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Abstract—The paper presents the results of a study of syndiotactic polymethyl methacrylate with a molecular
weight of 107 g/mol, synthesized by the method of ionic polymerization with radiation initiation. Changes in
the chemical structure of the polymer material were analyzed by means of IR spectroscopy, differential ther-
mal analysis, and gel permeation chromatography. The process of weight loss during thermal decomposition
of the initial polymer can be divided into three stages: low-temperature, medium-temperature, and high-
temperature ones. After exposure of the polymer even to minimum doses of ionizing radiation, there is no
pronounced thermal effect of polymer melting. A scatter in the molecular sizes was found, as well as a rela-
tively rapid decrease in the molecular weight under the action of X-rays in the dose range of up to 100 J/cm3.
Polydispersity at low doses is approximately 3.5 times higher than that at doses on the order of 10 kJ/cm3. The
achieved rate of latent image development was approximately five times compared with the polymer with a
molecular weight of 106 g/mol under standard conditions. The contrast was 3.4. Microstructuring was per-
formed by the X-ray lithography method on the VEPP-3 source with the use of synchrotron X-rays. The
resulting microstructures are up to 5 μm high and about 2 μm in diameter.
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INTRODUCTION

In X-ray lithography, the image is transferred from
the X-ray mask to the X-ray sensitive layer with the use
of X-rays. As the sensitive layer (resist), polymethyl
methacrylate (PMMA), previously studied in the elec-
tron lithographic process [1, 2], is used due to its
excellent properties like its high spatial resolution,
high glass transition temperature, and high resistivity
in acid-containing solutions applied in the microelec-
tronic manufacturing [3]. The lithographic properties
of PMMA were studied in detail in [4]. Under the
action of X-rays, PMMA molecules undergo destruc-
tion [5, 6], which leads to reduction of the molecular
weight of the polymer, which contributes to higher
dissolution rate in organic solvents. The contrast of
PMMA is relatively low [7, 8], but this value can be
increased to 5 via optimization of the developer [9]. At
a correct choice of the dose of absorbed X-rays, this
fact ensures manufacturing of microstructures with

almost vertical sidewalls and sidewall roughness of less
than 50 nm [7].

Previous studies have shown that with increase in
the molecular weight of the polymer, the ratio of the
dissolution rate of the irradiated material to the disso-
lution rate of the unirradiated material grows at the
same doses of absorbed radiation [10, 11]. On the
other hand, experiments with PMMA with a molecu-
lar weight of up to 0.95 × 106 g/mol have shown the
tendency of growth of the spatial resolution with
increase in the molecular weight [12]. For this reason,
because the synthesis of the polymer with an ultrahigh
molecular weight is still insufficiently studied, repro-
ducible results cannot be obtained, and all previous
studies are limited to a polymer molecular weight of
2 × 106 g/mol.

In this work, we synthesized (the synthesis condi-
tions will be described elsewhere) and examined the
PMMA that differs from the widely used analog
652
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Fig. 1. IR spectrum of PMMA film 3 μm thick.
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GS 233 (Evonik Industries) in the tenfold increase in
the molecular weight (up to 107 g/mol). Basing on
absorption spectra obtained in the IR range, data of
differential thermal analysis, and gel permeation chro-
matography, we studied the changes in the material
after exposure to ionizing radiation.

EXPERIMENTAL PART
First, methyl methacrylate was purified via distilla-

tion under reduced pressure with application of the
IR-1M rotary evaporator (made in PRC). The polym-
erization was conducted in accordance with the
method of radiation initiation of methyl methacry-
late and subsequent heat treatment of the reaction
mixture.

The IR spectra were measured with the help of the
InfraLYUM FT-08 Fourier spectrometer (Lumex,
Russia). For the study, films ~3–3.5 μm thick were
taken, produced by pouring and subsequent drying in
a vacuum oven at a temperature of 64°C for 1 h. The
examination was carried out in the transmission mode
in the frequency range of 4000 to 550 cm–1. The spec-
tral resolution was 4 cm–1. Analysis of the spectra
showed that the synthesized polymer is fully syndio-
tactic  [13, 14] (Fig. 1).

The thermoanalytical examinations were per-
formed in an argon flow with the use of the synchro-
nous thermal analyzer STA 449 F/1/1 JUPITER with
the mass spectrometer QMS403 CF AEOLOS
(Netzsch, Germany). The heating rate was 10 K/min.
The molecular-weight distribution was studied by the
method of gel permeation chromatography with the
help of the chromatograph with the Knauer refracto-
metric detector (Germany), the Agilent PLgel
MIXED-A column, 7.5 × 300 mm, 20 μm. The tem-
perature was 50°C. The mobile phase was tetrahydro-
furan. The f low rate was 1.5 mL/min.

The rate of dissolution of the non-irradiated
PMMA was determined by two methods. First, the
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visible-range-light transmission of the solution was
measured during dissolution of sample in GG (the
solvent is described in [15]). Second, after drying of
the polymer dissolved in GG with subsequent dissolu-
tion of the dried precipitate in tetrahydrofuran, the
molecular weight of the former was determined by the
gel permeation chromatography method. The result
was approximately 15 nm/min in both cases.

