faster radiative recombina-
tion within EML and mitigating non-radiative
recombination processes that are typically
associated with charge accumulation.™

In addition to the exceptional conductivity of
SAMs HiLs, the reduced interface contact
resistance may also contribute to the

2.5 A

0.0 T

enhanced hole injection. To validate this
hypothesis, we conducted electrochemical
impedance spectroscopy  (EIS) measure-

0.0 0.5
7' (KQ)

PEDOT:PSS and Cz based counterparts. Among them, the BCB-Br-based
device exhibited the highest current density, whereas the Cz-based one
demonstrated the lowest. Furthermore, the BCB and BCB-Br devices demon-
strated the exceptionally low Vs of 1.75 and 1.73 V (at a luminance of
1 cd/cm?), respectively. In contrast, the V; of the devices based on
PEDOT:PSS or Cz exceeded 1.8 V under the same conditions. These findings,
in conjunction with the UPS results, suggest that the superior interface modi-
fication abilities of BCB and BCB-Br on ITO effectively reduce the hole injec-
tion barrier between ITO and TFB, thereby enhancing hole injection efficiency.

Leveraging their remarkable interface modification properties, the SAMs-
based QLEDs showcase markedly superior performance metrics relative to
the PEDOT:PSS reference devices (Figures 2C-E). The red-emitting device
utilizing PEDOT:PSS achieved only a moderate power efficiency (PE) of
41.1 Im/W, a current efficiency (CE) of 27.5 cd/A, and an EQE of 21.6%, which
align closely with literature values.” In stark contrast, the molecular engi-
neered BCB based devices displayed significantly improved performance
parameters with a PE of 44.3 Im/W, a CE of 28.5 cd/A, and an EQE of 21.9%.
The optimal BCB-Br HIL endows the red QLEDs with even better lumines-
cence performance, i.e,, a PE of 47.0 Im/W, a CE of 30.4 cd/A, and an EQE of
23.3%. A comprehensive EL performance comparison with reported high-effi-
cient CdZnSe/ZnS QDs red QLEDs is plotted in Figure 2F, with detailed data
summarized in Table S2. Notably, our BCB-Br HIL based devices achieved
the highest and most balanced EL metrics. Considering the subpar EL perfor-
mance for Cz based device, one can explain with the carbazole's inadequate
interfacial modification and suboptimal optoelectronic properties, highlight-
ing the significance of our molecular engineering employed for BCB-Br in
optimizing device performance. High reproducibility is also demonstrated for
the fabricating QLEDs with solution-processed SAMs HILs (Figure S6).

To elucidate the role of SAMs in regulating charge carrier and exciton
dynamics, we performed time-resolved electroluminescence (TREL)
measurements on various devices. Upon applying a pulsed voltage, holes are
injected sequentially into HIL, HTL and EML at varying intervals, governed by
distinct charge mobilities and injection barriers of each layer. Figure 3A
presents the initial rise of the TREL curves for each device under a pulse volt-
age of 3 V. Notably, the delay times (t;) of the EL intensity curves for three
SAMs-based devices are significantly shorter than that of PEDOT:PSS based

1.0 1.5 2.0
Voltage (V)

25 ments. The equivalent circuit model

composed of series resistance (R;), recombi-
nation resistance (R.,) and constant phase
element (CPE) is depicted in Figure 3C,** with detailed fitting parameters
listed in Table S3. The device utilizing PEDOT:PSS exhibited an R, of
52.79 Q/cm? while for SAMs, the attained R, value decreased from 55.24
Q/cm? for Cz to 51.52 and 46.45 Q/cm? for BCB and BCB-Br counterparts,
respectively. This decline in R, correlates with the easier hole injection, result-
ing in the lower V; for devices based on BCB and BCB-Br HILs. Regarding R,
the BCB-Br-based device showcased the lowest fitted value of 558 Q/cm?,
markedly lower than 2801 Q/cm? recorded for PEDOT:PSS-based one.
Furthermore, the CPE value for the device utilizing BCB-Br (12.6x107° S
Sec"/cm?) was slightly higher than those with BCB (8.5x107° S Sec"/cm?) and
PEDOT:PSS (9.1x107° S Sec"/cm? HiLs. These disparities indicate a more
efficient exciton recombination within EML for devices incorporating BCB-
Br*® well explaining the reduced exciton lifetimes observed in the TREL
measurements. Collectively, these findings imply that the presence of BCB-Br
not only mitigates interface contact resistance but promotes more efficient
exciton formation and recombination between HTL and ITO.

