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eactions of N;/ion beams with the surface of polycrystalline rhenium foi)
over the range“150-3000 eV have been studied by the techniques of X-ray pho-

toelectron spectroscopy (XPS) and thermal desovption spe¢trometry (TDS). The
reactions produce a nitride 1ayer of the type :ng. 0.21 £ x £ 0,40, with x

nitride layer extends from the'surface down to the penetration depth of the

varying as a function of fon kin;tic energy and aigth into the surface. The
atoms, which varies from ~15Aat 0,3 keV to ~76 X at 2.5 keV ion energy. The-
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product nitride and chemisorbed nitrogen on Re are distinctly different, ex-
hibiting N s binding engrgies of 397.9 and 396.8 eV, respectively, and TDS
maxima nea)' 425 and 600 C, respectively. A{J\e value of x in ReN_ increases
linearly with the nitrogen_ion flux and redches a steady state dondition at a
dose of 9.5 x 1016 jons/ cm® which is determined by the opposing rate of nitride
formation and the sputtering rate by impinging N} tens. Anexpression déscrib-
ing the rate of nitration as a function of the rBaction cross section ¢, and
the sputtering cross section ¢ is derived. The simplified expressions For the
limiting cases of initial raté (t+0) and the steady state (t-+w) product con-
centration, 751;9 are used tointerprete the experimental results, yield

ag. =3 x 107" “cm*for the N} + Re (metal)»ReN_ reaction at an ion impact energy
of 500 ev. X Co
Analytical expressions for the absolute ¢ross sections of beam-surface re-
actions are derived and applied to the N2-+T1N +*TiN reaction over the kinetic
énergy range 0.25 - 3.0 keV. The theory“predicts that the amount of reaction
product, P, formed near the urface is a function of the collisional dissocia-
tion probability of the primary molecules, Pd. the reaction cross section, o,
and the cross section for product sputtering by the impingent reactant beam,
o... For a dosage Rb of reactant molecules impingent on M_ target atoms,

Piﬂo = (o Pd/A)R in the]imi}ﬁ + 0 (initial reaction), afld

P/M, = (o' + (B/Pg) (0en/q.)8" iR the 1imit Rs « (saturation dose), where A is
~the surface area bombﬁp'dg'& and a and gare stoighiometri ¢ factors for the product
M,Rg. The techniques of x-ray and UV photoelectron spectroscopy (XPS and UPS),
secgndary jon mass spectrometry (SIMS), thermal desorption spectrometry (TDS),
and depth-concentration profiling are used to characterize the reaction prodyct
and measure the product film thickness and composition for the reaction of N
with the (10T1) face of a titanium single crystal. The measurements yield a
film composition of Ti N and show that the properties of the film, including
its extremely high sta&??ty. are identical to those of cowerc‘al TiN. The
reaction cross sec%gon s determined as o g = 2.1 x 107" cm“ and

g = 1.0 x 10~ cm€ at primary N} kingtqc energies of 0.5 and 2.0 keV,
rSSBegtively. The formation and pro?i le of the film near the surface, the
interpretation of and uncertaintj_es in the cross sections obtained, and com-
parison of this systemto otherN,/metal systems are discussed.

Adsorption, desorption, oxidatiofi, and hydrogenation of carbon monoxide on
polycrystalline rhenium foil along with the electronic structure of clean
rhenium have been studied by x-ray (A1 K- ) and UV (Ne I, Hel, and He II)
photoelectron spectroscopyand thermal deforption spectrometry under UHV condi-
tions. The valence and electron spectra of clean Re are compared with the
density of states obtained from APW band-structure calculations and variations
in the phtoionization cross sections as a function of photon energy are pre-
sented. X-ray induced Auger transitions below 1450 eV are indentified according
to approximate calculations employing atomic energy level differences. Chemi-
sorption of CO and 0, at low exposures on clean Re is reported. The results
show that 02 is dissgciaﬂve]y adsorbed at 25°C and CO is dominantly molecular-
1y adsorbed“at 25°C, a portion of which is desorbed at 240°C and the remainder
dissoctiated into carbide and oxide forms which desorb at 1060°C. The high
temperature dissociated carbide and oxide species are the reactants during
oxidation to CO, and hydrogenation to €H,. Correlation of the molecular or-
bitals of adsorged CO with those of gaseous COand Re,(C0),, suggests that the
adsorbed molecule fs terminally bonded to the metal aia tﬁg C atom.

