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a b s t r a c t

The rates of chemical transformation by radiation damage of polystyrene (PS), poly(methyl methacry-
late) (PMMA), and fibrinogen (Fg) in a X-ray photoemission electron microscope (X-PEEM) and in a
scanning transmission X-ray microscope (STXM) have been measured quantitatively using synchrotron
radiation. As part of the method of dose evaluation in X-PEEM, the characteristic (1/e) sampling depth
oft X-rays
hotoemission electron microscopy
canning transmission X-ray microscopy
olystyrene
oly(methyl methacrylate)
ibrinogen

of X-PEEM for polystyrene in the C 1s region was measured to be 4 ± 1 nm. Critical doses for chemical
change as monitored by changes in the X-ray absorption spectra are 80 (12), 280 (40) and 1230 (180) MGy
(1 MGy = 6.242*� eV/nm3, where � is the polymer density in g/cm3) at 300 eV photon energy for PMMA, Fg
and PS, respectively. The critical dose for each material is comparable in X-PEEM and STXM and the values
cited are thus the mean of the values determined by X-PEEM and STXM. C 1s, N 1s and O 1s spectroscopy
of the damaged materials is used to gain insight into the chemical changes that soft X-rays induce in these
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olymer thin films materials.

. Introduction

Radiation damage occurs whenever ionizing radiation is
bsorbed by a material. In biological materials – proteins, nucleic
cids, cells and multi-cell organisms – very low doses (a few Gray)
re sufficient to modify and inactivate biomacromolecules, and thus
ncapacitate or kill organisms [1,2], while somewhat higher doses
mpede structural studies by crystallography, unless the crystal is
ooled [3]. In inanimate materials changes caused by radiation
nclude formation of defects in ionic and semiconductor mate-
ials [4], and changes in covalent bonding, and ultimately mass
oss via elimination of low molecular weight fragments in organic

aterials [5]. In this work we are concerned with characterizing
he nature and rate of chemical changes caused by soft X-rays
n modern synchrotron soft X-ray microscopes, specifically in the
echniques of X-ray photoemission electron microscopy (X-PEEM)
6–9] and scanning transmission X-ray microscopy (STXM) [10–15].
oth techniques are mostly carried out using high brilliance third

eneration synchrotron facilities which provide high dose rates
hich can lead to damage, particularly in soft materials such as
olymers and biological samples. These microscopies are being
sed successfully to study a wide range of scientific problems,

∗ Corresponding author at: Brockhouse Institute for Materials Research, McMas-
er University, 1280 Main Street West, Hamilton, ON, Canada L8S 4M1.
el.: +1 905 525 9140x24749; fax: +1 905 521 2773.
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anging from environmental biofilms [16], water filtration mem-
ranes [17], polymer microspheres and capsules for chemical [18]
nd pharmaceutical delivery [19], fundamental polymer physics
20], biomaterials [21–23], among many other areas. In both X-ray

icroscopies, radiation damage limits the precision in some cases
14,17,22,24–30], even when cryo-techniques [25,26,31] are used.
ryo-techniques are effective in minimizing mass loss; however
amage to chemical bonds has been found to occur at the same rate
s at room temperature [32]. This work deals with soft X-ray dam-
ge at room temperature, where most materials studies are carried
ut. In our previous studies of fibrinogen adsorption on a phase seg-
egated surface of a polystyrene/polymethyl-methacrylate blend,
adiation damage to polymethylmethacrylate leads to a signal that
ould be mistaken for either polystyrene [20] or fibrinogen [22].
randes et al. [27] used STXM to analyze carbohydrates in the
arine sinking particulate organic matter (POM). Radiation dam-

ge occurred as a decrease in the dominant 289.5 eV feature, and an
ncrease in a new peak at 286.5 eV. Although a number of ways were
ried to minimize this problem, the radiation damage effect still
ould not be eliminated. Biological samples are rather susceptible to
adiation damage. For example, Anderson et al. [28] used air-dried
elanosomes for X-ray microscopic analysis, which experienced

ignificant damage during spectral scans, often abruptly rupturing.

his problem was fortunately solved by utilizing a freeze-drying
rotocol. Thus, it is essential to characterize both the rate and the
ature of the spectroscopic changes that accompany radiation dam-
ge, in order to identify damage when it occurs and to be able to
elect acquisition strategies that give maximum amount of mean-

http://www.sciencedirect.com/science/journal/03682048
http://www.elsevier.com/locate/elspec
mailto:aph@mcmaster.ca
dx.doi.org/10.1016/j.elspec.2008.01.002
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ngful information for a given level of damage. An aspect of this
ssue is cross-comparison of X-PEEM and STXM with regard to their
elative sensitivity per unit damage for a given analytical prob-
em.

Soft X-ray damage rates in polymers and biological materials
ave been measured previously, both through near edge X-ray
bsorption spectroscopy [33,34] and spectromicroscopy [32,35,36].
ore generally there is an extensive literature on the chemical

ffects of high energy electrons, hard X-rays and gamma rays
2,37,38], especially in microscopes [39,40] where radiation doses
re typically high. With regard to the relative impact of radiation
amage on chemical analysis, Rightor et al. [33] compared the dam-
ge rates of poly(ethylene terephthalate) by soft X-rays and 100 keV
lectrons as measured by X-ray absorption and electron energy loss
pectroscopy. As deduced from the changes in the near edge spec-
ra, the damage products were the same in the two cases. This is as
xpected since much of the damage in each technique arises from
econdary electrons rather than the primary absorption or inelas-
ic scattering events. Interestingly, when the photon and electron
amage rates were compared in terms of equivalent information,
hat study found a ∼500-fold advantage in terms of analytical infor-

ation per unit damage for X-ray absorption relative to electron
nergy loss in a TEM [33]. Jacobsen’s group has made several quan-
itative studies of radiation damage in the Stony Brook STXM at
SLS, including quantitative studies of the damage rate for PMMA
t room and liquid nitrogen temperatures and at both the C 1s [35]
nd O 1s [32] edges. Coffey et al. [36] used C 1s near edge X-ray
bsorption spectroscopy (NEXAFS) spectroscopy also recorded in
he Stony Brook STXM to study radiation chemistry of a series of
ommon polymers that contain the carbonyl functional group. Both
roups used a first-order kinetics model to characterize radiation
amage in terms of a critical dose parameter, which is the dose
equired to attenuate the intensity of a specific spectroscopic fea-
ure by (1 − e−1) or 63%. Coffey et al. [36], emphasized the need to
ontrol the local environment in quantitative dose–damage stud-
es as the damage rates and damage chemistry differ significantly
etween a He and an air environment.

