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ABSTRACT: Despite the obvious occurrence of synchrotron X-ray damage to organic thin films, few attempts
have been made to qualitatively determine changes to their structural parameters during X-ray exposure. We
report here the use of X-ray reflectivity to study X-radiation damage to thin films of poly(tert-butyl acrylate) and
polystyrene at various incident flux densities and sample temperatures. At the flux densities studied, (0.4-6.7)
× 109 photons/(s mm2), the polyacrylate film thickness decreased during irradiation at rates ranging from-0.1
to -4 Å/min, while the surface roughness increased. The volume of polymer removed per incident photon ranged
from 150 to 1400 Å3/photon. The rate of the thickness decay of the films was found to be linear with flux density
over the range studied. The damage rate also appears to be directly related to the amount of X-ray energy deposited
in the film, not the amount of energy available for creation of secondary electrons at the substrate. At comparable
flux densities, polystyrene films heated above the glass transition temperature were found to behave similarly to
the polyacrylate films, losing between 40 and 250 Å3/photon; however, at room temperature polystyrene films
instead slightly increased in thickness.

Introduction

There has been an increasing amount of interest in using
synchrotron X-rays for characterizing organic thin films due to
the wide variety of powerful techniques afforded by intense,
well-collimated X-ray beams. Despite the weak interaction of
X-rays with organic materials, including biological materials,
the high brilliance afforded by synchrotron X-ray beams has
facilitated many scattering and imaging methods to study these
materials with fine spatial and time resolutions. In many cases,
high-resolution characterization of thin films of organics has
only been feasible with synchrotron X-rays. Conventionally,
X-ray methods have been regarded as neither destructive nor
intrusive in structural studies of a wide variety of samples.
However, especially with the advent of the third-generation
synchrotron sources, intense X-ray photon beams can become
disruptive for organic materials.

Because X-ray photons have energies equivalent to and higher
than the electron binding energies of the atoms present in organic
samples, not surprisingly, many groups have reported detecting
chemical changes that occur during X-ray exposure, such as
loss of carbon, hydrogen, and molecular fragments, formation
of carbon double bonds, incorporation of oxygen into the films,
etc. For example, several systematic studies of chemical changes
that occur during exposure to rotating anodes sources have been
attempted mainly for assessing the effect of X-ray photoelectron
spectroscopy (XPS) characterization on organic thin films.1-8

Additionally, various groups interested in X-ray lithography have
examined the effect of soft synchrotron X-rays and ultraviolet
light on SAMs and polymer films.9-15

X-ray illumination of the substrate supporting a thin film
produces secondary electrons, which have large interaction cross
sections with the organic overlayers and are believed to be

primarily responsible for damage in X-irradiated thin films. This
mechanism implies that electron-beam-irradiated films may be
damaged similarly to X-irradiated films. Because of the strong
interest in the application of electron-beam lithography to
organic thin films, a number of studies of electron-irradiation-
induced changes have been reported,16-27 and direct comparisons
between X-ray damage and electron-beam damage have been
performed.2,13,28,29The findings of these studies will be remarked
upon in the Discussion section below.

While studies of the chemical changes that occur in organic
thin films during irradiation are of fundamental importance,
another significant aspect of radiation damage is changes to the
film structure. As films of interest become thinner, the structure
of the films increasingly influences the important properties of
the films. For instance, self-assembled monolayers (SAMs),
which are on the order of nanometers in thickness, are widely
viewed as promising materials for many technological applica-
tions and are extensively studied using X-ray techniques. While
their chemical, optical, and physical properties depend greatly
on their constituent chemical compositions, without the well-
ordered structure that spontaneously forms the interesting film
properties would be drastically reduced. This is also true for
spin-cast polymer thin films, as many research groups are
presently studying the effects of film thickness on the glass
transition temperature and the coefficient of thermal
expansion.30-34 Polymer films and SAMs are also used as resists
for X-ray, ultraviolet, and electron beam lithography, the
structural properties of which are clearly relevant. Because of
the X-ray-induced structural changes in organic thin films,
structures determined experimentally by using intense X-ray
beams may not be representative of pristine films.

Some previous studies of radiation damage to thin films have
examined the thickness using ellipsometry10,28and an “effective
thickness” using XPS.16-19,25,35Of these, only one used (soft)
X-rays as the irradiation source and the authors found no change
in thickness.10 However, these thickness measurements required
assumptions about the film density which may not be realistic
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as the film becomes progressively damaged. Discussions of
structural changes in thin organic films have been included in
some X-ray studies, usually as side notes, but systematic studies
have not be performed on the effect of synchrotron X-ray
damage at typical energies used for X-ray scattering experi-
ments.

In this paper, we present the initial results of a systematic
study of the effect of synchrotron X-irradiation on the structure
of ultrathin polymer films of poly(tert-butyl acrylate) and
polystyrene at X-ray energies typically used in scattering
experiments. While we will show that synchrotron X-ray
characterization may not realistically be described as non-
destructive, it is not our intention to suggest abandoning X-ray
studies of organic thin films; rather, it is to point out the
importance of understanding the limitations and complications
of X-ray structural characterization and of including these
concerns in data collection and analysis. These results, we hope,
provide for a foundation for further work in this area so that
quantitative assessments can be made regarding X-ray damage
to thin organic films and mitigating procedures can be planned
for and developed when necessary.

