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a b s t r a c t

Molecular glass refers to amorphous rigid small molecules with certain polymer-like properties. Herein,

spirobixanthene is first adopted as the backbone to develop negative photoresist X4Ep with four epoxy

moieties. F4Ep based on classical spirobifluorene is also synthesized as a benchmark against X4Ep. Both

exhibit good thermostability and similar sensitivity. However, in e-beam lithography, performances of

X4Ep completely surpass F4Ep. F4Ep lithography shows inevitably minor bridges no matter how we opti-

mize process conditions. The relatively poor performances of F4Ep may be probably ascribed to its partial

crystallization tendency inducing uneven photoacid generator (PAG) distribution and uneven acid diffu-

sion, which thus promotes nonuniform epoxy crosslink to form rough patterns. X4Ep readily achieves

dense lines without any defects. The superiority of X4Ep to F4Ep can be ascribed to the exceptional yet

apparent structural distortion and asymmetry of spirobixanthene, which guarantees a perfect amorphous

state and uniform crosslink. Finally, the optimal line/space (L/S) pattern with half pitch (HP) of 25nm

and line edge roughness (LER) of 2.7 nm is achieved. Therefore, spirobixanthene is a valuable molecular

glass backbone for high-performance photoresists in the future.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In the semiconductor manufacturing field, the number of tran-

sistors per unit area increases continuously as predicted by the

well-known Moore’s law [1]. To date, the process half pitch (HP)

has been scaled down to sub-10nm through tremendous advance-

ments in advanced photolithography technology, particularly ex-

treme ultraviolet lithography (EUVL) and electron-beam lithogra-

phy (EBL).

Molecular glass resists (MGs) exhibit innate characteristics, in-

cluding small molecular volume and monodispersity [2], which

are extensively studied to address the trade-off between reso-

lution and line edge roughness (LER) caused by the absence of

chain entanglement and internal stress observed in polymeric re-

sists [3–6]. The molecular backbone serves as the core architec-

ture of MGs. High-performance backbones typically demonstrate

the following features: (a) Rigidity ensures superior thermostabil-

ity, elevated glass transition temperature (Tg), and robust mechan-

ical properties; (b) A distorted spatial configuration enhances film-

forming capability. Based on backbone variations, several represen-
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tative MGs have been reported with unsatisfactory performances.

For example, calixarene-based negative-tone MG exhibits limited

resolution and significant LER [7], while positive-tone calixarene

MG show reduced Tg upon t-Boc deprotection [8]. t-Boc-protected

polyphenol-based positive-tone MGs suffer from low Tg [9]. Noria-

based MGs demonstrate poor film-forming properties due to crys-

tallization tendencies [10]. Bisphenol A-derivative epoxy negative

resist displays pronounced bridging defects without photodegrad-

able nucleophiles [11]. And adamantane-based positive-tone MGs

present low Tg [12] and substantial LER [13]. Therefore, there still

remains scope to develop novel high-performance backbone archi-

tectures for MGs.

Yang et al. previously developed a positive-tone photoresist uti-

lizing spirobifluorene backbone with rigid spiral structure, demon-

strating an improved resolution lithography [14].

In this work, spirobixanthene is chosen as the backbone of

MG for the first time, with the epoxy-based negative photoresist

X4Ep as the example to illustrate the superiority of this new back-

bone. The high rigidity and twisted spiral structure of spirobixan-

thene, through restricting rotational freedom, endues X4Ep dense

amorphous film morphology with very high Tg. For comparative

analysis, the spirobifluorene-based negative photoresist F4Ep was

also synthesized, as illustrated in Fig. 1. Compared to positive-tone
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Fig. 1. The photoresists based on backbone spirobifluorene and spirobixanthene.

Fig. 2. Basic thermal and exposure properties. (a) TGA profiles. (b) DSC profiles. (c)

Normalized remaining thickness of resists at different exposure. (d) Variation curve

of line width for 50nm HP L/S patterns at different dose of X4Ep. Film thickness:

65±5nm. Mean ± SD (n=3).

photoresists, negative-tone variants demonstrate superior etching

and chemical corrosion resistance due to their crosslinked net-

works, while simultaneously maintaining enhanced pattern in-

tegrity against structural collapse.

