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Hyperthermal rare-gas ion-stimulated CN~ desorption from a nitrogenated graphite surface
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The mechanism of hypertherm@-30 eVj rare-gagRG) ions induced CN desorption from a nitrogenated
graphite surface is investigated. CNlesorption occurs at an incident energy as low as 2 eV and gains a
relatively high energy from the desorption process in comparison with the incident kinetic energy. A strong
correlation is observed between the Chhaximum translational energ§MTE) and the incidentRG ion
energy, suggesting a localized interaction between the incident ion and surface CN species. A MT E\6f
is obtained at 0-eV incident energy, and is found independently of the incident ion species. It is proposed that
CN™ emission occurs as a result of the potential desorption of chemisorbed surface CN species mediated by
the formation of a localized hole at its bonding or nonbonding orbitalgigsjresonant neutralization of an
incidentRG ion.
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[. INTRODUCTION tating the observation of chemical and electronic effects on
surface reactions and desorptidfis?’
Desorption induced by electron transitidblET) has In this paper, we report that hypertherni2-30 eV rare-

been a research subject of great interest and importance #&s(RG) ions induce CN desorption from a nitrogenated
both pure science and practical applications for over fougraphite surface. Basing on a correlation between the product
decades. In this respect, electron- and photon-stimulated dgaximum translational energy and the incident ion energy,
sorptions (ESD, PSD have been extensively investigated we demonstrate that the CNemission occurs as a result of
and many fundamental processes have been revealed. Thispigtential-stimulated desorption. Briefly, localized resonant or
manifested by the mechanisms proposed to account for th@uasi-resonant decay of the incident ion’s hole by an electron
desorption dynamickin ESD and PSD, the incident electron from a bonding or nonbonding molecular orbital of chemi-
or photon induces a Franck-Condon transition between thgorbed CN species creates a localized hole at the molecular
ground and the excited states of a system, subsequent dedﬂ&bitaL Subsequent decay of the excited state imparts kinetic
of the excited state converts the potential energy to the trangnergy to the surface CN and results in ejection of CN spe-
lational energy of the ejected particithe Menzel-Gomer- cies from the surface. The desorbing CN species then capture
RedheadMGR) modef?). Knotek and Feibelméralso pro-  electrons from the surface via resonant process during depar-
posed a different mechanis({F mode) to account for the ture, yielding CN ions.
positive ion desorption from some ionic surfaces, in which
the negative io_n in the ior_1ic so!id is turne_d into a positive ion Il. EXPERIMENT
as a result of intra-atomic or interatomic Auger decay of a
core hole produced by the photon or electron irradiation. The experiments were carried out in a ultrahigh vacuum
This idea(also termed Auger desorption, Aas also been (UHV) system with a base pressure ef1x 10 ° Torr,
generalized to covalent materials or chemisorption system#hich combines a mass-separated low-energy ion beam sys-
on metals’ in which the local Coulomb interaction and the tem and an energy-resolved quadrupole mass spectrometer.
correlation effect of the holes may play an important fofe.  The system has been described elsewfTée low-energy
Since any ionizing irradiation can initiate DIET, the ion- ion beam system can deliver an ion beam with an energy of
beam induced potential emission of secondary ions from sur2—800 eV. In this work, it was first used to produce a 500-eV
face has recently attracted considerable atterffloff.Dur- N, ion beam to implant nitrogen into a pyrolytic graphite
ing ion-surface interaction, the incident ions are neutralizedample surface. Briefly, nitrogen plasma was produced via
in most cases via resonant or Auger charge transfer processelectron impact in a hot filament ion source. Positive ions
with the surface. The subsequent surface chemical reaction vgere extracted from an anode hole with-20-kV bias, and
thus believed to be stimulated by the translational energyransported at this voltage to a 90° magnetic sector for mass
carried by the incident iof*?° Nevertheless, the role of the selection, where the N ions were permitted to pass
potential energy carried by the incident idor in other  through, while ions with other mass/charge ratios were fil-
words, the hole of the incident ipias been suspected for a tered and neutrals were also eliminated from the beam line
long time to play a considerable role in stimulating chemicalthereafter. The N ions were subsequently focused and fi-
reactions:®~ Very recently, it has been demonstrated thatnally decelerated to 500 eV for implantation. The ion source
the hole of an incident ion or even an excited atom can playvas positively biased with respect to the target maintained at
a dominant role in stimulating surface desorption in someearth potential, which determined the incident ion energy.
specific case¥®~?2%°By decreasing the incident ion energy ~ The graphite sample was cleaved in air and further
to the hyperthermal levedkeveral to tens of electron volis cleaned in UHV by heating via electron bombardment up to
the collision effect can be neglected or distinguished, facili-1200 °C for several cycles. After cooling down to room tem-
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perature, it was irradiated by 500-e\4 Nions with a dose of 16
~10* ions/cnt, which resulted in the formation of a carbon [
nitride film at graphite surface. The film has been investi-
gated previously>~°The results show that the carbon nitride
film mainly consists of single and double—EN bonds?®
Heating of the film leads to the desorption of NC,N,
molecules and CN ions?®2°At the top surface, there exist
chemisorbed (weak-bound cyanogen (CN) molecules,
which was demonstrated indirectly by its enhancement effect
on sputtering of C ions from graphite surfac®.The chemi-
sorbed CN is believed to be the precursor of Céiesorption
as observed later in this work.