Experimental Section

Materials. Poly(tert-butyl acrylate) (PtBA), [CH2-CH-
((CdO)-OC(CH3)3)]n, with a molecular weight (Mn) of 301 000
was synthesized by anionic polymerization at-78 °C in tetrahy-
drofuran as described elsewhere.36 The polymer has a glass
transition temperature of 49°C, as determined by differential
scanning calorimetry. PtBA thin films were prepared by spin-
coating, using solutions with various concentrations of PtBA in
butanol. Before the coating process, the substrates, 25 mm× 25
mm polished silicon(100) wafers, were cleaned in a boiling
H2SO4/H2O2 solution (7:3 v/v), followed by extensive rinsing in
deionized water. The films were coated at 2000 rpm for 40 s,
resulting in thicknesses ranging from 140 to 560 Å, depending on
the solution concentration. No annealing of the films was performed.
All films were used within 1 week of deposition.

For the polystyrene (PS) thin films, silicon substrates were
cleaned as described above, and then the oxide layer was removed
by immersion in an HF/water (1:10 v/v) bath for 20 s, followed by
rinsing with copious amounts of pure water. PS solutions were made
using 60 000 molecular weight PS dispersed in toluene. The films
were spin-coated at 2000 rpm for 40 s and then annealed in a
vacuum oven for 20 h at 175°C. Resultant films were around 450
Å in thickness.

PtBA was chosen because it is a useful polymer for X-ray studies
above and below the readily accessible glass transition temperature
and because our group had been using PtBA for several
experiments.37-40 PtBA is known to degrade during UV exposure
or exposure to gaseous hydrochloric acid into poly(acrylic acid)
by elimination of isobutene,41,42 In general, polyacrylates degrade
primarily via loss of side chains, though thermal studies show
degradation via multiple channels.43 In contrast, PS degrades
through main chain scissioning and cross-linking; which channel
is the dominant process varies from study to study and depends on
multiple environmental parameters.43 However, PS is used as a
negative resist in X-ray and UV lithography because it cross-links
and becomes insoluble.44,45Because of this difference in degradation
pathways, the structure of PtBA and PS films should show
somewhat different behaviors in reaction to X-irradiation. The exact
chemical degradation pathway is not of direct concern in this paper,
however. Certainly, it is the chemical changes that occur that alter
the structure of the films, but the resultant changes to the structure
are the primary focus in this paper.

X-ray Setup and Procedures.X-ray exposure and analysis were
performed at beamline 1-BM, the bending magnet line of Sector
1, operated by X-ray Operation and Research (XOR) at the
Advanced Photon Source (APS) of Argonne National Laboratory.

The X-rays were monochromated to an energy of 9.659 keV using
a Si(111) double crystal monochromator with sagittal focusing in
the horizontal direction; the energy was calibrated by a scan through
the K-adsorption edge of a zinc foil.46 The beam was focused in
the vertical direction using a bent palladium-coated mirror. The
experiment was performed during four separate experimental runs
denoted as runs 1-4, respectively. The exact beamline configuration
varied from run to run, particularly in the degree of focusing, and
therefore the slit sizes and fluxes were somewhat different in each
experiment. Also, during each run, the available flux changed with
time due to decay of the current in the storage ring and to refills of
the storage ring. The APS has a long lifetime for the ring current,
with time between fills of 12 h, the available flux dropping by
∼25% between fills. Each sample we examined was typically in
the beam for 3-4 h, so the available flux usually varied around
10% for any particular sample. The incident beam was typically
defined by slits to measure∼0.2 mm vertically by 1 mm
horizontally. Detector slits were set to be slightly larger to admit
the entire reflected beam. Guard slits stationed just after the sample
were used to reduce background, and flight paths under vacuum
were used to reduce air scattering and absorption of the X-ray beam.
The samples were mounted inside an enclosed chamber with Kapton
X-ray windows. Using silver paste, the samples were attached to
an aluminum block that contained cartridge heaters and a thermo-
couple for temperature control. The sample chamber was filled with
a slight overpressure of helium, a standard method used to decrease
air scattering of the X-rays and with the aim to lessen X-ray damage.
This assumption was tested with one sample for which no helium
was flowed.

X-ray reflectivity (XRR) is a powerful method for determining
the structure of a film normal to the substrate. This is achieved by
detecting the X-rays that reflect off the various interfaces in the
film-substrate system. These reflected X-rays are coherent and so
will interfere with each other. Their relative phases depend on the
optical path length difference which is related to the thickness and
electron density of the film and to the angle of incidence of the
X-rays. The roughness of each interface will also affect the amount
of the X-rays that are specularly reflected from them, changing
the magnitude of the interference. Thus, by scanning over a range
of incident angles, an interference pattern is obtained that contains
information about the film thickness, its electron density, and the
interfacial roughnesses.47 An advantage of determining thin film
thickness using the XRR technique is that the process is insensitive
to the composition of the film, being dependent only on the electron
density contrasts within the film.

There are several similar terms with varied meanings used to
discuss radiation exposure, and so we here define the terms used
in this paper. “Flux”, as it is used by synchrotron literature, is the
number of photons per second in the X-ray beam. “Flux density”
is the flux per unit area, having units of photons/(s mm2). Given
the nature of how synchrotron X-rays are produced, the flux density
of an X-ray beam varies with time. When referring to the flux
density delivered to the sample at a specific time, we will use the
phrase “instantaneous flux density” to differentiate from an averaged
flux density. The time-integrated (or accumulated) flux density that
impinged on the samples is referred to as “fluence”, which has the
units of photons/mm2. The term “exposure” refers to the act of
irradiating the samples. It should be noted that radiation damage
literature commonly uses the term “dose”, generally meaning the
energy absorbed by the irradiated material per unit area, and the
unit “gray”, the amount of energy absorbed per unit mass. Both
these terms are much better suited to studies of bulk materials,
wherein direct measurements of the amount of absorbed radiation
can be made, so we will not use them here.