X4Ep exhibits excellent amorphous characteristics attributed to

the asymmetry of its distorted xanthene units, where the incom-

plete perpendicularity of these xanthene moieties effectively sup-

presses intermolecular crystallization tendencies. In contrast, the

fully perpendicular fluorene components in F4Ep promote inter-

molecular crystalline stacking, which aggravates uneven photoacid

generator (PAG) distribution and non-uniform acid diffusion [15].

This phenomenon ultimately leads to increased LER and bridg-

ing defects in patterned features due to inconsistent acid-catalyzed

crosslinking. Significantly, crystallization analyses and EBL conclu-

sively demonstrate that X4Ep delivers superior performance com-

pared to F4Ep.

Next, we conducted a systematic comparison between X4Ep

and F4Ep. Thermal characteristics constitute critical performance

parameters for photoresist materials. For epoxy-based photoresists,

both thermal crosslinking temperature and Tg dictate the upper

operational limits for post-apply bake (PAB) and post-exposure

bake (PEB) in lithographic processing. As shown in Figs. 2a and

b, and Table S1 (Supporting information), the thermo-gravimetric

analysis (TGA) profiles reveal distinct thermal behaviors: F4Ep

demonstrates initial weight loss onset at 325 °C, with its 5% de-

composition temperature (Td,5%) reaching 368 °C. X4Ep maintains

no observable weight loss until 245 °C with a Td,5% of 310 °C.
In fact, these Td values represent the thermal decomposition

temperatures of the crosslinked polymer networks. Thin-layer

chromatography monitoring confirmed powder stability across

temperature gradients, indicating an optimal thermal crosslinking

temperature around 130 °C. Differential scanning calorimetry (DSC)

analysis showed no detectable Tg within the tested range, sug-

gesting exceptional resistance to thermal deformation. Collectively,

these thermal analyses confirm that both F4Ep and X4Ep satisfy

the stringent thermal requirements for advanced lithographic

applications.

Fig. 3. The properties of film. (a) XRD profiles. (b) RMS changes of film before

and after exposure and PEB. (c) AFM images, film thickness: 35±3nm. (d) Epoxy

crosslinking efficiency during PEB at 90 °C. (e) Symmetry analysis by DFT calcula-

tion. Mean ± SD (n=3).

Following successful exposure, the developer directly deter-

mines the formation of lithography patterns. Solubility profiles in

different solvents are depicted in Table S2 (Supporting informa-

tion) at room temperature; specifically, X4Ep exhibits favorable

solubility in organic solvents including 1–methoxy-2-propyl ac-

etate (PGMEA), cyclopentanone, ethyl lactate (EL), and 4-methyl-2-

pentanone (MIBK). Notably, F4Ep is insoluble in PGMEA, while both

compounds demonstrate limited solubility in hexane, 1–methoxy-

2-propanol (PGME), and isopropyl alcohol (IPA). Consistent with

prior research [11,16], development using MIBK enables the forma-

tion of lithography patterns.

For low molecular-weight organic molecules, the amorphous

molecular state constitutes a prerequisite for forming smooth films

and low LER patterns. Crystallization exacerbates the uneven dis-

tribution of PAGs and induces inhomogeneous acid diffusion, re-

sulting in differential chemical reaction degrees within exposed re-

gions. This phenomenon ultimately compromises resolution perfor-

mance and amplifies LER [10,15,17–19].

X-ray diffraction (XRD) characterization was conducted to eval-

uate the amorphous states of F4Ep and X4Ep under ambient con-

ditions. As demonstrated in Fig. 3a, F4Ep exhibits multiple sharp

diffraction peaks within the 15°–35° range, indicative of partial

crystallization, with the maximum peak intensity occurring at

2θ =20.2°. In contrast, X4Ep displays a broad smooth peak across

the same angular range, confirming its predominantly amorphous

nature. The observed maximum peak intensity at 2θ =19.7°, com-

bined with the featureless diffraction profile, suggests that X4Ep

maintains superior amorphous characteristics compared to F4Ep.

This enhanced amorphous state predicts improved film smooth-

ness and reduced LER in lithographic applications.

Atomic force microscope (AFM) was employed to character-

ize the 65 and 35nm film surface roughness of F4Ep and X4Ep

on silicon wafers, with root mean square (RMS) roughness quan-

tified in 50μm×50μm scan areas. X4Ep exhibits superior sur-

face planarity compared to F4Ep at equivalent thicknesses, while

both systems demonstrate progressive RMS reduction accompany-

ing film thickness decreases from 65nm to 35nm (Figs. 3b and

c). Pre- versus post-exposure surface roughness analysis reveals

stress evolution throughout the wafer, at 35nm thickness, epoxy

crosslinking in F4Ep induces a pronounced 0.14nm RMS increase

from 0.81nm to 0.95nm, whereas X4Ep maintains surface rough-

ness virtually unaltered (�RMS=0.01nm) post-processing (Fig.

