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Abstract: Lithography is a core-pattern transfer technique in micro/nanofabrication, among which
electron-beam lithography (EBL) is a representative example. Polymethyl methacrylate (PMMA) has
been widely employed as an electron-beam resist due to its high sensitivity, high resolution, and excellent
contrast. However, commercial PMMA resists are relatively expensive and have complex formulations,
thereby limiting process flexibility and cost control. Here, we demonstrate a rapid, low-cost preparation
method for a PMMA resist suitable for micrometer-scale EBL. PMMA powder was dissolved in anisole
to obtain a 4 wt% solution, which was spin-coated onto substrates to form uniform and smooth thin
films. To evaluate resist performance, a custom-designed 5 × 5 array pattern was used to systematically
study the effect of exposure dose on pattern quality. Results show that doses below 200 μC/cm2 fail to
induce complete scission of the PMMA molecular chains. Thermal evaporation and a lift-off process
were employed to verify the dimensional accuracy of fabricated electrodes. Within the exposure dose
range of 240–270 μC/cm2, the electrode patterns were complete and exhibited straight edges. The
optimal pattern fidelity was achieved at 260 μC/cm2, with an absolute dimensional error below 0.2 μm,
meeting the precision requirements of most micro/nanofabrication applications. This work provides a
practical process reference for the preparation of PMMA electron-beam resists and their application in
nanodevice fabrication.
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1. Introduction
Lithography is one of the most fundamental pattern transfer techniques in the field of

micro/nanofabrication [1–3]. Lithography employs radiation sources (photons, electron beams, and ion
beams) to selectively expose photosensitive or radiation-sensitive materials. After development, the
desired micro- and nanostructures can be obtained. By methodology, lithography can be classified
into ultraviolet (UV) lithography [4,5], electron-beam lithography (EBL) [6–8], X-ray lithography [9],
scanning probe lithography (SPL) [10], and nanoimprint lithography (NIL) [11]. Among these, EBL,
as a direct-write technique based on the point-by-point scanning of a focused electron beam and
offers distinct advantages, including maskless processing, high patterning flexibility, and excellent
resolution [2,12,13]. It has become an indispensable technique for high-precision patterning in areas
such as nanoelectronics [14–16], photonics [17], and quantum devices [18].

In EBL, the ultimate patterning resolution is limited by the performance of the electron-beam resist.
Polymethyl methacrylate (PMMA) has been the resist of choice for high-resolution patterning since
its introduction into the field in the 1960s [19,20]. PMMA is non-toxic, easy to process, and available
in multiple molecular-weight grades [21–24]. It exhibits excellent film uniformity, stable performance,
and high optical transparency in the visible range, enabling sub-10 nm patterning resolution in EBL

*email: huangh@fudan.edu.cn

Mater. Plast., 62 (3), 2025, 34–42 34 https://doi.org/10.37358/MP.25.3.71907

https://revmaterialeplastice.ro
https://doi.org/10.37358/Mat.Plast.1964
mailto:huangh@fudan.edu.cn
https://doi.org/10.37358/MP.25.3.71907


MATERIALE PLASTICE
https://revmaterialeplastice.ro
https://doi.org/10.37358/Mat.Plast.1964

[25–28]. Moreover, PMMA adheres well to a variety of substrates and can also be combined with
UV lithography [29,30]. By adjusting exposure dose, bake temperature, and development conditions,
PMMA can function as either a positive- or negative-tone resist [30,31]. However, most PMMA
electron-beam resists currently used are commercial products containing high-purity solvents (e.g.,
anisole, chlorobenzene, ethyl lactate), crosslinkers, and other additives [19]. Their preparation often
requires stringent raw-material purification and precise compositional control; the resultant complex
manufacturing increases overall fabrication cost.

