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Microlithography of hole transport layers 
for high-resolution organic light-emitting 
diodes with reduced electrical crosstalk
 

Hyukmin Kweon    1,7,8, Seonkwon Kim    2,8, Borina Ha1,8, Seunghan Lee    3, 
Soyeon Lee1, SeungHwan Roh3, Hayoung Oh1, Jiyeon Ha1, Minsu Kang2, 
Moon Sung Kang    3,4  , Jeong Ho Cho    2   & Do Hwan Kim    1,5,6 

High-density displays are required for the development of virtual and 
augmented reality devices. However, increasing the pixel resolution can 
lead to higher electrical pixel crosstalk, primarily due to a shared hole 
transport layer. Here we show that a silicone-integrated small-molecule hole 
transport layer can be patterned at the wafer scale with microlithography 
to mitigate electrical pixel crosstalk. This provides high-density pixelation 
and improved performance of the hole transport layer itself. With this 
approach, we create high-fidelity micro-pattern arrays with a resolution 
of up to 10,062 pixels per inch on a six-inch wafer. The silicone-integrated 
small-molecule hole transport layer can effectively modulate charge balance 
within the emission layers, improving the luminance characteristics of 
organic light-emitting diodes. We also show that organic light-emitting 
diodes integrated with micro-patterned silicone-integrated small-molecule 
hole transport layers have a reduced electrical pixel crosstalk compared 
with organic light-emitting diodes with a typical hole transport layer.

Virtual and augmented reality devices can provide immersive expe-
riences and enhance human–machine interactions by seamlessly 
combining the real and virtual worlds1–3. These devices require the 
integration of high-pixel-density microdisplays, and the technol-
ogy has helped drive the development of high-resolution organic 
light-emitting diode (OLED) microdisplays with pixel densities of 
over 3,000 pixels per inch (ppi)2–5 (Supplementary Fig. 1). However, 
as the pixel resolution increases, electrical pixel crosstalk can lead to 
a deterioration in both colour gamut and colour purity6,7. Therefore, 
high-resolution OLEDs require advanced pixel patterning processes, 
as well as methods to suppress crosstalk between neighbouring pixels 
at close proximity (Fig. 1a).

Electrical pixel crosstalk mainly originates from the use of a 
shared hole transport layer (HTL), which creates a conductive pathway 
allowing holes injected into active pixels to migrate to neighbouring 
non-active pixels6–9 (Fig. 1b and Supplementary Note 1). HTLs with 
increased thickness or low doping levels have been developed to reduce 
parasitic charge flow from active to adjacent non-active pixels10,11. 
However, such approaches inevitably increase the driving voltage 
of displays7. Moreover, the leakage current tends to become more 
severe as the pixel resolution increases due to reduced pixel-to-pixel 
separation. A more fundamental way to suppress electrical crosstalk 
would be by directly pixelating the HTL in alignment with the subpixel 
resolution of the emission layer (EML) (Fig. 1c).
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ion bombardments—to become predominant28. This orthogonal etch-
ing direction leads to the development of anisotropic etching profiles 
(rv ≫ rl). The cross-sectional transmission electron microscopy (TEM) 
analysis revealed that the rl value of SI-HTL was effectively mitigated 
compared with that of the crosslinked QUPD (X-HTL), resulting in the 
clearly anisotropic etching behaviour of SI-HTL (Fig. 1e and Supple-
mentary Fig. 4). This photolithography-driven anisotropic patterning 
strategy is beneficial to implement precise micro-patterns irrespective 
of the dimensional form factors. Figure 1f and Supplementary Fig. 5 
exhibited wafer-scale, high-resolution patterning of SI-HTL, achiev-
ing ultrahigh-density pixelation corresponding to 10,062 ppi. The 
demonstrated resolution surpasses those of previously developed 
patterning methods for s-OSCs (Fig. 1g and Supplementary Table 1). 
This indicates that the SI-HTL design, compatible with photolithog-
raphy and RIE processes, can simultaneously achieve high-resolution 
and scalable fabrications.

