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Deposition of a carbonaceous contaminant layer on surfaces exposed to radiation exceeding 7–10 eV
is ubiquitous in many fields of research. The mechanism of this deposition process is still debated. A
scanning transmission x-ray microscope has been used to create and interrogate carbonaceous deposits with photon energies spanning the C 1s ionization edge. For equal fluence, the rate of carbon deposition is proportional to the x-ray absorption spectrum of the deposited material. The results are
consistent with a deposition mechanism involving secondary electrons. Implications of this measureC 2012
ment with regard to future generations of high volume photolithography are discussed. V
American Vacuum Society. [http://dx.doi.org/10.1116/1.3698602]

I. INTRODUCTION
The step from the generally non-ionizing or only weakly
ionizing light sources of 193 nm (6.4 eV) presently used in
photolithographic tools for high volume integrated circuit
production, to strongly ionizing light sources of 13.5 nm
(92 eV) being introduced for extreme ultraviolet (EUV) lithography has the potential to introduce serious contamination issues due to radiation-induced cracking and deposition
of carbonaceous molecules.1,2 The precursor molecules for
such contamination originate from a wide variety of sources
(lubricants, outgassing, atmosphere, etc.), and become fixed
to surfaces as a carbonaceous layer when irradiated with ionizing radiation. This phenomenon is common to diverse
technologies that involve high energy radiation (electron
microscopy,3–5 x-ray photoelectron spectroscopy,6 synchrotron and free electron laser beamlines,7–9 space-based
telescopes10–13). The carbonaceous deposits are often highly
undesirable as they can degrade the transmissive or reflective
properties of optics, introduce spectroscopic artifacts, and/or
decrease the efficiency of detectors. With regards to EUV lithography, the carbonaceous layer has been observed to
decrease reflected intensity, distort the wavefront,14 and
change the optical path length,9 all conceivably capable of
introducing defects in the devices produced and reducing
throughput. Several methods of cleaning carbonaceous
deposits from delicate optics exist.2,5,8,11,12,15–17 The results
are sometimes mixed,8,9,12 but in certain cases the reflectance can be fully recovered,15 and an optic can survive multiple cleaning cycles.17 In practice, the contamination
processes can be mitigated,5,7,18 but often cannot be totally
eliminated, and cleaning processes entail some instrument
downtime, which ultimately reduces productivity. The precise mechanism of deposition is a matter of debate. A mechanism based on secondary electrons (SEs) produced by the
irradiated surface is the most established.7 However,
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Hollenshead and Klebanoff concluded that the dominant
mechanism of deposition is direct photoabsorption by the
adsorbed precursor molecules, and that the SE mechanism
plays an insignificant role.19 In this Letter, the relationship
between the rate of carbon deposition and photon energy is
probed in the vicinity of the C 1s (K) ionization edge to illuminate the mechanism of deposition.
II. EXPERIMENT
Scanning transmission x-ray microscopes (STXMs)20,21
routinely focus monochromatic soft x-ray photons (60–2500
eV) into an intense, sub-30 nm full width half maximum
spot at the focal plane. Carbon deposits tens of nanometers
thick can be created on surfaces within seconds to minutes.
The Advanced Light Source (ALS) STXM 5.3.2.220 at Lawrence Berkeley National Laboratories was used to create carbon deposits on an initially clean 75 nm thick Si3N4 surface.
With a STXM, one can accurately control and rapidly vary
the conditions of deposition, such as photon energy (with a
bandwidth as low as 0.05 eV), area irradiated, fluence [photons/s (s1)  dwell time (s)  photon energy (J)/area (nm2)]
and fluence rate. The STXM 5.3.2.2 chamber is a low vacuum environment, capable of only 106 Torr. For these
experiments, the chamber was evacuated then backfilled
with 250 Torr He. Areas of 600 nm  600 nm consisting of
10  10 single pixel exposures were irradiated to form the
deposits. The thickness of the deposited material was quantified by two techniques; measuring the maximum height of
the deposit by atomic force microscopy [(AFM) 61 nm],
and measuring the average optical density [(OD) 60.02] at
293 eV of the center of the deposit with the STXM. The precursor molecules for the deposits created here probably
include those which originate partly within the STXM chamber (lubricants from mechanical stages, outgassing, or
ablated organics from previous samples), and partly outside
the chamber (fingerprints, venting the chamber to atmosphere, double-sided tape and epoxy used to mount samples).
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FIG. 3. C 1s x-ray absorption (NEXAFS) spectrum of a carbon deposit
(dots) compared to the amount of carbonaceous material deposited at constant fluence (395 6 13 mJ/cm2) at several specific photon energies, quantified by atomic force microscopy (circles) and STXM (OD at 293 eV,
triangles).

FIG. 1. Images of a 600 nm  600 nm carbon deposit created by focused
300 eV soft x rays of a scanning transmission x-ray microscope (STXM),
recorded by (a) atomic force microscopy in tapping mode, and (b) STXM at
293 eV [transmission measurement converted to optical density (OD)].

