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Thermal desorption spectroscopy (TDS), along with Auger electron spectroscopy, was used to study
the desorption of H, and CO from baked 304 and 347 stainless-steel samples exposed only to
residual gases. Both 347 and 304 samples gave identical TDS spectra. The spectra for CO contained
a sharp leading peak centered in the temperature range 410—440 °C and an exponentially increasing
part for temperatures higher than 500 °C, with a small peak around 600 °C appearing as a shoulder.

The leading peak followed a second-order desorption behavior with an activation energy of 28 +2
keal/mol, suggesting that the rate-limiting step for this peak is most likely a surface reaction that
produces the CO molecules in the surface layer. The amount of desorbed CO corresponding to this

peak was ~0.5x10'¢

molecules/cm?. The exponentially rising part of the CO spectrum appeared to

originate from a bulk diffusion process. The TDS spectrum for H, consisted of a main peak centered
also in the temperature range 410-440 °C, with two small peaks appearing as shoulders at ~500
and 650 °C. The main peak in this case also displayed a second-order behavior with an activation
energy of 14+2 kcal/mol. The amount of desorbed H,, ~1.9x10'° molecules/cm?, appeared to be

desorbed H, originated from the surface layer.

I. INTRODUCTION

Outgassing of vacuum chamber materials is of major con-
cern in laboratory systems, deposition systems, storage
rings,' and fusion devices,? especially where desorption can
be further expedited by particle bombardment. Outgassing is
also of concern in high-purity gas handling systems where
the desorbing species introduce contamination into the gas.’
Stainless-steel type 304, as well as type 347, are widely used
in the fabrication of ultrahigh vacuum (UHV) systems pri-
marily because of their low outgassing rate and corrosion
resistance. Adams* has reviewed numerous studies of outgas-
sing and adsorption—desorption properties of stainless-steel
surfaces. In general, these studies have shown that the out-
gassing species are primarily hydrogen, carbon monoxide,
water, methane, and carbon dioxide. Water is the dominant
desorbing gas for unbaked surfaces, and hydrogen is the
dominant gas for baked surfaces. Although there are some
classic outgassing studies on stainless steel such as Calder
and Lewin,’ very few thermal desorption studies of stainless-
steel surfaces have been reported.®” The study by Mathew-
son et al.® is the only work on baked stainless-steel surfaces,
which merely addresses the thermal desorption of carbon
monoxide. Insufficient information still exists on the amount
and kind of gases that desorb from baked stainless-steel sur-
faces and on details of the mechanisms by which the outgas-
sing species are generated and desorbed.

In this work we have used thermal desorption spectros-
copy (TDS) to study the desorption of hydrogen and carbon
monoxide from baked stainless steels of types 347 and 304,
representing the chamber wall of a typical UHV system. We
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have also used Auger electron spectroscopy (AES) to char-
acterize the surfaces of these materials as a function of tem-
perature.

ll. EXPERIMENT

The experiments for this study were performed in a
stainless-steel UHV system equipped with a quadrupole
mass spectrometer (EAI model 250) and a calibrated
Bayard-Alpert ionization gauge. The system was pumped
with turbomolecular, ion, and Ti sublimation pumps to a base
pressure of 2X 107" Torr, with H, and CO as the principal
residual gases.

The samples were disks of ~1 cm in diameter and 1 mm
thick, machined from bulk stocks of stainless-steel types 347
and 304. They were mechanically polished with silicon car-
bide papers in water down to grit size 500. Before insertion
into the UHV system each sample was cleaned ultrasonically
in detergent (alconox) and de-ionized water, rinsed in de-
ionized water, then rinsed with ethanol, and finally dried in
hot air. The UHV system was equipped with a sample ma-
nipulator consisting of two Cu sample supports which facili-
tated the heating and cooling of the sample. The sample was
mounted to the manipulator by spot welding it on its edges to
two 0.25 mm diam Ta wires which were, in turn, welded to
two 3.18 mm diam Mo rods that were fixed in the Cu sup-
ports. The sample was heated by resistive heating of the Ta
wires with a phase-angle-controlled SCR power controller. A
chromel-alumel thermocouple was welded to the back of the
sample to monitor the sample temperature. The linear heat-
ing of the sample was achieved by utilizing a temperature
programmer/controller (Dimension model 8710).