In parallel, capacitance-voltage (C-V) measurements were conducted at a
fixed frequency of 100 Hz (Figure 3D). The geometric capacitance of all
devices was maintained at approximately 2.5 nF, reflecting consistent struc-
tural integrity and comparable dielectric properties across the samples.” The
PEDOT:PSS-based device exhibited a moderate capacitance peak of 6.9 nF.
In contrast, the CZ-based device displayed a maximum capacitance peak of
3.9 nF, while the capacitance peaks for BCB and BCB-Br-based devices were
notably enhanced to 9.0 nF and 9.8 nF, respectively. This increase in capaci-
tance suggests that a much greater number of charge carriers can be
injected into BCB-Br-based device. Following the capacitance peak, a sharper
decline is observed in both devices utilizing BCB and BCB-Br, indicative of
rapid electron-hole recombination within these devices.™"' Furthermore, the
lower capacitance peak voltages for BCB-Br and BCB devices imply a much
reduced built-in potential, which may contribute to the lower V; in these
devices.™ Collectively, the optimal BCB-Br demonstrates efficient charge
injection, rapid recombination, and improved exciton dynamics. The syner-
gistic effects of these merits significantly enhance device performance, high-
lighting the reliability of our comprehensive SAM molecular design strategy.

The versatility of HILs across different spectral systems is paramount for
their scalable application. Consequently, we selected BCB-Br as the repre-
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Figure 4. The device performance of representative green and blue-emitting QLEDs utilizing BCB-Br or PEDOT:PSS HiLs (A) J-V-L curves, (B) Normalized EL spectra, and
(C) EQE curves of green-emitting QLEDs. (D) J-V-L, (E) Normalized EL spectra, and (F) EQE curves of blue-emitting QLEDs.

Table 2. EL performance parameters of BCB-Br or PEDOT:PSS-based green and blue QLEDs

Devices HILs VE (V) EQE® (%) A (nm) FWHM¢ (hm) CIE® (%, y)
PEDOT:PSS 2.40 15.9 536 21.9 (0.23,0.73)
Green
BCB-Br 2.27 17.3 536 21.6 (0.23,0.73)
- PEDOT:PSS 3.86 6.1 471 24.3 (0.13,0.07)
ue
BCB-Br 3.06 8.7 471 24.9 (0.13,0.07)

2 Turn-on voltage at a luminance of 10 cd/m”. ® Maximum external quantum efficiency. ® Peak wavelength of the EL spectrum. ¢ Full-width at
half-maximum of the EL spectrum. ® Commission International de I'Eclairage 1931 color coordinates.

sentative SAMs to evaluate its performance in green and blue QLEDs. The EL
performance curves for the corresponding green and blue devices are illus-
trated in Figure 4, with the performance parameters summarized in Table 2.
For the green QLEDs, an emission peak at 536 nm is observed, accompanied
by a FWHM of approximately 22 nm (refer to Figure 4B). Notably, the BCB-Br
based green QLED exhibits a lower V; (2.27 V) than PEDOT:PSS counterpart
(2.40 V), attributable to the reduced hole injection barrier (Figure 4A). This
improvement culminates in a remarkable EQE of 17.3% for BCB-Br-based
device, significantly surpassing that of PEDOT:PSS based one (Figure 4C). A
more pronounced trends are observed in the blue-emitting QLEDs, where the
V; of BCB-Br based device is reduced by 0.8 V relative to its PEDOT:PSS-
based analog, leading to an enhancement of over 40% in EQE for the blue
QLEDs (Figures 4D-F). These results underscore the distinctive advantages
of BCB-Br as a versatile high-efficient HILs for all RGB QLEDs.

CONCLUSION

In summary, we have for the first time reported the conjugation-terminal
engineered SAMs as versatile HILs for full-color QLEDs. These materials can
rapidly anchor to ITO surface and form high-quality monolayers with high
electrical conductivity. The asymmetric conjugation extension and bromina-
tion engineering on carbazole core of SAMs significantly enhances their

dipole moment and film formation quality. The optimized energy level align-
ment at HIL/HTL interface reduces the contact resistance and thus facili-
tates hole injection. The optimal BCB-Br SAM endows red QLEDs with a
remarkable 23.3% EQE and a reduced V; of 1.73 V, outperforming conven-
tional PEDOT:PSS and carbazole SAMs-based counterparts. Moreover, BCB-
Br HIL readily endows red QLEDs with high and balanced PE/CE values,
demonstrating exceptional versatility in both green and blue QLEDs. This
study not only presents an optimal HIL choice for various QLEDs but eluci-
dates the impact of molecular engineering of SAMs on device performance.
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