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Cryo-electron tomography reconstructs
polymer in liquid film for fab-compatible
lithography

Liming Zheng 1,8, Yijie Xia1,8, Xia Jia2,8, Mingyi Gao3, Nan Liu 4 ,
Jiling Song 2, XiaoPeng Li2, Xiaole Zhao1, Xin Gao 1, Wen Zhou 1,
Wenbing Kang 5, Lijiang Yang1, Qianqian Wang5, Yiqin Gao 1,6,7 ,
Hong-Wei Wang 2 & Hailin Peng 1

Liquid film is ubiquitous in nature and serves as the critical medium for the
dissolution of photoresist to create nanoscale circuit patterns in lithography,
which is a core task since the birth of semiconductor industry. However,
despite decades of research, themicroscopic behaviors of photoresist in liquid
film and at interfaces remain elusive, leading to industrial effort for pattern
defect control largely a trial-and-error process. Here, we unravel the nanos-
tructures and dynamics of photoresist polymers in liquid film and at gas-liquid
interface using a cryo-electron tomography (cryo-ET) methodology. The
native-state three-dimensional structures of photoresist polymers are recon-
structed by cryo-ET at significantly improved resolution compared to con-
ventional methods. Cryo-ET reconstructions resolve the spatial distributions
of photoresist polymers across gas-liquid interface into bulk solution, reveal-
ing the cohesional entanglements between polymer chains. By inhibiting the
polymer entanglements and leveraging photoresist’s adsorption at gas-liquid
interface, the contaminations across 12 inch wafers have been eliminated
under industrial conditions, yielding a > 99% improvement in minimizing the
pattern defects for fab-compatible lithography.

Liquid films are widely involved in various physical, chemical and
biological processes, such as ice melting, liquid freezing, aqueous
reaction, and tear film of the eye1–4. Liquid films also contribute to
advancements in humancivilization, exemplifiedby 193 nm immersion
lithography5,6, which is widely used in modern semiconductor fabs to
manufacture sub-7 nm node electronics7. In this technology, introdu-
cing a water film between lens element and photoresist to replace the

air gap can generate a shorter wavelength λwater, because λwater = λair/
1.33. The shorterwavelength enables a smaller resolution limit, thereby
establishing a prerequisite for continuous downscaling of integrated
circuits. In the era of extreme ultraviolet (EUV) lithography8,9, liquid
film continues to play a critical role in the formation of circuit patterns.
During photoresist development—a fundamental step in lithography—
the exposed regions of photoresist are selectively dissolved in the
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liquid films of developer solution10. This liquid-mediated process pre-
cisely transfers the EUV-exposed patterns into three-dimensional
nanostructures with sub-10 nm resolution. As the feature size of pat-
tern approaches the contour length of photoresist polymers, the
adsorption and entanglement behaviors of photoresist molecules
within liquid films emerge as essential factors governing defect for-
mation on patterned surfaces (Fig. S1), ultimately determining the
stability and production yield of semiconductor devices10–12. However,
these microscopic behaviors of photoresist polymers in liquid films
and at aqueous interfaces are still poorly understood, impeding the
next-generation materials-technology co-optimization for high
volume manufacturing.

The main bottleneck in deciphering the underlying processes
in the liquid film during photoresist development stems from the
absence of a suitable high-resolution imaging technique. Scan-
ning electron microscopy (SEM) has been widely used in semi-
conductor industry for viewing the final structures of photoresist
patterns, but it is not capable of imaging photoresist in solution.
Atomic force microscopy (AFM)13,14 and quartz crystal micro-
balance (QCM)15 can be introduced to study the photoresist dis-
solution, yet the available information is still too limited for
understanding the complex physicochemical phenomena occur-
ring at microscopic interfaces with high resolution16. Currently,
the use of indirect-imaging and relatively low-resolution char-
acterization techniques constrains our insight into photoresist
behaviors in liquid films and at microscopic interfaces, leading to
the industrial optimization of photoresist development largely a
trial-and-error process.