Thermal desorption runs for each sample were carried out
after a complete system bakeout at 250 °C for 24 h and a
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FiG. 1. Thermal desorption spectra of (a) CO and (b) H, from stainless steel
347 after a bakeout at 250 °C for 24 h.

subsequent 24-h exposure of the sample to the UHV residual
gases. The sample was heated from room temperature to
800 °C linearly at a rate of ~3 °C/s and the resulting in-
crease in the partial pressure of CO or H, was recorded as a
function of temperature by a strip chart recorder. Identical
TDS runs were also carried out with thin stainless-steel
samples (50 mmx5 mmX0.15 mm) and a quartz cone
shielding the ionizer region of the mass spectrometer in the
line-of-sight geometry8 to discriminate the desorption peaks
that originated from the Ta wires and Cu supports. In order to
ascertain that the detected desorption at mass 28 was due to
CO, masses 14, 12, 16 were also monitored to rule out any
contribution from nitrogen.

The pumping speed of the system was determined by
measuring the characteristic time constant 7 of the exponen-
tial decay of pressure after a rapid desorption of gas from a
Ta filament. The average value for the pumping time con-
stant 7 in the pressure range 5X 10719-5x107® Torr was 0.4
s for CO and 0.6 s for H,. Since the heating rate for our
desorption measurements was 3 °C/s, the product of the heat-
ing rate and the pumping time constant was less than 2 °C.
Therefore the recorded pressure-temperature profiles during
the TDS was proportional to the desorption rate.’

The sensitivity of the mass spectrometer for CO and H,
was measured by admitting a known pressure of these gases
into the vacuum chamber and recording the corresponding
response of the mass spectrometer. This was repeated after
each TDS run at several different gas pressures. The ioniza-
tion gauge was calibrated for nitrogen using a spinning rotor
gauge as a standard; the pressure readings for other gases
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were obtained by using the published sensitivity factors.'”

Surface characterization of the samples was performed in
a separate UHV system that was equipped with a single-pass,
10-keV cylindrical mirror analyzer for AES, operated at 5
keV electron beam energy and 1 uA beam current. The
samples were heated using the identical procedure used in
the TDS system. The surface composition of the sample be-
fore and after the system bakeout as well as after the thermal
desorption was recorded.

il. RESULTS

Both 347 and 304 stainless-steel samples gave identical
and reproducible TDS spectra, with only slight variations in
their intensities. Over 20 TDS spectra were recorded. The
desorbed gases observed were mainly H, and CO, along with
small quantities of H0, CH, and CO,. Figure 1 shows the
TDS spectra of CO [Fig. 1(2)] and H, [Fig. 1(b)] for 347
stainless steel following a bakeout of 250 °C for 24 h. The
desorption spectra for 304 stainless steel, following a similar
bakeout, are shown in Fig. 2. The lower curve in each figure
shows the thermal desorption upon the subsequent heating
(second flash) of the sample following cooldown from the
first flash. Each of the TDS spectra in Figs. 1 and 2 was
recorded in a separate TDS run.

A. CO desorption

The desorption spectra for CO [Figs. 1(a) and 2(a)] con-
sists of a sharp “leading” peak with its maximum in the
temperature range 410—440 °C and an exponentially increas-
ing part for temperatures higher than 500 °C. There is also a
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FiG. 2. Thermal desorption spectra of (a) CO and (b) H, from stainless steel
304 after a bakeout at 250 °C for 24 h.
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small peak in the temperature range 580-610 °C which ap-
pears as a shoulder on the exponentially increasing part of
the spectrum. The second flash [the lower curves in Figs.
1(a) and 2(a)] produces the same exponentially rising desorp-
tion that is observed in the first flash. Repeated flashes fol-
lowing the second flash produce the same desorption spec-
trum with progressively decreasing intensities, indicating
that this exponentially rising feature is most likely due to
desorption from the bulk. The CO desorption spectra pre-
sented here are in agreement qualitatively with that reported
by Fujita and Homma’ for desorption of CO from an elec-
tropolished, unbaked 304 stainless steel. The leading peak in
their desorption spectrum, with a full width at half-maximum
(FWHM) of ~230 °C, was centered at ~470 °C, and the
shoulder peak appeared at ~690 °C, superimposed on an ex-
ponentially rising part. Contrary to this spectrum, Mathew-
son et al.® have observed three peaks in their spectra from a
baked 304 stainless steel: a very weak peak at ~100 °C, and
two broad peaks centered at 332 and 485 °C. The last peak is
in good agreement with the corresponding peak in our spec-
tra and to that of Fujita and Homma, considering the differ-
ences in the heating rates used for the thermal desorption. No
desorption peak at ~332°C was observed in our experi-
ments; but a small peak at ~100 °C was positively identified
as originating from the heating wires. Mathewson et al. have
reported that the exponentially rising part in their desorption
spectra was mainly due to the desorption of bulk nitrogen. In
our spectra the exponentially rising part was definitely due to
desorption of CO, as determined by monitoring the second-
ary peaks in the cracking pattern of CO.