After nitrogen implantation, the ion beam system was
used to produce rare-gas ions, and the nitrogenated graphite

127

Relative CN' yield ( arb. units )
[0

surface was then subjected to 2—-30-eV' ANe", or He" 0 ‘ . . e
irradiation, during which CN ion emission was observed. 0 10 20 30 40
An incident ion current density of 0.5—1/&A/cm? with an Incident translational energy ( eV )

energy of 2—30 eV was readily obtained. The energy spread

of the ion beam was determined to be within 2 eV in this FIG. 1. Integrated CN yield as a function of incident energy
energy range. The CNyield and energy distribution were during 2—-30-eV Af, Ne', and He ion irradiation of a nitroge-
recorded as a function of the incident ion energy under #ated graphite. Also shown as a comparison is the @ild as a
specular scattering profile. During experiments, backgrounéinction of N energy produced by abstraction reaction. The lines
was measured with the sample moved out of the way an@'e drawn to guide the eye.

subtracted from the ion yields presented in this work.

The mass spectrometer, mounted at an angle of 70° witehow the cutoff positions of the high-energy tails of the CN
respect to the ion beam line, consists of a high-transmissioglistributions. The high-energy tail indicates the production of
45° sector field energy analyzer and a quadrupole massN™ ions with an energy higher than the mean translational
spectromete? It allows for measuring the energy and the energy. Although, the amount is small, it is critical to account
mass distribution of secondary ions. The ion energy is anafor the energy origin when tailoring the formation dynamics
lyzed by the field energy analyzer at a constant pass energyf CN™ ions as it may reflect a recoilless evérit.As a
by scanning a filter voltage, and the ion mass is analyzed bgomparison and reference, the energy distribution of the
the rf quadrupole. The energy resolution of the analyzer i$$N™ ions produced by a 2-eV Nabstraction of carbon from
estimated to be-1.2 eV in full width at half maximum from graphite is also shown. The abstraction reaction has been

the thermionic ion distribution. demonstrated to occur at carbon defect sites and is exoergic
by ~2 eV, which, with the incident N kinetic energy, is
IIl. EXPERIMENTAL RESULTS partly converted into the product translational enérgyhen