To address these challenges, we develop a cryo-electron tomo-
graphy (cryo-ET) to reveal the photoresist behaviors in liquid films.
Compared with conventional methods, the cryo-ET analysis offers
several noticeable advantages: (1) native structures of polymer-based
photoresist in liquid films are maintained during imaging, (2) three-

dimensional structures and interfacial distributions of photoresist
polymers in liquid films are reconstructed at high resolution, (3)
polymer entanglements of photoresist molecules can also be
resolved. With our insights to photoresist behaviors revealed by
cryo-ET in the lab, an industrial-scale photoresist development with
eliminated defect for high-resolution lithography has been achieved
in the fab.

Results
Process design for reconstructing photoresist polymers in
liquid films
In modern semiconductor industry, chemically amplified resist is the
workhorse photoresist used in 193 nm immersion lithography and
EUV lithography for high volume manufacturing17–19. Therefore, we
chose a widely-used poly(methacrylate)-based chemically amplified
resist as our model photoresist. To prepare the specimen (photo-
resist dissolved in liquid film) for cryo-ET imaging, lithography and
plunge freezing techniques have been integrated. As shown in Fig. 1a,
the photoresist is spin-coated on a semiconductor wafer, and ultra-
violet light transfers patterning information from a mask onto the
photoresist film. The exposed areas of photoresist experience a sig-
nificant change in solubility, following which a developer solution is
sprayed—forming a thin liquid film on the photoresist surface. After
the exposed photoresist is dissolved into the liquid film, the solution
containing photoresist polymers is pipetted onto a TEM grid from
the resist substrate. The grid subsequently undergoes a blotting
process and plunge freezing to cryogenic temperatures (77 K),
resulting in a thin vitreous ice layer with embedded photoresist
polymers (Fig. 1a, Fig. S2). The plunge freezing technique, adapted
from cryo-specimen preparation protocols used in structural biology
(Fig. S2), achieves an ultrafast cooling rate (>104K/s)20,21 that enables
the trapping of photoresist polymers in their native solution-phase
conformations.
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Fig. 1 | Design of cryo-ET reconstruction for photoresist polymers in a
liquid film. a Schematic of preparing the photoresist specimen in a vitrified liquid
film. Ultraviolet light transfers pre-designed pattern onto the polymer-based
photoresist on a wafer. The exposed photoresist is subsequently dissolved in a
liquid film of developer, which further undergoes plunge freezing to immobilize
the photoresist polymers in the vitreous ice for preserving polymers’ native

hydrated state. b Schematic showing cryo-ET reconstruction of photoresist poly-
mers in the vitreous ice. A series of images captured from tilted angles ranging
from –60° to +60° with 3° increments are collected to obtain multidirectional
projections of the photoresist polymers, which are processed for 3D reconstruc-
tions of photoresist polymers in the vitreous ice.
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Fig. 2 | Native structures and interfacial distributions of photoresist polymers
within liquid films. a A projection image from cryo-ET showing the photoresist
polymers embedded in a rapidly vitrified liquid film with preserved native nanos-
tructure. b Standard SEM image of a dried photoresist residue adsorbed on the
pattern surface. c Standard SEM image of photoresist residue from (b) after
exposure to a low beam current of ~0.05 nA for 1 s. The dimensions of the photo-
resist residue exhibit significant shrinkage under this exposure. d Cryo-electron

tomographic slices reveal heterogeneous photoresist polymer distribution from
gas-liquid interface to bulk solution within the vitrified liquid film of ~100 nm.
e Representative cryo-ET slices resolving the polymer distributions within vitrified
liquid films of varying thicknesses. f Side view of reconstructed tomogram, high-
lighting high-contrast densities that correspond to photoresist polymers. Most
photoresist polymers tend to adsorb at the gas-liquid interface.
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Moreover, under cryogenic conditions, the electron-beam-
induced damage is significantly suppressed22–24, which contributes to
preserving the pristine structural conformations of photoresist poly-
mers during cryo-ET imaging. By leveraging this advantage, a tilt series
of images (angular range: –60° ~ +60°) are acquired to capture the
multidirectional projections of polymer chains (Fig. 1b). These pro-
jections enable the tomographic reconstructions of three-dimensional
(3D) structures, interfacial distributions and polymer entanglements
of photoresist polymers within liquid films (Fig. 1b & S2).

