
Organic molecules on zirconium surfaces
N. Stojilovic and R. D. Ramsiera)

Departments of Physics, Chemistry, and Chemical Engineering, The University of Akron, Akron, Ohio 44325

~Received 9 October 2003; accepted 1 March 2004; published 21 July 2004!

In this work, the behavior of Zr~0001! exposed to benzene (C6H6) and deuterated methanol
(CD3OD) is discussed. Relatively simple surface kinetics for the C6H6 /Zr(0001) and
CD3OD/Zr(0001) systems are observed, with only molecular desorption detected in thermal
desorption experiments. We attribute this to the presence of a passivating layer of carbon formed by
the initial decomposition of these species on the reactive Zr~0001! surface. Following adsorption at
150 K, benzene desorbs at about 715 K, whereas methanol desorbs near 600 K. An increase in
adsorption temperature of 20 K for C6H6 and of 10 K for CD3OD lowers desorption yields
significantly. An increase in surface oxygen is observed by Auger electron spectroscopy~AES! after
exposure to benzene, possibly due to surface-carbon/subsurface-oxygen exchange. AES indicates
that carbon stays in the near-surface region after thermal desorption, but that oxygen diffuses into
the bulk in both cases. ©2004 American Vacuum Society.@DOI: 10.1116/1.1723308#
us
lve
ac
is
at
if

ur
at
n

le
lt
n
io
s
c

th
ty
th
tr

tie

in

y

m
re
ur

ot-
is

old
eri-
tter
a

ed
Au-

-

e to
ing–

K
by
t at

re

eral
s of
try.

on
-

ting
he

ep-
ED
I. INTRODUCTION

Zirconium can take relatively large quantities of vario
atoms into solid solution, and, upon heating, these disso
atoms may return to the surface and participate in surf
processes. When this happens, it usually makes analys
thermal desorption kinetics very difficult. It is known th
high-temperature annealing causes oxygen and carbon d
sion into the bulk,1 but on the other hand, induces sulf
segregation to the surface.2 It has also been observed th
surface oxygen enhances the segregation of bulk hydroge
zirconium surfaces.3,4 Results from our laboratory, involving
nitrogen- and oxygen-containing species,5,6 also demonstrate
the complex surface chemistry of this metal. For examp
Zr~0001! exposure to both ammonia and nitric oxide resu
in the thermal desorption of water and a strong depende
of the desorption peak temperature on adsorpt
temperature.6 Even though some impurity carbon wa
present in these previous studies, it did not prevent surfa
bulk diffusion and exchange of oxygen and nitrogen.

One of our goals is to gain a better understanding of
surface-bulk diffusion and of the involvement of impuri
atoms in surface kinetics on zirconium surfaces. In
present effort, we investigate zirconium surface chemis
when carbon is present by exposing Zr~0001! surfaces to
organic molecules. We have chosen C6H6 and CD3OD as
probe species in this case. We will discuss the similari
between the C6H6 /Zr(0001) and CD3OD/Zr(0001) systems
and compare our findings with those for nitrogen-contain
molecules on Zr~0001! surfaces.

II. EXPERIMENTAL DETAILS

The Zr~0001! single crystal used in these studies is a c
lindrical disk polished on one side to 0.03mm with uncer-
tainty in orientation of less than 1°. The crystal is 1 m
thick and has a 3 mmradius. Two type-E thermocouples a
spot-welded to the sample and are part of a temperat

a!Electronic mail: rex@uakron.edu
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controlled feedback loop. Two tantalum wires are also sp
welded to the sample, providing dc heating. The sample
cooled by a copper braid attached to a liquid-nitrogen c
finger. The stainless steel UHV system used in these exp
ments is pumped by a turbomolecular pump, an ion ge
pump, and a titanium sublimation pump together with
liquid-nitrogen-cooled cold trap. The chamber is equipp
with a quadruple mass spectrometer and retarding-field
ger electron spectroscopy~AES!/reverse-view low-energy
electron diffraction~LEED! optics. More detailed descrip
tions of the chamber are available elsewhere.7,8