Molecular and etching characteristics of SI-HTL
To ensure the high patternability of SI-HTL, the aforementioned 
crosslinking reactions between QUPD and silicone crosslinkers should 
be successfully executed. The Fourier transform infrared spectrum of 
SI-HTL showed a distinct disappearance of the peak corresponding to 
oxetane groups at 978 cm−1, accompanied by an increase in the intensity 
of the other stretching peaks at 1,107 cm−1 (Fig. 2a)35. This provided 
clear evidence that the oxetane ring-opening reactions of both QUPD 
and silicone crosslinkers were completely carried out. Concurrently, 
the silicone stretching vibrations corresponding to 1,060 cm−1 and 
1,039 cm−1 (lateral and vertical stretching, respectively) became mark-
edly prominent36, indicating that the silicone network in the SI-HTL 
matrix was well developed. The distribution of the silicone network 
within the SI-HTL films was confirmed using time-of-flight secondary 
ion mass spectrometry (TOF-SIMS). The NH− and Si−/SiO− signals cor-
responding to QUPD and elements of the silicon network, respectively, 
were determined as a function of the ion etching time for both X-HTL 
and SI-HTL. As shown in Fig. 2b, the signal distributions of Si− and SiO− 
were identical to that of NH− across the entire films. This implies that 
the silicone network was uniformly distributed within SI-HTL; there-
fore, the film morphology of SI-HTL was analogous to that of X-HTL 
without a noticeable increase in surface roughness (Supplementary 
Fig. 6). Owing to the integration of the silicone network, SI-HTL can 
simultaneously possess chemical and dry etching resistances, which 
are a prerequisite to utilize the photolithography and RIE processes, 
even in a small-molecule system (Fig. 2c and Supplementary Figs. 7 and 
8). We note that simply forming an interpenetrating network structure 
(that is, a QUPD network entangled with a silicone network, instead 
of forming chemical bonds between silicone moieties and QUPD 
molecules) could also be a plausible method to introduce a silicone 
network into a QUPD film, which can impart the film with chemical 
and physical robustness needed to withstand conventional photoli-
thography (Supplementary Fig. 9). However, the resulting QUPD film 
(interpenetrating network HTL) exhibited a deterioration in the charge 
transport characteristics, presumably because the insulating silicone 
network hinders intermolecular transport between the conjugated 
units of QUPD molecules (Supplementary Fig. 10 and Supplementary 
Note 2). By contrast, this was not the case for SI-HTL. Consequently, 
SI-HTL demonstrated enhanced etching tolerance due to the silicone 
included in the film, without degrading the transport characteristics of 
s-OSC as well as the OLED performance (detailed device performance 
is discussed later).

The dry etching resistance and anisotropic etching behaviour, 
originating from the integrated silicone network, enable SI-HTL 
to achieve more accurate, fine micro-patterns through the photo-
lithography and RIE processes. The pattern fidelity of photolitho-
graphic micro-patterns of SI-HTL was statistically evaluated in terms 
of linewidth variation (LWV) and line-edge roughness (LER)37 (Fig. 2d 

A range of patterning techniques for small-molecule organic semi-
conductors (s-OSCs)—which are commonly used HTL materials12—have 
been explored, including transfer printing13–15, inkjet printing16,17, tem-
plate growth18,19, fine metal mask20–22 and photolithography23–25 (Sup-
plementary Table 1). Among the various techniques, fine metal mask 
and photolithography are arguably the most promising for achieving 
the high-resolution patterning needed for OLED microdisplays. A fine 
metal mask is widely adopted for patterning s-OSCs, with resolutions 
now reaching up to 3,000 ppi (ref. 22). However, challenges such as 
manufacturing yield, throughput concerns and mask deformation 
(which affects reusability and pattern accuracy) persist26,27. Photo-
lithography, on the other hand, has expanded its micro-patterning 
capabilities to OLEDs. Adapting photolithography to fragile OLED 
materials require preventing molecular damage from the harsh envi-
ronment of the photolithographic patterning process, such as expo-
sure to chemicals or etching. To address this, we previously showed 
that OSCs formed in a semi-interpenetrating network structure by 
using a ladder-like silicone network creates films with chemical and 
physical robustness, enabling ultrahigh-resolution patterning of OSCs 
with conventional photolithography28. However, this strategy is only 
applicable to polymer semiconductors that have less practical usage 
in the display industry.

In addition to patterning capabilities, it is important that HTL 
materials can effectively transport charges and inject them into the 
EML, to maintain charge balance within the EML. To achieve this, efforts 
have been made to modulate the charge transport properties29–31 and 
engineer the energy levels32–34, such as by shifting the highest occupied 
molecular orbital (HOMO) level or adopting multi-HTL structures. 
These approaches can enhance the HTL characteristics, but they cannot 
simultaneously address the high-density pixelation problem.

