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Abstract

A description of a new ultra-high vacuum chamber for studying zirconium surface chemistry is presented. The design

includes low-energy electron di�raction (LEED) and scanning tunneling microscopy, a gas-handling system for con-

trolled gas exposure, a mass spectrometer for temperature programmed desorption (TPD), an electron gun for elec-

tronically inducing surface chemistry, and Auger electron spectroscopy (AES). Schematic representations of the

apparatus are described, followed by the ®rst application of TPD and LEED in this system to water adsorption on

Zr(0 0 0 1). Water adsorption at 180 K followed by linear heating results in water desorption in a broad TPD feature

near 550 K. Data from LEED indicate that this adsorption does not result in ordered layers until 700 K annealing, and

that formation of ordered structures depends on exposure and annealing conditions. These TPD and LEED data in-

dicate a competition between the kinetics of recombination and desorption with those of di�usion involving the sub-

surface regions. Ó 2000 Elsevier Science B.V. All rights reserved.

PACS: 82.65; 68.10

1. Introduction

The properties and surface reactivity of zirconium

have been extensively studied in the scienti®c literature.

Zirconium is very reactive chemically in its pure form

especially with respect to light elements, however the

formation of a tough, protective oxide layer on its

surface is believed to be responsible for its excellent

corrosion resistance in many adverse environments.

Compared to other metals, zirconium exhibits a high

melting point, good thermal conductivity, low thermal

expansion, acceptable strength, and is strongly heat

and pressure resistant. It also has a very low neutron

scattering cross-section and a high solid solubility of

oxygen and hydrogen. Due to its corrosion resistance,

zirconium and its alloys are increasingly being used in

applications for pollution control and chemical pro-

cessing equipment, acid manufacturing, oceanic in-

struments, marine hardware, and pump and valve sets

[1]. In addition to its corrosion resistance, its low

neutron scattering cross-section has made it the mate-

rial of choice for fuel containment in water-cooled

nuclear reactors [2,3]. Stress corrosion cracking (SCC)

of zirconium metals and alloys when utilized in adverse

chemical and nuclear reactor conditions has been

summarized by Yau [4].

Surface science studies of polycrystalline zirconium

relevant to this work [5±8] have utilized techniques such

as Auger electron spectroscopy (AES) [5±7], temperature

programmed desorption (TPD) [5,8], and electron

stimulated desorption (ESD) [8]. Di�usion coe�cients

for surface to bulk transport have been determined for

C, O, and N adsorbed on polycrystalline zirconium by

monitoring AES signals to determine surface composi-

tion over time [5]. In the same study, dissociation

products were found to preferentially di�use into the

metal upon heating of the substrate instead of desorb-

ing, and it was determined that nitrogen forms an un-

derlayer within zirconium. Another study of

polycrystalline zirconium indicates that the passive ox-

ide layer that forms on the surface resists subsequent
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adsorption of hydrogen but attracts hydrogen from

within the bulk to the surface [8]. Oxidation of poly-

crystalline zirconium and Zircaloy-2 studied via chemi-

sorption of oxygen and water vapor, demonstrated the

formation of suboxides (Zr2O, ZrO, Zr2O3) along with

the primary oxide ZrO2 [7].

The Zr(0 0 0 1) surface has also been the subject of

recent investigation [9±23]. The kinetics of surface oxi-

dation have been studied on the basal plane [11] on

which oxide layer growth occurs layer by layer at 90 and

293 K and by island formation after the ®rst two

monolayers (ML) at 293 K. In a related study, low

coverages (0±0.5 ML) of oxygen on Zr(0 0 0 1) were ex-

amined at 90, 293, and 473 K and results indicate that

much of the oxygen adsorbs in subsurface sites that limit

further di�usion of oxygen into the bulk [12]. Tensor

low-energy electron di�raction (LEED) studies of 0.5

and 1.0 ML coverages of oxygen on Zr(0 0 0 1) [13,14]

show that oxygen resides in the octahedral holes within

the ®rst three Zr layers. Another tensor LEED study of

2.0 ML coverage of oxygen on Zr(0 0 0 1) indicates that

oxygen resides in tetrahedral hole sites inside the ®rst

layer of zirconium atoms and as an overlayer in vacant

sites on the surface [15].