Cryo-ET visualization of photoresist polymers and interfaces
Figure 2a shows a representative cryo-ET slice of photoresist poly-
mers embedded in vitreous ice. The polymer chains exhibit high
contrast against the background, enabling clear visualization of their
random coil conformations (Fig. 2a). These random coil structures
were consistently observed across multiple samples (Fig. S3), closely
resembling thepolymer conformations reported in dilute solutions25.
This agreement suggests that rapid vitrification preserves the pho-
toresist polymers in their native hydrated state. In contrast, con-
ventional SEM method was limited to imaging dried polymer
residues on the patterned surface (Fig. 2b), resulting in relatively
lower resolution and compromised structural information. Further-
more, the photoresist residue was sensitive to the electron beam
irradiation, sustaining significant damage after just 1 s of exposure to
a low beam current of ~0.05 nA in the SEM (Fig. 2c). Besides beam-
induced damage, the electron beam irradiation from SEM caused
charging effects on the polymer surface, which distorted morpho-
logical features and introduced resolution artifacts (Fig. S4). This
discrepancy was clearly demonstrated when comparing SEM data

with charge-sensitive AFM measurements of the same irradiated
area (Fig. S4).

Beyond preserving the native state of photoresist polymers, cryo-
ET enables nanoscale mapping of their spatial distribution within
liquid films. Figure 2d presents the tomographic slices through z axis,
revealing the distribution of photoresist polymers across gas-liquid
interface into bulk solution. These slices showed thatmost photoresist
polymers tended to adsorb at the gas-liquid interface, while few
polymers located in the bulk solution (Fig. 2d). Similar preferential
interfacial adsorption was also observed in both 248nm chemically
amplified resist and 365 nm i-line photoresist systems (Fig. S5). This
phenomenon is very different from the conventional thought in
industry that dissolved photoresist polymers mainly disperse in the
bulk solution26,27. To verify this, we performed multiple independent
experiments and systematically investigated the impact of liquid film
thickness on the polymer distribution at interfaces. As shown in Fig. 2e,
photoresist polymers predominantly adsorbed at gas-liquid interfaces
across all samples, with liquid film thicknesses ranging from 25 nm
−100 nm (Fig. S6). Besides, we conducted cryo-ET to examine the
developer solution as a blank control. As a result, no polymers were
detected at the gas-liquid interface or in bulk solution (Fig. S7). When
the photoresist polymers were reintroduced into the blank developer
solution, these polymers reappeared at the gas-liquid interface
(Fig. S7). X-ray photoelectron spectroscopy analysis further identified
the presence of poly(methacrylate) in the photoresist polymers col-
lected from gas-liquid interface (Fig. S8, Methods). Using the cryo-ET
tomogram in Fig. 2d, we reconstructed the spatial distribution of
photoresist polymers within the liquid film. The cryo-ET side-view
reconstruction directly demonstrated the preferential adsorption of
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Fig. 3 | Structural reconstructions and polymer entanglements of photoresist
within liquid films. a 3D tomogram reconstruction of photoresist polymers in the
vitrified liquidfilm.b Spatial locations of photoresist densities in (a). The blue spots
represent the photoresist densities. c Size distributions of photoresist polymers at
the gas-liquid interface (blue) and in the ice layer (red).d Schematic of two types of
polymer entanglements: localized parallel segments in cohesional entanglement
(top) versus physically interlocked loops in topological entanglement (bottom).

e 3D reconstructions of parallel chain segments indicating the cohesional entan-
glement between photoresist molecules. f Representative 3D reconstructions of
entangled polymers from gas-liquid interface. The sub-5 nm spacings between
polymer chains can be resolved. g A comparative radar plot benchmarking cryo-ET
against conventional imaging methods12–15 across five metrics: resolution, native-
state preservation, 3Dstructural reconstruction, interface distribution analysis, and
polymer entanglement characterization.
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photoresist polymers at the gas-liquid interface (Fig. 2f), as evidenced
by a drastic decay in polymer density from the interface towards the
bulk liquid phase.