In this article, we show that wafer-scale microlithography in s-OSCs 
can mitigate pixel crosstalk in high-density micro-OLEDs. We create 
a silicone-integrated HTL (SI-HTL) by directly incorporating silicone 
blocks (Si–O–Si) into s-OSC molecules through covalent bonding. 
The SI-HTL can undergo micro-patterning using conventional pho-
tolithography and reactive ion etching (RIE), similar to conventional 
silicon semiconductors. This enables anisotropic, high-resolution 
SI-HTL patterns with resolution as small as 1 μm. Simultaneously, the 
charge transport capability and energy levels of SI-HTL can be con-
trolled by adjusting the concentration of silicone blocks, resulting in 
improved light-emitting performance in OLEDs compared with using 
non-silicone-incorporated HTLs. We also confirm the suppression 
of electrical pixel crosstalk between OLED subpixels based on the 
micro-patterned SI-HTL.

Material design and photolithographic 
micro-patterns of SI-HTL
To create the SI-HTL, we used a simultaneous crosslinking reaction 
between oxetane-based crosslinkable s-OSCs and oxetane-based 
silicone crosslinkers (Fig. 1d; Methods provides the detailed 
crosslinking procedures). Among the oxetane-based s-OSCs (Supple-
mentary Fig. 2), we primarily utilized N4,N4′-bis(4-(6-((3-ethyloxetan-
3-yl)-methoxy)-hexyloxy)phenyl)-N4,N4′-bis(4-methoxyphenyl)
biphenyl-4,4′-diamine (QUPD) as a representative material for the 
demonstration of SI-HTL. The oxetane ring-opening and sol–gel reac-
tions facilitated the covalent crosslinking of QUPD and the silicone 
crosslinkers, successfully leading to the in situ formation of a silicone 
network within the SI-HTL matrix. The integrated silicone network of 
SI-HTL plays a crucial role in generating a non-volatile etch inhibitor 
(SixOy) at the sidewall of the etched trench during RIE (Supplementary 
Fig. 3). Intrinsically, s-OSCs exhibit an isotropic etching behaviour, 
which is attributed to omnidirectional chemical etching reactions 
that produce volatile reactants; however, the SixOy etch inhibitor can 
reduce the lateral etch rate (rl) by alleviating the horizontal chemical 
etching reactions, allowing the vertical etch rate (rv)—accelerated by 
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and Supplementary Fig. 11). The LWV and LER values of patterns derived 
from SI-HTL were greatly reduced compared with those of X-HTL, 
resulting in the well-defined micro-patterns with high clarity. It is 
noteworthy that the silicone-driven high-resolution photolithography 
of HTLs could be readily achieved for various crosslinkable s-OSCs 
containing oxetane groups (Supplementary Fig. 12). This suggests the 
universal applicability of the patterning process based on the proposed 
silicone-integrated s-OSC films.

The demonstrated high-resolution and precise patterning results 
are attributed to the anisotropic etching mechanism of SI-HTL driven 
by silicone-based etch inhibitors. X-ray photoelectron spectroscopy 
(XPS) analysis was conducted to confirm the formation of etch inhibi-
tors in SI-HTL depending on exposure to RIE. After RIE treatment on the 
SI-HTL film, the intensities of the Si2p peaks at 102.65 eV (Si3+ and Si2O3) 
and 103.55 eV (Si4+ and SiO2) relatively increased compared with those at 

100.75 eV (Si+ and Si–O–Si) and 101.85 eV (Si2+ and Si–O), causing a shift 
in the prominent main peak towards higher-binding-energy regions38,39 
(Fig. 2e and Supplementary Fig. 13). This means that the reactive gases 
(O*) effectively combined with the elements of the silicone network 
via chemical reactions, resulting in the formation of non-volatile Si 
suboxide reactants. Attributed to the etch inhibitor, chemical etch-
ing reactions (that is, the decomposition of organic compounds) on 
the surface of SI-HTL can be effectively suppressed (Supplementary 
Fig. 14). This retards the chemical-etching-induced reduction in molec-
ular weight on the surface regime of SI-HTL films, which could affect 
the film modulus28,40. As shown in Fig. 2f, the decrease in the surface 
modulus for the SI-HTL film was less pronounced than that of the 
X-HTL film (the reduction rates of surface modulus were 165 MPa s−1 
and 238 MPa s−1, respectively) as the RIE exposure time increased 
(Supplementary Fig. 15). Consequently, these findings indicate that 
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the etch-inhibitor-based mechanism inherent to silicone materials is 
achievable in our small-molecule design of SI-HTL.