In this work, we developed a simplified method to prepare a PMMA electron-beam resist. Anisole
was used as the solvent to prepare a 4 wt% PMMA solution, where PMMA powder was rapidly
dissolved through magnetic stirring and constant-temperature heating. The resulting resist was spin-
coated onto Si/SiO2 substrates to form uniform thin films. To evaluate the performance of the PMMA
resist, we used a custom-designed 5 × 5 array and systematically investigated the effects of exposure
dose on pattern quality and dimensional accuracy. At low exposure doses (<200 μC/cm2), scission of the
PMMA molecular chains was incomplete, leading to underdevelopment and loss of features. To quantify
dimensional fidelity, metal deposition followed by lift-off was used to measure the actual electrode
dimensions produced over the 240–270 μC/cm2 dose range. The best performance was obtained at
260 μC/cm2, yielding an absolute error <0.2 μm for a 10-μm feature, confirming the suitability of
the prepared PMMA resist for micrometer-scale fabrication. This study provides a cost-effective and
high-performance process route for electron-beam lithography.

2. Materials and methods
Silicon substrates with a 285 nm SiO2 layer were cut into pieces with dimensions of 6 cm × 3 cm

using a laser scribing machine. The substrates were sequentially cleaned in acetone, isopropanol, and
deionized water and ultrasonically agitated for 30 min in each solvent, then dried under nitrogen. To
enhance resist-substrate adhesion, the samples were treated in an ozone (plasma) cleaner for 10 min.
During spin coating, the resist was first spread at a low speed of 600 rpm for 10 s, followed by a high-
speed spin at 4000 rpm for 40 s to form a uniform film. After spin coating, the samples were baked
on a hot plate at 180◦C for 3 min to remove residual solvent (pre-bake). The exposure array pattern
was designed using KLayout software. Electron-beam lithography was performed using a VEGA LMS
system (TESCAN, Czech Republic) at an accelerating voltage of 30 keV and a beam current of 300 pA.
The developer consisted of 4-methyl-2-pentanone and isopropanol (IPA) mixed in a volume ratio of 1:3.
The samples were developed for 8 s and then rinsed in IPA to remove residual developer from the surface.
Metal deposition was carried out by thermal evaporation to deposit a 120 nm-thick Ag film. Prior to
deposition, the chamber was evacuated for 2 h until the base pressure reached 3.0 × 10−4 Pa. After
deposition, the samples were immersed in acetone to lift off the unwanted metal and resist, followed by
rinsing with IPA to remove any residual acetone. Finally, the fabricated electrode patterns were examined
and characterized using an optical microscope.

3. Results and discussions
Figure 1 illustrates the preparation process of the PMMA electron-beam resist. First, an appropriate

amount of PMMA powder (molecular weight: 1 × 105, particle diameter: 100 μm) was weighed and
placed into a clean beaker. Anisole was then added as the solvent, which effectively dissolve PMMA and
promotes resist uniformity. The beaker was placed on a temperature-controlled hot plate with magnetic
stirring at 50◦C, and stirred continuously at 300–500 rpm to fully dissolve the PMMA powder, forming
a transparent and homogeneous solution. Maintaining a constant temperature accelerates the dispersion
and dissolution of the polymer chains in the solvent, while preventing excessive solvent evaporation.
Once the PMMA powder was completely dissolved, the beaker was removed from the hot plate and
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allowed to cool to room temperature to minimize any thermal mismatch effects on subsequent spin-
coating film quality. The resulting PMMA resist solution exhibited moderate viscosity and good fluidity,
making it suitable for direct use in the subsequent electron-beam lithography process.

Figure 1. Schematic illustration of the preparation process for PMMA electron-beam resist. A measured
mass of PMMA powder was added to a defined volume of anisole in a beaker. The mixture was heated
at constant temperature on a hot plate with magnetic stirring until fully dissolved, the PMMA electron-
beam resist was obtained

Figure 2 demonstrates the spin-coating process of PMMA onto a Si/SiO2 substrate, employing a
double-layer resist structure of MMA/PMMA. First, a silicon substrate with dimensions of 6 cm × 3 cm
was selected and fixed onto the vacuum chuck of the spin coater. A suitable amount of MMA resist
was dispensed onto the substrate surface using a pipette. Following the preset spin-coating parameters
(see Materials and Methods), the MMA layer was evenly spread over the substrate. After spin coating,
the sample was baked on a hot plate and then cooled to room temperature. Subsequently, PMMA resist
was dispensed onto the MMA-coated substrate, and the same spin-coating and baking procedures were
repeated. It is worth noting that the PMMA thickness is governed by spin speed and coating time. Under
the selected parameters in this work, a uniform, dense, and smooth PMMA film was obtained on the
substrate surface, meeting the uniformity requirements for subsequent electron-beam lithography.

