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Abstract

Interaction of methanol (CD3OD) with Zr(0 0 0 1) is studied by temperature programmed desorption (TPD), Auger electron

spectroscopy (AES) and secondary electron emission crystal current (SEECC) methods. We find that a 10 K difference in

adsorption temperature (150 K versus 160 K) alters the amount of desorbing species with no effect on desorption temperature.

Higher adsorption temperature results in lower desorption yield. Regardless of adsorption temperature, methanol desorbs at

�600 K at higher exposures, with almost no desorption at lower exposures. AES reveals a different evolution of carbon and

oxygen signals during heating with carbon being left near the surface region and oxygen dissolving into the subsurface/bulk.

Variations in crystal current reflect the presence of the adsorbed species.

# 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Zirconium is chemically very reactive with respect

to light elements such as H, C, and O and to small

molecules containing these constituents. This can be

rationalized based on its reduction potential of �1.5 V

at standard temperature and pressure, in comparison to

metals such as Cu, Ni, or Zn, that have reduction

potentials of þ0.34, �0.26, and �0.76 V, respectively

[1]. In addition, zirconium also has a high affinity for

taking these light elements into solid solution. The

solid solubility of oxygen in zirconium, for example,

goes up to �30 at.% [2]. Applications of zirconium

and zirconium-based alloys are numerous and are

usually based on the properties of the oxide films

formed on the exposed surfaces. Because of their high

refractive index, these oxide films are used as optical

coatings. On the other hand, because of a high dielec-

tric constant [3], wide band gap and thermodynamic

stability on Si [4], zirconium oxide is being considered

as a replacement for SiO2 as a gate dielectric in

transistors. Finally, due to excellent corrosion resis-

tance, zirconium is used in the nuclear industry as a

structural material as well as in the chemical and

biomedical communities.

Strong agents such as NaOH and H2S that induce

stress corrosion cracking (SCC) in a variety of metals

do not affect zirconium. In addition, zirconium is

immune to attack by sea water and MgCl2 that cause

SCC in stainless-steels [5]. However, the corrosion

resistance of this metal is affected by impurities such

as carbon, and it is known that zirconium becomes

susceptible to SCC when exposed to some organic

liquids such as methanol [5]. As part of an effort to

understand the behavior of zirconium alloys in the

presence of organic compounds, we present a study of
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the interaction of methanol (CD3OD) with Zr(0 0 0 1)

under ultrahigh vacuum (UHV) conditions.

Our recent studies of Zr(0 0 0 1) reveal that various

species such as water [6], ammonia [7], nitric oxide [8],

and oxygen [9] dissociate upon adsorption in the 150–

190 K range. Very complex desorption kinetics have

been observed in all of these studies that could not be

explained by standard desorption models. In the present

study, we further investigate the desorption kinetics that

this surface exhibits and focus on new features asso-

ciated with exposure to carbon-containing species.

2. Experimental

All experiments are carried out in a stainless-steel

UHV chamber at pressures �2:7 � 10�8 Pa. Detailed

descriptions of this UHV system can be found else-

where [6]. Summarily, the system is pumped by ion

getter and titanium sublimation pumps with a liquid-

nitrogen-cooled cold trap. A main gate valve separates

a turbomolecular pump from the main chamber. The

Zr(0 0 0 1) single crystal has cylindrical shape with a

thickness of 1 mm and a radius of 3 mm. One side of

the crystal is polished to 0.03 mm and has an uncer-

tainty in orientation less than 18. Two thermocouples

(type-E) spot-welded to the sample are part of a

temperature-controlled feedback loop. Tantalum wires

spot-welded to the sample provide dc heating and a

copper braid connected to a liquid-nitrogen cold finger

provides cooling of the sample.

Sample cleaning is carried out by 2 h sputtering

cycles (2 keV, 2 mA/cm2) followed by annealing to

840 K for 2 min. This is done after each exposure to

methanol until the C (KLL, 272 eV)/Zr (MNN, 94 eV)

and O (KLL, 512 eV)/Zr (MNN, 94 eV) Auger ratios

return to the ‘‘clean’’ surface values [10]. The reactive

nature of zirconium makes it nearly impossible to

achieve and maintain an atomically clean surface with

respect to oxygen and carbon without using higher

annealing temperatures. This will be discussed in later

sections. Methanol-d4 (D, 99.8%) is introduced into

the chamber from a glass bulb through a stainless-steel

gas handling system using a precision leak valve. The

turbomolecular pump is used for pumping the gas line

prior to every experiment. Methanol is purified by

freeze–pump–thaw cycles and the purity of the dosing

gas is monitored by a quadrapole mass spectrometer

(QMS). Backfilling is carried out at two different

temperatures, 150 and 160 K. All methanol cracking

fragments detected during backfilling are also

observed in temperature programmed desorption

(TPD). No 44 amu (CO2) or other unexpected signals

are observed during exposure or TPD.