The FWHM for the leading peak in our CO desorption
spectra is ~105 °C. Such a narrow width suggests that this
peak is a desorption peak with a single activation energy.
Since this peak is separated enough from the exponentially
rising part of the desorption spectrum, it may be represented
by the following expression:'!

de . E;

Rd——z—l}f) exp(—ﬁ), (1)
where R, is the rate of desorption per unit surface area, @ is
the adsorbate fractional coverage, ¢ is the time, v is the pre-
exponential factor, n is the order of desorption, E; is the
activation energy of desorption, R is the gas constant, and T
is the temperature. If £, and v are coverage independent, an
Arthenius plot of In(R,/8") versus 1/T is expected to be a
straight line for the correct order of the desorption reaction.!?
When the recorded thermal desorption profile is proportional
to the desorption rate, the total area under a desorption peak
is proportional to the initial surface coverage for that peak,
and the coverage at temperature 7 is the total coverage mi-
nus the area integrated from the onset of the peak to tem-
perature 7. Since in our spectra only the high temperature
part of the desorption peak overlaps with the exponentially
rising part of the desorption spectrum, it was possible to
estimate the total area under the peak and calculate the cov-
erage in the temperature range from 340 to 488 °C by nu-
merically integrating the desorption peak. Figure 3(a) shows
the plot of In(R,/8") versus 1/T generated from the data in
Fig. 1(a) for n=2, that is, for a second-order reaction. The
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FiG. 3. Plot of In(R,/6%) vs UT for (a) the CO desorption spectrum [Fig.
I{a)] in the temperature range from 340 to 488 °C and (b) the H, desorption
spectrum [Fig. 1(b)] in the temperature range from 310 to 460 °C. The
solid-circle data points were generated from the desorption spectra. The
solid lines are linear fits to these data points.

data generated for n=1 (first-order reaction) do not produce
a linear plot. Plots similar to Fig. 3(a) generated from the
TDS spectra for all 304 and 347 samples used in this work
show very good linearity and yield an activation energy of
282 kcal/mol. This desorption energy is higher than those
reported in the literature'>'* for the desorption of CO from
stainless steel. The discrepancy may be explained on the ba-
sis of differences in the experimental conditions and the
method of data analysis. Strausser'* reported a value of 17.7
kcal/mol for the desorption of CO from a baked 304
stainless-steel surface. This value was calculated from the
outgassing data collected during a cool-down period follow-
ing a bakeout, where it was assumed that during this period
the surface coverage would be constant. Therefore, the value
reported by Strausser can only be considered as an order of
magnitude for the desorption energy. In another
measurement,”” CO was adsorbed on an ion sputtered 304
stainless-steel surface. Laser-induced thermal desorption was
used to study the desorption of CO. A desorption energy
varying from 22 to 17 kcal/mol was calculated assuming
first-order kinetics for the desorption of CO from iron which
dominates the composition of a clean stainless-steel surface.
However; this assumption is not well justified because both
molecular and dissociative adsorptions take place on iron
surfaces at room temperature. '’

The amount of gas desorbed during thermal desorption
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can be calculated from the following relation:'!

V o
N=AkT0~r fo AP dt, 2)

where N is the number of particles per unit surface area of
the sample, AP is the pressure increase resulting from de-
sorption, 7 is the characteristic pumping time (volume/
pumping speed) of the system, V is the volume of the sys-
tem, A is the surface area of the sample, k is Boltzmann’s
constant, and T is room temperature. Using the above rela-
tion, the amount of desorbed CO gas corresponding to the
leading peak in the thermal desorption spectra was calculated
to be ~0.5x 10" molecules/cm?® of the sample geometrical
surface area. This value is much smaller than monolayer
quantities, supporting the fact that the CO desorption corre-
sponding to the this desorption peak is originating from the
surface layer on stainless steel.