The di�usion of oxygen along the c axis of Zr(0 0 0 1)

has been determined by AES analysis and described by

kinetic models [9,20]. A continuum model was initially

utilized in these studies [9] and later replaced by a dis-

crete hopping model that could account for di�erences

between surface and bulk ad(ab)sorption sites for oxy-

gen atoms [20]. The e�ect of the surface region on the

dissolution of oxygen into zirconium was found to be

minimal in this study, however the authors caution the

use of their model under high coverage conditions,

where inter-adsorbate interactions may become impor-

tant.

The behavior of hydrogen adsorbed on Zr(0 0 0 1) is

also complex [21±23]. The surface concentration of hy-

drogen depends on the gas exposure as well as on the

annealing history of the sample. High temperature an-

nealing (up to 923 K) removed the surface hydrogen but

no desorption was detected, indicating that hydrogen

di�used into the bulk [21]. Further annealing studies

[22,23] of samples with known bulk concentrations of

hydrogen indicate that there is a critical temperature

below which hydrogen segregates to the Zr(0 0 0 1) sur-

face and forms a hydride-like phase. The presence of

oxygen in the near surface region was found to increase

the rate of hydrogen segregation to the surface below the

critical temperature [23].

The adsorption of D2O on Zr(0 0 0 1) at 80 K has

been studied using TPD and other techniques [10]. Un-

der these conditions, water adsorbs in three reasonably

distinct stages: a low coverage dissociatively adsorbed

layer, a molecularly adsorbed second layer at higher

coverages and a subsequent ice layer at the highest

coverages. The ice layer desorbs at 163 K and most (80±

90%) of the second layer desorbs at 175 K during TPD.

The species remaining from the ®rst and second layer

form a temperature dependent mixture of adsorbed O,

D, and OD, and unexpected D2 desorption was ob-

served above 300 K. Finally, exposure of Zr(0 0 0 1) to

D2O at temperatures in the range 200±273 K results in

the release of D2 gas and the formation of adsorbed

oxygen islands on the surface [19]. The rate of water

decomposition in this temperature range was found to

be a weak function of temperature but a strong function

of oxygen coverage. At temperatures outside of this

range, the kinetic model based on oxygen island for-

mation does not adequately describe the experimental

results.

In the present study, a newly constructed ultra-high

vacuum system is applied for the ®rst time to the in-

vestigation of the chemical reactivity of zirconium sur-

faces. Deuterium oxide adsorption at 180 K and

subsequent reaction on Zr(0 0 0 1) is monitored by

LEED and TPD. Isotopic water is used in an attempt to

distinguish the role of hydrogen within the Zr crystal

from that of the dissociation products of water on the

surface. This study is the ®rst in a planned series of ef-

forts aimed at understanding the reactivity of small

molecules on zirconium surfaces including the role of

bulk and subsurface species in the presence of thermal

and electronic excitation.

2. Experimental apparatus and procedure

In this section, a description of a new vacuum

chamber designed for controlled studies of zirconium

surface chemistry is presented. Although all of the fea-

tures of the new system are not utilized in the present

study, schematic representations and general principles

of operation are explained to serve as a reference for

future work. The base pressure attained in the chamber

described herein is 1:5� 10ÿ8 Pa as read with a nude ion

gauge that has not been corrected for ionization prob-

ability.

The pumping systems can be separated into two

primary groups. The ®rst set of pumps includes a water-

cooled 360 l/s turbomolecular pump (TMP) backed by a

dual stage oil sealed rotary vane roughing pump (RP).