Luminance characteristics of OLEDs based on 
SI-HTL
With the dry etching robustness and high-resolution patternability 
of SI-HTL, it is essential to retain its intrinsic HTL functionalities for 
the implementation of high-performance light-emitting devices. To 
explore the impact of SI-HTL on the electroluminescence (EL) charac-
teristics, we fabricated OLEDs in the following configuration: indium tin 
oxide (ITO)/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 
(PEDOT:PSS) (40 nm)/X-HTL or SI-HTL (30 nm)/4,4′-bis(carbazol-9-yl)
biphenyl:Tris(2-phenylpyridine)iridium(iii) (CBP:Ir(ppy)3) (30 nm)/1,3
,5-tris(1-phenyl-1-H-benzimidazol-2-yl)benzene (TPBi) (40 nm)/lithium 
fluoride (1.5 nm)/Al (150 nm) (Fig. 3a). Here PEDOT:PSS, CBP:Ir(ppy)3 
and TPBi are the hole injection layer, EML and electron transport layer, 
respectively. The incorporation of X-HTL resulted in improved OLED 

performances, as shown in the current density–voltage–luminance 
(J–V–L) curves, external quantum efficiency (EQE) and power efficiency 
(Supplementary Fig. 16). Figure 3b,c shows the J–V–L characteristics, 
EQE and current efficiency of SI-HTL-based OLEDs with varying con-
centrations of the silicone crosslinker. The detailed light-emitting 
performances are summarized in Supplementary Table 2. Interestingly, 
OLEDs integrated with SI-HTLs exhibited improved performance com-
pared with those based on X-HTL. The EQEs and current efficiencies 
of SI-HTL-based OLEDs (made with 4 mol%, 8 mol% and 16 mol% of 
oxetane-based silicone crosslinker) were consistently higher than those 
of X-HTL-based OLEDs. Specifically, the EQE was 5.7% for OLEDs based 
on X-HTL and 6.9%, 6.9% and 6.6% for those based on SI-HTLs prepared 
with 4 mol%, 8 mol% and 16 mol% crosslinkers, respectively. The current 
efficiencies were 19.5 cd A−1, 23.6 cd A−1, 23.4 cd A−1 and 22.5 cd A−1 for 
the corresponding devices. Note that the performance of the OLEDs 
integrated with SI-HTL is comparable to—or even higher than—that of 
previously reported OLEDs using QUPD (Supplementary Table 3). In 
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addition, the enhanced efficiency of the device resulted in an improve-
ment in the device lifetime (Supplementary Fig. 17).

To comprehend the underlying factors contributing to the 
enhancement in EL performance of the SI-HTL-integrated OLEDs, we 
conducted space-charge-limited current (SCLC) measurements to 
elucidate the hole mobility of SI-HTL (Fig. 3d). A hole-only device was 
fabricated with the configuration of ITO/PEDOT:PSS/SI-HTL/Al. The 

resulting J–V curve exhibited the characteristic slope [ d log[ J]
d log[V ]

] of 1 under 

a low-voltage regime (ohmic); followed by a regime with a high slope 
(>3), indicative of trap-filled limit; and last, an SCLC regime character-
ized by a slope of 2. The hole mobility for the hole-only device was 
calculated using the Mott–Gurney equation: J = 9

8
εε0μ

(V−Vbi)
2

L3
 where 

ε, ε0, Vbi, L and μ are the dielectric constant, permittivity of free space, 
a built-in voltage, thickness of HTL films and hole mobility, respectively. 
As a result, the hole mobility value for pristine X-HTL was found to be 
4.4 × 10−6 cm2 V−1 s−1, whereas those for SI-HTLs based on 4 mol%, 8 mol% 
and 16 mol% of silicone crosslinkers were extracted to be 