During backfilling and TPD, m/e values are mon-

itored by the QMS positioned in line-of sight to the

sample surface. The heating rate during TPD is 1.8 K/s.

To avoid systematic errors, exposures to methanol are

performed in random order. The secondary electron

emission crystal current (SEECC) measurements

[11,12] are performed using the Auger electron gun

(3 keV, 15 mA/cm2). Auger electron spectroscopy

(AES) and SEECC data are collected at 150 K after

stepwise annealing, which is performed with the same

heating rate as in TPD. SEECC values are taken before

each Auger scan using an ammeter connected in series

between ground and the sample.

3. Results and discussion

Decomposition of methanol on various transition

metal surfaces has been reported and higher tempera-

tures are found to stimulate decomposition of this

molecule. Following adsorption at 100 K it dissociates

on Pt(1 1 1) above 140 K to carbon monoxide and

hydrogen atoms [13], but is found to be stable on

Ni(1 1 0) surfaces up to �150 K [14]. A recent study

of adsorption at 153 K on TiC and VC(1 0 0) surfaces

reveals that methanol evolves during heating through

molecular and recombinative desorption channels

[15]. Room temperature adsorption on ZrC(1 0 0) is

found to be molecular whereas on ZrC(1 1 1) it is

dissociative [16]. Study of CH3OH on Al(1 1 1) [17]

reveals the formation of methoxy species during heat-

ing multilayers to �170 K, which then decompose

upon further heating and desorb as CH4 and H2. Here,

it was reported that the work function of aluminum

decreases significantly upon methanol adsorption and

that oxygen is left on the surface after annealing.

Isotopic (CD3OD) methanol is chosen in the present

study so that overlap of possible O2
þ and CH3OHþ

32 amu signals is avoided. Detected 36 amu signals in

our experiments are therefore due to desorption of

CD3ODþ species only, and we do not find evidence for

oxygen desorption. Fig. 1 shows a set of 36 amu spectra
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during TPD following methanol adsorption at 150 K.

Exposures below 1 L (1 L ¼ 1:3 � 10�4 Pa s) produce

essentially no desorption of methanol due to decom-

position during formation of the first monolayer(s). At

larger exposures, an increase in desorption yield with

exposure is observed with a desorption peak maximum

at about 600 K. Fig. 2 presents desorption spectra

following backfilling at 160 K. An increase in adsorp-

tion temperature of 10 K does not alter desorption

temperatures significantly as in the case of exposure

to nitric oxide [8] or ammonia [7], but only results in

desorption yield changes. CD3OD desorption yields for

these two temperatures are presented in Fig. 3. This

figure shows that greater desorption yields occur for

lower adsorption temperatures. This can be explained

based on the sticking coefficient of methanol on

Zr(0 0 0 1) and on decomposition of this molecule upon

adsorption. The sticking coefficient is higher at lower

temperature whereas higher temperature causes more

dissociation. However, it is unknown at present which

factor contributes more in our data.

These methanol data indicate relatively simple

desorption kinetics without participation of subsur-

face/bulk species previously observed after exposure

of Zr(0 0 0 1) to NH3 and NO [7,8]. Earlier we found

that by varying adsorption temperatures we could alter

desorption temperatures in such a way that a higher

adsorption temperature resulted in a lower desorption

temperature. Higher adsorption temperatures also

resulted in greater TPD yields of species desorbing

from Zr(0 0 0 1) surfaces. A phenomenological model

accounting for these observations has been proposed

[18]. It assumes decomposition of adsorbing species

and partial exchange of surface and subsurface/bulk

species (N, O and H). Relatively broad desorption

features have been rationalized by diffusion-driven

desorption mechanisms in these previous cases.

Accordingly, the relatively sharp desorption features

of methanol indicate that surface species play a major

role in desorption kinetics that are not limited by

subsurface diffusion. Based on first-order desorption

kinetics and assuming a value for the pre-exponential

Fig. 1. Methanol (CD3ODþ) TPD spectra following 150 K

methanol adsorption on Zr(0 0 0 1) surfaces.

Fig. 2. Methanol (CD3ODþ) TPD spectra following 160 K

methanol adsorption on Zr(0 0 0 1) surfaces.
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factor of 1013 s�1, we calculate the activation energy

for desorption of methanol to be �160 kJ/mol at

higher exposures.