The TMP/RP combination, depicted in Fig. 1 as part of

the entire vacuum chamber, are separated from the bulk

of the chamber by the main gate valve. These pumps are

primarily used to exhaust the chamber during bakeout,

to purge argon introduced into the chamber during ar-

gon sputter cleaning, and to evacuate the chamber from

atmospheric pressure to high vacuum. Once bakeout is

complete, these pumps are generally used to pump the

attached gas handling system and the load-locked sam-

ple preparation chamber.
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The second set of pumps displayed in Fig. 1 includes

a four-®lament titanium sublimation pump (TSP), a

toroidal ion getter pump and a liquid-nitrogen-cooled

cold trap. This set of pumps can be isolated from the rest

of the vacuum chamber by a horizontal poppet valve

(not shown). Three nude ion gauges are placed so as to

measure the pressure in di�erent regions of the system.

The quadrupole mass spectrometer (QMS) also displays

a local total pressure as do the capacitance manometers

(CM) located on the gas handling system.

Attached to the main system via another gate valve is

a preparation chamber as shown in Fig. 2. The prepa-

ration chamber contains a thermal evaporation source

as well as a DC planar magnetron sputtering source, a

®lm thickness/rate monitor, and an ion gauge. A mag-

netically coupled sample transfer rod, also depicted in

Fig. 2, is mounted on the exterior end of the preparation

chamber. It allows samples to be moved between the

preparation chamber and the main chamber, as well as

through to the isolated UHV-compatible scanning tun-

neling microscope (STM).

A stainless steel gas handling system incorporating

two precision variable leak valves is depicted in Fig. 3.

The custom-made system allows for controlled, repro-

ducible and independent introduction of both inert and

reactive gases into either the main chamber or the

preparation chamber. The main chamber can either be

back®lled with the gas of interest, or the sample can be

dosed in a line-of-sight fashion with a molecular beam

doser (not presently installed). The gas line itself has two

isolatable regions. One half of the system allows the

introduction of reactive gases and is monitored by a

1:33� 103 Pa CM as shown in Fig. 3 (CM 1), while the

other half of the gas line is for inert gas control and

contains a 1:33� 105 Pa CM (CM 2).

An argon ion gun is located on the main chamber for

sample surface cleaning and opposite this an electron

Fig. 2. Schematic representation (top view) of the new

ultra-high vacuum system.

Fig. 1. Schematic representation (front view) of the new

ultra-high vacuum system.

Fig. 3. Schematic representation of the new gas handling

system.
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¯ood gun is positioned for bombarding species chemi-

sorbed on the sample for controlled studies of electron-

stimulated surface processes. A reverse-view, retractable

four-grid LEED system is combined with a retarding

®eld AES so that they utilize a single vacuum ¯ange on

the main chamber. A video camera is used to record the

back-scattered electron di�raction patterns appearing on

a phosphor screen through a viewport.

The vacuum chamber is also equipped with a ma-

nipulator that allows limited sample motion along three

orthogonal axes and provides rotational capability

about the manipulator axis. The manipulator, denoted

as the x, y, z, h manipulator in Figs. 1 and 2, allows

samples mounted on the manipulator arm to be cooled

by liquid nitrogen as well as resistively heated and

controlled by a temperature controller. The sides of the

substrate are spot-welded to tantalum wires, which are

in turn mounted onto machined copper arms. A copper

braid connects a cold ®nger to one of the copper arms to

provide cooling of the sample. Insulated wires are con-

nected to the copper arms of the manipulator chassis for

sample heating. The sample is electrically isolated from

the manipulator arm by sapphire. Two type-E thermo-

couples are directly spot-welded onto the sides of the

sample to monitor sample temperature. A small phos-

phor screen is installed on the side of the manipulator

arm opposite to the polished face of the sample and is

used to focus the electron guns.