This work is an investigation of the quantitative dose–damage
elationship for polystyrene (PS), polymethylmethacrylate
PMMA), and protein (fibrinogen (Fg)), using two different X-
ay microscopies, X-PEEM and STXM. Characteristic critical doses
or each material are derived following irradiation at several
ifferent photon energies (specifically, PMMA and Fg at 300 eV

n STXM, PS at 285.1 eV in STXM and PMMA, PS and Fg at each
ore edge in X-PEEM). The relative damage rates in X-PEEM and
TXM are compared. The damage chemistry has been studied
y comparing the C 1s, N 1s and O1s NEXAFS spectra of the
amaged and undamaged materials. Based on these quantitative
ose–damage measurements, procedures in X-PEEM and STXM
re recommended which allow analysis of these materials with
amage restricted to a level that has minimum impact on chemical
nalysis. We also suggest general procedures for deriving dose
imits for X-ray microscopy studies of other materials.

To our knowledge, NEXAFS studies of the dose/damage relation-
hip of protein have not been reported, although the effect of X-ray
amage on the structure of protein crystals has been investigated
2,41]. A study investigating the effects of radiation damage on fluo-
escent yield NEXAFS and XPS spectra of amino acids was reported
ecently [34], but critical doses were not determined. There is an
xtensive literature on damage rates of organic materials by X-ray

hotoelectron spectroscopy [42].

This paper is organized as follows. Section 2 outlines materi-
ls, experimental methods, and the approaches used to interpret
he results. Section 3 presents the dose–damage results from X-
EEM and STXM for all three materials. Critical doses are derived
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nd compared to literature values. Section 4 presents the spec-
roscopy of the radiation damage and discusses the likely chemical
ransformations that are occurring. Section 5 recommends proce-
ures for minimizing the impact of radiation damage in soft X-ray
icroscopy.

. Experimental

.1. Sample preparation

.1.1. PMMA and PS
PMMA (MW = 312 K, polydispersity index ı = 1.01) and PS

MW = 1.07 M, ı = 1.06) were obtained from Polymer Source Inc.
nd used without further purification. A 1 wt% toluene solution
as prepared using anhydrous toluene (Aldrich, 99.8%). For X-

EEM sample preparation, a 50 �l drop was spun cast (4000 rpm,
0 s) onto clean, 1 cm2, native oxide Si wafers (1 1 1) (Wafer World,
nc.), which had previously been degreased with trichloroethylene
Aldrich, +99.5% pure), acetone (Burdick & Jackson, HPLC grade),
nd methanol (Caledon), then rinsed under running milli-Q water.
n order to make uniform films to determine the X-PEEM sampling
epth, the PS thin films on Si substrates were further annealed at
40 ◦C for 4 h in a vacuum oven with pressure <10−2 torr achieved
y a liquid nitrogen trapped rotary pump or a turbo pump. Then the
-PEEM sampling depth was measured by recording the signal from
S films of varying thickness which were prepared on clean, native
xide silicon using the same spin coating procedure. Non-contact
ode atomic force microscopy (AFM) (Veeco Digitial Instruments
anoscope III or Quesant Q-scope 350) instruments was used to
haracterize the polymer films. A sharp tweezer tip was used to
cratch through the polymer film and the profile across the scratch
as measured by AFM to determine the film thickness. PS films
ade by spin coating (4000 rpm) of toluene solutions of concen-

rations of 0.05, 0.1, 0.5, 1 and 2 wt% had measured thicknesses of
, 5, 16, 32, and 95 nm, respectively.

The STXM sample was prepared from the same solution and
pun cast onto silicon nitride (Si3N4) windows (750 �m × 750 �m
indow back etched into a 7.5 mm × 7.5 mm × 200 �m silicon
afer chip coated with 75 nm of Si3N4), which were obtained

rom Silson Ltd. [43] and were rigorously cleaned to semiconduc-
or industry standards by the manufacturer. They were stored in
elatin capsules and used without further surface preparation. The
hickness of the polymer films was non-uniform due to sagging
f the Si3N4 membrane while spinning. However, it was possible
o find uniform regions larger than 10 �m × 10 �m which were
uitable for quantitative radiation damage studies with STXM. For
MMA, large uniform free standing films were also prepared by
pin coating (3000 rpm, 30 s) onto a freshly peeled mica surface of
.5 cm × 2.5 cm. The film was dried in ambient at room tempera-
ure, then was cut into 3 mm × 3 mm pieces on the mica surface,
nd was subsequently floated onto milli-Q water. Two or 3 film
ieces were transferred to a degreased hexacomb grid or a TEM grid
or STXM experiments. The single layer film thickness was ∼40 nm
ccording to STXM measurements.

.1.2. Protein samples for X-PEEM and STXM
Plasminogen-free human plasma fibrinogen (Calbiochem) was

sed as received. It is reported to be >95% clottable by thrombin,
nd pure as judged by sodium dodecyl sulphate polyacrylamide gel
lectrophoresis. The X-PEEM sample was prepared by spin cast-

ng 50 �l of a 1.0 mg/ml Fg solution in deionized water (4000 rpm,
0 s) onto clean, 1 cm2, Si wafers (same origin and cleaning proto-
ol as above). The STXM sample was prepared by solvent casting,
.e. depositing a 50 �l drop of the same solution onto a clean Si3N4

indow, without spin coating.
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.1.3. HF-etched Si – X-PEEM I0 substrate
The substrates used to measure the incident flux (I0) in X-PEEM

ere Si wafer chips cleaned as described in Section 2.1.1. Just prior
o use they were exposed for 30 s to 10% HF (Aldrich, 48 wt% in
ater, 99.99+%), then rinsed under running deionized water. The
F-etched Si was mounted on the same sample holder, next to

he sample of interest and brought under vacuum within 10 min
f preparation. No O 1s signal was detected.