Both for characterization of the properties of the
polymer under study and for manufacturing of micro-
structures, the polymer layers were exposed to X-ray
synchrotron radiation (SR) at the LIGA station [16] of
the VEPP-3 source [17] in the mode optimized [18] for
X-ray lithography, which corresponds to an energy of
electrons in the storage ring of 1.2 GeV. For character-
ization of the material, layers of uniform thickness
(~900 μm) were used; the variation of the dose of
absorbed X-rays over the layer thickness was about 20%.

RESULTS AND DISCUSSION
Differential Thermal Analysis

The curve of mass loss during decomposition of the
initial polymer can be divided into three stages: at low
temperature, with the maximum decomposition rate
at 260.5–261°C and the process onset at 207–209°C;
at medium temperature, about 295°C; at high tem-
perature, with the maximum decomposition rate at
379°С, the process onset at 346–348°С, and the pro-
cess end at 398–400°С. With the build-up of the dose
of deposited radiation, the temperature of the onset of
polymer decomposition expectedly decreases from
207(209) to 152°C. Besides, lowering and broadening
of the maximum of the low-temperature decomposi-
tion are observed, as well as the shift of the tempera-
ture of the end of the decomposition process towards
higher temperatures of 398(400)–427(428)°C. The
position of the main decomposition peak is within
376–384°С. In the curves of the differential thermal
analysis, the pronounced thermal effect of polymer
melting disappears after exposure even to minimum
doses of deposited radiation.

Gel Permeation Chromatography
As in the case of the polymer with a molecular

weight of approximately 106 g/mol [19], in the PMMA
with a molecular weight of 107 g/mol, as the absorbed
X-ray dose builds up, the average molecular weight
decreases from 107 to ~ 7 × 104 g/mol. At the same
time, decrease in the molecular weight by a factor of
about 10 is observed at doses lower than in the case of
GS 233 (~75 J/cm3), which can result in higher sensi-
tivity of the material to X-rays compared with GS 233.

It should also be noted that the polydispersity of
the irradiated PMMA at low doses is as high as 8,
which indicates a greater spread of the molecule
weight than in the case of GS 233. However, with
TRON AND NEUTRON TECHNIQUES  Vol. 17  No. 3  2023
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Fig. 2. Gel chromatograms of initial PMMA (dash-dotted
line) and samples obtained after dissolution at 22 (solid
line), 32 (dashed line), and 60°C (dotted line).
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Fig. 3. Measured characteristic curve of PMMA resist with
molecular weight of 107 g/mol.
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Fig. 4. Electron microscopy image of array of microstruc-
tures 4 μm high created in synthesized PMMA with
molecular weight of 107 g/mol.

100 μm 
build-up of the dose of deposited radiation to
~1 kJ/cm3, the polydispersity decreases to the value
typical of its low-molecular-weight analog (approxi-
mately 2.3), which indicates that at high doses of
absorbed radiation, the degradation processes in both
polymers proceed in the same way.

Contrast
During the study of the material, it turned out that

the polymer dissolves poorly in the GG solution at
room temperature, which manifests itself in a day in
the appearance of undissolved film on the substrate
surface. Dissolution of PMMA in GG is accompanied
by the chemical hydrolysis reaction and formation of
free carboxyl groups. This can be seen in particular in
the elution process at examination by the gel perme-
ation chromatography method (Fig. 2).

At higher dissolution temperature, the retention
time grows due to the interaction of the carboxyl
groups with the sorbent. The characteristic curve was
therefore studied during development at 32° C by the
method described in [20]. To this end, the PMMA was
applied onto ceramic substrates with planar surface
roughness of ~1 μm, because the adhesion of the
material to substrates with small-scale surface rough-
ness was extremely low. The experimentally obtained
dependence of the thickness of the remaining resist
layer on the dose of deposited radiation can be trans-
formed into the dissolution rate and presented in the
following form [4]:

(1)
where the dose of deposited radiation is measured in
kJ/cm3 , V0 = 15 nm/min, β  = 12, and the contrast α
is 3.4. The resulting characteristic curve is shown in
Fig. 3. The non-zero resist thickness at doses above
800 J/cm3 is because of the profilometer errors in the

α= + β0( ) ,V D V D
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measurement of the substrate surface with relatively
large scale surface roughness. As follows from the
function presented in Fig. 3, a noticeable dissolution
rate is observed at a dose of deposited radiation of
~300 J/cm3, and the upper threshold is at a dose of
~600 J/cm3. Both doses are approximately five times
less than those in experiments with the PMMA with a
molecular weight of 106 g/mol, which indicates a
higher dissolution rate. A similar result of growth of
the dissolution rate due to the higher temperature of
the developer for the PMMA with a molecular weight
of 0.95 × 106 g/mol was achieved in [21].

Micromanufacturing

Determination of the dependence of the dissolu-
tion rate and contrast of the synthesized high-molec-
TRON AND NEUTRON TECHNIQUES  Vol. 17  No. 3  2023



POLYMETHYL METACRYLATE WITH A MOLECULAR WEIGHT 655
ular PMMA on the deposited dose made it possible to
create microstructures on a silicon substrate by irradi-
ation through a test X-ray mask (Fig. 4). The diameter
of the microstructures was set by the topology of the
gold absorber on the X-ray mask and varied in the
range from 2 to 200 μm.

CONCLUSIONS

The developed high-molecular-weight PMMA
with syndiotactic stereoisometry can be used for
microstructuring. It features higher temperature of
latent image development due to the larger size of the coil
consisting of fragments of the destroyed macromolecule,
which prevent the developer from penetrating.
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