Exposures to X-rays were typically performed as follows. First,
a sample was mounted and aligned and an initial reflectivity scan
was taken, exposing it to as little radiation as possible by using a
beam attenuated by metal foils before the sample. Then, the sample
was exposed to full beam intensity for a specified amount of time,
usually 2-10 min. The measurement and exposure steps were
repeated between 6 and 20 times. Because the sample size along
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the direction of the beam (20-30 mm) is much larger than the
vertical beam size (0.2 mm), to evenly illuminate the entire sample
with the X-rays the samples would be placed in the beam at a small
“exposure angle”,θexp, defined with respect to the surface. For most
of the experiments an appropriate angle to use was 0.5°, which is
above the critical angle of the film (0.128°) and at which the sample
occluded 70-80% of the beam. The exposure angle was also varied
to study the effect of different incident flux densities. For all
exposure angles, the beam was never completely occluded, so the
samples were always evenly illuminated during the exposures.

Because we used X-rays to both characterize the films and to
purposefully damage the films, some complications to this procedure
do arise. Although we attempted to minimize the sample exposure
during the reflectivity scanssby using some attenuation in the beam
throughout the scans and accepting worse statistics and a lower
reciprocal space maximum than in a typical reflectivity studysa
certain amount of exposure is necessary for good resolution. In
any case, a complete analysis of the fluence received by a sample
during both the purposeful exposure steps and the reflectivity scans
was made by rigorously tabulating the incident flux, which changes
over time due to the decay of the electron current in the synchrotron
storage ring, and the X-ray footprint on the sample, which changes
during scanning. For most cases, the fluence due to the purposeful
exposures accounted for a large majority of the total fluence.

Additional methods of structural characterization, such as ellip-
sometry and AFM, might help to corroborate the findings of this
study. We did perform AFM studies initially, but because they
cannot be done in situ, we could not rule out the possibility that
changes to the film structure, such as surface relaxation, might occur
during the few days between X-ray exposure and AFM character-
ization, leading to ambiguous results. Second, as discussed below,
our main structural parameter of interest is the film thickness, which
cannot be ascertained using AFM because there would be no sharp
boundaries between exposed and unexposed regions due to the fact
that the X-ray beam profile is not a step-function. Similarly,
ellipsometry measurements would be difficult to perform in situ
and would not give model-free results. Therefore, we focus in this
paper only on X-ray reflectivity results.

Results

Figure 1 shows two reflectivity curves for a PtBA film of
about 500 Å thickness. The top reflectivity scan was taken
before any exposure had occurred. The lower curve, shifted
down by a factor of 100 for clarity, is after several exposures

and reflectivity scans were made. There are several clear effects
due to X-irradiation. There is a suppression of the size of the
interference fringes (Kiessig fringes) which can most easily be
explained by a corresponding increase in at least one of the
interfacial roughnesses and a decrease in the film electron
density. The fact that the curve does not have a significantly
lower overall reflectivity implies that only one interface has
broadened, and it is most likely the film-air interface. The inset
of Figure 1 shows the other effect: the interference fringe
interval becomes larger as evidenced by the progressive shift
of the minima to higher values inqz () 4π/λ sinθ). An increase
in the period of the interference corresponds to a decrease in
the film thickness. Thus, a qualitative analysis of the effect of
X-irradiation on the structure of a PtBA film shows that the
film loses material and the surface becomes roughened. PS films
at room temperature do not show this same behavior; instead,
the films become slightly thicker and less rough (see Figure 2)
as evidenced a shift of the minima to lowerq values, an increase
in the amplitude of the oscillations, and a larger reflectivity at
largeq values. The inset of Figure 2 shows how the thickness
changes with fluence: there is an initial jump of 5 Å, followed
by a slow increase that did not saturate within the fluence range
studied.

Although the reflectivity curves yield the thickness rather
readily, reflectivity data must be fit to a model of the electron
density for a full treatment of the structure of the film.48,49Some
effort in this direction has been taken, and we find support for
the qualitative analysis above; for example, one sample shows
an increase in the film-air interface roughness from 9.3 to 24.2
Å and a decrease in the film density of 9.4% after a fluence of
5.5 × 1012 photons/mm2. However, as an initial quantitative
analysis of the film structure, we have chosen to focus on the
main structural parameter, film thickness, which can be obtained
without resorting to detailed modeling and its attendant as-
sumptions. A simple method for finding the film thickness to
high accuracy is to examine the positions of the interference
minima. The thickness of a single, uniform slab of material on
a substrate is related to the position of an interference minimum
in the reflectivity by

where T is the film thickness,n is a positive integer index

Figure 1. Reflectivity for a 499 Å PtBA film, showing the effect of
X-irradiation on film structure. The upper curve (9) is for a pristine
film. The lower curve (O) is for an irradiated film (fluence of 7.7×
1012 photons/mm2) and has been shifted down by a factor of 100 for
clarity. qz () 4π sinθ/λ) is the momentum transfer of the X-rays normal
to the surface. There are three clear effects of radiation damage: (1)
the interference oscillations become damped, (2) the overall value of
the reflectivity does not change appreciably, and (3) as seen in the
inset, the interference minima become more widely spaced. These
changes indicate the surface of the film becomes rough and the thickness
decreases.

Figure 2. Reflectivity scans showing the effect of X-irradiation on a
450 Å PS film at room temperature: (9) no previous exposure and
(O) after a fluence of 60× 1012 photons/mm2. In contrast to the PtBA
films, PS films at room temperature increase in thickness during
irradiation. The interference oscillations also increase in amplitude, and
the reflectivity has a slight overall enhancement suggesting that both
the film surface and film-substrate interface decrease in roughness.
The inset shows the film thickness as a function of fluence.