.2. X-PEEM

The PEEM2 instrument at beamline 7.3.1 of the Advanced Light
ource (ALS) was used. Details of the instrument [8] and the oper-
ting principles [20] have been presented elsewhere. In order to
uantify the dose received by the sample, it is necessary to know
he spot size on the sample, the incident flux, the sampling depth
nd thus the absorbed dose, and the fraction of that absorbed
ose contributing to the detected signal. A pseudo exit slit ver-
ically limits the size of the X-ray beam on the sample through
wo different slit sizes, i.e. 50 and 100 �m. With the pseudo exit
lit installed, the sample is not illuminated uniformly due to edge
iffraction effects. To circumvent this problem, we only measure
he regions over which illumination is relatively uniform. In order
o remove higher order light, a Ti filter (200 nm, Lebow) was used
or the C 1s and N 1s measurements, but it was removed for the O
s measurements. The duty cycle of X-PEEM acquisition was also
ptimized in order to limit un-necessary damage: first a shutter
s used so that X-rays impinge on the sample only during mea-
urements; second data binning operations can be directly applied
uring data acquisition to reduce data transfer times. All X-PEEM
ata acquired were scaled to 400 mA ring current to compensate
or the actual ring current during any given measurement. The data
sed in determining the critical dose were recorded by repetitively
cquiring X-PEEM spectra on the same damage region. After a spe-
ific exposure time on the sample at a fixed photon energy or a
ange of photon energies, the NEXAFS spectrum of the damaged
egion was acquired using a short image sequence (stack) to eval-
ate the damage in terms of peak area change. The spectra were
erived by averaging the signal at all pixels in the damaged region
r from specific sub-regions, if the damage region was not uniform.
lat-field and dark current corrections were directly applied during
ata acquisition. After measuring the sample, the sample puck was
ranslated to place the I0 substrate, an HF-etched Si wafer, under
he objective lens of the X-PEEM without changing the height of
he sample so as to maintain the same energy scale and illumina-
ion. The incident flux (I0 spectrum) was recorded and calibrated
ith a silicon photodiode [44] according to the details presented

n the Supplemental Material. The absolute dose and dose rate in
he X-PEEM was derived from incident flux measurements and the
ampling depth. The absorbed dose (in units of mega grays, where
MGy = 106 J/kg (1 MGy = 6.242*� eV/nm3, where � is the polymer
ensity in g/cm3) was obtained as:

= F × E × t

m
(1)

here F is the absorbed flux (photons per second absorbed into
he volume contributing to the measured signal), E is the photon
nergy, t is the exposure time, and m is the mass of the volume. Since
he Beer-Lambert law is obeyed for soft X-ray spectromicroscopy

pplied to thin samples, the absorbed flux can be derived from the
ncident flux (I0) and the optical density (absorbance) of the mate-
ial at the energy of exposure. The optical density (OD) of the sample
an be further considered as a product of the linear absorption coef-
cient (A, optical density per nm, in nm−1) of the material and the
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ampling depth (d, in nm).

= I0 − I = I0 × (1 − e−OD) = I0 × (1 − e−A∗d) (2)

In order to determine the critical dose for damage of a specific
aterial from the measured damage-exposure data, the damage

ersus dose data was fit to postulated rate laws, such as a first-order
inetic process [32,33,35,36] which appears to be suitable in cases
here mass loss is relatively small and the damage is mainly chemi-

al change. Specifically, the critical dose for damage in X-PEEM was
etermined by plotting the area of the C 1s → �∗

C O and C 1s →
∗
C C peaks (or the change of peak area) as a function of radia-

ion dose a. Then the critical dose for the sample material was
erived from the dose–damage data by mathematical fitting it with
32,33,35,36]:

= D∞ + A exp
(

− a

ac

)
(3)

here D is a relative measure of damage, D∞ is the saturation
amage in the same scale, A is a constant, which has similar mag-
itude as D∞ if mass loss is small or negligible in most of our cases,
otherwise a large difference between A and D∞ indicates that sig-
ificant mass loss occurs), a is radiation dose, and ac is the critical
ose, which is the dose that attenuates (or increments) a specific
pectroscopic feature by 63%. Thus, if the damage process follows
rst-order kinetics, a plot of ln (D − D∞) versus dose a (in MGy)
hould be linear with a slope of −1/ac. In some cases, when the
ose–peak area profile was far from the damage saturation, the
aturation level (D∞) was estimated based on extrapolation using
his functional form.

.3. STXM

Scanning Transmission X-ray Microscopy (STXM) was per-
ormed using the polymer STXM [15] at beamline 5.3.2 [45] at the
dvanced Light Source. STXM uses a Fresnel zone plate to focus
onochromated X-rays to a small probe. With the zone plates used

n this work (diameter of 155 �m, 35 nm outer zone size [46]), the
iameter of the beam at focus is ∼40 nm, as judged by evaluation
f the diffraction limited spatial resolution. The sample is raster
canned with synchronized detection of transmitted X-rays to mea-
ure the energy dependent absorption by a column of material. In
rder to investigate radiation damage rates, adjacent small regions
f the sample (typically 0.6 �m × 0.6 �m, using 10 × 10 pixels) were
xposed using systematically varied dwell times so as to span a
ange of doses that adequately sample the dose–damage curve.
he entrance and exit slits were adjusted to control the photon
ux and dose rate on the sample. Since the point size changes
lightly with changes in the slit sizes, the dose was evaluated by
onsidering the flux passing through the uniform central portion
f the damage pads (∼60%), from which signals at single energies
r spectra were extracted. The damaged region was analyzed by
maging it at the photon energy giving the best contrast of the dam-
ged relative to the undamaged material, which was at the strong
1s → �* transitions (285.15(5) eV for PS, 288.45(5) eV for PMMA

nd 288.20(5) eV for Fg). The NEXAFS spectra of the damaged and
ndamaged regions were acquired using an image sequence (stack
47]) with much lower photon flux achieved by reduced slit set-
ings. Reference spectra on absolute linear absorbance scales (i.e.
D per nm thickness of sample) were derived by scaling the spec-

ra of the undamaged material to the X-ray absorption response in

he regions of 275–282 eV and 320–350 eV, to match that of the lin-
ar X-ray absorption for the elemental composition of the sample
erived from literature absorption coefficients [48].

The dose in STXM was also obtained using Eqs. (1) and (2) with
he known optical density of the sample, the incident flux, the
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rradiated sample area (central 60% of the pad), the sample thick-
ess (d, also the sampling depth in STXM), which is easily derived

rom the measured optical density and the linear absorption coef-
cient, and the sample density � (see the example for PMMA in
he Supplemental Material). The incident flux was measured in a
egion without the sample (through a hole, or bare part of the silicon
itride window, as appropriate). The measured flux was corrected

or the detector efficiency (ε), which was further calibrated to be
5 ± 5% in the C 1s region by silicon photodiode. A N2 gas filter
1 m path length at ∼1 torr) was used to ensure that the incident
hoton beam contained negligible higher order radiation. This can
e quite important in quantitative dose–damage studies for poly-
ers containing nitrogen or oxygen since the second order photon

ux is quite large in beamline 5.3.2 (without the N2 gas filter), and
hese second order photons deposit twice the amount of energy
er absorbed photon. Similar to X-PEEM, the critical dose for dam-
ge in STXM was determined from the damage, expressed in terms
f change in signal, usually optical density, at a damage-sensitive
nergy, as a function of radiation dose by fitting with Eq. (3).