Based on our AES and SEECC measurements, we

propose that in the present case carbon remains in the

near surface region after TPD. This is consistent with a

study of CO on polycrystalline zirconium that revealed

carbon occupying the region just beneath the outer-

most zirconium layer [19]. It is reasonable to assume

that carbon alters the activation energy for bulk/sur-

face diffusion, which would explain why we find no

evidence of significant mass transport effects in TPD.

It is important to note that we observe no shifts in the

Zr Auger features that would indicate surface oxida-

tion during our experiments with methanol.

We compare C (KLL, 272 eV) and O (KLL, 512 eV)

Auger peak-to-peak heights (APPH) (not shown) to

that of the Zr (MNN, 94 eV) transition. Auger ratios

defined as Rc ¼ C (KLL)/Zr (MNN) and Ro ¼ O

(KLL)/Zr (MNN) are determined from spectra col-

lected at �150 K after stepwise annealing. After

exposing Zr(0 0 0 1) to CD3OD, the surface concen-

tration of carbon and oxygen increases. During step-

wise heating the carbon concentration does not seem

to vary significantly up to 800 K. Oxygen behaves

similarly during annealing but above 700 K a sudden

decrease in the concentration of surface oxygen is

observed. The same trend has been observed for

various exposures, and indicates that oxygen can

overcome the carbon-related activation barrier for

subsurface diffusion above 700 K. This decrease in

the concentration of surface oxygen upon annealing

reflects desorption as seen by TPD and oxygen diffu-

sion into the bulk as has been reported by others

[20,21]. Carbon, like oxygen, also diffuses into the

bulk at high temperatures but with much lower diffu-

sion rates [20]. Our annealing temperatures leave

some carbon on the surface but on the other hand

prevent outward sulfur segregation.

Methanol undergoes decomposition during forma-

tion of the first layer and the major TPD yield most

likely comes from the second adsorbed layer that

contains more molecular than atomic species. Since

exposures up to �1 L result in practically no deso-

rption even for lower adsorption temperature we con-

clude that methanol decomposes upon formation of

the first layer thus increasing the concentration of

surface carbon. This can be seen in Fig. 4a where

after exposure to only 0.38 L of methanol annealing to

800 K still leaves carbon on the surface. Notice that

the C (KLL, 272 eV) feature does not change signifi-

cantly after exposure and within experimental uncer-

tainties it is difficult to see much difference in the

peak-to-peak heights of this feature before and after

exposure. However, the Zr (MNN, 94 eV) feature also

changes after exposure so that the carbon versus

zirconium ratio jumps from Rc ¼ 0:23 (before expo-

sure) to 0.29 (after exposure). After annealing to

800 K, possibly due to rearrangement of the surface

adatoms and some desorption/diffusion, the signal-to-

noise ratio improves and the presence of carbon is

clearer. We see that annealing to 800 K returns the

oxygen concentration to the ‘‘clean’’ surface value

whereas carbon removal requires sputtering.

In Fig. 4a and b the presence of impurities (C and O)

on the Zr(0 0 0 1) surface prior to exposure is clear.

Fig. 3. Integrated methanol desorption yields from Zr(0 0 0 1)

surfaces after CD3OD adsorption at 150 K (solid points) and 160 K

(hollow points).
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This is expected for the surface of a reactive metal

such as zirconium. The behavior of zirconium surfaces

exposed to various gases is complex and sensitive to

the presence of impurities. The presence of sulfur, for

example, influences oxygen adsorption and lowers its

sticking coefficient [22]. It has been reported that

surface sulfur has a much stronger effect on chemi-

sorbed oxygen than vice versa [23]. We keep our

annealing temperature below 900 K to prevent sulfur

segregation to the surface and thus reduce its effects on

the adsorption of methanol. The behavior of hydrogen

during heating differs from that of carbon and oxygen.

Heating to high temperatures results in hydrogen

desorption rather than diffusion into the bulk [20].

The fact that different subsurface/bulk impurities dif-

fuse to the surface at different temperatures plus the

high reactivity of zirconium with respect to back-

ground gases are major problems in obtaining impur-

ity-free surfaces.

Even though our annealing temperatures are low

enough to prevent sulfur segregation, carbon and

oxygen are still present on the Zr(0 0 0 1) surfaces.