3D structures and polymer entanglements of photoresist in
liquid films
Figure 3a reveals the 3D tomogram map of photoresist polymers in
vitreous ice at nanometer resolution, which provides crucial insights
into polymer 3D structures and chain entanglements at the gas-liquid
interface and in the liquid phase, respectively. From this 3D tomogram,
we can determine the spatial positions of each photoresist polymer in
the vitrified liquid film (Fig. 3b). Around 80% photoresist polymers
adsorb at gas-liquid interface, while only ~20% photoresist molecules
remain in the liquid. Meanwhile, the structural morphologies of pho-
toresist at gas-liquid interface show significant differences from those
in the liquid phase. Most photoresist polymers in liquid phase remain
dispersed and disengaged (Fig. S9), a behavior consistent with poly-
mer chains in sufficiently dilute solutions28. The average length of
these liquid-phase polymers is ~12 nm (Fig. 3c), aligning with the
reported chain length of poly(methacrylate)-based photoresist10. In
contrast, photoresist polymers tend to entangle forming large parti-
cles at the gas-liquid interface (Fig. 3a, Fig. S9). The statistic results
show that the average size of photoresist polymers at gas-liquid
interface is around 30nm, and the photoresist particles over 40 nm
account for ~20% (Fig. 3c). Such large-sized particlesmay pose a risk of
defect formation due to their adsorption on the pattern surface during
photoresist development (Fig. S1).

Regarding the structural determinationof polymer entanglement,
cryo-ET provides a powerful tool to resolve the topological features of
polymer chains—a challenge previously hindered by the lack of direct
visualizationmethods29. Entanglement inpolymers is generally defined
as two types: cohesional entanglement and topological entanglement
(Fig. 3d). The cohesional entanglement features local aligned chain
segments with weak interaction, while the topological entanglement is
characterized by interlocked chain loops and requires at least
130 ~ 350monomer units30. In our cryo-ET reconstruction, localized
parallel chain segments, indicative of cohesional polymer entangle-
ment, were frequentlyobserved (Fig. 3e). The inter-segment spacing of
these entangled regions was on the order of several nanometers
(Fig. 3e), matching the characteristic scale of polymer entanglement.
Additionally, the large-sized particles at the gas-liquid interface actu-
ally exhibited loosely packed 3D architectures (Fig. 3f), with sub-5 nm
inter-chain distances suggesting weak intermolecular interactions.
These findings demonstrate that photoresist polymers form entan-
glements primarily via cohesional interactions rather than topological
constraints—a conclusion further validated by their low molecular
weight (<100monomer units) (Fig. S10).

Based on the results and analyses above, compared to conven-
tional established characterization methods12–15, the cryo-ET metho-
dology demonstrates significant advances in visualizing the polymers
within liquid films across five metrics: native-state preservation, inter-
facial distribution analysis, 3D structural reconstruction, high resolution
(sub-5 nm), and polymer entanglement visualization (Fig. 3g).

Simulation of photoresist dynamics in liquid films
In addition to the 3D cryo-ET reconstructions, we conducted mole-
cular dynamics (MD) simulations to elucidate the diffusion and
entanglement behavior of photoresist polymers in liquid films. Poly(-
methacrylate) and poly(methacrylic acid) were employed as model
polymers in MD simulations (Fig. 4a), based on their roles as the key
pre-exposure and post-exposure components in ultraviolet-triggered
chemically amplified resists31. When a poly(methacrylic acid) molecule
is placed in a water slab, it diffused to the gas-liquid interface spon-
taneously in the simulation (Fig. 4b). The z-direction spatial distribu-
tion further demonstrates the adsorption of poly(methacrylic acid) at

the gas-liquid interface (Fig. 4c). Meanwhile, the potential of mean
force was calculated from the z-direction distribution function of
poly(methacrylic acid) (Fig. 4d, Methods). The significant decrease in
the potential of mean force revealed that the distribution of photo-
resist polymers at the gas-liquid interface is thermodynamically
favorable (Fig. 4d).

To investigate the entanglement between photoresist poly-
mers, we studied the dynamics of a solution containing two initially
separated poly(methacrylic acid) molecules (Fig. 4e). In the simu-
lation, the two molecules quickly approached each other and
formed cohesional entanglement between several monomer units
of the two polymer chains (Fig. 4g, state 2). As the simulation pro-
gresses, the polymer chains diffused to the gas-liquid interface,
along with increased entanglements between them (Fig. 4g, from
state 3 to state 5). Each entangled state was accompanied by a slight
reduction in energy compared to the previous state (Fig. 4g), indi-
cating the cohesional entanglement of polymer was energy-driven,
in particular through van der Waals interactions (Fig. 4f, g). The
entangling interactions are thus relatively weak, making both the
entanglement and disentanglement processes highly dynamic
(Fig. S11). We further studied the dynamics of poly(methacrylate)
molecules in liquid films using MD simulations. Similarly, the
poly(methacrylate) molecules tended to diffuse to the gas-liquid
interface (Fig. S12), and formed cohesional entanglement through
the hydrophobic interactions between the ester groups of poly(-
methacrylate) molecules (Fig. S13). These simulation results are in
good agreement with experimental cryo-ET reconstructions and
provide insights into the understanding of photoresist dynamics in
liquid films at atomic scale.