. Quantitative dose–damage results

.1. X-PEEM sampling depth

In order to determine the sampling depth, C 1s spectra were
easured for a series of thin films of polystyrene with thicknesses

f 2, 5, 16 and 32 nm, as measured using AFM to profile a scratch
uncertainty in film thickness from the AFM is <1 nm). Fig. 1 plots
he signal at 285.1 eV (C 1s → �* transition of PS) and at 282 eV
where the signal from the underlying silicon substrate is intrinsi-
ally stronger) as a function of the film thickness. The inset to Fig. 1
hows the measured spectra, which have been normalized to the
ignal in the adjacent scratch (that from Si). These measurements
ndicate that almost all of the signal arises from the outer 10 nm,
lthough there are still small contributions from layers as deep as
0 nm. We have used 10 nm as the total sampling depth in eval-
ating the absorbed dose, and in deriving quantitative amounts
n studies of protein adsorption on PS/PMMA blends [23]. How-
ver, since both the absorbed energy and the amount of material
ary linearly with sampling depth (since very little of the incident
-ray flux is absorbed in the sampling depth), this factor cancels

ig. 1. X-PEEM signal intensity at 285 and 282 eV as a function of the thickness
f a spun cast polystyrene (PS) film on a native oxide silicon substrate. The film
hickness was determined from the height profile across a scratch in an AFM image.
he exponential fits to the increase in the C 1s → �* signal and the decrease in the Si
p continuum signal correspond to a sampling depth (1/e) of 4 nm. The inset plots
he measured C 1s spectra. The large pre-edge signal seen for the 5 nm thin film is
aused by electrons from the underlying Si substrate.

d
t
c
i

F
o
s
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n determining the critical dose (the thickness enters linearly in
etermining both the amount of energy absorbed and the mass of
aterial).
The variation of signal with the PS film thickness has been fit to

n exponential which yields a characteristic sampling depth (1/e
ecrease from the maximum detected C 1s signal or increase in the
etected Si signal) of 4 ± 1 nm for X-PEEM of polystyrene in the C
s region. This measured value of 4 nm for PS is in good agreement
ith a value of 3.5 nm for the escape depth of carbon KLL Auger

lectrons in multilayers of n-alkanes reported by Zharnikov et al.
49]. It is also similar to values of 3 nm (for 120 eV photon energy)
nd 5 nm (for 460 eV photon energy) reported by Frazer et al [50]
or the X-PEEM sampling depth in Cr metal. For the latter situation,
his level of agreement is rather surprising since metals have much
reater density of states for low energy electrons and Cr is about
even times denser than polymers, thus Cr would be expected to
catter the slow electrons that dominate X-PEEM signals to a much
reater extent. At the same time metals have much lower work
unctions, which will enhance yield. There could be a fortuitous
ancellation of effects at work, since the sampling depth is a com-
lex function of near surface electron transport, and work function,
hich differ considerably between polystyrene and chromium.

.2. PMMA – radiation damage in X-PEEM

Fig. 2 presents a series of time- and thus dose-dependent spec-
ra, acquired by successive X-PEEM measurements from the same
rea of a ∼60 nm thick PMMA film on a Si substrate. Each spec-
rum was normalized to the ring current and the shape of the I0
ignal (which in turn was corrected for the photoabsorption cross
ection for Si and the bolometry effect for electron yield) [23]. The
bsolute dose was derived as outlined above. As the accumulated
ose increases, the intensity of the C 1s (C O) → �∗

C O transition
t 288.4 eV decreases. Simultaneously a peak grows in at 285.1 eV,
orresponding to the C 1s (C C) → �∗

C C transition of re-arranged
nd reduced parts of the polymer backbone.

Fig. 3 presents spectra and dose–damage curves for radiation

amage by irradiating PMMA at 300 eV in the X-PEEM. The inset
o Fig. 3a is an image of PMMA under the low-magnification
onditions used for the damage study, along with boxes identify-
ng the different regions of PMMA that were measured in order to

ig. 2. Sequence of C 1s spectra of PMMA recorded by X-PEEM with a reduced flux
n the same area. The integrated dose accrued during the 150 s it took to record each
pectrum was 13 (± 1.3) MGy.
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Fig. 3. (a) Sequence of C 1s spectra of PMMA recorded by X-PEEM in region A. The
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nset X-PEEM image indicates the three different illumination regions monitored for
adiation damage. (b) Plots of the peak area of the C 1s → �∗

C=O(288.4 eV) and the
1s → �∗

C=O(285.1 eV) transitions as a function of radiation dose for regions A, B
nd C.

ave a range of radiation doses. Fig. 3a plots the sequence of spec-
ra of region A, the highest dose area. Fig. 3b plots the normalized
eak areas at 288.4 and 285.1 eV as a function of radiation dose for
ll three damage regions. The curves are fit to Eq. (3) from which
critical dose was determined. The damage saturation level from
he data of region A was also used for analysis of the data of regions
and C. Due to mass loss and thus additional signal contributions

rom deeper layers (>10 nm) of the sample in X-PEEM, the dam-
ge saturated PMMA spectrum may still show some �∗

C O intensity.

e
d
p
i

able 1
eproducibility of dose–damage data from X-PEEM measurements on PMMA with variou

ample Exposure energy (eV) Dose

0208-7 – region A 300 0.51
0208-7 – region B 300 0.13
0208-7 – region C 300 0.04
0211-3 300 0.09

verage – –
nd Related Phenomena 170 (2009) 25–36 29

he saturation level for X-PEEM damage to PMMA is thus defined
s that dose where there is no longer further change of the �∗

C O
eak intensity. The critical dose from the data shown in Fig. 3, as
ell as from a repeat measurement at a different area of the sample

onducted on a different date are summarized in Table 1. The crit-
cal dose for C O loss or destruction was found to be 92 (14) MGy,

hile the critical dose for C C generation was 71 (11) MGy. While
he dose rate varies considerably in the different regions of the illu-

ination, there is no obvious trend of critical dose with dose rate.
he critical dose for C O loss was always found to be higher than
hat for C C growth, although the difference is within the uncer-
ainties of the measurements as determined from the replicates. If
here is a real difference, it could be due to the existence of different
eaction pathways with different reaction rate for the two types of
hemical change (see further discussion in Section 4).