To evaluate the performance parameters of the prepared PMMA resist during the electron-beam
lithography process, an electrode array pattern was designed (Figure 3a). The layout is a periodic
5 × 5 array (700 μm × 700 μm; 0.49 mm2), enabling the fabrication of electrode units under different
parameter conditions within a single exposure. This design effectively minimizes batch-to-batch process
variations, thereby providing a reliable basis for subsequent optimization of the exposure dose. Figure 3b
presents an enlarged schematic of a single unit, which contains multiple electrode structures with
different widths (10 μm, 5 μm, 2 μm, and 1 μm) and spacings (7.5 μm, 6.5 μm, 2 μm, and 1 μm). By
comparing the fabricated patterns of electrodes with various dimensions after exposure and development,
the optimal exposure dose range can be determined.
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Figure 2. Process flow for spin-coating PMMA electron-beam resist on a Si/SiO2 substrate

Figure 3. Design layout and structural dimensions of the electrode array for electron-beam lithog-
raphy. (a) Overall layout of periodically arranged multi-electrode units, covering a total area of
700 μm × 700 μm. (b) Enlarged view of a single unit, indicating the widths of the electrodes (10 μm,
5 μm, 2 μm, and 1 μm) and the corresponding gaps (7.5 μm, 6.5 μm, 2 μm, and 1 μm)

During exposure, the interaction mechanism between the PMMA resist and the electron beam is
a key factor influencing the fidelity of the patterned structures. The prepared PMMA functions as a
positive-tone resist, undergoing scission of its C-C backbone under electron-beam irradiation, thereby
generating low-molecular-weight fragments that are selectively dissolved during development [32]
(Figure 4a). Figure 4b presents optical micrographs of the developed patterns obtained under exposure
doses ranging from 100 to 350 μC/cm2. The results show that at doses below 150 μC/cm2, the pattern
edges appear indistinct, owing to insufficient scission of the C-C backbone, some fine features are
nearly absent after development [33]. In contrast, at doses above 280 μC/cm2, narrow-gap regions exhibit
feature merging, and the resolution of 1 μm and 2 μm gaps is significantly reduced. This is attributed to
excessive exposure, where scattered electrons also cause development of areas adjacent to the intended
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exposure region, leading to a pronounced proximity effect [34,35]. Within 240–270 μC/cm2, the pattern
edges remain straight and sharp, and the fine-line structures exhibit high fidelity, indicating excellent
pattern transfer performance.

Figure 4. Principle of beam exposure and patterning results under different exposure doses. (a)
Schematic illustration of the molecular chain scission reaction in PMMA induced by electron-beam
irradiation, showing the main-chain cleavage and generation of low-molecular-weight fragments caused
by high-energy electron bombardment. (b) Optical micrographs of electrode array patterns obtained at
different exposure doses (100–350 μC/cm2). The horizontal and vertical axes represent the directions of
increasing exposure dose, scale bar: 100 μm

To evaluate the practical applicability of the PMMA resist, a metal deposition and lift-off process
was performed following development (Figure 5a). Specifically, a 120 nm-thick Ag film was deposited
onto the developed sample in a high-vacuum environment, ensuring uniform coverage across the entire
substrate surface. The sample was then immersed in an acetone solution to remove the resist along with
the overlying metal, thereby retaining only the metal patterns deposited directly on the exposed substrate
regions. Figure 5b presents the resulting metal electrode arrays fabricated under different exposure
doses. When the exposure dose was in the range of 100–140 μC/cm2, the dose was insufficient for
complete development, resulting in the absence of electrode patterns on the substrate. Although coarse
electrodes could be observed after development at doses of 150–190 μC/cm2, almost no metal patterns
remained after lift-off, indicating that exposure doses below 200 μC/cm2 are insufficient for accurate
metal pattern transfer. Figure 5c compares four representative exposure conditions—240, 250, 260, and
270 μC/cm2—that yielded higher-resolution features. While all four conditions produced patterns of
generally high quality, slight variations were observed: at 240 μC/cm2, the narrowest lines exhibited
minor width reduction, whereas at 270 μC/cm2, the resolution of the smallest gaps was slightly degraded.
Nevertheless, these deviations did not significantly affect the overall pattern fidelity, and the electrode
arrays retained well-defined and continuous features.