Defect control for fab-compatible photoresist development
With uncovered entanglement and adsorption behaviors of photo-
resist in liquid films, we further validate their potential in reducing the
pattern defect of industrial-scale photoresist development, which is a
persistent challenge in high-resolution lithography11. Figure 5a shows a
12 inch wafer patterned with chemically amplified resist, where critical
dimensions of 38~40 nm can be achieved (Fig. 5b). Notably, these sub-
40 nm dimensions are approaching the resolution limit of 193 nm
immersion lithography (38nm, Fig. S14). Our cryo-ET reconstruction
reveals that large-sized photoresist particles over 40nm constitute
~20% (Fig. 3c). Once these entangled particles adsorb onto the pattern
surface, pattern defects are likely to form. This phenomenon actually
often occurs under the working conditions of industrial photoresist
development. The commonly-used chemically amplified resist is
designed to be very hydrophobic31 with a high water contact angle of
~85° (Fig. 5c). The poor wettability induced de-wetting can easily cause
the redeposition of entangled polymer residues onto the pattern sur-
face, directly driving defect formation (Fig. 5d, Fig. S15). Figure 5f
exhibits a representative pattern defect with a polymer residue brid-
ging the trenches. Based on the defect mapping, the defect count can
reach up to 6617 across a 12 inchwafer (Fig. 5e), a level unacceptable in
high-volume manufacturing.

In light of this, inhibiting the polymer entanglement during the
photoresist development may provide a key to alleviating the defect
formation on the pattern surface. As revealed by our cryo-ET recon-
structions andMD simulations, the entangled photoresist residues are
mainly formed by weak cohesional interactions, which are simple to
unravel and strongly temperature dependent29. When increasing the
post exposure bake (PEB) temperature during lithography process, we
found that the polymer entanglement could be efficiently suppressed
(Fig. 5g). With a treatment of a relatively low PEB temperature (95 °C),
the photoresist particles at gas-liquid interface exhibited an entangled
morphology with a lateral size of 40 ~ 80 nanometers (Fig. 5g, left
panel). In contrast, the photoresist polymers tended to be disen-
tangled and separated with reduced contour length, when the PEB
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temperature was increased to 105 °C (Fig. 5g, right panel). The inhib-
ited photoresist entanglement contributes to a significant improve-
ment in defect control (Fig. S16). Meanwhile, we recommended a
continuous liquid film throughout the photoresist development pro-
cess to ensure the reliable trapping of disentangled polymers at the
gas-liquid interface and prevent their redeposition (Fig. 5h, S16a, S17).
By leveraging such strategy, defects caused by polymer residues can
be eliminated over the entire 12 inch wafer (Fig. 5i). This strategy has
also demonstrated its efficiency and reliability, consistently achieving

a > 99% improvement in reducing thedefects of developedpatterns on
the 12 inch wafers (Fig. 5j, Figs. S15, S16). Moreover, this strategy is
compatible with modern fabs, where inhibited photoresist entangle-
ments and continuous liquid films can be technically available with
existing facilities.

Discussion
For decades, the understandings of microscopic behaviors of photo-
resist in liquid films have been constrained by inadequate
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characterization methods. This work introduces a cryo-ET imaging
technique to unravel the nanostructures and dynamics of photoresist
polymers in liquid films. Cryo-ET has addressed fundamental limita-
tions in conventional approaches by enabling high-resolution 3D
reconstruction of native-state structures, spatial distributions, and
polymer entanglements in hydrated photoresist systems. The cryo-ET
exhibits its significant advantage in reconstructing the gas-liquid
interface, visualizing the preferential adsorption behavior of photo-
resist polymers at gas-liquid interface and resolving their cohesional
entanglements at sub-5 nm resolution. These microscopic behaviors
are supported byMDsimulations and advance current understandings
of photoresist development process. By leveraging these findings, we
successfully exploited a fab-compatible strategy to remove the pho-
toresist residues on the patterned surface across a 12 inch wafer.