Table 2 lists the critical doses for radiation damage of PMMA
n X-PEEM, determined at the C 1s and O 1s edges through expo-
ure at 280–320 and 525–565 eV, respectively. The radiation dose
as obtained by integrating the incident flux spectrum through

he entire exposure energy region, taking into account the optical
ensity spectrum of PMMA for a 10 nm sampling depth and the
xposure time at each energy point. The damage was monitored
y measuring the spectral intensity change at four different pho-
on energies (285.1, 288.4, 531.2 (O 1s (CO) → �∗

C=O) and 534 eV
O 1s (OCH3) → �∗

C=O)). Plots of the signal change against dose
ere fit to Eq. (3) to find the critical doses. The results obtained

rom this method are summarized in Table 2. They are compara-
le to those reported in Table 1, even though the exposure protocol
or the latter is rather different. Table 2 also compares our results to
hose measured by STXM from the literature [32,35,36]. The average
alue for the critical dose for decrease in the �∗

C=O peak is simi-
ar to but larger than that reported elsewhere [35,36]. Zhang et al.
35] reported critical doses for soft X-ray damage of PMMA ranging
rom 11 to 69 MGy and suggested that the critical dose at 288.4 eV
s much larger than that at 285.1 eV [35]. Our quantitative critical
ose values (Tables 1 and 2) and the qualitative spectroscopic data
Fig. 2) strongly suggest that the rate of change of the signals at
hese two energies are quite similar, in disagreement with their
bservations.

.3. PMMA – radiation damage in STXM

Fig. 4 presents results of a STXM measurement of radiation
amage in PMMA. Fig. 4a is an optical density image of a uni-
orm region of a PMMA film that was damaged in a 3 × 3 pattern
f nine 600 nm × 600 nm (10 × 10 pixel) pads where each succes-
ive pad was subjected to a systematically increased dose rate by
djusting the dwell time per pixel between 12.5 and 500 ms. Fig. 4b
lots the damage derived from the change in the optical density
arized version of that data fit to Eq. (3) to determine the critical
ose. The critical dose for damage to PMMA with 300 eV incident
hotons, as measured by the decrease in the C 1s → �∗

C O peak
ntensity is summarized in Table 3, in comparison to literature

s dose rates

rate (MGy/s) Critical dose (MGy)

C C growth C O damage

76 (11) 98 (15)
74 (11) 79 (12)

9 60 (9) 99 (15)
8 74 (11) 91 (14)

71 (11) 92 (14)
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Table 2
Critical doses for radiation damage of PMMA, PS and Fg at C 1s, N 1s and O 1s edges as determined by X-PEEM

Material Exposure energy (eV) Dose rate (MGy/s) Analysis energy (eV) Critical dose (MGy)

X-PEEM Literature (STXM)

PMMA

280–320 0.18 285.1 96 (14) 10.835; [12.335a]
288.4 101 (15) 5035, 6936b; [13.135a,c]

525–565 0.42 531 133 (20) [1832a,c]
534 143 (20) –

PS 280–330 0.56 285.1 1200 (180) –

Fg

280–320 0.20 285.1 540 (80) –
288.2 270 (40) –

390–450 0.28 397 300 (45) –
401 345 (52) –

525–565 0.46 531 300 (45) –
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The PMMA film was annealed at 150 C for 2 h.
b Converted from the reported value of 520 eV/nm3 using 1 MGy = 6.242*� eV/nm
c Note that the critical dose for PMMA films was found to be quite sensitive to

3–15 MGy for films annealed at 150–200 ◦C [35]. Since we did not anneal our films

alues. The uncertainties cited are obtained from replicates. The
erived critical dose of 67 ± 10 MGy for damage to PMMA measured
t 288.45 eV is in good agreement with the values in the literature
35,36]. We note that the critical dose of 69 MGy reported in Ref.
36] (converted from 520 eV/nm3) was cited as 14 MGy in Ref. [32];
robably the latter is the normalized carbonyl critical dose, which

s computed from the critical dose by multiplying by the number of
arbonyl groups, then dividing by the total number of carbon atoms
n the monomer [36].

Zhang et al. [35] have shown that the critical dose for PMMA is
ensitive to annealing, with values measured at 288.4 eV chang-
ng from 50 MGy for unannealed films to 13–15 MGy for films
nnealed at 150–200 C [35]. Our results are consistent with the crit-
cal dose reported by Zhang et al. [35] for the as-prepared PMMA
lms, without high temperature annealing. Further studies may be
eeded to clarify the effect of annealing on critical dose for radiation
amage to PMMA. Apart from differences in sample preparation,
ritical doses may be significantly influenced by a number of other
actors, including measurement environment [36], second order
ight, detector efficiency, damage data extraction errors, change of
hoton flux during damage, variation of sample thickness and defi-
ition of the saturation level, etc. Systematic errors associated with
he first three factors can be minimized through use of a helium
nvironment, use of a second order filter, and careful calibration
f the detector efficiency, respectively. The remaining factors con-
ribute much less to the total uncertainty although defining the
amage saturation level is somewhat arbitrary, especially for cases

here the extent of damage is low. We estimate the total uncer-

ainty to be about 15% for our STXM damage studies. A similar
agnitude of uncertainty was also estimated for the results of

he X-PEEM damage studies although the contributing factors are
ifferent in the two techniques. For example, in X-PEEM the deter-

m
h
a
h

able 3
ritical doses for radiation damage of PMMA, PS and Fg as determined by STXM

aterial Exposure energy (eV) Dose rate (MGy/s)

MMA 300 3.7 × 102

S 285.1 5.3 × 102d

g 300 5.9 × 102

a The PMMA film was annealed at 150 ◦C for 2 h.
b Converted from the reported value of 520 eV/nm3 using 1 MGy = 6.242*� eV/nm3, wh
c Note that the critical dose for PMMA films was found to be quite sensitive to annea

3–15 MGy for films annealed at 150–200 C [35]. Since we did not anneal our films for the
d Average from the dose rate range of 5.7 × 102 to 4.9 × 102 MGy/s.
ere � is the polymer density in g/cm3.
ling, with values measured at 288.4 eV changing from 50 for unannealed films to
ese studies, the relevant value to compare from Ref. [35] is 50 MGy.

ination of irradiation area and volume gives rise to the largest
ncertainties.