it is noted that both the mean and the maximum energies

Figure 1 presents typical incident energy dependence cdvailable to the CN ions produced byRG ion irradiation of
integrated CN vyield produced by 2—-30-eV Ar, Ne", and  a nitrogenated graphite surface dreuch higher than that
He" irradiation of a nitrogenated graphite surface. The ionproduced by the abstraction reaction. Moreover, the” CN
yield has been normalized by the incident ion current. As anaximum energies during Ar Ne*, and He irradiation
comparison, the energy dependence of Cpeld produced are very close, suggesting the independence of the incident
by hyperthermal N abstraction of carbon from graphite is ion species. With an increase in the incid&® ion energy,
also presentetlabeled N'), which yields an incident energy the high-energy tail exhibits a significant shift with the mag-
threshold of~0 eV for CN™ emissior?’ During RG ion  nitude depending on the incident ion species, although the
irradiation, the kinetic effect emerges at an incident energyxhange of the mean translational energies are not that signifi-
of ~10 eV. Below 10 eV, the change of the CNjield is  cant, as shown in Fig.(B).
insignificant, which will be demonstrated in this work to be a  Figure 3 shows the ion yield and energy distribution of
result of potential desorption. The kinetic effect is ascribed tahe CN™ ions as a function of incident energy during
collision-enhanced potential desorption and/or kinetic sput2—30-eV Ar" irradiation, where the yield has been normal-
tering. Note that the CN yield is also dependent on the ized by the incident ion current and the ordinate is broken to
incidentRG ion species in an order of Ax>Ne">He". show the high-energy tails. The high-energy tail of the CN

The above results suggest a facile emission of Gbhs  distribution exhibits a significant shift with the incident Ar
that is also demonstrated by the high translational energgnergy. We will discuss the CNemission mechanism on the
available to the CN ions. Figure 2a) presents normalized basis of the kinetic effect on the high-energy CTNbns,
translational energy distributions of CNions produced by which is characterized by the maximum translational energy
2-eV Art, Ne*, and He irradiation of a nitrogenated (MTE) available to the product. The MTE is determined by
graphite surface. The translational-energy scale has beextrapolating the high-energy tail to the zero signal after sub-
calibrated by thermionic CNions. The ordinate is broken to tracting the backgroun¢hoise, followed by correcting with
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1x10° FIG. 3. (&) The yield and translational energy distribution of
CN~ ions produced by 2—30-eV Arion irradiation of a nitroge-
nated graphite surface as a function of incident energy. The ordinate
is broken to show the cutoff positions of the high-energy tdi)s

CN translational energy (eV )

FIG. 2. Normalized translational energy distribution and cutoff investigation in the past few decades. Most of the secondary
position of the high-energy tail of CNions produced bya) 2-ev  particles are believed to be a result of kinetic sputtering pro-
and(b) 30-eV Art, Ne*, and He ion irradiation of a nitrogenated cess. In reality, however, the secondary particle emission can
graphite surface. Also shown by the solid line are the energy distribe a comprehensive result of both kinetic sputtering and
bution and cutoff position of the high-energy tail of the Chons  electronic excitation. The latter has been employed to ac-
produced by(@) 2-eV and(b) 30-eV N' abstraction of carbon from count for the noncollisional sputtering of ‘Oand F by
graphite as a comparison and reference, which indicates that thare-gas ion irradiatioft*° and is termed ion-stimulated de-
high-energy tail of the CN ions produced byRG ion irradiation is
not due to instrumental fact® but demonstrates the formation of
CN™ ions with energy higher than that produced by Abstraction
reaction.
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the thermionic CN ions. It represents the maximum energy
available to the CN ion in its formation process. Figure 4
depicts the MTEs of CN ions as obtained via the above
method as a function of the incident Ar Ne*, and He'
energies, as well as Nenergy for comparisoriresulting
from abstraction reactionThe CN™ MTE increases linearly
with the incident ion energy, from which the maximum ratio
of translational-energy transfer from incident ion to CN
product is obtained and depends on the incident ion species.
By extrapolating the incident energy dependence, the CN
MTE under 0-eVRG ion irradiation is obtained as-5 eV 0
(without a collision effedgt Then, it is remarkable to note

that the CN' MTE obtained by 0-e\RGion irradiation is(i)

independent of the incident ion species, aindmuch higher FIG. 4. The maximum translational energyTE) of CN™ ions
than that produced by 0-eV'Nabstraction reactiot~1 €V). 45 a function of incident energy produced by 2—30-eV ANe",
The possible CN desorption dynamics will be discussed in and He™ ion irradiation of a nitrogenated graphite, as well as a

CN Max. translational energy (eV )
©

0 10 20 30 40

Incident translational energy ( eV )

light of the above results. hyperthermal N abstraction of carbon from graphitebeled N').
The lines are drawn to guide the eye. The results yield maximum
IV. DISCUSSION translational-energy transfer ratios 630%, 26%, 14%, 25% for