Instrumental Advances

The ion beam accelerator is now complete and we have obtained preliminary re-
sults from it, Preliminary gudies of N, and N on Mo have shomthat the thyes-
hold for producing MozN is “8 eV, 1. e.; near the dissociation energy of "2'

-
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Studies with N* have shown that the reaction cross section actually increases
at low energy and the product has been observed with N energies as low as 3 eV.

Publications
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2. "Interactions of Ion Beams withSurfaces: Dynamics of the Reactions of
N, with Rhenium", J. Chem, Phys., 72, 6158-6163 (1980).
3. "Absolute Cross Sections for Beam-Surface Reactions: N; on Ti from 0,25
to 3.0 kev", J. Chem. Phys., submitted. ’
4, "XPS and UPS Study of the Valence Band Structure and Chemisorptionof Ti{0001)",
Surface Sci., 91, 165-174 (1979).
5, "Clustering Distances in Secondary lon Mass Spectrometry", Proceedings of the

Second International Conference on Secondary lon Mass Spectrometry, Springer-
verlag, N. Y., Stanford Univ., Stanford, CA, Aug. 27-31, 1979, p. 18-20.

Aecession vor ’
NTIS grary 0




G

B LA R

i o

Submitted to J. Chem. Phys.

»

ABSOLUTE CROSS SECTIONS FOR BEAM-SURFACE REACTIONS: o2t 25
)
N2+ ON Ti FROM 0.25 TO 3.0 keV KINETIC ENERGY /1/0’".'/( y
A

by : ,"'
Hsin-Kuei Hu, P. Terrence Murray,
Yasuo Fukuda, and J. Wayne Rabalais
Department of Chemistry, University of Houston

Houston, Texas. 77004

ABSTRACT

-

Analytical expressions for the absolute cross sections of beam-surface
reactions are derived and applied to the N; + Ti » TiN reaction over the kinetic
energy range 0.25=3,0 keV. The model assumes that the al;lount of reaction
prodixct, P, formed near the surface is a function of the collisional dissociation
probability of the primary molecules, @, the reaction cross section, ar, and
the cross séction for product sputtering by the impingent reactant beam, Og o
For a dosage Ro of reactant molecules impingent on Mo target atoms,

I-"/Mo = (O!Q/A) R, in the limit R,* O (initial reaction), and

l’/Mo = {G + (B/Qd) (asp/or)} -1 in the limit Ro-w’ {saturation dose), where A is the
surface area bombarded and o and B are stoichiometric factors for the product
MQRB. The techniques of x-ray and UV photoelectron spectroscopy (XPS and UPS),
secondary ion mass spectrometry (SIMS), thermal desorption spectrometry (TDS), and
depth-concentration profiling are used to characterize the reaction product and
measure the product f£ilm thickness and composition for the reaction of N; with
the (1011) face of a titanium single crystal. The measurements yield a film

composition of Ti and show that the properties of the film, including
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its extremely high stability, are identical to those of commercial TiN.

The reaction cross section is determined as Gr 0.5 = 2.1 x 10-16 cmz and
0.

9. 5.0= 10 x 10718 n? at primary N; kinetic energies of 0.5 and 2.0 kevV,
X X
respectively. The formation and profile of the film near the surface, the

interpretation of and uncertainties in the cross sections obtained, and

comparison of this system to other N;/metal systems are discussed.
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XPS AND UPS STUDY OF THE VALENCE BAND STRUCTURE AND CHEMISORPTION

OF Ti(0001)

Yasuo FUKUDA, Fumihiro HONDA and J. Wayne RABALAIS
Department of Chemistry . Universin®of Houston, Houston, Texas 77004, U.S A.

Received 29 May 1979: munuscript receised in final form 12 Juh 1979

Photocmission studics of the clean (0001) face of a titanium single crystal uang UV and
X-tay photockectron spectroscopy (UPS and XPS) have revealed two mavima in the valence
band density of states at ~0.8 snd ~1.4 ¢V below the Fetmi lesel. The 1.4 ¢V peak evhibis
the following unusual charactenistics: (i) [ts photoionization cross section decreases rapidly
as incident photon cncrgy icreases. (i) les UPS intensity is rapidly quenched by exposure to
small doses of CO and Ny but large doses of O are requited for the same effect. (iii) his UPS
intensity decreases rapidly upon heating from ~120 1o ~40°C. The 0.5 eV peak does not
exhibit this behavior. The temperature dependence of the 1.4 eV peak gives a near lincar
Arrhenius plot with an acuvation energy of 9.1 kealfmole. This observed temperature depen-
dence is that expected for diffusion of hydrogen during the 3 — o phase transformation of
titanium hydride. The characteristics of this peak are consistent with its identfication as photo-
emission from an clectronic structure locatized at the surface. This structure may be a titanium
hydride luycr near the surface.