.4. Dose–damage relationships for PMMA, PS and Fg in X-PEEM
nd STXM

Methods similar to those described for PMMA in the preced-
ng sections were also applied to measurements of dose–damage
elationships for polystyrene (PS) and fibrinogen (Fg), in both X-
EEM and STXM. Fig. 5 plots the normalized radiation damage as a
unction of dose for PMMA, PS and Fg as measured in X-PEEM. The
erived critical doses for these species at different edges as mon-

tored at a number of photon energies are summarized in Table 2.
ig. 5a plots PMMA dose–damage results measured at both C 1s
nd O 1s edges. The variation in the incident flux over the spectral
egion (C 1s: from 282 to 320 eV; O 1s: from 525 to 565 eV) was
aken into account in deriving these results. The damage as a func-
ion of dose is similar for both edges. The critical doses for damage at
he O 1s edge derived from these measurements are slightly larger
han those at the C 1s edge. Beetz and Jacobsen [32] also found a
omewhat higher critical dose for an annealed PMMA sample at the
1s edge compared to the C 1s edge (18 versus 13 MGy). However,

his difference is probably not outside the uncertainties in the mea-
urement since there are large differences in the dose parameters at
he two edges. Systematic errors in the absorption coefficient, the
ncident flux (I0) and the detection efficiency (ε) may exist when
wo different edges are compared.
Fig. 5b presents the damage versus dose curve for polystyrene
easured with X-PEEM at the C 1s edge. There is a lot of mobile

ydrocarbon contaminant present in the STXM (mostly from stage
nd motor lubricants). If the radiation dose is large enough, the
ydrocarbon contaminants are cracked and deposited on the sam-

Analysis energy (eV) Critical dose (MGy)

STXM Literature (STXM)

288.4 67 (10) 5035, 6936b; [13.135a,c]
285.1 1260 (190) –
288.2 298 (45) –

ere � is the polymer density in g/cm3.
ling, with values measured at 288.4 eV changing from 50 for unannealed films to
se studies, the relevant value to compare from Ref. [35] is 50 MGy.
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Fig. 4. STXM damage of PMMA. (a) Patterns created in an initially undamaged, free
standing PMMA thin film by exposure at 300 eV (dose rate = 3.7 × 102 MGy/s) using
a 10 × 10 pixel, 0.6 × 0.6 �m raster scan with the indicated per-pixel dwell times The
image was recorded after the exposure at 288.45 eV using ∼1/3rd the dose rate used
to create the radiation damage. The numbers in the lower and upper left boxes are
the optical density limits to the image gray scale. (b) Plot of damage (determined
from the central 60% of each pad) versus dose. (c) Linearized plot of the data of (b)
corresponding to the analysis (Eq. (3)) used to derive the critical dose.
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le surface, leading to an increase in the C 1s continuum signal.
nitial dose–damage measurements on PS were negatively influ-
nced by this effect. In order to avoid this problem in measuring
he critical dose for PS, the exposure was performed at 285.1 eV
here the absorbance of the hydrocarbon contaminants is low,

he absorbance by PS is maximum, and thus the photo deposi-
ion rate is much less than the damage rate. When the exposure
nergy is 285.1 eV, carbon build-up did not occur, even at the high-
st radiation dose used. However, when irradiation was performed
t 320, 300 and 390 eV there were large increases in the C 1s con-
inuum signal at the doses needed to visibly damage PS. When PS
s damaged at 285.1 eV in STXM, there is a significant decrease of
he absorbance since breaking the phenyl rings is the main conse-
uence of the radiation damage (see Section 4). In order to account
or the changing absorbance, the dose was evaluated by integrat-
ng the optical density over the exposure time using the following
quation:

OD =
∫ t

0
(y0 + ce−bt)dt

t
= y0t + (c/b) (1 − e−bt)

t
(4)

here SOD is the integrated optical density up to time, t and y0, c
nd b are fitting constants. The critical dose for chemical damage
o PS is much larger than that for PMMA. This is as expected since
t is much more difficult to break the stable phenyl group than to
emove CO2 from PMMA. The critical dose for PS derived from this
easurement is 1200 (180) MGy.
Fig. 5c presents the damage versus dose curves for fibrinogen

Fg) as monitored at five energies around the C 1s, N 1s and O 1s
dges. The signals at 288.2 eV (C 1s → �∗

C O) and 285.1 eV (C 1s →
∗
C C) show complicated non-exponential signals. This could be
ue to the interplay of a number of different damage processes,
uch as damage and rearrangement of amide groups, damage of
adiation sensitive R-groups, etc. which could have quite different
haracteristic doses such that multiple exponential are required to
t the dose–damage curve. In these cases, the curve fitting was
erformed on that sub-set of the data points which best repre-
ents a single exponential change in the intensities of the C 1s →
∗
C O and C 1s → �∗

C C peaks. As with PMMA, the critical doses
or damage of Fg at different edges are comparable except for the
hange in the C 1s → �∗

C C signal. The derived critical doses are
ntermediate between those for PS and PMMA.

Fig. 6 shows the damage versus dose curves for PMMA, PS and
g derived from STXM measurements at the C 1s edge. The sam-
les were irradiated at 300, 285.1 and 300 eV, respectively, while
he damage was evaluated from changes in image contrast at 288.45
C 1s → �∗

C=O transition) for PMMA, 285.1 (C 1s → �∗
C C transition)

or PS, and 288.2 eV (C 1s → �∗
C O amide transition) for fibrinogen.

n Fig. 6 the damage signals for the three molecules are presented
fter normalization to the saturation level for ease of comparison.
he critical doses derived from fitting these curves are listed in
able 3, i.e. the critical doses for PMMA, PS and Fg in STXM are 67
10), 1260 (190) and 298 (45) MGy, respectively. The relative order-
ng of the critical doses is the same as found in X-PEEM. PMMA is by
ar the most sensitive of the three materials, with Fg more sensitive
lower critical dose) than PS.

While the trends in relative damage rates are similar for the two
ifferent microscopies, there are still some differences between the
ritical doses derived from the two techniques. This could be related
o the different sample environments, combined with the very dif-

erent doses needed to damage each polymer. The sample is in a
ery clean UHV environment in X-PEEM whereas the sample is in
e at 1/3rd of atmospheric pressure in the STXM. This environ-
ental change could also affect aspects of the secondary damage

rocess such as electron transport. It is also possible there are
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Fig. 5. Damage versus dose curves for (top) PMMA, (middle) PS and (lower) Fg
derived from X-PEEM spectral measurements at the C 1s, N 1s (Fg) and O 1s edges.
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ndetected systematic errors, such as detection efficiency (ε) or cal-
bration of the incident flux (I0). Finally there are large differences in
he dose rate—X-PEEM dose rates (100–500 kGy/s) are three orders
f magnitude smaller than those of STXM (300–600 MGy/s) and
t is possible that the critical dose changes as a function of dose
ate.

The relative damage rates for these three materials are
MMA > Fg > PS, or conversely, the critical dose is the smallest for
MMA and the largest for PS. These measurements monitor the fast
hemical change and ignore slower processes such as mass loss.
hang et al. [35] and Coffey et al.[36] considered both processes,
nd showed that mass loss occurs at a much slower rate. Since the
otivation for this study is to determine critical doses to guide

hemical analysis (i.e. doses below that which significantly modi-
es the NEXAFS spectrum), we consider our operational definition
f the critical dose as the appropriate one to use. Note that mass loss
as little effect in these X-PEEM measurements since the sample is
40 nm thick, whereas the sampling depth is less than 10 nm and

hus there is always material (albeit damaged) from deeper in the
ample even when mass loss is occurring. The mass loss is readily
etected in STXM since it samples the full thickness of the film.