The single crystal Zr(0 0 0 1) sample was prepared by

Mateck Material-Technologie & Kristalle, and is in the

form of a cylindrical disk (diameter 6 mm and thickness

1 mm). One side of the sample is polished to a surface

roughness of 0.03 lm and the uncertainty in orientation

of the sample is less than 1 degree. Once the vacuum

system bakeout is complete, the sample is cleaned by

Ar� sputtering (2 keV, 2� 104 lA/m2) in 2 h cycles with

the sample at 180 K followed by annealing to 840 K for

2 min after each cleaning cycle. LEED patterns were

observed and collected using a video camera and an

image grabber intermittently throughout the initial

sputter cleaning of the sample. The LEED images (60±

70 eV, 2� 104 lA/m2) improved after each argon sputter

cycle and exhibited sharp (1� 1) patterns characteristic

of the Zr(0 0 0 1) sample before experiments were per-

formed.

Liquid deuterium oxide (D2O, 99.5% purity) was

placed into a glass bulb ®tted with a Kovar seal joint

that mounts directly to a stainless steel bellows valve.

The glass bulb was then connected to the reactive-gas

portion of the stainless steel gas handling system. An

argon (99.9999% purity) cylinder is connected to the

inert portion of the gas line for sample cleaning. Con-

tamination of gases on the gas line is kept to a minimum

by complete system bakeout, separate bakeout of the gas

handling system, and repetitive freeze-pump-thaw cycles

as appropriate. Gases are back®lled into the main vac-

uum system through the precision leak valves and ex-

posures within the chamber as measured by the QMS

are reported in Langmuir (L) units (1 L � 1:33� 10ÿ4

Pa s). The relative abundance of the residual gases

within the chamber as well as during gas dosing was

measured using the QMS to rule out the possibility of

contamination.

3. Overview of temperature programmed desorption

Temperature programmed desorption, also known

as thermal desorption spectroscopy (TDS), is a pow-

erful technique used to study desorption in a con-

trolled manner [24±26]. In TPD, a clean surface is

exposed to a low pressure of a known gas under UHV

conditions. Some of the gas may chemisorb or physi-

sorb to a variety of surfaces within the vacuum

chamber, and the remainder is pumped away. In

equilibrium, this adsorbed gas will remain bound to

the surfaces until it is externally in¯uenced either

thermally or electronically.

The sample mounted onto the manipulator de-

scribed in Section 2 is continuously cooled throughout

the process thus increasing the sticking probability of

the gas to the surface of interest. The temperature

controller in a regulated fashion then resistively heats

the sample and species desorb from the surface at a

rate governed by the Boltzmann factor. The desorbing

species are monitored by the QMS and the data yield

information on the nature of adsorbate±substrate

bonding and surface reactions. Temperatures where

desorption rates is substantial appear as peaks in TPD

spectra of desorption rates versus temperature. The

sample is positioned directly in front of the QMS to

increase the probability that all detected species origi-

nate from the sample and not from other surfaces in

the vacuum chamber.

The thermal desorption rate of particles from a

sample surface may be described by

Rd � ÿ�dN=dt� � �m�a�N�a exp�ÿEd=kT �; �1�

where Rd is the desorption rate, Ed the apparent acti-

vation energy of desorption, N the number of adsorbed

species on the sample surface, T the absolute tempera-

ture of the sample, m the pre-exponential factor of de-

sorption, a the desorption order, and k is Boltzmann's

constant. The height of the desorption features in TPD

spectra is proportional to the rate of desorption and the

integrated area is proportional to the number of species

that desorb from the surface. In analyzing experimental

TPD spectra, it is often possible to determine important

information such as the number and identity of parti-

cles that desorb, the apparent activation energy of
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desorption, the pre-exponential factor of desorption,

and the desorption order.