Looking ahead, the reconstruction of gas-liquid interface pre-
sented in this work, paves a way for deciphering the structures and

dynamics in chemical reactions at aqueous interfaces, where the for-
mulation of a theory remains in its early stages3,32. The cryo-ET also
shows great potential for resolving the entanglements which are ubi-
quitous in polymer science33, additive manufacturing34 and life
science35. In terms of applications in semiconductor industry, the
polymer nanoarchitectures and dynamics in liquid films are expected
to benefit the defect control in the fields of lithography, etch and wet
processes critical for fabricating next-generation electronics.

Methods
Lithography and photoresist development process
The commercially available methacrylate-based chemically amplified
resist (AEX4459JN, positive photoresist) was spin-coated onto a rota-
ted wafer. The rotational speed and time were 600 ~ 2000 rpm and
50 s, respectively. Then the photoresist film on the wafer was soft-
baked at 105 °C for 60 s to remove excess solvent. After cooling, the
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lithography exposure was performed under a 193 nm laser with an
energy of ~34 mJ in a lithography system or an electron beam direct
writing system with a voltage of 80 kV. The post exposure bake tem-
perature and time are 90 ~ 105 °C and 60 s, respectively. The wafer-
scale photoresist development process was performed in a track
(Lithius ProZ), where the photoresist film experienced the procedures
of pre-wet, pre-development, rinse, main development, rinse and spin-
drying. The rotational speeds in these processes are controlled at
1000 ~ 2000 rpm.

Cryo-ET specimen preparation of photoresist polymers in vitri-
fied liquid film
A TEM grid (Quantifoil, Cu or Au, 300mesh) was subjected to a glow
discharge for 30 s under an argon gas flow of 5 sccm in a plasma
cleaning system (GatanSolarus). Then a 3μL TMAHdeveloper solution
containing photoresist polymers was pipetted onto the grid. The grid
was subsequently transferred into a Vitrobot Mark Ⅳ (ThermoFisher
Scientific) for cryo-specimen preparation. The temperature of the
Vitrobot chamber was set to 8 °C with a humidity of 100%, and the
blotting time was set to 1.0 ~ 2.5 s with a force of −2. The grid was then
plunged into liquid ethane and stored in liquid nitrogen for further
cryo-ET imaging.Note that the specimen thickness couldbe controlled
by varying the blotting time.

Cryo-ET data acquisition and processing
Cryo-ET tilt serieswere acquiredusingTitanKrios electronmicroscope
(Thermo Fisher Scientific), equipped with a GIFQuantum post-column
energy filter (Gatan) and a high-performance K3 direct detector cam-
era (Gatan). Data were captured using SerialEM36 software in dose-
fractionation mode. The tilt-series was acquired through a dose-
symmetric protocol37, with a finely calibrated pixel size of 1.36 Å. The
imaging parameters included a defocus of −5μm, tilt increment of 3°,
and a consistent imaging dose of 3 e-/Å² across every tilt. The tilt-series
spanned a range from +60° to −60°, initiated at 0°, resulting in an
accumulated total dose of ~123 e-/Å2.

The tilt series datawere imported intoWarp software38 formotion
correction and contrast transfer function (CTF) estimation. Subse-
quently, the rectified tilt series were aligned within IMOD using patch-
tracking39. The finely aligned series were reconstructed using a
weighted back-projection method. For enhanced visualization, the 8×
binned tomograms underwent missing wedge correction via IsoNet40.
These corrected tomograms were then rendered in UCSF Chimera
using surface visualization mode (2.3σ contour level)41.

AFMandSEMcharacterizations of developedpattern anddefect
The structures of developed patterns were characterized by a com-
mercial AFM tool (Bruker Dimension Icon) in contact mode with an
AFM tip (SCANASYST-AIR, Bruker). Thematerial, tip radius, resonance
frequency and spring constant of this AFM tip are silicon, 650 nm,
70 kHz and0.4N/m, respectively. The data collection rate is 1 line/s for
256 lines.