Cleaning the sample of residual carbon after exposur
benzene and methanol requires repeated sputter
annealing cycles. For sputtering, Ar~99.9999%, 2 keV,
2 mA cm22) ion bombardment at;331026 Torr is used.
Following sputtering, the sample is then annealed to 840
for 2 min. The cleanliness of the sample is monitored
AES, with carbon and oxygen surface contaminants kep
our previously reported ‘‘clean’’ surface levels.9

Following backfilling of the chamber, all experiments a
conducted at or below a base pressure of;3310210 Torr.
Liquid benzene (C6H6 , 99.0%! and methanol (CD3OD,
99.8%! are used as sources for the backfilling gases. Sev
freeze–pump–thaw cycles are performed and the puritie
both backfilling gases are monitored by mass spectrome
The pressure during backfilling is controlled by a precisi
leak valve and is kept at;331028 Torr. Exposures are ex
pressed in Langmuir (1L51026 Torr s) units, with no cor-
rection for ion-gauge sensitivity.

Temperature-programmed desorption~TPD! as well as
stepwise annealing experiments are conducted with a hea
rate of 1.8 K/s, with AES spectra taken after cooling t
sample down to 150 K. Additionally for C6H6 /Zr(0001), the
structures of adsorbed layers are probed by LEED~60 eV,
2 mA cm22). These experiments are also performed in st
wise annealing fashion at the same heating rate, with LE
images recorded digitally at 150 K.
16314Õ22„4…Õ1631Õ5Õ$19.00 ©2004 American Vacuum Society
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III. RESULTS AND DISCUSSION

A. TPD

Figure 1 presents TPD spectra of C6H6
1 following expo-

sure of Zr~0001! to C6H6 at two temperatures. Exposures
2.6 L at 150 K and 2.9 L at 170 K are shown as examp
Regardless of adsorption temperature, benzene desorbs
715 K. Note the difference in the amount of desorbing b
zene for different adsorption temperatures. Slightly lower
posure to benzene results in significantly higher desorp
yield due to lower adsorption temperature. Exposure at lo
temperature is usually associated with a higher sticking
efficient with surfaces being less aggressive toward disso
tion of adsorbed molecules.

Figure 2 shows methanol (CD3OD) TPD spectra follow-
ing exposures at 150 and 160 K. Regardless of adsorp
temperature methanol thermally desorbs near 600 K.
proximately the same exposures at two different tempe
tures result in a significantly different amount of desorbi
methanol. As in the case of benzene on Zr~0001!, a lower
adsorption temperature produces a higher desorption y
Presumably a lower sticking coefficient at the higher adso
tion temperature and the ability of Zr~0001! to dissociate
adsorbed species are responsible for these observations

Figures 1 and 2 are presented with the same vert
scales and similarities of the TPD spectra are apparent. P
profiles and heights are similar for similar exposures, and
amount of desorbing species is adsorption temperature
pendent. Additionally, in both cases, the adsorbed molec

FIG. 1. C6H6
1 TPD spectra following exposure of Zr~0001! to benzene: 2.6

L at 150 K and 2.9 L at 170 K.
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are the only desorbing species and desorption kinetics
semble those of first order. Changes in adsorption temp
ture have practically no effect on desorption temperature

However, previous experiments on NH3 /Zr(0001) and
NO/Zr~0001!6 reveal that higher adsorption temperatures
sult in higher desorption yields, opposite to what we obse
for benzene and methanol on Zr~0001!. Previously, it was
also found that different adsorption temperatures resulte
different desorption peak temperatures for nitroge
containing species. Finally, in addition to ammonia deso
tion from NH3 /Zr(0001), the desorption of water is als
detected, indicating participation of oxygen from beneath
surface. Therefore, the interaction of organic molecules w
Zr~0001! is very different than for nitrogen-containing sp
cies, particularly NH3 and NO.