Our nominally clean surface can be characterized by

Rc � 0:21, Ro � 0:15 and RZr ¼ Zr (MNV)/Zr (MNN)

� 0.9. These ratios are different from those that have

been reported by other groups. For example, one group

[21] characterized clean Zr(0 0 0 1) with Rc ¼ 0:00,

Ro ¼ 0:00, and RZr ¼ 1:40. By applying slightly

higher annealing temperatures, these authors managed

to reduce concentrations of surface carbon and oxygen

below what we achieve. It should be noted that the S

(LMM, 152 eV) feature overlaps with the Zr (MNV,

148 eV) transition making distinction between them

difficult. Our preliminary experiments (not shown) on

SO2/Zr(0 0 0 1) reveal that surface sulfur increases the

Zr (MNV, 148 eV) Auger feature significantly. Similar

results obtained by another group [22] characterize a

sulfur-free polycrystalline Zr surface with RZr ¼ 1:3
and with almost no carbon and oxygen present.

Recording the crystal current through the sample

under 3 keV electron bombardment, reflects changes

in secondary electron emission upon methanol adsorp-

tion. Observed changes are probably due to changes in

the work function. In Fig. 5, SEECC measurements

Fig. 4. Derivative mode Auger features: (a) C (KLL, 272 eV) before exposure, after exposure to 0.38 L methanol, and after annealing to

800 K; (b) O (KLL, 512 eV) before exposure, after exposure to 6.42 L methanol, and after annealing to 800 K. All data are taken at �150 K

following stepwise annealing.
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versus annealing temperature are shown for three

different exposures (0.38, 1.76, and 6.42 L) following

adsorption at 150 K. Because even very small differ-

ence in the position of the sample might affect the

crystal current the data are presented as the deviation

from the initial crystal current values (I0). An abrupt

change in the crystal current value takes place even

after exposure to only 0.38 L of methanol. Subsequent

heating reflects how the crystal current depends on the

behavior of adsorbed species. Low methanol expo-

sures (<1 L) result in very little thermal desorption

while Auger data reveal an increased concentration of

carbon and oxygen. We assume that at low exposure

SEECC data represent the presence of atomic species

(C, O, H) during heating. Analysis of SEECC data for

higher exposures is more complicated. This is partly

due to the fact that both atomic and molecular species

are probably present and also that diffusion into the

bulk is accompanied by desorption at �600 K.

Fig. 5 also reveals how higher exposures change the

shape of the SEECC curve. The measured crystal

current depends on a convolution of the carbon,

oxygen, and hydrogen concentrations at the surface,

Icc ¼ Icc(C, O, H). The exact form of this function

remains unknown. After exposure to methanol approxi-

mately equal amounts of carbon and oxygen atoms

are present on the surface and the change in crystal

current is caused by the presence of these species and

hydrogen. Since our AES data indicate that carbon

cannot be removed by annealing, differences in the

values of Icc after annealing are attributed mostly to the

presence of carbon.

From this study of the interaction of CD3OD with

Zr(0 0 0 1) surfaces, we gain some insight into how

carbon-containing species may behave. We have a

good indication that carbon elevates the activation

energy for bulk/surface diffusion thus preventing mix-

ing of bulk impurities with adsorbed species and

resulting in relatively simple kinetics reflected in

TPD. Desorption kinetics resemble those of first order

and from this an activation energy for desorption has

been estimated. These kinetics are very different from

what we have previously observed for nitrogen-con-

taining species, and point to a need for further work.

We believe that a thorough understanding of organic

molecules on zirconium surfaces is important for

developing a comprehensive picture of this class of

materials, which is one of our goals.

4. Conclusions

We observe that unlike nitrogen and oxygen, carbon

does not mix with bulk impurities but upon CD3OD

decomposition stays in the near surface region. TPD

data indicate that desorption yields depend on adsorp-

tion temperature but that desorption temperatures are

unaffected. This is due to lower sticking coefficient

and greater probability of dissociation at higher

adsorption temperature. TPD data indicate that mainly

surface species participate in thermally induced des-

orption with no or very little contribution from bulk

impurities. This is due to the presence of carbon,

which elevates the activation energy for bulk/surface

diffusion below 600 K. AES reveals that following

CD3OD adsorption, subsequent annealing to tempera-

tures above 600 K activates oxygen diffusion into the

Fig. 5. Changes in crystal current with respect to the initial

conditions vs. annealing temperature for three different methanol

exposures of 0.38 L (solid points), 1.76 L (hollow points), and

6.42 L (solid triangles) at 150 K.
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bulk leaving carbon on the surface. SEECC measure-

ments reflect the surface condition upon methanol

adsorption and subsequent stepwise heating. For

low exposure, where practically no desorption is

observed in TPD, the crystal current changes reflect

oxygen diffusion into the bulk. After higher exposures,

the changes in SEECC data during heating also reflect

changes in the surface coverage caused by methanol

desorption at �600 K.
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