(2n - 1)π
T

) xqn
2 - qc

2 (1)
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numbering the minima,qn is the momentum transfer value at
thenth minimum, andqc is the critical momentum transfer for
total external reflection, which depends on the film electron
density. Rewriting this in terms ofqn gives

A fit of eq 2 to a plot of the minima positions vs the minima
indices givesT andqc. Note thatqc is quite small (PtBA hasqc

≈ 0.022 Å-1 for 9.659 keV X-rays); therefore, for most minima,
theqc term can be safely ignored, and eq 2 can be written as a
linear equation

with a slope of 2π/T and an intercept of-π/T. Only minima
close toqc will show a deviation from a straight line, which
consequently also indicates that any fit to eq 2 will only have
a well-determined value forqc if there are many minima near
qc.

These equations assume a simple film, one with only two
interfaces and no internal structure. Any internal interfaces will
give rise to additional modulations of the reflectivity curve,
complicating this simple procedure. However, if the internal
interfaces are weak, that is, if there are only small electron
density gradients at these interfaces compared to the gradient
between the substrate and film or the film and the air, then the
scattering from them is also small, and the presence of these
weak interfaces will not appreciably affect this type of analysis.30

The influence of extra interfaces that scatter strongly can be
easily detected in reflectivity curves and especially in their
Fourier transforms. Reflectivity scans of pristine PS and PtBA
films show only the possibility of one much weaker interface;
therefore, it is possible to obtain reliable values for the film
thickness using eq 2 or 3. Some of the damaged films show
evidence of an additional interface, presumably from a region
of the sample that has experienced a substantially different
fluence due to the reflectivity scans and therefore has a different
thickness. In these cases, care was taken to fit only the minima
that arise from regions of the sample that have experienced
similar fluences, typically only the higher indexed minima
representing the middle area of the sample, which receives the
most fluence and the largest flux densities due to the way the
X-ray footprint changes during scans.

The precision of the thickness value obtained from the
minima-position method is very good because the position of
each minimum is generally knowable to within one data interval,
although this becomes less true for the higher ordered minima
where scatter in the data becomes comparable to the signal.
For an undamaged 500 Å PtBA film, we can tabulate the
positions of about 30 minima, each with a very small error,
leading to a well-determined thickness value with an uncertainty
typically on the order of(0.3 Å. Thinner films have fewer
minima, so their thicknesses are less precisely measured. A
shortcoming of this method is that when the oscillations become
completely damped due an increase in surface roughness due
to radiation damage, the minima positions become indetermi-
nate. This happens to the higherq minima first, since the
dampening factor goes as exp(-q2σ2) whereσ is the surface
roughness. So, as a film becomes thinner and rougher due to
radiation damage, eventually the number of determinable
minima decreases and the measured film thickness becomes less

precise, limiting this analysis to smaller fluences or to films
for which surface roughness does not increase rapidly during
irradiation.

Figure 3 shows fits to the minima positions using eq 2 for a
pristine 500 Å PtBA film and for the same film after a few
exposures. Figure 4 shows the results from fitting the minima
for each reflectivity scan using eq 3 for this sample. We plot
the change in thickness vs the fluence. For each of the
experiments, the flux density of the beam was measured for a
range of storage ring currents and then linearly extrapolated to
100 mA, the maximum ring current. The flux density at the
sample for any ring current at any exposure angle could then
be calculated. The sample for which data are shown in Figure
4 had a flux density of 8.0× 109 photons/(s mm2) at an exposure
angle of 0.5° at 100 mA ring current. Each exposure was not
made at the maximum ring current, so the instantaneous flux
densities during the exposure steps were always less than this
value. The fluence that the sample received during each
reflectivity scan before the current scan was also calculated and
added to that received during the intentional exposures.

Two fits to these data are shown in Figure 4. We find a
reasonable linear fit with a slope of-8.32 ((0.01) × 10-12

Å/(photon mm2). For ease of discussion, we will refer to the
decay of thickness per unit of fluence asDF and the thickness
decay rate per unit time asDt and define an standard fluence of
F0 ) 1012 photons/mm2, so that the above decay rate can be

qn ) x((2n - 1)π
T )2

+ qc
2 (2)

qn ) 2π
T

n - π
T

(3)

Figure 3. Minima positions for a 499 Å PtBA film after irradiation:
(9) no previous exposure; (O) after 7.7× 1012 photons/mm2; (4) after
17.1× 1012 photons/mm2; and (s) fits to eq 2. As the film thickness
decreases due to X-irradiation, the minima positions become more
widely spaced, so the slope of the minimum position vs minimum index
increases.

Figure 4. Change of thickness vs fluence for a 499 Å PtBA film
exposed at 0.5° and a flux density of 6.73× 109 photons/(s mm2). The
error bars are roughly 1/8 of the size of the data symbols and are
therefore not shown. The thickness change is approximately linear
(- - -) with a slope ofDF ) 8.34 ( 0.01 Å/F0. However, a fit to the
saturated exponential form given in eq 4 is clearly more appropriate
(s), with σ ) (1.93 ( 0.01) × 10-16 cm2 and ∆L∞ taken to be the
entire film thickness (ø2 ) 1.25).
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written asDF ) -8.32 Å/F0. Multiplying this by the instanta-
neous flux density received by the film during the first
intentional exposure gives the rate of change in thicknessDt )
-3.36 Å/min (at 6.73× 109 photons/(s mm2)). The thickness
decay is clearly nonlinear, however, so the data were also fit to
a saturated exponential form as will be discussed below and as
is shown in Figure 4. For small fluence an initial linear thickness
decay rate can be found fromσ∆L∞, giving DF ) -9.62 Å/F0

andDt ) -3.88 Å/min. Other samples show similar behavior
(see below). Note thatDF is also a measure of the volume of
material removed from the film for each incident photon: in
Å3/photon, the volume of material removed is simplyDF

multiplied by 100. Performing this calculation, we obtain values
ranging from 146 to 1381 Å3/photon, depending on exposure
angle and incident flux density.