Figure 3 shows C6H6 and CD3OD integrated peak area
versus exposure following adsorption at 170 and 160 K,
spectively. Relatively low exposures of up to 6 L are show
Recall that exposure of Zr~0001! to benzene~Fig. 1! and
methanol~Fig. 2! at higher adsorption temperature reduc
desorption yield. However, Fig. 3 indicates that a 10
higher adsorption temperature for benzene compared to
of methanol results in slightly greater TPD yields of benze
This is probably the consequence of a greater sticking c
ficient and stability of benzene on Zr~0001! compared to
methanol.

Both C6H6 and CD3OD exposures up to 1 L yield no
thermal desorption peak, indicating dissociation of the fi
adsorbed layer~s!. We are unable to determine whether d
sociation occurs during adsorption or upon subsequent h

FIG. 2. CD3OD1 TPD spectra following exposure of Zr~0001! to methanol:
2.3 L at 150 K and 2.2 L at 160 K.
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ing, or the exact coverage. Our AES data~to be presented
subsequently! for C6H6 /Zr(0001) show that exposures o
less than 2 L result in an increased oxygen content on
surface. An exchange of carbon with subsurface oxyge
proposed to explain this result, which indicates that m
ecules most likely dissociate as they are adsorbed. Th
consistent with the high reactivity of zirconium. Notice
Fig. 3 that the integrated peak areas increase monotonic
with exposure, and no saturation in thermal desorption
observed. It should be noted that for ammonia6,9 and nitric
oxide6,8 relatively high exposures of more than 20 L a
needed for well-defined desorption features to deve
whereas for benzene and methanol, much lower expos
are needed.

B. AES

Figure 4 presents derivative-mode Auger electron spe
of C6H6 /Zr(0001). All measurements are taken after ste
wise annealing followed by cooling the crystal to 150
Figure 4 focuses on C~KLL, 272 eV! and O~KLL, 512 eV!
Auger features. Note that even the cleaned surface con
some carbon and oxygen as a consequence of the gett
nature of zirconium. Exposure of Zr~0001! to 1.7 L of ben-
zene does not seem to change the C~KLL! feature, but results
in an increase in surface oxygen. Spectra for this relativ
low exposure are shown since the increase in oxygen con
is pronounced for exposures less than 2 L.

Even though no apparent increase in the C~KLL! feature is
notable in Fig. 4, the C~KLL, 272 eV!/Zr~MNN, 94 eV! Au-
ger peak-to-peak height ratio~not shown! increases since th

FIG. 3. Integrated desorption areas of benzene~solid points! and methanol
~hollow points! from Zr~0001! surfaces following benzene adsorption at 1
K and methanol adsorption at 160 K, respectively.
JVST A - Vacuum, Surfaces, and Films
e
is
l-
is

lly
is

p,
es

ra
-

ins
ing

ly
nt

Zr~MNN! feature is reduced due to electron attenuat
caused by the adsorbates. On the other hand, an increa
surface oxygen is obvious in the actual spectra. For low
exposures very little or no thermal desorption of benzen
observed, and we propose that upon formation of the fi
adlayer~s!, benzene dissociates and an exchange of sur
carbon with subsurface oxygen occurs.

Carbon occupying sites beneath oxygen was also
served for CO on polycrystalline zirconium.10

Annealing to 550 K does not change the AES features
carbon and oxygen significantly, but further annealing to 7
and 860 K increases the C~KLL! and diminishes the O~KLL!
Auger features. Since no desorption of oxygen-contain
species is observed, the disappearance of the oxygen
feature is attributed to oxygen diffusion into the crystal la
tice. Note that unlike O~KLL!, the C~KLL! feature is always
detected in our experiments. This is due to the significan
slower diffusion rate of carbon into the bulk as compared
that of oxygen.11

Data in Fig. 5 are presented in a similar fashion to tho
in Fig. 4. Here, Auger electron spectra of CD3OD/Zr(0001)
are shown for comparable annealing temperatures upon c
ing the sample down to 150 K. The behavior is similar to th
after benzene exposure. A larger carbon signal is obse

FIG. 4. Derivative-mode AES features of carbon~KLL, 272 eV! and oxygen
~KLL, 512 eV! taken from C6H6 /Zr(0001) after stepwise annealing an
then cooling the crystal down to 150 K.
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following annealing to 650 or 800 K than immediately aft
exposure to methanol at 150 K. High-temperature annea
like in the case of C6H6 /Zr(0001), causes diffusion of sur
face oxygen into the bulk.