The actual physical description of the pre-exponen-

tial factor of desorption has been argued by many au-

thors. The factor m has the dimensions of frequency

(inverse time) and is usually assumed to be 1013 sÿ1. This

approach assumes that the factor m is related to the

frequency of vibration of an adsorbate on a substrate

surface. The pre-exponential factor has also been dis-

cussed as an entropy-related term associated with the

amount of possible con®gurations of the gas±solid sys-

tem. In the case of zirconium, where it is known that

di�usion into and out of the bulk and near surface re-

gions competes with desorption [27,28], TPD analysis

and interpretation of kinetic parameters is expected to

be complex.

4. Results and discussion

The QMS, in multiple ion acquisition mode, was set

to measure the partial pressure of H2O (18 amu), HDO

(19 amu), and D2O (20 amu). The 18 amu signal from

normal water (H2O�) also contains signal from heavy

water (OD�), and this is accounted for before the 18

amu signal is used as a measure of the presence of

H2O. Although high purity D2O was utilized during

dosing in all experiments, hydrogen exchange in the

storage bulb and dosing line occurs, and the reactivity

of Zr mandates that the presence of residual H2O in

the vacuum system also be accounted for in deter-

mining water exposures. The QMS monitored the

partial pressures of these three species throughout the

back®lling process, and sample exposures (in Langmuir

units) are calculated from the sum of the integrated

areas of these dosing curves.

Fig. 4 presents representative TPD spectra of D2O

following various exposures to isotopic water by

back®lling at 180 K. This adsorption temperature is

just high enough to avoid the molecularly chemisorbed

and physisorbed layers identi®ed by Li et al. [10], and

is in the range where another paper by Li et al. [19]

reported the kinetics of water adsorption to be com-

plicated. The data of Fig. 4 indicate that the desorption

of water in the present situation is also complex. At

low exposures, essentially no desorption feature is ap-

parent, and as the exposure increases a feature with a

shoulder grows and shifts to higher temperature. The

desorption yield is not rigorously monotonic with ex-

posure, nor is the desorption peak pro®le. This would

seem to indicate that there is a memory e�ect, where

the desorption kinetics depend on the annealing and

adsorption history of the substrate. In order to com-

pensate for this possibility, data were collected in

random order (with respect to exposure) and over a

period of several days, with sputtering/annealing cycles

performed on each day.

The possibility of artifacts due to spurious heating

e�ects in data such as these has been investigated by

using di�erent sample heating assemblies and sample

geometries, however behavior similar to that in Fig. 4

is always observed. The ratio of the integrated areas of

the D2O desorption features to those of HDO and H2O

are approximately 4:2:1 for the data of Fig. 4, essen-

tially identical to the same ratios measured in the

dosing gas within experimental uncertainty. The de-

sorption peak pro®les of HDO and H2O (not shown)

are the same as D2O for any given experimental run,

thus we are unable to identify any isotope-selective

desorption kinetics in this study. However, we have

identi®ed experimental conditions where recombinative

water desorption occurs from Zr(0 0 0 1) in the tem-

perature range 550±650 K, and the lack of isotopic

selectivity may indicate that this desorption originates

from surface and subsurface species but not from dif-

fusion into/out of the bulk.

The data of Fig. 5 represent the integrated TPD yield

of D2O versus total water exposure taken from the data

of Fig. 4 and similar TPD runs. The uncertainty bars

result from ®tting a baseline to the mass-selective QMS

Fig. 4. Representative TPD spectra of deuterium oxide from

Zr(0 0 0 1) following 180 K adsorption of isotopic water at

various exposures.