While PS films at room temperature (30°C) did not show a
loss of film thickness during irradiation, they did when held
aboveTg. Upon heating films to 125°C and exposing them to
X-irradiation, similar behavior to PtBA films was found (see
Figure 5). Since the fluence range was larger for these PS films,
the nonlinear thickness decay rate is more apparent. The
thickness decay was well fit using a saturated exponential form
as described in the Discussion section. At low fluence, the linear
decay rate was found to beDF ) -2.56 Å/F0 or Dt ) -1.11
Å/min (at 7.22× 109 photons/(s mm2), θexp ) 0.5°), about one-
quarter the rate for room temperature PtBA at the same exposure
angle and similar flux density. The volume of PS removed per
incident photon is also lower, ranging from 41 to 256 Å3/photon,

showing that PS is more resistant to X-irradiation than PtBA,
even when heated aboveTg.

In an attempt to quickly and easily control the magnitude of
the flux density impinging on the samples, we varied the
exposure anglesthe flux density varies as sinθexp. All of the
500 Å PtBA samples exposed at 0.5° exhibit similar values for
DF (see Figure 6 and Table 1). Atθexp ) 0.05° and 0.10°, the
thickness decay is considerably slower. Interestingly, samples
irradiated at intermediate angles show larger thickness loss for
similar fluences, the opposite dependence as might first be
expected since the smaller the angle, the smaller the flux density.
The reasons for this will be explored in the Discussion section.
Exposure angles greater than 0.5° could only be achieved by
using smaller samples which has certain experimental dis-
advantages, especially for spin-coated films: areas near the
edges of a sample tend to have different thicknesses than the
rest of the film and are more susceptible to dewetting. Only
one film, a PS film, was exposed at greater than 0.5°.

Normally, helium is flowed over the sample in order to
minimize damage due to oxidation. This has the additional
benefit of lessening the loss of X-ray intensity due to air
scattering. To determine whether the presence of helium actually
decreases the rate of thickness loss in polymer thin films, a PtBA
sample was exposed as described above but without flowing
helium through the sample chamber. Within the range of fluence
that the sample received, a very similar thickness decay rate
was seen as compared to the samples in which helium was used
(` in Figure 6), although the surface did appear to roughen

Table 1. Data for 500 Å PtBA and 450 Å PS Films

run thicknessa (Å) θexp
p (deg)

flux density
(109 photons/(s mm2)) DF

c (Å/F0) Dt
d (Å/min) σe (10-16 cm2)

PtBA
4 495.6 0.05 0.67 -1.78 -0.07
3 507.5 0.1 0.40 -1.46 -0.04
4 498.2 0.1 0.83 -2.83 0.14
4 475.8 0.3 2.85 -13.81 -2.36 2.90
4 484.4 0.4 4.33 -11.60 -3.01 2.40
1 493.8 0.5 1.15 -6.27 -0.43 1.27
3 499.0 0.5 2.45 -8.03 -1.18 1.61
3 498.7 0.5 2.92 -8.53 -1.49 1.71
4 498.4 0.5 6.73 -9.62 -3.88 1.93

PS (125°C)
4 453.8 0.5 7.22 -2.56 -1.11 4.03
4 442.7 1.5 17.17 -0.41 -0.42 0.83

a Initial film thickness.b Angle at which the sample was exposed, defined from the substrate surface.c The initial change of thickness per unit fluence (F0

is an arbitrary standard of 1012 photons/mm2). The volume of material removed per incident photon (in Å3/photon) can be calculated by multiplyingDF by
100. d The initial change of thickness per unit time at the particular flux density.e The damage cross section found by fitting the thickness decay to a
saturated exponential, eq 4 in the text.

Figure 5. Change of thickness in 450 Å polystyrene films held at 125
°C at two different exposure angles, 0.5° (9) and 1.5° (O). The solid
lines are fits to the saturated exponential form given in eq 4. At elevated
temperatures, PS films behave similarly to PtBA films in response to
X-irradiation.

Figure 6. Thickness change vs fluence for all the PtBA films irradiated
at different exposure angles. Films exposed at 0.5° all show ap-
proximately the same response to X-irradiation. Below the critical angle
of the film (0.129°), the film still becomes damaged but at a slower
rate. As the exposure angle increases between the critical angle and
0.5°, the rate of film thickness loss diminishes.
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faster, making thickness measurements at high fluences impos-
sible.

All of the PtBA samples for runs 3 and 4 were on the order
of 500 Å thick. In runs 1 and 2, several thinner films were
examined as well. Unfortunately, because the reflectivity scans
were performed differently in the earlier runs and because other
measurements such as diffuse-scattering scans were interspersed
with the exposures and reflectivity scans, direct comparisons
between the results from early data and from later data are
problematic. However, comparisons can be safely made between
data from the same run. The top part of Figure 7 shows the
results for a 132 Å film and a 494 Å film. The bottom part
shows the results for a 201 Å film and a 562 Å film. It is clear
from this figure that thinner films decay more slowly than
thicker films.