In a recent study“S of the removal of CO from 304 stain-
less steel by argon glow discharge, it has been shown that the
CO removal is desorption controlled in the initial part of the
glow discharge and diffusion controlled in the later part. This
seems to be in accord with our desorption spectra: the sharp
leading peak observed in the temperature range 410-440 °C
corresponds to the desorption controlled part of the CO re-
moval process, and the exponentially rising part corresponds
to the diffusion controlled part of the process. The initial
coverage of CO on a polished, baked surface has been esti-
mated to be 1.8x10" molecules/cm? in the above study,
which compares well with our estimated value of 0.5X 101
molecules/cm?; the difference between the two values may
well be due to differences in sample pretreatment and bake-
out, which were not reported.

B. H, desorption

The desorption spectra for H, [Figs. 1(b) and 2(b)] consist
of a main peak that starts at ~190 °C and reaches its maxi-
mum at a temperature between 410 and 440 °C with a
FWHM of 195 °C. There are also two shoulder peaks at
~500 and 650 °C which are superimposed on the main peak.
A slowly rising component is also present, as evidenced by
the second flash spectra. This component appears to be due
to the diffusion of hydrogen from the bulk since successive
flashes following the second flash give rise to progressively
decreasing intensities for hydrogen desorption. Fujita and
Homma’ have observed three peaks at 500, 603, and 650 °C
along with an exponentially rising component for the desorp-
tion of H, from an electropolished, unbaked 304 stainless
steel. These features are again qualitatively in agreement
with those in our spectra. No H, thermal desorption data for
baked stainless steels were found in the literature. It appears
that the majority of the desorbed H, in the TDS spectra re-
ported here, ie., the desorption corresponding to the main
peak, originates from the oxide layer that is present on the
surface before flashing the sample to 800 °C. This is sup-
ported by the fact that when the sample was subjected to a
repeat of the same polishing, degreasing, and bakeout proce-
dure (as outlined in the previous section) before each TDS
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run, the successive TDS runs from the same sample pro-
duced identical spectra without any decrease in the intensity.

Since a large portion of the main desorption peak is iso-
lated from other features of the spectra, it was possible to use
the same analysis method that was used for the analysis of
CO desorption peak, as outlined in the previous section, to
determine the activation energy of desorption and order of
desorption. A plot of In(R,/ @) versus 1/T, as shown in Fig.
3(b), in the temperature range from 310 to 460 °C showed
good linearity for n=2, i.e., for a second-order reaction, and
yielded a value of 14+2 kcal/mol for the mean activation
energy of desorption. From this value the estimated activa-
tion energy of desorption per hydrogen atom is 7%2 kcal/
mol which is substantially smaller than the activation energy
for bulk diffusion of hydrogen in 347 stainless steel: 11.5
kcal/mol.!” This is, further, in accord with the observation
that the main desorption peak originates from the surface
oxide layer.

The total amount of desorbed H, gas was ~1.9%x10"
molecules/cm? of the geometrical area. This value is approxi-
mately equivalent to one monolayer, considering the fact that
surface roughness can be as high as 2.4.'® This again indi-
cates that the hydrogen desorption originates from the sur-
face layer on stainless steel, with only small contributions
from the bulk diffusion.

C. Surface characterization

The composition of stainless-steel surfaces changes dras-
tically with temperature.” Figure 4 shows the Auger spectra
of one of our 347 stainless-steel samples at different stages
before and after a thermal desorption run. The spectrum ob-
tained before the bakeout [Fig. 4(a)] is dominated by peaks
corresponding to carbon, oxygen, and iron. The surface layer
in this case consists of oxides and possibly hydroxides of
iron and chromium covered with a carbon contamination and
traces of chlorine. The oxygen signal is partly due to the
oxygen in the oxides and partly due to the oxygen in water
and hydroxides. After the vacuum bakeout [Fig. 4(b)] the
surface is heavily covered with carbon. The chromium con-
centration has increased substantially and the iron peaks
have disappeared from the spectrum. This suggests that dur-
ing the bakeout, as the water and hydroxides are removed,
chromium diffuses to the surface and forms Cr,05. This is
consistent with the work of Park et al.'® who, using soft
x-ray appearance potential spectroscopy, observed an in-
crease in the characteristic spectrum of this oxide after a
bakeout at 200 °C. After the sample is heated to 800 °C [Fig.
4(c)] the carbon layer and oxygen virtually disappear due to
desorption of CO and incorporation of carbon and oxygen
into the bulk. Subsequently, the available surface sites permit
sulfur segregation, the iron and chromium peaks increase,
and the nickel peaks become observable. Park et al. also
have shown that the observed chromium spectrum after heat-
ing the sample to 500 °C for several hours changed to that of
a pure chromium, suggesting the decomposition of this oxide
at high temperatures.
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FIG. 4. Auger electron spectra from stainless steel 347; (a) before bakeout,
(b} after a bakeout at 250 °C for 24 h, and (c) after heating to 800 °C at a
rate of 3 °C/s.