. Chemical changes from radiation damage as probed by
EXAFS

Fig. 7 compares the C 1s spectra of undamaged and heavily dam-
ged PMMA, PS and Fg from STXM. The radiation damage induced
hanges in the NEXAFS spectra are the same in STXM and X-PEEM
nd thus the same structural changes are occurring. In PMMA the
ost prominent change is the decrease in the 288.45 eV peak cor-

esponding to loss of C 1s → �∗
C O transitions as COOCH3 or CO2

s removed. At the same time, signal grows at 285.1 eV peak, the
1s(C C) → �∗

C C transition, associated with re-organization and
ntroduction of an unsaturated C C bond. A third aspect is the dis-
ppearance of a weak peak at 290 eV and the C 1s → �∗

C O signal at
96 eV.

Radiation damage in PS takes the form of loss of intensity at the
85.1 eV C 1s(C C) → �∗

C C transition associated with damage to
he phenyl ring, and a simultaneous increase in signal at 284.5 eV,
ttributed to dehydrogenation of the saturated backbone chain. The
estruction of the aromatic rings is also indicated by loss of the C
s → 2�* transition (289 eV) and the double peaked C 1s → �∗

C C
ontinuum signals (293, 303 eV), both of which are characteristic
f phenyl rings [51]. The C 1s continuum intensity stays constant
ith dose indicating that there is negligible mass loss during radia-

ion damage of PS, a result also reported by Coffey et al. [36]. A very
eak signal grows at 286.5 eV. It is assigned to C 1s(C O) → �∗

C O
ransitions in carbonyls probably formed from oxidation of PS,
ince residual oxygen and oxygen-containing contaminants may
e present during STXM measurements.

Radiation damage of Fg is dominated by loss of the C 1s → �∗
C O

ransition at 288.2 eV. In this case, CO2 is not likely to be a dom-
nant radiation product since there is no oxygen atom adjacent
o the carbonyl. C N double bond formation and elimination of
ater are more likely. The formation of C N bonds is consistent

ith the growth of signals at 398–399 eV (N 1s → �∗

C N transitions,
ee below) and at 287 eV (C 1s → �∗

C N transitions) [52]. There is
elatively little, if any, increase in signal at 285 eV consistent with
he presence of relatively few saturated CH–CH linkages in pro-

ee Table 2 for details of the exposure energies and average dose rates used. The
amage signal corresponds to the peak area as monitored at the photon energies

isted in Table 2. The solid curves are fits to exponentials from which the critical
oses were derived.
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Fig. 6. Damage versus dose curves for PMMA, PS and Fg derived from STXM dam-
age pattern spectral measurements at the C 1s edge. The exposure energy and dose
rates are listed in Table 3. The damage signal, which is the change in optical density
monitored at the photon energies listed in Table 3, tracks the amount of damaged
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roduct and thus integrates over possible different damage rates for different reac-
ions. To allow comparison the damage signals are normalized to a value of 1 at the
ignals for infinite dose (see text).

eins which are the structures that are most susceptible to radiation
nduced dehydrogenation.

Fig. 8 compares the N 1s spectra of damaged and undamaged Fg
nd the O 1s spectra of damaged and undamaged Fg and PMMA.
he signature of radiation damaged proteins at the N 1s edge is
decrease in intensity at 401.2 eV, the N 1s → �∗

C O amide transi-
ion [53], and the creation of two sharp signals at 398 and 399 eV.
he latter peaks are attributed to formation of C N bonds with
ifferent local environments. Mass loss during radiation damage
f Fg is also evident since the N 1s → �* transition at 403 eV and
he N 1s continuum intensities decrease significantly. This proba-
ly involves evolution of NH3. At the O 1s edge the O 1s → �∗

C O
ransition at 532.1 eV is selectively lost, and there is large loss of
xygen atoms, as indicated by the decrease in the O 1s continuum
ignal. The damage observed at the O 1s edge for PMMA paral-
els that seen in the C 1s edge. In particular, the O 1s(C O) → �∗

C O
ransition decreases in intensity, as does the O 1s(OCH3) → �∗

C O
ransition at 534.8 eV. Mass loss in PMMA is much more visible in
he O 1s than the C 1s edge since all of the oxygen atoms in a given
epeat unit are lost when CO2 is evolved.

Fig. 9 presents some possible reactions involved in the radiation
amage of these three materials. These suggestions are based on the
pectral changes observed. Fig. 9a presents some possible pathways
or radiation damage of PMMA. The first damage pathway involves
he loss of the ester side group and 1,2 H-migration, leading to for-

ation of C C bonds in the main chain of the polymer. The second
athway also involves the loss of ester group and then the main
hain is cleaved to form an end group with a C C bond. This main-
hain scission was proposed by David et al. [54]. These two possible
athways would result in a decrease in the intensity of the 288.4,
32.1 and 534.8 eV peaks, and the creation of signal at 285.1 eV.
he third possible pathway involves decarboxylation, which would
ause decreased intensity of the 288.4, 532.1 and 534.8 eV peaks,
he major spectral changes. Since there are different pathways con-
ributing to two different spectral changes in the C 1s spectrum, it is
ossible that the dose–damage rate derived from spectral change
t 288.4 and 285.1 eV will differ. The critical dose for C O loss is

omewhat higher than that for C C growth as derived by X-PEEM
easurements.
Fig. 9b presents three possible damage pathways for PS. The first

ne involves dehydrogenation of the C–C backbone. Typically the

fi
i
e

ig. 7. Changes with radiation damage in the C 1s spectra recorded by STXM for
MMA, PS and Fg. The thicker line corresponds to the undamaged material, while
he thinner line corresponds to a heavily radiation damaged sample. Mass loss is
ndicated by changes in the continuum intensity above 296 eV.

1s → �∗
C C transition for backbone unsaturation comes at lower

nergy than the �∗
C C in aromatic rings. Thus, the appearance of

he low energy shoulder at 284.5 eV may be explained this way.
he second pathway represents damage to the rings where one
r more of the double bonds are saturated by hydrogen generated
rom the first pathway, or, more likely, by abstraction of H from
he backbone of adjacent PS chains or phenyl rings. Breakage of the
romatic ring structure is a surprisingly important reaction, which
eads to the observed decrease in the main 1�* peak and creation
f lower energy �∗

C C signals. Mass loss could occur by elimination
f hydrocarbon fragments, as represented by the third pathway.
owever, this is a low probability process since there is negligible

hange in the C 1s continuum intensity.