1. Introduction

In the course of our investigations of the fundamental interactions of simple
gases with clean metal surfaces. we have recently reported [1] details of the chemi-
sorption of CO on (1011) titanium. Furthet investigations of the basal plane (0001)
of a titanium single crystal «.ave found its characteristics to be significantly differ-
ent from either polycrystalline [2.3] or (1011) titanium [1). This paper presents
the first ultraviolet and X-ray photoelectron spectroscopic (UPS and XPS) study of
the valence bands of Ti0001). In particular, the dependence of the photoemission
spectrum on incident photon energy, the temperature dependence of the valence
band structure. and the different sensitivities to chemisorption of CO, N,, and O,
are described i detail. We have observed fine structure in the form of a well
defined peak in the Ti0001) valence band photoemission spectrum which exhibits
extreme sensitivity to surface contamination, chemisorption of gases, and tempera-
ture varistions. Characterization of this structure according to its temperature
dependence and comparison with density of states calculations suggests that it may
be due to a phase transformation in titanium hydride. A recemt LEED structure

165




.1. INTRODUCTION

Chemical reactions of active jons with surfaces at
energies ranging from thermal to several thousand eV
are an experimentally tractable new field of chemistry
due largely to the arsenal of surface analysis tech-
niques that have been developed in the last decade. The
techniques of x-ray and UV photoelectron spectroscopy
(XPS and UPS), !~ thermal desorption spectrometry
(TDS), * and secondary ion mass spectrometry (SIMS)!
have been employed for analysis of these reaction
products at the surface. We have recently shown®?
that bombarding a surface with a low energy beam of
molecular ions can induce chemical reactions between
the lons and surface that do not normally occur between
the neutral molecule and surface under ambient condi-
tions, In such active ion bombardment (AIB) the kinetic
energy of the molecular {on is used to overcome activa-
tion barriers that preclude reaction under ambient con-
ditions. The unique feature of AIB is the ability to alter
the chemical nature of a surface and to induce reactions
through injection of specific mass and velocity selected
ions at precise spatial locations (on a macroscopic
scale) at known concentrations. The reactions of M,
MO, and MO,, where M =Si and Ge, surfaces with N;
beams have been shown'? to form nitrides which are
similar to those of the type M,N,. In studies® of N}
reactions with transition metals, it was found that
metal nitrides are formed with all of the first row
transition metals and that the yield of nitride decreases
for second and third row metals. For many third row
metals no reaction was observed,

This paper describes details of the reaction induced
by N§ ions on rhenium metal. Rhenium was selected
for these experiments because N, does not adsorb on
its surface until extremely high exposures are at-
tained and it is in the center of the third row transition
metals, a region where previous experiments have
. produced low nitride yields, XPS8, TDS, and depth pro-

8158 J. Chem. Phys. 72(11), 1 June 1980
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; | Interactions of ion beams with surfaces: Dynamics of the
' reaction of N,* with rhenium

Hsin-Kuei Hu, Yasuo Fukuda, David A. Baldwin, P. Terrence Murray, and
J. Wayne Rabalais

Department of Chemistry. University of Houston. Houstun, Texas 77004
(Received 22 August 1979; accepted 22 February 1980)

Reactions of N; ion beams with the surface of polycrystalline rhenium foil over the range 150-3000 eV
have been studied by the techniques of x-ray photoelectron spectroscopy (XPS) and thermal desorption
spectrometry (TDS). The reactions produce 8 nitride layer of the type ReN,, 0.21 <x 0.40, with x
varying as a function of ion kinetic energy and depth into the surface. The nitride layer extends from the
4 surface down to the penetration depth of the atoms, which varies from ~ 15 A at 0.3 keV to ~76 A at
4 2.5 keV ion energy. The product nitride and chemisorbed nitrogen on Re are distinctly different,
exhibiting N,, dinding energies of. 397.9 and 396.8 eV, respectively, and TDS maxima near 425 and
. 600°C, respectively. The value of x in ReN, increases lineasly with the nitrogen ion flux and reaches s
steady state condition at a dote of 9.5 X 10" ions/cm’ which is determined by the opposing rate of
nitride formation and the sputtering rate by impinging N7 ions. An expression describing the rate of ‘
niteation as a function of the reaction cross section o, and the sputtering cross section o, is derived. The
simplified expressions for the limiting cases of initial rates (1—0) and the steady state (1—a) product
concentration, which are used 10 interpret the experimental results, yield o, > 3% 107" em’ for the
N{ + Re(metal) - ReN, reaction at an ion impact energy of 500 eV.

filing data are used to characterize the rhenium nitride
product and to determine the thickness of the nitrided
layers, the initial reaction rate, and the steady state
nitride/rhenium ratio as a function of N; kinetic energy
over the range 150-3000 eV. This data enables deriva-
tion of the first reaction cross section for reaction of
energetic N atoms with a Re surface.