Discussion

The results shown in Figures 1, 3, and 4 demonstrate the
changes that occur to the structure of thin spin-cast films of
PtBA during X-irradiation: the film loses material, becoming
thinner, and the surface becomes rougher. While the exact value
of the roughness increase must be determined from more
complete analyses than shown in this paper, the loss of thickness
is readily apparent and calculable using a simple minima position
fitting routine. The different response to X-irradiation of PS
films at room temperature, as shown in Figure 2, is likely related
to radiation-induced cross-linking, lowering the density and
increasing the thickness, assuming the amount of film material
is conserved. Chain fragments would be less likely to be formed
or to escape the cross-linked polymer network belowTg, where
the mobility of chain fragments is low. Frey et al. found that
SAMs containing aromatic groups were much more resistant
to low-energy electron damage than aliphatic SAMs, attributing
this resistance to cross-linking between aromatic groups and
delocalization of the radiation-induced excitation over the
extendedπ-σ system.26 Above Tg, chain fragments are more
free to migrate to the surface and escape the film, so PS films
held aboveTg respond to X-irradiation similarly to PtBA films
at room temperature. It should be noted that the loss of film
thickness cannot be due to thermal contraction caused by heating
of the film and substrate due to absorption of X-ray energy:
we observed that both types of films thermally expand, rather
than contract, when heated.

At small fluences, the thickness decrease of PS films held
aboveTg and of PtBA films is fairly linear, giving decay rates
ranging from-0.4 Å/min to almost-4.0 Å/min at flux densities
typical of focused bending magnet lines at third-generation
synchrotrons at grazing incident angles. The rate of thickness
loss for each sample decreases as the fluence increases. Figure

7 demonstrates that initially thinner films decay slower than
initially thicker films, indicating that the reduction in the
thickness decay rate may be due to a film thickness effect. The
following sections will discuss the concept of a damage cross
section for thickness loss, examine the various possible causes
of the film thickness effect, and finally combine these analyses
with the exposure angle variation results.

Damage Cross Section.Several groups have observed a loss
of SAM film thickness due to electron irradiation, measuring
the film thickness with XPS16-19,25 and ellipsometry.28 They
found that the thickness decrease is initially quick and then
saturates to some minimum film thicknessstypical thickness
loss is on the order of 20-40% of the initial film thickness. A
formalism used by these authors is to fit the change in thickness
to a saturation function

where ∆L is the change in thickness after an fluence ofF
electrons/cm2, ∆L∞ is the maximal change in thickness, andσ
is an electron “damage cross section”, a measure of the rate at
which the thickness decreases with electron fluence. Applying
eq 4 to the data in Figure 4, we calculate a cross section of
1.93 ((0.01)× 10-16 cm2 for a 500 Å PtBA film. Zharnikov
found a value of 1.84× 10-16 cm2 for low-energy electron
damage to alkylthiol SAMs on Au substrates.25 The fact that
our value is so similar to Zharnikov’s is probably coincidence,
but because it is within the same order of magnitude, it indicates
that the damage done by grazing incidence 9.659 keV X-ray
photons is equivalent to that done by normally incident 10 eV
electrons. Using a variety of techniques, others researchers have
found other damage cross sections for other irradiation-induced
effects with similar values,7,11,19,21,22mainly involving chemical
changes, such as loss of hydrogen, formation of carbon double
bonds, and loss of end groups. For PtBA films we do not observe
a saturation of thickness loss at values near 20-40%, which
would correspond to a maximal thickness change of 100-200
Å for a 500 Å film, within or near the range that we examined.
However, the maximal change in thickness for the PtBA films
is somewhat poorly determined since the total fluence was small
compared to 1/σ and the saturation value of the thickness was
not approached; when allowed to vary,∆L∞ becomes close to,
or even greater than, the full film thickness. Fixing a value for
∆L∞ within the 20-40% range does not give good fits.
Therefore, when findingσ for PtBA films, ∆L∞ is set to be the
same as the initial film thickness for all fits to eq 4; the results
of these fits are shown in Table 1.

If the main damage channel for PtBA is assumed to be loss
of side groups, then the maximal thickness loss should be 5/9L0,
or -277 Å for L0 ) 499 Å as was found by Esker when
exposing PtBA films to gaseous hydrochloric acid.42 Fits to the
data with this assumption are not reasonablesthe curve notice-
ably does not go through the data points, and the reducedø2 is
62. Therefore, loss of side groups alone is likely not the sole
damage channel for PtBA unless eq 4 is not valid. If∆L∞ does
not equal the full film thickness, then the damage cross sections
given in Table 1 for PtBA films are lower limits. For fits with
different values for∆L∞ with reducedø2 up to 10,σ increases
by about 35%, whileDF ) -σ∆L∞ increases by just 5%. PS
films heated to 125°C, on the other hand, were irradiated with
fluences comparable to 1/σ, and therefore∆L∞ was allowed to
vary in the fits, giving values of 10-15% of the initial film
thickness, indicating that PS films cross-link extensively enough
to retain most of their material.

Figure 7. Thinner PtBA films degrade less than thicker films for the
same fluence. The lines are linear fits to the data.

∆L ) ∆L∞[1 - exp(-σF)] (4)
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Film Thickness Effect on the Thickness Decay Rate.In
this section, we will present some discussion about reasons for
the film thickness effect. The main cause of damage to organic
films from X irradiation has been posited to be due to secondary
electrons generated within the substrate (and, to a much lesser
extent, within the film).4,11,35,50These electrons have energies
of around 10 eV and path lengths of only 10-40 Å.16,18,23,35

Thus, as far as damage from electrons is concerned, there should
be no difference between films that are 200 Å thick and films
that are 500 Å thick since both capture the majority of the
electrons’ energy. However, we see a marked difference in the
degree of damage between films of these thicknesses, so it is
difficult to explain the faster film thickness decay rate for thicker
films on the basis of damage from secondary electrons generated
within the substrate.