III. RESULTS AND DISCUSSION
Several carbon deposits were made at the specific photon
energy of 300 eV with increasing fluence. These deposits
were imaged and quantified by AFM and STXM (Fig. 1).
The rate of deposition observed was directly proportional to
fluence (Fig. 2), which is consistent with the observations of
others.7,15,18,19 The fluence involved in collecting single
images for OD measurements was 0.5 6 0.1 mJ/cm2.
A near edge x-ray absorption fine structure (NEXAFS)
spectrum of the carbon deposit material in the C 1s NEXAFS
region (Fig. 3) was collected with the STXM in a second
mode of operation where the sharp focus was maintained on

FIG. 2. Amount of carbonaceous material deposited at a single energy (300
eV) vs fluence, quantified by atomic force microscopy (circles) and STXM
(OD at 293 eV, triangles).

the carbon deposit while the monochromator energy was
scanned. The fluence involved in collecting this spectrum
was 24 6 5 mJ/cm2. The spectrum shows a sharp feature at
285 eV, indicative of C¼
¼C bonds, a feature at 288.5 eV
potentially indicative of C¼
¼O bonds, and a broad absorption
maximum near 293 eV. NEXAFS spectra of carbon deposits
made by the same method using another STXM [Canadian
Light Source (CLS) beamline 10ID-1] under the same conditions were identical. The spectra of the carbon deposits at
both the ALS and CLS are similar to a reported C 1s NEXAFS spectrum of carbon deposited in a system expressly
designed to evaluate contamination rates and phenomena for
EUV optics.22 It appears that beam-deposited carbonaceous
material tends to have the same chemistry and thus a similar
spectrum, independent of the precursor material.
Areas were then irradiated at specific photon energies
spanning the C 1s NEXAFS region, forming carbon deposits
as a function of photon energy (Fig. 3). Each area irradiated
received the same fluence of 395 6 13 mJ/cm2. The fluence
rate available at each energy differed between 74 and 388
mJ/cm2/s due to carbon contamination on the beamline and
STXM optics; therefore the dwell times were varied to establish the desired fixed total fluence condition. In a separate
experiment, the thickness of deposits made at specific photon
energies at the same total fluence was observed to be independent of fluence rate over the same 74–388 mJ/cm2/s
range. Figure 3 shows that, for constant fluence, the rate of
carbon deposition is strikingly proportional to the C 1s NEXAFS spectrum of the carbon deposit material. Most notably,
the prominent spectral feature at 285 eV is reflected in the
quantity of material deposited; the deposition rate at 285 eV
is significantly greater than at 284 or 286 eV, in accord with
the spectrum. The maximum deposition rate occurred at 293
eV, coinciding with the maximum absorption cross section
of the carbon deposit material.
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IV. SUMMARY AND CONCLUSIONS
The number of SEs emitted by a substance irradiated with
x-rays is proportional to its x-ray absorption spectrum, which
is the basis of the total electron yield (TEY) acquisition
mode.23 Note that this approximation is widely accepted to
be valid over short photon energy ranges, such as that in
Fig. 3, but careful examination over large energy spans indicates that it is necessary to take into account other factors, in
particular photon energy variations in the number of primary
electrons produced, in order to have a fully quantitative
agreement.24 The results are consistent with a deposition
mechanism primarily involving SEs. The rate of carbon deposition follows the spectrum of the carbon deposit material
because the deposition process is driven by SEs emitted by
the surface, and the surface rapidly becomes deposited carbon once the deposition is initiated. For an equal fluence, the
number of SEs emitted by the carbon deposit when irradiated
at 285 eV is significantly higher than at 284 or 286 eV,
which leads to the higher deposition rate at that particular
photon energy. For deposits less than about 4 nm thick (less
than the escape depth), the SE emission of the underlying
surface (Si3N4 in this case) should play a greater role, which
may be why the data points in the pre-edge region of Fig. 3
are higher than the NEXAFS spectrum. If the mechanism of
deposition was primarily direct photoabsorption by the
adsorbed precursor molecules, the rate of deposition should
be closely linked to the C 1s NEXAFS spectra of saturated
hydrocarbons23,25 which do not contain features at 285 eV
and have very prominent absorption features between 287
and 289 eV. This is not what was observed.
This result suggests a possible contamination mitigation
strategy: For a given photon energy, the irradiated surface
with the lowest TEY should display the lowest deposition
rate. Ru, widely used as a capping layer for 13.5 nm EUV
optics, conveniently approaches a minimum electron yield
value around 13.5 nm. This minimum in TEY has been
hypothesized as a reason why Ru performs so well in this
role.18 However, this mitigation strategy would only be
effective until a carbon contamination layer of a few nanometers forms.
What are the implications of these results for high volume
photolithography? The industry standard photon energy
(wavelength) used for the critical layers has increased
(decreased) stepwise over time,26 which has been a major
reason why the size of integrated circuits and the devices
that employ them have steadily decreased while performance
has increased. This “wavelength scaling” is expected by
some to continue27 beyond the expected to be state-of-theindustry of 13.5 nm; research and development is already
under way on a second generation of sources and optics for
sub-10 nm “beyond EUV” systems. Early candidate wavelengths include 6.7, 3.37, and 2.48 nm.27 The first two of
these wavelengths approach the C 1s ionization edge, while
the third exceeds it. We have shown that for equal fluence,
the rate of carbon deposition is roughly four times higher
above the edge than below it. This work indicates that, if
future high volume photolithography tools operate at a
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wavelength at or above the C 1s edge, the rate of carbon
deposition on the optics will increase substantially. Perhaps
the increase in deposition rate might be offset by an increase
in resist sensitivity, if C-based photoresists continue to be
used, as the x-ray absorption cross section will increase
above the C 1s edge for all C-based materials. The composition of the resists remains an open question, even for 13.5
nm. Early identification of challenges in wavelength scaling
will narrow the choices, and ultimately decrease the time
necessary to develop and implement new technology.
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J. Stöhr, NEXAFS Spectroscopy (Springer, Berlin, 1992).
24
H. Henneken, F. Scholze, and G. Ulm, J. Appl. Phys. 87, 257 (2000).
25
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