4.1 × 10−6 cm2 V−1 s−1, 3.8 × 10−6 cm2 V−1 s−1 and 3.6 × 10−6 cm2 V−1 s−1, respec-
tively (Supplementary Fig. 18). The observed slight decrease in hole 
mobility can be attributed to the inclusion of insulating silicone blocks, 
as evidenced by the increased trap densities and photoluminescence 
quenching effects in SI-HTLs (Supplementary Figs. 18 and 19). Despite 
the reduced mobility of the layer, the improved efficiency of the devices 
based on SI-HTL can be understood in terms of the balance between 
electron and hole transport. Considering that the hole mobility 
(2 × 10−3 cm2 V−1 s−1) of CBP (that is, the host material of the EML) is higher 
than its electron mobility (3 × 10−4 cm2 V−1 s−1) (ref. 41), the reduction in 
the hole mobility of SI-HTL can adversely contribute to balancing the 
hole–electron transport in the EML12,42,43, thereby improving the lumi-
nance performance.

In conjunction with the charge transport characteristics of SI-HTL, 
its energy level needs to be explored to fully understand its influence on 
the luminance performance in OLEDs. To characterize the electronic 
structures of SI-HTL after the introduction of the silicone crosslinker, 
ultraviolet photoelectron spectroscopy was conducted (Fig. 3e). 
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and current efficiency values of SI-HTL-based OLEDs plotted against luminance. 
d, SCLC characteristics of the hole-only devices utilizing SI-HTL. e,f, Ultraviolet 
photoelectron spectroscopy analysis and energy band diagram of SI-HTL films 

with different silicone crosslinker concentrations. g, Energy band diagram of 
bilayer SI-HTL-based OLEDs. h, EL characteristics of the pristine, 4 mol% and 
bilayer SI-HTL-based OLEDs. i, Maximum current efficiency and maximum EQE 
extracted from the J–V–L measurement of pristine, 4 mol% and bilayer SI-HTL-
based OLEDs. The x-marked circles and open circles correspond to the maximum 
current efficiency and maximum EQE, respectively.
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The calculated HOMO energy level for X-HTL was 5.17 eV from the 
vacuum level, whereas those for SI-HTL crosslinked using 4 mol%, 8 
mol% and 16 mol% silicone crosslinker were 5.25 eV, 5.37 eV and 5.50 eV, 
respectively. Combined with the optical bandgap obtained from the 
Tauc plot of ultraviolet–visible absorption spectra (Supplementary 
Fig. 20), the energy band diagrams of these films were determined 
(Fig. 3f). We conjecture that the downshift in the HOMO (and lowest 
unoccupied molecular orbital) may be attributed to the presence of 
silanol groups (Si–OH) in the bulk of the SI-HTL film, which did not 
participate in the sol–gel reactions36,44 (Supplementary Fig. 21); the 
electron-withdrawing property of the silanol groups can induce a 
stabilization of the molecular orbitals45,46. The deeper HOMO level 
of SI-HTL provides favourable energy level alignment with the EML, 
facilitating efficient hole injection into the EML film. However, the 
accompanying lower lowest unoccupied molecular orbital level of 
SI-HTL weakens its electron-blocking characteristic. Consequently, we 
consider that the delicate optimization in the energy levels of SI-HTL, 

along with its altered hole mobility, led to the highest performance in 
devices based on SI-HTL prepared with 4 mol% silicone crosslinker. 
On the basis of this, despite the minimal variation in the luminance 
efficiency of the OLEDs integrated with SI-HTLs (4 mol%, 8 mol% and 
16 mol%), we optimized the amount of silicone crosslinker to 4 mol% 
to achieve the highest efficiency among them.

Furthermore, the chemical robustness and the ability to control 
the HOMO level of SI-HTL are advantageous for realizing multilayered 
HTL-based OLEDs that exploit enhanced energy level alignment. To 
this end, we fabricated bilayered SI-HTLs—with SI-HTL using 4 mol% 
crosslinker in the bottom layer and 16 mol% crosslinker in the top, with 
different thickness ratios (25:75, 50:50 and 75:25)—that can produce 
a gradient energy landscape facilitating hole injections into the EML 
(Fig. 3g). In particular, the OLED with bilayered SI-HTLs (with a 1:1 thick-
ness ratio between the bottom and top layers) demonstrated improved 
luminous characteristics compared with devices based on both X-HTL 
and single-layered SI-HTL (Fig. 3h,i and Supplementary Figs. 22 and 23). 
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Fig. 4 | Evaluation of electrical pixel crosstalk in OLEDs with micro-patterned 
SI-HTL. a,b, Top-view and side-view schematics of OLEDs featuring patterned 
anode pixels using common SI-HTL (a) and micro-patterned SI-HTL (b) (top), 
accompanied by optical microscopy images (bottom) of varying pitch sizes to 
demonstrate crosstalk emission on the active pixel. HIL, hole injection layer. c, 