Bombardment of a surface with low energy ions can
result in ion penetration of the lattice with degradation
of kinetic energy through collision cascades until the
ions are eventually thermalized within the lattice, The
ultimate fate? of these ions is determined by four pro-
cesses, namely, (1) diffusion from the lattice, -(2)
entrapment as neutral species, (3) chemical reaction
with bulk atoms, and {(4) sputtering by the impinging

$ ions. Process (1) is rapid for ions where the chemi-
cal affinity between the ion and target atoms is negli-
gible, e.g., rare gas ions. Process (2) involving im-
plantation of neutral species surely occurs; however,
previous measurements’® have shown that high ion doses
are required in order to inject a sufficient quantity for
detection by XPS. Processes (3) and (4) are therefore
dominant opposing factors which determine the final ni-
tride/metal ratio. The relative initial reaction rate
{process (3)], and sputtering rate [process (4)] as a
function of N; energy for the nitrogen~rhenium system
have been deduced {rom this investigation,

1l. EXPERIMENTAL

The experiments were performed in a bakeable ultra-
high vacuum chamber designed for maximum flexibility
and versatility in the use of x-ray and UV photoelectron
spectroscopy (XPS and UPS), Auger electron spec-
troscopy (AES), thermal desorption spectrometry (TDS),
and active ion bombardment (AIB) of surfaces. Base
pressures down to the 10 ! Toer range are obtainable
by means of a combination of a 450 I/s turbomolecular
pump, a 500 I/s jon pump, and a titanium sublimation

© 1980 American Institute of Physics
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XPS, UPS, AND TDS STUDY OF ADSORPTION, OXIDATION, AND 3
HYDROGENATION GF CO ON RHENIUM .
Yasuo FUKUDA, Fumihiro HONDA and J Wayne RABALAIS ¥

Department of Chemistry, University of Houston, Houston, Texas 77004, USA f ]

i Received 20 September 1979; accepted for publication 20 November 1979

Adsorption, desorption, onidation, and hydrogenation of carbon monoxide on polycrystal-
line rhenium foil along with the electronic structure of clcan rhenium have been studied by
X-ray (Al Ky) and UV (Ne 1, lHe 1, and He 1l) photoelectron spectroscopy and thermal desorp-
tion spectiometry under UHV conditions. The valence band electron spectra of clean Re are
compared with the density of states obtaincd from APW band-structure calculations and varia-
tions in the photoionization cross sections as a function of photon energy ate presented. X-ray
induced Auger transitions below 1450 ¢V are identified according to approximate calculations
cploying atomic encrgy tevet differences. Chemisorption of CO and O, at low e\posurcs on
clcan Re is rcported. The results show that O, is dissociatively adsorbed at 25°C and CO is
dominantly molecularly adsorbed at 25°C, a portion of which is desorbed a1 240°C and the
remainder dissociated into carbide and onide forms which desorb at 1060°C. The high tem-
petature dissuciated carbide and oxide specics are the reactants duting oxidation to CO, and
hydrogenation to Clly. Correlation of the molecular orbitals of adsorbed CO with those of
gaseous CO and Rcy(CO); o suggests that the adsorbed molecule is terminally bonded to the
metal via the C atom.

R S

1. Introduction

Studies of carbon monoxide adsorption on transition metals {1} have provided
important information in deciphering the basic mechanisms of catalytic oxidaiion
and hydrogenation of CO to CO, and CH,, respectively. Rhenium metal is fre-
quently a component in industrial catalysts and, although catalysis on Re metal [2]
and its alloys [3] has been studied, the mechanisms of such reactions on Re are not
known. This paper attempis to deternine the basic atomic interactions involved in
such reactions through an investigation of the adsorption and desorption of CO on
clean polycrystalline Re foil. The techniques of X-ray and UV photoelectron
spectroscopy (XPS and UPS) and thermal desorption spectrometry (TDS) are used
to identify surface species and monitor the teactants and products duting the
course of the basic reactions. Oxidation and hydrogenation as a function of tem-
perature are performed within the UHV spectrometer environment. :

During the course of these chemisorption studies it was found that the photo- :
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