Several groups have observed that electron damage of SAMs
is stronger for longer molecular chains (thicker films) than for
short chains.1,4,24,27This has been explained using dissociative
electron attachment (DEA) theory with the increase in damage
arising due to the decrease in the lifetime of a non-chain-
breaking deexcitation pathway as a function of distance from
the substrate.16,24,27 The effect relies on the coupling of an
excitation dipole in the chain terminus with an image dipole
created in the metal substrate. For our samples, the image
dipole-excitation dipole interaction will be much weaker due
to the nonmetallic substrate, and therefore the effect due to film
thickness will be greatly reduced. Additionally, the excitation
dipole orientation at a noncrystalline polymer film surface should
be isotropic, further reducing the dipole-dipole interaction
strength.

Several groups have found that irradiated organic film
material changes into a carbonaceous form which could have a
different response to irradiation.1-3,19,20,28Additionally, irradia-
tion can induce the formation of highly cross-linked species
with a subsequently shorter mean free path for chain fragments
and a lower probability of production of fragments because more
bonds must be broken simultaneously, both which would reduce
decay rates.1,3,20 However, we have found that even thinner
pristine films show reduced damage rates, and therefore
irradiation-induced changes such as these cannot completely
explain our results.

Koch et al. investigated the damage occurring in organic
electroluminescent thin films from vacuum-ultraviolet (VUV)
radiation from an undulator beamline with a flux density 2 orders
of magnitude higher than that in our experiment.15 They
observed that thicker films degraded more than thinner films.
They attributed this to increased surface charging of thicker
films, although the same films exposed to radiation from a
bending magnet beamline, with similar intensities as in our
experiment, showed no degradation at all. Another group
exposed 100 Å thick PMMA films to VUV and found no
evidence for surface charging.14 Surface charging is expected
to increase disorder in films near the surface and by this

mechanism to slow the loss of chain fragments from the film.1

Since our polymer films are already disordered at the surface,
it is not clear what effect surface charging, if it indeed is
occurring for our films, would have on the film thickness decay
rate.

Finally, the path length of X-rays within a film is directly
proportional to the thickness. The attenuation of X-rays is related
exponentially to the path length within the medium, so more
X-ray energy will be absorbed within thicker films. After
examining the above possibilities, direct absorption of X-rays
within the film best explains both the slowdown in thickness
decay rate as the films get thinner and the slower decay rate
seen for thinner pristine films. The dependence of the thickness
decay rate on the exposure angle (see below) also suggests that
the damage is primarily caused by direct absorption within the
film.

Exposure Angle Dependence.The incident flux density
varied due to the differing beam intensities between runs and
was intentionally changed by adjusting the exposure angle. The
exposures of PtBA with the highest incident flux densities were
obtained at an exposure angle of 0.5° during run 4. Figure 6
and Table 1 show the results for this and lower flux densities.
The lowest angles, 0.05° and 0.1°, which are below the critical
angle of the film (0.128°) and the substrate (0.185°), show
slower thickness decay rates, as might be expected since nearly
100% of the beam is reflected from the film surface. The
exposures done at 0.3° and 0.4° show an increased rate of
thickness loss,DF, despite the smaller flux densities and the
(slightly) lower amount of transmission into the film, opposite
to what might be expected. We can explain this most simply
by calculating the amount of X-ray energy absorbed during the
beam transit through the film at different exposure angles. The
fraction of the incident energy absorbed within the film is

whereL is the film thickness,R is the reflectivity of the film
surface, andΛz is the X-ray attenuation length normal to the
surface, obtained from the CXRO website (http://www-cxro.l-
bl.gov/optical_constants/atten2.html) and assumed to be similar
to PMMA. The ratio of the absorption atθexp ) 0.3° and 0.4°
to that occurring at 0.5° is calculated to be 170% and 124%,
respectively, varying approximately as the inverse of the ratio
of the exposure angles. For exposures done below the critical
angle (0.05° and 0.1°), almost all of the photons are reflected
from the surface, but the attenuation length is very small so
that all the energy that enters the film is absorbed, leading to a
value that is 4% and 14% of the absorption at 0.5°, respectively.
We find reasonable agreement between these calculated ratios
and the ratios ofDF at the respective exposure angles toDF at
0.5° (see Table 2), though the observed ratios are larger for
0.05° and 0.1° and smaller for 0.3°. At the lowest exposure

Table 2. Exposure Angle Dependence of Thickness Decay Rates for the PtBA Films from Run 4

θexp
a (deg) Λz

b (µm) 1 - exp(-L/Λz)c (1 - R)d Ae Anorm
f (%) DF

g (Å/F0) DF-norm
h (%)

0.05 0.0046 1 0.001 0.001 4 -1.78 19
0.1 0.0063 1 0.003 54 0.003 54 14 -2.83 29
0.3 11.131 0.041 777 0.995 00 0.041 61 170 -13.81 144
0.4 15.676 0.030 403 0.998 20 0.030 35 124 -11.60 121
0.5 20.057 0.024 523 0.999 78 0.024 52 100 -9.62 100

a Angle at which the sample was exposed, defined from the substrate surface.b The attenuation length along the surface normal.c The amount of an
X-ray beam absorbed within a film after transiting its thickness,L. d The amount of incident beam transmitted into the film.e The amount of energy absorbed
within the film relative to the incident energy.f The absorbed energy normalized to the absorbed energy at an exposure angle of 0.5°. g DF, as given in Table
1. h DF for each exposure angle normalized toDF at an exposure angle of 0.5°. The correlation between the normalized values ofA andDF suggests that
direct absorption of energy within the film is primarily responsible for film thickness loss.