Normalized green-pixel intensities extracted from the OLEDs integrated with 
common and patterned SI-HTLs. The sample size (n) used to derive the statistics 
is 4. Mean values with ±standard variations are indicated in the data. d, Voltage-
dependent normalized green-pixel intensities derived from the adjacent pixel 
(Adjacent 2) in the OLEDs integrated with common and patterned SI-HTLs.
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This indicates that SI-HTL can effectively modulate charge transport 
and injection into the EML, enhancing the OLED performance.

Evaluation of electrical pixel crosstalk effect
The demonstrated ultrafine pixelation and improved HTL func-
tionalities of SI-HTL have the potential to realize highly efficient, 
anti-pixel-crosstalk OLEDs (Fig. 1a,c). To evaluate the electrical pixel 
crosstalk depending on the pixelation of HTLs, we designed OLED 
configurations with varying ITO pixel pitches (5 μm, 10 μm, 15 μm 
and 20 μm) (Supplementary Fig. 24), in which either an unpatterned 
common SI-HTL was used (Fig. 4a) or the SI-HTL was pixelated corre-
sponding to the size of the ITO pixel pitches (Fig. 4b). The other OLED 
layer configurations were identical to those in Fig. 3. Note that dur-
ing the deposition and photolithography patterning of SI-HTL, the 
characteristics of the underlying hole injection layer remained intact, 
despite exposure to processing solvents (Supplementary Fig. 25). In 
both device configurations, a voltage bias was swept from 0 V to 15 V 
between the anode of the active pixel and the shared cathode, as well 
as ensuring the anodes of the adjacent pixels remained open-circuited. 
In all pixel pitches within the common SI-HTL case, light emission from 
the adjacent pixels were observed, most apparently for the test devices 
with 5 μm pixel pitches (Fig. 4a). This light emission originated from 
parasitic electric currents travelling from the active anode to the com-
mon SI-HTL and finally to the shared cathode of neighbouring pixels 
(Fig. 1b). Conversely, the pixel crosstalk phenomenon was greatly 
reduced in the patterned SI-HTL device at all pixel pitches (Fig. 4b and 
Supplementary Video 1). Even for the test devices with 5 μm pixel pitch, 
the pixel intensities of adjacent pixels were substantially diminished 
compared with that in the devices based on common SI-HTL (Fig. 4c 
and Supplementary Fig. 26). Figure 4d shows the voltage-dependent 
green-pixel intensities of the active pixel and adjacent pixel (Fig. 4, 
Adjacent 2) of both OLEDs using common SI-HTL and pixelated SI-HTL, 
further validating the effectiveness of SI-HTL pixelation in reducing 
the crosstalk emission. Nevertheless, we acknowledge a small para-
sitic intensity observable even in the adjacent pixels of the pixelated 
SI-HTL OLEDs. We did not attribute the finite crosstalk emission to the 
electrical pixel crosstalk caused by lateral leakage currents through the 
common hole injection layer we used (Supplementary Figs. 27–29 and 
Supplementary Note 3). Instead, it could be attributable to combina-
tions of electrical crosstalk through the common EML we used (which 
can, in future, be prevented by pixelating EML) and optical effect (light 
diffusion or scattering). The lateral leakage currents of both active 
pixel and adjacent pixel (Fig. 4, Adjacent 1) on sweeping the voltage 
bias of the active pixel—for testbed devices in common and patterned 
SI-HTL configurations—are shown in Supplementary Fig. 28a. Clearly, 
the parasitic current collected from the anode of the adjacent pixel 
was lower, by nearly an order of magnitude, for devices with patterned 
SI-HTL than devices with common SI-HTL (Supplementary Fig. 28b). 
Supplementary Figs. 28c and 30 show the lateral leakage current of 
adjacent pixel 1 for each pixel pitch configuration at a constant voltage 
bias of 8 V. The lateral leakage currents in OLEDs with patterned SI-HTL 
were substantially decreased across all pixel pitches, compared with 
those with common SI-HTL. Consequently, these results indicate that 
the efficacy of SI-HTL patterning is an effective strategy to mitigate 
the crosstalk effect.