To quantitatively evaluate the impact of exposure dose on dimensional accuracy, we measured the
dimensions of electrode patterns after metal deposition and calculated their absolute errors, focusing
on the 240–270 μC/cm2 dose window that exhibited superior morphology in optical micrographs. For
each designed linewidth, ten repeated measurements were taken at different locations; the mean was
taken as the measured dimension for that dose. Figure 6a summarizes the results; error bars denote
the standard error of the mean. Across the four designed linewidths (1, 2, 5, and 10 μm), features
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written within this dose range displayed straight edges and small dimensional fluctuations. In evaluating
lithographic precision, the absolute error—defined as the difference between the measured and designed
dimensions—is a key metric. Using the smallest linewidth of 1 μm as an example (Figure 6b), increasing
the dose from 240 to 260 μC/cm2 reduced the absolute error from 0.064 to 0.015 μm, indicating a
marked improvement in pattern fidelity. However, further increasing the dose to 270 μC/cm2 raised the
absolute error to 0.082 μm, primarily because sub-micrometer features are susceptible to proximity-
effect overexposure at higher doses. These results identify 260 μC/cm2 as the optimal dose under
the present process conditions. At this optimal dose (260 μC/cm2), the absolute error as a function
of linewidth is shown in Figure 6c. Although the error increases with the designed dimension, the
deviation at 10 μm is only 0.18 μm. Overall, the PMMA resist enables high-precision pattern transfer
across the micrometer regime and meets the dimensional-accuracy requirements of most nanodevice
fabrication processes.

Figure 5. Metal deposition and lift-off process, and electrode patterns obtained under different
exposure doses. (a) Schematic illustration of the metal deposition and lift-off process based on PMMA
resist, including metal deposition and the subsequent lift-off to obtain electrode patterns. (b) Optical
micrographs of electrode arrays fabricated under different exposure doses (150–300 μC/cm2), with the
horizontal and vertical axes representing the incremental directions of exposure dose, scale bar: 100 μm.
(c) Enlarged optical micrographs of individual electrode units obtained at exposure doses of 240, 250,
260, and 270 μC/cm2, showing the effect of dose variation on line clarity and pattern integrity, scale bar:
10 μm
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Figure 6. Error analysis of electrode dimensions under different exposure doses. (a) Comparison
between designed and measured electrode dimensions at exposure doses of 240, 250, 260, and 270
μC/cm2. (b) Absolute error for electrodes with a designed linewidth of 1 μm as a function of exposure
dose. (c) Absolute error for electrodes with designed linewidths of 1, 2, 5, and 10 μm at an exposure
dose of 260 μC/cm2. The error bar represents the standard deviation of the statistical results

4. Conclusions
In this work, anisole was employed as the solvent to achieve the rapid preparation of a 4 wt% PMMA

electron-beam resist. Uniform, smooth, and dense PMMA films were obtained on Si/SiO2 substrates
via spin coating. A systematically designed 5 × 5 electrode array pattern was used to evaluate the
performance of the PMMA resist. The results showed that at exposure dose below 200 μC/cm2, the dose
was insufficient to induce adequate main-chain scission of PMMA, leading to incomplete development.
A 120-nm-thick Ag film was subsequently deposited by thermal evaporation and patterned by lift-
off. For features written at doses of 240–270 μC/cm2, the patterned electrodes were complete with
sharp edges; the best dimensional precision was obtained at 260 μC/cm2, where the absolute error for
a 10-μm feature was <0.2 μm. This precision meets the requirements of most micro/nanofabrication
processes and provides a reliable process foundation for the fabrication of nano-optoelectronic devices.
This cost-effective approach is readily applicable to academic and industrial EBL workflows. Finally,
given the limited stability of the PMMA solution, this approach is advantageous for direct and timely
use in lithography.
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