Y.C. Kang et al. / Journal of Nuclear Materials 281 (2000) 57±64 61



data in order to numerically calculate the exposures and

TPD yields. It can be seen in Fig. 5 that the TPD yield

increases with 180 K water exposure; however the large

uncertainties in these data make polynomial ®ts unreli-

able. Although the recombinative desorption of water

observed in this study occurs in the temperature range

where nuclear reaction analysis and work function

measurements indicate that the surface coverage of ad-

sorbates is changing [10], this may be coincidental. This

previous work [10] utilized an adsorption temperature of

80 K, and the sticking coe�cient and reactivity of water

on this surface is known to strongly depend on ad-

sorption temperature [19]. In fact, desorption of mo-

lecular oxygen or hydrogen (deuterium) was not

observed in any TPD experiments under the present

experimental conditions, but unexpected D2 desorption

was detected near 325 K in Ref. [10] at exposures high

enough to begin ®lling the second adsorbed layer. Un-

expected behavior in TPD studies of polycrystalline Zr is

also reported in [8], where exposure to O2 at 300 K re-

sults in the thermal desorption of H2 near 500 K.

The LEED data collected in this study (a represen-

tative set is presented in Fig. 6) indicate that the ad-

sorption of water on Zr(0 0 0 1) at 180 K does not result

in ordered overlayer structures but does produce an in-

crease in the di�use background in LEED patterns

(Fig. 6(B)). Annealing to 400 K reduces this background

intensity (Fig. 6(C)), probably indicating adsorbate

Fig. 5. Total TPD yield (arbitrary units) of deuterium oxide

from Zr(0 0 0 1) as determined from the integrated areas of

spectra such as those in Fig. 4.

Fig. 6. Representative LEED data from Zr(0 0 0 1) subjected to isotopic water adsorption and annealing: (A) clean Zr(0 0 0 1) surface;

(B) after dosing D2O (1.4 L); (C) after heating to 400 K; (D) after heating to 700 K.
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dissolution into the substrate. Only after annealing to

700 K are there faint yet distinct LEED features corre-

sponding to the adsorbed layers (Fig. 6(D)). Analysis

indicates a (
���
3
p � ���

3
p

)R30° pattern, and streaking that

may indicate the presence of a (2� 2) pattern. These

results are similar to those observed for high D2O cov-

erages on Zr(0 0 0 1) at 80 K followed by 623 K an-

nealing [10], and is believed to result from the presence

of oxygen. No ordered structures have been identi®ed

over a wide range of exposures in this study unless an-

nealing is performed, and the formation of distinct

LEED patterns due to overlayer structures is dependent

on the exposure, annealing temperature, and substrate

history.

The data collected in this study, in conjunction with

the limited amount of related literature presently

available [8,10,19], point to a strong coupling between

the presence of hydrogenic and oxygenic species and

the adsorption temperature in determining the resulting

desorption kinetics from Zr surfaces. It is probable that

the formation of subsurface adsorbate layers occurs via

temperature-dependent dissolution, as evidenced by the

LEED data and inferred by the complicated TPD peak

pro®les and temperature shifts. The di�usion of only

one species into and out of the substrate during tem-

perature ramping is su�cient to rule out the applica-

tion of simple models such as Eq. (1) for modeling the

presented TPD data [27,28]. However, the interaction

between O and H species in the coadsorbed state may

drive e�ective rate constants and di�usion coe�cients

far from those seen in either adsorption system inde-

pendently. It is clear from this initial study performed

in this laboratory that the surface chemistry of zirco-

nium is complex, and that further investigation is

necessary in order to develop a more complete under-

standing of this materials system.

5. Conclusions

This study presents a schematic description of a new

surface analysis system designed for well-controlled

studies of the surface chemistry of zirconium in the

presence of small adsorbed molecules. The initial ap-

plication of this system utilizing TPD and LEED in-

dicates that the kinetics of desorption of water from

Zr(0 0 0 1) depends not only on the water exposure, but

also probably on the exposure/annealing history of the

surface. The data are interpreted as resulting from a

competition between the kinetics of desorption from

and di�usion into/out of the substrate, complicated by

the in¯uence of oxygen on the kinetics of hydrogen and

vice versa. No preferential isotopic mixing was identi-

®ed that would indicate a dominant kinetic mechanism,

however this may indicate that the recombinative

desorption observed originates from the surface and

near-surface regions and not from the bulk. Further

investigation and modeling is warranted by the results

presented herein.
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