3c). Fourier-transform infrared spectroscopy (FTIR) kinetic monitor-
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Fig. 4. The film thickness behavior and lithography performance of F4Ep and X4Ep.

(a–d) SEM images of HP 50nm and 35nm L/S patterns. Dose: F4Ep 30 μC/cm2, X4Ep

49 μC/cm2. Film thickness: 65±5nm.

ing during 90 °C PEB demonstrates comparable crosslinking rates

(75% conversion at 60 s) between materials (Fig. 3d and Table S3

in Supporting information). This parity implies roughness varia-

tions originate from backbone structural disparities rather than

crosslinking efficiency. Specifically, F4Ep’s partial crystallinity exac-

erbates spatial heterogeneity in PAG distribution and acid diffusion

uniformity, generating regional crosslink density gradients. These

intrinsic stress differentials propagate surface deformation mani-

festing as elevated RMS values.

Density functional theory (DFT) calculations provide mechanis-

tic insights into the divergent film-forming characteristics and sur-

face roughness, as illustrated in Fig. 3e. The structural distinction

resides exclusively in the backbone configurations of F4Ep versus

X4Ep. The sp³-hybridized spiroconjugated carbons in spirobifluo-

rene induce severe interplanar distortion, forcing complete orthog-

onality (90° dihedral angle) between the two aromatic planes. This

rigid symmetry accounts for partial crystallization in F4Ep. Con-

versely, the oxygen-bridged xanthene units in spirobixanthene im-

pose conformational constraints, generating four distinct dihedral

angles (96°, 95°, 87°, and 82°) through non-coplanar deformation.

Such inherent molecular asymmetry suppresses crystalline order-

ing, thereby stabilizing a homogeneous amorphous phase that en-

ables uniform PAG distribution and consistent acid diffusion. These

computational findings align with experimental observations: XRD-

determined amorphous state differences and stress-induced rough-

ness evolution post-exposure.

Systematic evaluation of film thickness variation versus expo-

sure dose provides critical insights for optimizing line/space (L/S)

pattern fabrication. A 6×6 array of 2 μm×2μm test patterns was

e-beam exposed with doses spanning 0–40 μC/cm², followed by

PEB at 90 °C for 60 s and development using MIBK for 30 s. AFM

profilometry revealed dose-dependent thickness retention, demon-

strating progressive film thickness increase with escalating expo-

sure dose (Fig. 2c).

Notably, F4Ep and X4Ep exhibit comparable photosensitivity,

with 100% thickness retention doses (D100) of 20 and 23 μC/cm2,

respectively. Lithographic contrast (γ ) values calculated through

normalized thickness-dose curves yielded γ =0.7 for F4Ep versus

γ =0.9 for X4Ep. This sub-optimal contrast compared to commer-

cial positive-tone resist EUV-2D (γ > 2) [20] stems from com-

promised acid diffusion control - while base additives enhance

contrast via acid neutralization, they concomitantly suppress sen-

sitivity [21]. EUV-2D’s performance benefits from optimized base

quencher formulation achieving balanced diffusion-restriction.

Comparative lithographic evaluation of F4Ep versus X4Ep for 50

and 35nm HP L/S patterning revealed fundamental performance

disparities. F4Ep consistently exhibited bridge defects and pattern

collapse in dense L/S configurations (Figs. 4a and b, Fig. S3 in Sup-

porting information), with irremediable failure persisting despite

EBL parameter optimization and process condition iterations. Con-

versely, X4Ep achieved defect-free patterning with sub-5nm edge

acuity across all test structures (Figs. 4c and d).

Fig. 5. The lithography performance of X4Ep. (a, b) SEM images of L/S patterns at

different film thickness. Dose: 83 μC/cm2. (c) SEM images of HP 30, 25 and 20nm

L/S patterns. Film thickness: 35±3nm. Dose: 83 μC/cm2.