IV. DISCUSSION

The outgassing from an unbaked stainless-steel surface is
dominated by water. According to Li and Dyla,? this out-
gassing originates primarily from H,O and H, sorbed in the
surface oxide layer. On the other hand, the outgassing from a
baked stainless-steel surface is dominated by hydrogen; the
amount of desorbed hydrogen calculated from our TDS data
is approximately 38 times the amount of desorbed CO.

The second-order behavior of CO desorption from stain-
less steel is somewhat surprising, since CO desorption is
usually assumed to follow first-order kinetics.®!3:14 However,
no work in the literature could be found that addresses the
kinetics of desorption of CO from a baked stainless-steel
surface. The second-order behavior suggests that the rate-
limiting step for the desorption is not the simple release of
CO molecules from the surface, but rather a surface chemical
reaction producing the CO molecules. This does not neces-
sarily imply that the adsorption of CO on stainless steel is
dissociative. There is, in fact, no reason to believe that any
significant adsorption of residual CO gas takes place during
or after the bakeout because the surface layer is fully oxi-
dized. During the bakeout most of the water and hydroxides
present in the oxide layer are desorbed and the surface com-
position is dominated by iron and chromium oxides (prima-
rily Fe,0; and Cr,0,) covered with a layer of carbon, as seen
from the Auger spectrum in Fig. 4(b). The carbon layer is
most likely due to segregation of carbon from the bulk dur-
ing the bakeout. Carbon monoxide does not adsorb on
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Fe,0,,% and similar behavior is expected for Cr,0;. Further,
the adsorption of CO on carbon is insignificant.?

The exponentially rising part of the CO desorption 1is
probably caused by the reaction of carbon that diffuses from
the bulk at elevated temperatures with oxygen from oxides in
the surface layer as well as with oxygen that possibly dif-
fuses also from the bulk.

The main peak in the H, TDS spectra also follows a
second-order kinetics which suggests that the rate-limiting
step for this peak is the formation of H; molecules in the
surface layer from the atomic hydrogen present in the oxide
layer. The contribution of bulk diffusion of hydrogen is much
smaller than the contribution of hydrogen from the oxide
layer, since the intensity of the desorption peak is indepen-
dent of the number of times a sample is subjected to heating
to 800 °C. In other words, the desorption is almost the same
even from a sample devoid of bulk hydrogen.

V. CONCLUSION

Both 304 and 347 stainless-steel surfaces that have been
subjected to a vacuum bakeout gave identical TDS spectra
for H, and CO. The amount of desorbed gases corresponding
to the leading peaks in these spectra was ~0.5x 10! carbon
monoxide molecules and 1.9X 10" hydrogen molecules/cm?
of the geometrical surface area. These values suggest that the
desorbed gases originate mainly from the surface layer, with
possible small contributions from the bulk diffusion in the
case of hydrogen. This is further supported by the observa-
tion that the amount of desorbed H, was almost independent
of the concentration of hydrogen in the bulk. The leading CO
desorption peak displayed a second-order desorption behav-
ior with an activation energy of 28+2 kcal/mol, suggesting
that the rate-limiting step in the desorption of CO is most
likely a surface chemical reaction that produces the CO mol-
ecules in the surface layer. The TDS spectrum of CO in-
cluded an exponentially rising part for temperatures higher
than 500 °C which most likely stems from a bulk diffusion
process that persists with a decreasing intensity even after
repeated heating of the sample to 800 °C. This is probably
caused by the diffusion of carbon from the bulk and forma-
tion of CO in the surface layer. The main H, desorption peak
also displayed a second-order desorption behavior with a
mean activation energy of 14+2 kcal/mol, which suggests
the rate-limiting step for this peak is the formation of H,
molecules on the surface from atomic hydrogen present in
the surface oxide layer.
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