Conclusions
We have reported a silicone-integrated small-molecule HTL that can 
be patterned using photolithography and RIE processes. The embed-
ded silicone network within the s-OSC matrix allows the SI-HTL to be 
micro-patterned with high fidelity by emulating the anisotropic etching 
characteristics of silicon materials. Furthermore, the SI-HTL exhib-
ited enhanced luminance efficiency in OLEDs, which is attributed to 
the modulation of charge-transporting capability and the optimized 
alignment of energy levels relative to those of the emissive layer. The 

SI-HTL, therefore, exhibits both high-resolution patternability and 
enhanced electronic HTL functionality. We used the approach to create 
high-density pixelation of the HTL up to 10,062 ppi on a wafer scale. 
The accurate pixelation of the SI-HTL effectively reduces the electrical 
pixel crosstalk in the OLED. Our materials-based approach could be 
of use in the development of high-density microdisplay technology 
as well as potentially be applied to optoelectronic materials beyond 
small-molecule organics, such as quantum dots and perovskites.

Methods
Materials
Processing solvents including chlorobenzene were purchased from 
Sigma-Aldrich and were used as received. QUPD, OTPD, X-F6-TAPC, 
Oxe-DCDPA (The full chemical names of the materials are provided in 
Supplementary Fig. 2) and bifunctionalized silicone crosslinker (trie
thoxy[3-[(3-ethyl-3-oxetanyl)methoxy]propyl]silane) were provided 
by Lumtec and JSI Silicone. PEDOT:PSS (AI4083) was purchased from 
Ossila. The photoinitiator, (4-(octyloxy)phenyl)(phenyl)iodonium 
hexafluorostibate(v), was purchased from AmBeed. CBP and Ir(ppy)3 
were purchased from TCI Chemicals. TPBi and lithium fluoride were 
purchased from Sigma-Aldrich. Al pellets (≥99.999%) were purchased 
from Taewon Science. Glass substrate with a prepatterned ITO elec-
trode (~20 Ω sq−1) was purchased from AMG. The photoresist (KL 5302) 
and developer (AZ 300MIF) were purchased from NM Tech and AZ 
Electronic Materials, respectively.

Preparation and characterization of SI-HTL film
The PEDOT:PSS was spin coated at 4,000 r.p.m. for 1 min onto a SiO2 
or ITO/glass substrate and was annealed at 120 °C for 1 h. A solution 
of SI-HTL was prepared by dissolving QUPD (10 mg ml−1 in chlo-
robenzene) and silicone crosslinkers (4 mol%, 8 mol% and 16 mol% 
relative to QUPD), and was mixed at 100 °C for 2 h. After mixing, the 
solution was spin coated at 2,000 r.p.m. for 1 min onto the prepared 
PEDOT:PSS-coated substrate, and then the resulting film was annealed 
at 180 °C for 3 h in a N2 environment. During the annealing process, 
the oxetane ring-opening reaction was activated by protonation from 
the underlying PEDOT:PSS or (4-(octyloxy)phenyl)(phenyl)iodonium 
hexafluorostibate(v) (refs. 47,48). Concurrently, the sol–gel reaction 
between the silicone crosslinkers was driven by thermal energy28,36. The 
thickness of the films was measured by a surface profilometer (Bruker, 
Dektak XT-E) and atomic force microscope (Park Systems, NX10). The 
oxetane ring-opening reaction and formation of silicone network 
were confirmed by Fourier transform infrared spectroscopy (Thermo 
Fisher Scientific, Nicolet iS50). The TOF-SIMS analysis was performed 
with a TOF SIMS-5 (IONTOF) instrument. The surface morphology and 
height profile of the patterned SI-HTL films were characterized using 
the atomic force microscope in the non-contact mode under ambient 
conditions. The cross-sectional TEM samples were obtained by focused 
ion beam (Helios 650), and the TEM analysis was conducted with a 
Cs-corrected scanning TEM instrument ( JEM-ARM200F) at the National 
Center of Inter-University Research Facilities. The pattern fidelity of the 
micro-patterned SI-HTL films was evaluated by statistically analysing 
the atomic force microscope images with ImageJ 1.51k software. The 
surface modulus and mapping images were obtained using probes from 
Park Systems (PPP-FMR; resonant frequency, ~75 kHz; spring constant, 
k = ~2.8 N m−1; tip radius, 8 µm). XPS measurements were performed 
by a Theta Probe Base system (Thermo Fisher Scientific). Ultravio-
let absorption and photoluminescence spectra of SI-HTL films were 
measured by a ultraviolet–visible–near-infrared spectrophotometer 
( Jasco V-770) and fluorescence spectrometer (SCINCO, FS-2), respec-
tively. Ultraviolet photoelectron spectroscopy measurements were 
performed using an XPS system (Thermo Fisher Scientific, XPS Theta 
Probe). A negative bias voltage (–10 eV) was applied to the samples 
using He(i) (21.2 eV) as the excitation source. The SCLC measurements 
on hole-only devices were conducted using a Keithley 4200A-SCS 
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instrument. The voltage was incrementally swept from 0.1 V to 9 V on 
ITO, with a step size of 0.1 V.