_ o Ar*, Ne*, He", and N' irradiation, respectively. Note the signifi-
The secondary ion or neutral desorption induced by enefeant difference of CN MTE produced by 0-e\RG ion irradiation
getic ion-surface interaction has been subjected to extensivand N° abstraction.
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sorption (ISD). In this respect, the potential energy of the CN~ MTE under 0-eVRG ion irradiation is independent of
primary ion has been suspected to play an important role ithe RGion species suggests that the Thn originates from
initiating the desorption event. So far, several models haven identical excited state that is produced by the localized
been proposed as possible dynamics of ISD. The creation dfiteraction but independent of tHRG ion species. Because
deep core holes by the impact of energetic primary ion leadboth the Z and 2 orbitals of the C and N atoms of chemi-
to Auger electron emission that induces ESD as a subsidiargorbed CN species are hybridized to form molecular orbitals
effect!! It is also possible that the Auger neutralization of theas schematically illustrated in Fig. 5, whereas the potential
primary ion itself leads to secondary ion desorption, sinceenergies of thdRG ions are small relative to the C or Ns1
two valence holes are created around the impact point. level, the nature of the localized interaction would be reso-
These models are fundamentally in analogy with the ESDhant and/or Auger neutralization of tfRG ions by bonding
and PSD'0-1° or nonbonding electrons from these molecular orbitals. This
While most studies on ESD, PSD, and ISD have focusedeads to the formation of one or two holésuger decay at
on the nature of the initiating event, the lifetime of the ex-the molecular orbitds).
cited state is also a critical prerequisite. Because the elec- The conventional Auger desorption mod&F or AD
tronic dynamics as initiated by electron, photon, or ion irra-mode) would suggest that localized interatomic Auger decay
diation occurs within an ultrashort time scale of of an incidentRGion ejects the two bonding electrons from
femtoseconds, while the bond breakage occurs within a sulthe molecular orbital of the surface-CN boftV in Fig.
picosecond time scale, the excited state has to be sufficientl(a)]. This leads to spontaneous disintegration of the bond
long lived so that the desorption product can gain a largend causes violent repulsion between the bonding atoms,
kinetic energy to allow the chemical-bond scission to occumwhich results in the decomposition of energetic CN and/or
and the ionic product to survive from its image potential. CN™ particles from the surface. In this framework, however,
Moreover, whether the desorption products leave the surfacdie CN™ yield dependence oRG ion species is expected in
as neutrals or ions should be further determined by the newn order of Hé >Ne" >Ar*, against the results of Fig. 1.
tralization process of the desorbing ions. It is in terms ofOn the other hand, the AD model also suggests desorption of
these considerations that very recently, Souda and cdEN* ions, which was not observed in the present experi-
workers have claimed that the ion-stimulated @nd F* ments.
desorption is not initiated by the valence holes but rather Instead, we attribute the initiating event of CNiesorp-
caused by the formation of(gemjcore-hole state having the tion to a localized resonant or quasi-resonant electron ex-
antibonding charactéf.?? change between an incideR(G ion and a surface CN spe-
We now turn to the dynamics of CNdesorption as ob- cies, which creates a hole at a molecular orbital of
served in the present work. Because of the chemical inertneshemisorbed CN specié€Big. 5. The quasiresonant electron
of RG atoms, the CN desorption should be attributed to exchange is possible between an incident ion and a target
either the translational energy or the potential energy carriedtom provided that they are located energetically withi
by the incidentRG ions or both. As the ion fluence is in a eV:3?33 Creation and localization of a hole at a molecular
range of~ 10" ions/cnf s and the timescale of ion desorp- orbital pushes it to a high and repulsive potential surface
tion is 10 *~10 s, the CN desorption should be a re- (Franck-Condon transitionsubsequent decay of the excited
sult of a single collision rather than consecutive collisionstate may convert part of the potential energy to the transla-
events. This is also supported by the strong correlation betional energy of the surface CN and result in ejection of CN
tween the product MTE and the incident ion energy. Conseand/or CN' from the surface. The ejected CN species cap-
quently, the kinetic sputtering or collision-induced desorp-ture electrons from the surface via resonant process to form
tion mechanism is excluded because it cannot account for thdtimately CN™ ions. This is understood within the frame-
energy origin of the CN product in the low incident energy work of the MGR modef;® and accounts for the high CN
range. Thus, the potential energy carried by the inciR@t MTE and its independence of tHeG ion species at 0-eV
ion was partly converted into the product translational endincident energy. In this respect, the dependence of the CN
ergy, suggesting that the hole of the incid&®® ion played vyield on theRG ion species may partly reflect the energetic
an important role in initiating CN desorption. accessibility of the molecular orbital to thRG ion’s hole to
When a slowRG ion approaches the surface, it either enable the(quasjresonant electron exchange procésse
survives from the interactiofiand is then scattered away Fig. 5b)].
from the surfacgor is neutralized by an electron from the  Furthermore, if a hole is created within the surface-CN
surface. The former process transfers only part of its translabonding orbital by either resonant or Auger neutralization,
tional energy to the surface which is not sufficient to initiatethe excitation should dissipate rapidly on a wide-band sur-
the desorption event in the low incident energy range agace such as graphite. Whether or not this results in desorp-
mentioned above. Hence, the latter is believed to be respotion is under debat¥.??In this respect, from the chemical
sible for the CN desorption. In most cases, the neutraliza-point of view, the bonding electrons of thesEN bond[l and
tion occurs via resonant or Auger electron transfer processdsin Fig. 5(a)] are spatially more localized than that of the
with delocalized surface valence electrons, which, howeveisurface-CN bond. As a consequence, a hole created at these
results in no CN desorption. Thereby, the CNemission orbitals may possess a longer lifetime to allow the bond
must result from a localized interaction between the incidenscission to occur, and probably, is the initiating event of CN
ion and a surface CN species. Furthermore, the fact that thdesorption. More favorable is a hole created at the nonbond-
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Surface CN Ar/Ne'/He® surface-CN chemisorptive bond rather than the much stron-
ger C=N bond, leading to the ejection of CN particles from
the surface. In reality, the hole need not necessarily be lo-
cated at the bond to be broken as also demonstrated by the