This dichotomy originates from backbone structural diver-

gence: X4Ep’s conformational asymmetry enables uniform epoxy

crosslinking via spatially homogeneous PAG distribution and con-

trolled acid diffusion (Fig. 3e). Such molecular-level uniformity

translates to superior lithographic fidelity compared to both F4Ep

and state-of-the-art hyperbranched epoxy-based molecular glasses

BPA-6Ep (bridge formation [11]) and 3Ep/4Ep (large LER [22])

(Fig. S2 in Supporting information). These flexible backbone sys-

tems may undergo stress-induced deformation during crosslink-

ing, whereas X4Ep’s rigid spiroconjugated architecture effectively

suppresses dimensional instability. Given these compelling perfor-

mance advantages, subsequent investigations focused exclusively

on X4Ep systems.

Lithographic patterning fidelity was assessed via 50nm HP L/S

fabrication with dose-dependent dimension control. Quantitative

evaluation of dose-linewidth correlation was performed through

dose sweeps spanning 29–94 μC/cm2 (Fig. 2d). Cross-sectional

scanning electron microscope (SEM) micrographs presented in Fig.

S4 (Supporting information) demonstrate linear development be-

havior, revealing a well-defined linear proportionality between ex-

posure dose and printed feature dimensions (23–44nm linewidth

over 29–94 μC/cm2 range).

This predictable behavior stems from acid-catalyzed epoxy

crosslinking kinetics: Elevated doses activate increased PAG

triphenylsulfoniumperfluoro-1-butanesufonate (TPS-PFBS) decom-

position, thereby accelerating proton-mediated crosslinking gov-

erned by acid diffusion gradients. Importantly, continuous line

formation was achieved with complete pattern fidelity, con-

firming absence of bridging defects across the operational dose

window.

The dimensional resolution of L/S patterns is constrained by

exposure dose, with film thickness serving as a critical factor in

achieving high-quality nanoscale HP patterns [23,24]. As demon-

strated in Figs. 5a and b, distinct pattern collapse phenomena were

observed in the 65nm film, whereas the 35nm film exhibited no

detectable structural deformations. This thickness-dependent be-

havior is attributed to two primary mechanisms: capillary forces

between pattern sidewalls during the development process [25]

and stochastic defect formation [26].

Notably, the 65nm film possesses a higher aspect ratio com-

pared to the 35nm counterpart. Since capillary forces exhibit in-

verse proportionality to aspect ratio, the thicker film experiences

significantly greater mechanical stress during solvent evaporation.

Consequently, pattern collapse incidents occur preferentially in

thicker films under equivalent processing conditions.

A systematic investigation of the correlations between expo-

sure dose, film thickness, and pattern resolution was conducted.

Successful fabrication of high-density L/S patterns was achieved,

demonstrating 30nm HP structures with 2.2 nm LER and 25nm HP

patterns exhibiting 2.7 nm LER, as documented in Fig. 5c. Unfortu-

nately, structural collapse phenomena were observed in 20nm HP

3



Y. Yan, C. Zhao, J. Hui et al. Chinese Chemical Letters 37 (2026) 111343

L/S configurations, indicating a critical resolution threshold under

the implemented processing conditions.

Conclusively, a novel epoxy-based molecular glass negative-

tone photoresist X4Ep featuring a rigid spirobixanthene back-

bone was successfully designed and synthesized. Both F4Ep and

X4Ep demonstrated high thermal stability, with no detectable Tg
observed prior to thermal crosslinking. XRD analysis combined

with theoretical calculations revealed enhanced amorphous stack-

ing characteristics in X4Ep, significantly surpassing those of F4Ep.

These observations position X4Ep as a superior candidate for ad-

vanced photoresist applications.

EBL revealed persistent bridging and collapse defects in F4Ep

even with optimized exposure parameters and process conditions,

attributed to non-uniform epoxy crosslinking resulting from PAG

aggregation and acid diffusion anomalies induced by partial crys-

tallization in F4Ep’s symmetrical molecular structure. In contrast,

X4Ep exhibited exceptional lithographic performance, demonstrat-

ing high sensitivity with a dose-to-clear (D100) of 23 μC/cm2 while

maintaining structural integrity without bridging or collapse phe-

nomena.

The lithographic capabilities were further validated through

successful fabrication of high-density L/S patterns, achieving 30nm

HP features with 2.2 nm LER and 25nm HP patterns demonstrat-

ing 2.7 nm LER. This systematic investigation established a robust

paradigm for epoxy-based molecular glass negative-tone photore-

sist development while substantiating the spirobixanthene archi-

tecture as a highly promising molecular framework for advanced

photoresist design.
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