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The principal volatile products forming in air degradation of SU-8 polymer under influence of synchrotron

radiation in the wavelength range of 2.5—0.25 A

have been studied. The material degradation products such

as hydrogen, acrolein, acetone, allyl alcohol, benzene, and methyl formate have been identified, as well as
atmospheric products. However, the most often products of outgassing are water and carbon oxide molecules,
which contribute to the mass loss of the polymer irradiated.
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1. INTRODUCTION

In the last decade, photoresist SU-8, which is
based on cured diglycidyl ether of bisphenol-A (DGE-
BA), has been widely used in basic investigations and
industrial manufacturing. Its cross-linked structure,
exhibiting a three-dimensional molecular network, al-
lows SU-8 application as a thermosetting resin with
favorable material properties, such as low shrinkage,
high strength, good chemical resistance, and high
electrical insulation [1, 2]. Due to its excellent stability
against ionizing radiation [3], namely X-rays, cured
epoxy resin has been employed for manufacturing of
magnets and insertion devices at synchrotron sources,
and later, due to its photosensitivity, SU-8 photoresist
has been applied to manufacturing of X-ray masks [4],
X-ray lenses [5], and X-ray gratings, which are used in
the Talbot interferometer [6]. Nevertheless, SU-8 spec-
imens exposed to X-rays generate volatile fragments
leaving the polymer and causing slow degradation of the
material [3]. This degradation results in geometrical
distortions of the patterned microstructures and deteri-
oration of their physical properties [4, 7, §].

In this study, actual degradation conditions are re-
produced, i.e. the aforementioned X-ray polymer op-
tics are used in air atmosphere under both high X-ray
power and high X-ray dose deposited, for mass-spec-
trometry, which is often applied to identification of
volatile degradation products [7—12].

2. EXPERIMENTAL
2. 1. Materials

The SU-8 specimens of 4 inches in diameter were
prepared by casting of the SU-8(10) photoresist (pro-
duced by MicroChemCorp) onto a Kapton foil and
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dried at 95°C for several hours until the residual sol-
vent (y-butyrolactone) concentration achieved ap-
prox. 3.5 weight percent. Then, a scanning X-ray beam
irradiated the dried SU-8 layer through an improvised
X-ray mask at the X-ray lithography station LITHO-III
at the ANKA synchrotron source. The X-ray mask
consists of several copper wires of 1 mm in diameter,
which are non-transparent to the radiation and sepa-
rated from each other by a space of 12 mm, making
slit-like openings. With the spectrum of the incoming
X-ray beam, set by the varying number of aluminium
foils, the dose deposited was 44 and 40 J/cm? at the top
and at the bottom of the resist layer, respectively. After the
post-exposure baking at 95°C for 10 hours and develop-
ment with 1-Methoxy-2-propyl acetate (PGMEA), the
Kapton foil was removed, releasing free standing SU-8
foils of 12 mm in width and several centimeters in
length.

The degradation was analysed using two different
techniques described below.

2.2. Mass Spectra Analysis

The mass spectrometry technique was employed at
the TOPO-TOMO beamline (ANKA synchrotron
source), where white X-ray beam was delivered to the
measurement point from a bending magnet in 30 m
from it.

A stack of free standing SU-8 foils of different
thickness from 50 pm to 490 pm was placed into a
measurement cell with two windows on the front and
the back sides, through which the X-ray beam crossed
the cell. The X-ray beam dimensions on the specimen
are 25 mm (hor.) x 15 mm (vert.).

To avoid X-ray power attenuation, which might re-
sult in heating of the specimens, we inserted a stack of
aluminium foils into the beam. Nevertheless, the tem-
perature of the specimens as calculated in a hypothesis
of heat losses via conduction, convection in the gas
phase, and radiation [13, 14] was in the range between
65 and 92°C.
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Fig. 1. Spectral distribution of X-ray beam power absorbed
in the surfaces of free standing SU-8 foils at an electron en-
ergy of 2.5 GeV and an electron current of 150 mA, includ-
ing a 120 cm long path of transmission in air.

Because of the hardness of the filtered X-ray beam
(Fig. 1) the difference between the doses deposited on
the front and back sides of the SU-8 foils did not ex-
ceed 40%.

The cell, which was connected to vacuum meter V1
from one side and a coupling chamber (Fig. 2) from
the other side, was evacuated to a residual air pressure
of about 5 mbar, at which the mean free path of mole-
cules of air did not exceed the inner diameter of the
cell. The residual air in the cell played a role of a pre-
cursor gas imitating the atmospheric conditions, on
the one hand, and a carrier gas delivering the volatile
fragments to the mass spectrometer, on the other
hand. However, the base pressure in the coupling
chamber connected to the mass spectrometer was as
high as of the order of 10~7 mbar, because of the direct
connection to the vacuum pump.

The gas analysis was executed using a commercial
quadrupole mass spectrometer (model QMS 200 F2,
Prisma™, Pfeiffer Vacuum) capable of measuring ion
masses of 1 to 200 Da. The ionizing chamber of the
mass spectrometer was placed in approx. 140 cm from
the specimens.

First of all, the cell was irradiated through the side-
wall windows without specimens what resulted in out-
gassing of the cell and allowed us study the volatile
fragments inside as the background spectrum for fur-
ther measurements. In this case, the gases typical of
the air atmosphere, like H* ions, H,O, CO, CO,, N,,
and NO™ were recorded. Additionally, the mass spec-
tra of PGMEA and isopropyl alcohol irradiated with
X-rays were recorded, because these substances, when
used in manufacturing of the specimens, can add some
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Fig. 2. Schematic experimental setup. Vacuum meter V1
(produced by “Balzers”) is based on the thermal conductiv-
ity of gases; Penning vacuum meter V2 (produced by “Pfe-
iffer Vacuum”) employs ionization of residual gas mole-
cules; turbo pump model 150HT Macro-Torr by Varian.

fragments to the spectrum of the polymer during their
degradation in the X-ray beam.