C. LEED

No superstructure LEED patterns of C6H6 /Zr(0001) are
observed for various exposures in the 1–6 L range and b
zene adsorption results in only diffuse (131) patterns. It
should be mentioned that other metals with the same sur
structure, such as Ru~0001!,12,13 Os~0001!,14 and Co~0001!15

all develop superstructure LEED patterns after exposur
C6H6 . The response of Zr~0001! to adsorbed C6H6 obvi-
ously differs from these surfaces and is most likely a con
quence of the reactive nature of zirconium and its ability
take large quantities of various atoms into solid solutio
Presumably it is the presence of all three species, C, H,
O, that determines the structure of adsorbed layer. We sh
mention that there is a possibility of formation of a (
31)-C structure as was observed for C2H4 /Zr(0001),16 but
we did not perform LEED intensity analysis to verify this

FIG. 5. Derivative-mode AES features of carbon~KLL, 272 eV! and oxygen
~KLL, 512 eV! taken from CD3OD/Zr(0001) after stepwise annealing an
then cooling the crystal down to 150 K.
J. Vac. Sci. Technol. A, Vol. 22, No. 4, Jul ÕAug 2004
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D. Possible implications

Previous studies of other~non-carbon-containing! small
molecules on Zr~0001! all indicate that dissociative adsorp
tion is accompanied by surface/subsurface exchange and
fusion mechanisms which significantly influence the resu
ing surface chemistry. In those cases, oxygen, hydrogen,
nitrogen are considered to be mobile not only on the surf
but within the subsurface regions, which results in stro
temperature-dependent effects and complicated kinetics.
data we have thus far for carbon-containing species are
sistent with this picture, in that:

~1! AES indicates an increase in oxygen at the surface
lowing benzene adsorption that is pronounced at low
posures,

~2! very little desorption is observed at low exposures, a
~3! heating causes thermal desorption, after which the

bon content at the surface does not change significan
whereas the oxygen content decreases.

All of these observations are indicative of dissociative a
sorption and surface/subsurface exchange.

However, we propose that in the present cases, car
essentially passivates the surface and/or increases the a
tion energy for subsequent diffusion of oxygen and hyd
gen. This would explain why we observe relatively simp
thermal desorption behavior with both methanol and b
zene, as compared to ammonia, nitric oxide, water, and o
gen. By simple we mean that only molecular desorption
observed, that TPD yields can be understood with a sim
sticking coefficient model, and that there is no strong dep
dence of desorption temperature on adsorption tempera
Thus, the present work implies that the behavior of subs
face species and impurity atoms cannot be neglected as
pursue a more quantitative understanding of the surf
chemistry of zirconium.

IV. SUMMARY

In the present article we have discussed the interactio
benzene (C6H6) and methanol (CD3OD) with Zr~0001!. For
exposures in the 150–170 K range, we find the thermal
sorption kinetics of these two molecules to be very simil
Namely, there is no thermal production of new species,
the molecular desorption peak temperatures are unaffe
by adsorption temperature for both systems. Higher ads
tion temperatures result in lower desorption yields for bo
species. However, benzene desorbs at about 115 K hi
temperature than methanol and with a slightly greater
sorption yield. Oxygen diffuses into the bulk during anne
ing, whereas carbon stays in the near-surface region.
C6H6 /Zr(0001), an increase in oxygen content in the ne
surface region is observed after adsorption, presumably
flecting surface-carbon/subsurface-oxygen exchange at
exposures. The presence of carbon in the subsurface re
seems to play a role in the simple surface kinetics obser
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for these organic molecules on Zr~0001! as compared to the
complicated kinetics that we have observed previously
nitrogen-containing species.
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