The critical dimension and defect of developed patterns were
imaged using a commercial SEM (Tescan Clara or Hitachi 6300). The
operational parameters for the Tescan Clara SEM were as follows: an
acceleration voltage of 5 kV, an electron beam current of 54 pA, and a
magnification of 50.0 kx. For the Hitachi 6300 SEM, the parameters
were: an acceleration voltage of 500V, an electron beam current of 8
pA, and a magnification of 150.0 kx. The wafer-scale defect mapping
was performed utilizing a defect review SEM (AMAT G7) with an
acceleration voltage of 300V.

XPS measurements
For surface polymer analysis, a SiO2/Si substrate (1 × 1 cm²) was placed
on the solution surface to adsorb polymers at the gas-liquid interface,

leveraging liquid surface tension for substrate flotation. For bulk
solution analysis, the liquidwas pipetted from the solution interior and
dropped onto the SiO2/Si substrate. Then, these samples were loaded
in an X-ray photoelectron spectrometer equipped with monochro-
matic Al X-ray (Kratos Analytical Ltd., Axis Ultra) for XPS
measurements.

GPC measurement
GPC was performed on an Agilent 1260 system equipped with an
Agilent Plgel 5μmMixed-C column, usingHPLC-grade tetrahydrofuran
(THF) as the eluent at room temperature.

Molecular dynamics simulations
All simulations were performed using SPONGE version 1.442. Initial
polymer structures were constructed by linking the monomers using
Xponge43. GAFF44 force field and TPACM444 chargemodel was used for
the monomers isobutyric acid, methyl isobutyrate and isobutyl iso-
butyrate. In the modeling of the monomers, two backbone hydrogen
atomswere removed. Subsequently, tomaintain theneutrality of these
monomers, the partial charges of the remaining atoms were recali-
brated using the following formula:

q0 =q 1� sign qð Þ× q +
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In this equation, q0 represents the new charge assigned to each
atom, q denotes the original charge, sign qð Þ indicates the sign of the
original charge, q +

�
�

�
� and q�

�
�
�
� are the absolute values of the total

positive and negative original charges, respectively. In our simulations,
one poly(methacrylic acid) molecule consisted of 30 isobutyric acid
monomers and one poly(methacrylate) molecule consisted of 10 iso-
butyric acid monomers, 10 methyl isobutyrate monomers, and 10
isobutyl isobutyrate monomers. The systems were solvated in a cubic
water box using the TIP3P45 model for water molecules. The box had
initial dimensions of 100Å in the x and y dimensions and 80Å in the z
dimension.

Prior to the MD simulation, energy minimization was performed
using the steepest descent algorithm for 5000 steps. The system was
then equilibrated in an NPT ensemble at 300K and 1 bar for 1 ns. Long-
range Coulomb interactions were handled using the Smooth Particle
Mesh Ewald algorithm46 during this stage. After the equilibration, the
system had a length of 93 Å in the z dimension.

Following equilibration, a vacuum layer was added to achieve a
total box length of 200Å along the z-axis. Then, all atoms are lifted 5 Å
in the z-direction, and reflective walls were placed at 2 Å and 100Å to
model the interfaces. The Particle Mesh Convolution—Infinite Z
algorithm47 was employed for the slab-like long-range electrostatic
interactions.

For all simulations, the SETTLE algorithm48 was used to maintain
the rigidity ofwatermolecules, and the SHAKE algorithm49was applied
to all other covalent bonds involving hydrogens, allowing a time step
of 2 fs for the simulations. The middle scheme of Langevin dynamics50

was employed to control the temperature. A cutoff of 8 Å was set for
short-range non-bonded interactions. To ensure the robustness of the
simulations, three independent runs were conducted for each system,
and the results were found to be reproducible.

The snapshots of the trajectories were rendered using VMD51. The
analysis of ZDF was performed using custom scripts, and the ZDF data
was normalized to a maximum value of 1. PMF was directly estimated
from the ZDF data using the following equation:

PMF= kBT ln ZDF+C ð2Þ

where kB is the Boltzmann constant, T =300 K, and C is a constant.
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Data availability
Data supporting the findings in this manuscript are available from the
corresponding authors upon requests. The source data for Figs. 3b, c,
3g, 4c, d, 4g, 5c, 5j, S4c, S4f, S8c, S10, S12c-d, S14c, S14f, and S17b
generated in this study are provided in the Source Data file. Source
data are provided with this paper.
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