Fabrication and performance measurement of OLED
An ITO-patterned glass substrate was sonicated with acetone, isopropyl 
alcohol and deionized water sequentially for 15 min each. The cleaned 
substrate was treated with ultraviolet/ozone for 20 min. PEDOT:PSS 
(Al4083) was spin coated onto the ITO-patterned glass substrate at 
4,000 r.p.m. for 1 min and the resulting film was annealed at 150 °C 
for 30 min under ambient conditions. The prepared QUPD or SI-HTL 
solutions were spin coated onto the PEDOT:PSS film in a N2-filled glove 
box at 2,000 r.p.m. for 60 s, followed by thermal annealing at 180 °C for 
3 h. Next, the EML (CBP:Ir(ppy)3) was spin coated onto the HTL films, 
followed by thermal annealing at 60 °C for 10 min. Then, 40 nm TPBi 
was thermally evaporated through a shadow mask under a high vacuum 
(2.0 × 10−6 torr). Last, 1.5 nm lithium fluoride and 150 nm Al as the cathode 
electrode were thermally evaporated through a shadow mask under the 
high-vacuum condition (2.0 × 10−6 torr). The EL performance of the OLED 
was evaluated by a spectroradiometer (CS-2000, Konica Minolta), and 
the input voltage was swept from 0 V to 12 V using a Keithley 2400 SCS.

Patterning of the SI-HTL film and evaluation of pixel crosstalk
A glass substrate was cleaned as previously described. The photore-
sist (KL 5302) was spin coated at 4,000 r.p.m. for 1 min onto the sub-
strate, and then soft baking was conducted at 105 °C for 1 min. The 
photoresist-coated substrate was exposed to the ultraviolet source 
(365 nm, 25 mW cm−2) for 2 s with a photomask using a mask aligner 
(Pro Win M-150), and post-baking was followed at 115 °C for 1 min. The 
photoresist pattern was developed using the developer for 20 s at 
room temperature. After the conventional photolithography process, a 
50-nm-thick ITO layer was sputtered onto the photoresist pattern layer 
using radio-frequency magnetron sputtering. Finally, the photoresist 
pattern layer was removed by sonication with acetone for 5 min, result-
ing in ITO patterns. Both PEDOT:PSS and SI-HTL were then sequentially 
deposited using the previously described process onto the patterned 
ITO glass. For micro-patterning of the SI-HTL films, the photoresist 
was patterned by the above-described photolithography process. The 
photoresist-patterned SI-HTL films were dry etched with RIE ( JVAC 
JVRIE-8AT). The films were exposed to Ar/O2 (40 s.c.c.m./20 s.c.c.m.) 
etching gas mixture for 20–30 s, using 50 W radio-frequency power at a 
pressure below 0.1 mtorr. Subsequently, the patterned photoresist was 
stripped using a sonication process with acetone and isopropyl alcohol, 
resulting in the formation of SI-HTL micro-patterns. Pixel crosstalk was 
observed by an optical microscope (ECLIPSE LV100ND, Nikon) and 
applying voltages though a d.c. power supply. The crosstalk currents 
were measured using a Keithley 4200A-SCS instrument.

Data availability
The data that support the findings of this study are available from the 
corresponding authors upon reasonable request.
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