Fig. 9c shows proposed reactions for radiation damage to the

brinogen protein. While some loss of the 288.2 eV �∗
C O feature

s undoubtedly associated with loss of CO2 from the acid terminal
nd, this is a very small portion of the total protein. Thus, a dam-
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ig. 8. Changes with radiation damage in the N 1s spectra of Fg recorded by STXM,
nd in the O1s spectra of PMMA and Fg by STXM. The thicker line corresponds to
he undamaged material, while the thinner line corresponds to a heavily radiation
amaged sample. Mass loss is indicated by changes in the continuum intensities.

ge reaction, such as that shown in Fig. 9c, which leads to loss of
he C O bond and formation of a C N bond is required, and would
e consistent with the formation of C 1s → �∗

C N and N 1s → �∗
C N

xcitation signals. More than one structure containing C N bonds
an be envisaged, and this is suggested by the presence of fine
tructure in the 399–400 eV region of the spectrum of damaged
brinogen. Note that both the N 1s and O 1s continuum intensities
hange significantly, indicating large mass loss. This suggests con-
ributions from a reaction that involves degradation of the protein
nd generation of small molecules, such as CO2, NH3 and amino
cids. The full set of radiation damage reactions in proteins is very

omplicated and probably impossible to figure out in detail using
nly NEXAFS spectroscopy. For example, a number of studies of the
adiation damage chemistry of individual amino acids [34,55–57]
ave shown that the decomposition induced by soft X-rays follows
number of pathways, including dehydration, decarboxylation,

e

i
t
i

ig. 9. Proposed reactions for radiation damage of (a) PMMA; (b) PS; and (c) Fg.

ecarbonylation, deamination and desulfurization, accompanied
y desorption of H2, H2O, CO2, CO, NH3 and H2S with rates depend-
ng on the specific amino acid. In general, while these various
eactions are consistent with the observed spectral changes, there
re many other possible structures that could also give rise to the
hanges. Given the probably very reactive character of the radicals
nd ions produced in X-ray ionization and subsequent secondary

vents, a wide variety of reaction products may be formed.

Although radiation damage to polymers and other materials
nitiated by soft X-rays is a complicated process with many con-
ributing factors, it can be generally characterized by two phases,
.e. the initial photoabsorption and femtosecond scale electronic



copy a

d
q
t
i
r
r
n
m
f
t
c
t
a
p
i
l
h

e
m
h
o
b
t
a
t
e
o
a
c
a
w
d
t
w

5
o

1

2

3

4

5

6

7

6

c
r
t
w
d
a
u
t
1
t

A

R
o
w
t
m
9
I
f
T
E
e
N

A

i

R

[
[

[

[

J. Wang et al. / Journal of Electron Spectros

ecay at the site of the X-ray absorption (a single atom), and subse-
uent secondary processes [58] on a longer time scale (picosecond
o seconds) which produce secondary electrons, free radicals and
ons. These particles extend the range of the damage [59] and are
esponsible for creating a cascade of damage to the irradiated mate-
ial. The transport range of electrons is limited to a few tens of
anometers at most due to their strong interactions in condensed
edia. It is probably energetic radicals or ions that are responsible

or the longer range effects since they are much more damaging and
here is the possibility of chain processes. Reaction of these radi-
als and ions with nearby molecules can create new radicals/ions
hereby setting up a chain reaction which can transfer the dam-
ge to regions far (∼100 nm) from the initial absorption site. This
rocess can be viewed as radical or ion initiated chain depolymer-

zation or fragmentation. Another factor that might contribute is
ocalized heating and associated thermal damage. However, this
as been shown to be a minor effect [59].

The soft X-ray radiation damage studies of this work are not only
ssential to X-ray spectromicroscopy analysis of radiation sensitive
aterials such as polymers and biological samples, but also may

ave potential applications in X-ray lithography and other types
f nanofabrication involving surface or bulk chemical modification
y soft X-rays. We have demonstrated a novel method with STXM
hat adds chemical selectivity to lithography. Specifically, the X-ray
bsorption in a bilayer [59] or trilayer [60] polymer system is used
o pattern with chemical selectivity through radiation damage to
ach polymer layer without affecting other layers. The other feature
f this method is the direct-write capability, which is controlled by
pattern generation program, incorporated into the microscope

ontrol and data acquisition software. Input files for pattern gener-
tion consist of lists of (x, y, t, E) values for each pixel. This approach
as used to make the 3 × 3 patterns of pads covering a range of
oses which were used for quantitative dose–damage analysis in
his work. This has made radiation damage studies more efficient
ith STXM.

. Recommended procedures for X-ray microscopy studies
f radiation sensitive samples

. Identify the more damage-sensitive chemical components in
the system under study. Usually inorganic materials are more
robust under radiation than organic materials. Among the latter,
saturated compounds tend to be more radiation sensitive than
unsaturated compounds. Species with C–O single and double
bonds are also quite sensitive.

. Use the least damaging sample environment possible (in the
STXM, this is either a low vacuum (P ∼ 0.1 torr), or 1/3 atm pres-
sure of He).

. When it is clear radiation damage will be critical, measure the
critical dose using procedures similar to this work, and use that
as a guideline for measurement protocols. Typically we find 20%
of the critical dose as a practical limit to acceptable levels of
damage.

. Use the lowest dose possible to survey the sample for interesting
sample regions.

. Adjust the dose on the sample through slits or dwell time to
keep the dose below acceptable limits. Within that limit, adjust
the experimental conditions to provide best possible statistics,

spatial and spectral resolution.

. In STXM, image sequences [49] give the best results, with line
scan spectra often adequate but point spectra in fully focused
mode rarely being appropriate. If the full spatial resolution is not
needed, a slight defocus of the STXM beam can be very helpful
at avoiding radiation damage.

[

[

[

nd Related Phenomena 170 (2009) 25–36 35

. After each analytically critical measurement, check if radiation
damage occurs by recording an image at a damage-sensitive
energy.

. Summary

Quantitative radiation damage rates of poly(methylmetha-
rylate), polystyrene and fibrinogen have been measured in an X-
ay photoemission electron microscope (X-PEEM) and in a scanning
ransmission X-ray microscope (STXM). Similar critical dose values
ere obtained for both microscopes. The critical doses for PMMA
amage (the only species in this study for which literature data is
vailable) are in good agreement with literature measurements of
nannealed PMMA [35,36]. The order of sensitivity to X-ray radia-
ion is PMMA > Fg > PS. The spectral changes in the C 1s, N 1s and O
s regions have been used to deduce possible reactions involved in
he damage chemistry.
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