The interpretation of the arising spectra was carried
out based on the following information: the data base
with distribution of fragments of certain gases, the
characteristic spectra library, the distribution of iso-
topes, the nitrogen rule, and the probability data for
the specific ionization, and multiple ionization for a
fixed filament bias [15—17].

The aforementioned data are applicable because of
no any charged volatile fragments generated by direct
irradiation, reach the detector of mass spectrometer,
causing absence of contribution to the observed inten-
sities. We checked this fact, switching off the filament
bias. On the other hand, the recharging process and
the deposition of charged fragments onto the sidewall
of the transport pipe, taking into account the high col-
lision rate under the rough vacuum condition, can
suppress the flow of the charged fragments on their
way toward the mass spectrometer [18].

2.3. Mass Loss Analysis

Firstly, the free-standing foils, which had been held
in the evacuated cell for 12 h, were weighed on a mi-
crobalance (Mettler MT5) with an accuracy of 5 ug. A
mass loss of about 1.2% of the initial mass, ranging
from 30 mg up to 350 mg, was found and ascribed to
the water and y-butyrolactone evaporation from the
specimens. After that, the free-standing foils were ex-
posed to radiation and weighed periodically during the
experiment.
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3. RESULTS AND DISCUSSION
3.1. Identification of Fragments

During the irradiation with X-rays, volatile prod-
ucts in the mass range between 1 Da and 89 Da are ob-
served. A corresponding mass spectrum is shown in
Fig. 3, but no mass peaks in the range between 90 Da
and 200 Da appeared.

In general, the volatile fragments registered are
products of direct interaction with the X-rays and elec-
trons emitted by the filament under a voltage of 90 V.
But, the charged fragments produced due to the elec-
tron impact only reach the detector. Mathematically,
the mass spectra observed are a convolution of the
mass spectrum of the volatile products stimulated by
X-rays with the proper mass spectrum of each volatile
product caused by the electron impact. Therefore, one
can calculate the spectrum of the volatile fragments
released by synchrotron radiation, deconvolving the
resulting spectra and the proper spectra of the prod-
ucts to be recognized. These products, compounded
of atoms of precursor molecules, were modelled with
due account of the limited number of the products and
the probability of their appearance [17].

Analysis of the appearing volatile fragments reveals
three precursor types, namely the destroyed polymer,
the residual gas, and water molecules dissolved in the
polymer. The water photodissociation produces H™,

O*, OHY, H;, and O; ions, which are recorded in the
mass spectra. They cause formation of carbon monox-
ide and carbon dioxide, whose mass peaks increase af-
ter the irradiation was on. Besides, the total pressure
and the ion current of the water molecules increase
synchronously, reaching a steady state. After that, the
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Fig. 4. Temporal pressure in the cell under synchrotron ra-
diation and electron current in the storage ring.

pressure decreases simultaneously with the electron
current in the storage ring, as shown in Fig. 4. In con-
trast to that, the temporal current of CO and CO, is in-
creasing permanently (see Fig. 5), due to the high con-
centration of oxygen ions released during the water
molecules dissociate.

It should be noted that no antimony-containing
volatile fragments were observed.

3.2. X-Ray Induced Mass Loss

The irradiation makes all the specimens studied
brownish hue and causes a loss of mass, which was
measured and shown in Fig. 6. Only some of the aris-
ing volatile fragments reach the mass spectrometer, the
rest depositing on the sidewalls of the vacuum pipe.
The later part was studied after removal of the speci-
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Fig. 5. Temporal ion current of Mg (water) and My,
(CO,) normalized to argon ion current, vs. time.
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Fig. 6. Measured mass loss of SU-8 specimens of different
thickness vs. exposure dose.

mens from the cell. The spectra recorded show a sim-
ilar ratio of water concentration to other volatile frag-
ments. Thus, the mass loss can be considered to be
proportional to the mass volatile fragments taking into
account the mass transport conductivity of the vacu-
um pipe and the relative ionization probabilities for
different molecules [19, 20]. Generally, the mass loss
rate depends on the specimen temperature 7" which
can be increased due to irradiation.

The temperature dependence of the water diffusion
in an epoxy polymer is presented by the Arrhenius fac-

a

(
R]

and E, = 61 kJ/mol [21] for the non-irradiated poly-
mer. With the calculated temperature induced by the ir-
radiation in the specimens of different thickness and the
contribution of water to the total mass loss taken into
account, the activation energy of water diffusion is de-
termined as E, = 18.3 £ 2 kJ/mol (Fig. 7), which is less
than the latent heat of water evaporation (45 kJ/mol) at
the aforementioned pressure.

), where R is the universal gas constant

CONCLUSIONS

Mass spectrometry and measurement of mass loss-
es have been applied, characterizing the release of gas-
eous species from solid SU-8 layers exposed to a white
beam of hard X-ray synchrotron radiation. The mass
loss rate and the formation of volatile products de-
pend, in part, on the dose deposited and on the power
of the X-ray beam. Possible polymer modifications to-
wards for instance increased stability to ionizing radi-
ation, realized for example via hard baking process
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Fig. 7. Measured mass lost rate vs. temperature of speci-
mens.

could also be studied by means of mass spectrometry
of released volatile products.
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