A ≡ Eabs

Einc
) (1 - R)(1 - e-L/Λz) (5)
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angles, the flux density is very small so that the X-ray reflectivity
scans are responsible for an equivalent amount of the received
fluence, leading to a faster thickness decay rate than expected
from the above analysis. Note that for 0.3° and higher the
grazing-incidence enhancement of the electric field within the
film is negligiblesthe enhancement drops precipitously above
the critical angle. Also, these exposure angles are well beyond
the range of incidence angles that give rise to a resonance
enhancement of the electric field within the film due to the X-ray
standing wave effect.51

If we can extrapolate our limited data to arbitraryθexp, we
observe that the absorption within the film is proportional to
1/sinθexp, leading to smaller values ofDF at largerθexp. On the
other hand, for the same beam intensity, the flux density is
proportional to sinθexp, effectively compensating for the lower
absorption when determiningDt. Therefore, for exposures above
the critical angle, we expect that for a given beam flux (1)
exposures done at higher angles damage the film less than at
lower angles when receiving the same fluence and (2) the
thickness loss per minute is independent of exposure angle. An
implication of this analysis is that the rate of thickness loss is
related directly to the X-ray photon absorption within the film,
not to the remaining photon intensity at the substrate, and
consequently is independent of secondary electrons from the
substrate. This analysis also relates directly to the film thickness
effect discussed above, since thinner films absorb less X-ray
energy.

The direct relation that we observe between the absorption
within the film, A, and DF can explain why the thickness
decreases according to eq 4. For small values ofL/Λz, which is
the case for films less than 1µm thick and for all exposure
angles larger than several times the critical angle, eq 5 simplifies
to A ) L/Λz, sinceR quickly becomes vanishingly small. If we
setDF ≡ dL/dF ) -CA) -CL/Λz, whereC is some interaction
volume, and solve forL(F), we recover the exponential form
for the change in thickness given in eq 5, whereσ ) C/Λz.

Figure 8 shows the time rate of change of the thickness,Dt,
for 500 Å PtBA films taken during the different runs. Since
each run was performed at different beam intensities, a range
of instantaneous flux densities impinged on the samples. The
data are described very well by a straight line, indicating that
the damage rate (Å/min) is linear with flux density, at least over

this limited range. The slope of the linear fit is approximately
-0.01 Å/s for every 109 photons/(s mm2) that impinge on the
sample or about 1000 Å3 of polymer removed per incident
photon. The data for the 0.3° and 0.4° exposure angles are also
located on this line when modified by multiplying by sin(0.3°)/
sin(0.5°) and sin(0.4°)/sin(0.5°), respectively.

One of the data points in Figure 8 is from a sample that was
exposed in ambient atmosphere, not under helium (f). The fact
that the linear thickness decay rate is similar to the other samples
exposed at 0.5° shows that the presence of helium does not
appear to alter the rate at which material is removed from the
sample. However, the sample did show a faster increase in
roughness, as evidenced by a rapid dampening of the reflectivity
oscillations (data not shown). That the lack of helium did not
affect the rate at which material was removed from the PtBA
film may be understood by the resistance of PtBA to photo-
oxidation. More studies will need to be performed to fully
address this point.

Conclusions

Using X-ray reflectivity, we have examined the changes that
occur to the structure of thin PtBA and PS films during
X-irradiation. Qualitative examination of the reflectivity curves
shows that for PtBA films at room temperature and for PS films
aboveTg the thickness decreases and the air/film interfacial
roughness increases. At the flux densities examined and at room
temperature, PS films increase slightly in thickness and show a
decrease in interfacial roughness. Because film thickness can
be obtained from reflectivity data in a model-independent
manner, we have chosen to focus on that parameter. We have
found that for exposures performed above the critical angle the
decrease in thickness is approximately linear, with values
ranging from-0.4 to -4.0 Å/min, depending on the incident
flux density. We also find values for the damage cross section
ranging between 0.8× 10-16 and 4 × 10-16 cm2, in close
agreement to those found by others using electron beam and
X-ray irradiation. Thinner films are found to damage more
slowly than thicker films. The volume of material removed from
the films per incident photon was found to range from 150 to
1400 Å3/photon for PtBA films at room temperature and 40 to
260 Å3/photon for PS films at 125°C, depending on incident
flux density and exposure angle, indicating that PS is more
resistant to film material loss than PtBA. The damage rate
appears to be related to the amount of X-ray energy absorbed
directly by the film, not the amount of energy available at the
substrate for the production of secondary electrons. Since the
flux density and the X-ray attenuation length have compensating
dependencies on the exposure angle, the thickness decay rate
per unit time is independent of exposure angle, while the
thickness decay rate per unit fluence is larger for smaller angles,
above the critical angle. Finally, purging the sample chamber
with helium does not lessen the rate at which the PtBA film
thickness decreases.

Despite the occurrence of X-ray-induced damage to polymer
thin films, X-ray characterization of the structure of polymer
films remains an indispensable tool and will continue to provide
valuable information, especially as the films of interest become
thinner. This study should in no way be taken to imply that
X-ray evaluation of polymer thin films should not be performed.
Rather, it must be acknowledged that X-ray damage does occur
and must be accounted for or that methods must be used to
minimize its effects.
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