desorption of O and F ions®~?2During or after the bond

__ breakage, the CN electronic structure experiences a rear-
o >

rangement, which allows access of the desorbing CN to the

P P surface electrons, so that negative ionization may occur.
C a v »C @ N @ Negative ionization of CN at graphite surface is further
sl facilitated by the band effeéf. Graphite is a semimetal with
' 0-eV band gap, and its valence band extends from its Fermi
\ level down to~22 eV below the vacuum level. The surface

work function of the nitrogenated graphite surface is deter-
mined to be~4.06 e\ The positive ionization potential of
CN CNis ~13.6 eV, and its affinity level is-3.86 eV below the
vacuum levef® Since the CN particles are created at the
(a) surface, both the ionization and the affinity levels will shift
near to but below the surface Fermi level upon departure.
. Consequently, negative ionization of a desorbing CN can
Surface CN—>CN*—>CN__RG readily occur via a resonant process. Meanwhile, the result-
ing CN™ ion can survive from reneutralization in a large
probability due to the small energy difference of the TN
affinity level relative to the top of the valence batd0.2
eV). A facile and dominant negative ionization of CN also
occurs during carbon atom abstraction by hyperthermial N
ions’’ and nitrogen ion sputtering of graphfeln this re-
spect, the absence of CNdesorption is ascribed t0) the
r®|Ar3p (-15.8eV)  glectronic structure of a desorbing CN particle which favors
negative ionization, andi) the absence of a Ci$emijcore-
level accessible to thRGions.

In the frame of the above mechanism, we should have
observed CN ions originating from both potential desorp-
tion and direct carbon abstraction during hyperthermal N
He 1s (-24.6eV) ion irradiation of graphite. In order to clarify this point, a
(b) nitrogenated graphite sample was also subjected to 2—30-eV

N* ion irradiation. We indeed observed emission of TN
ions with maximum energy close to that producedi®yion
irradiation. Hence, the insignificance of a potential desorp-
$ion of the CN™ ion during N' irradiation of fresh graphite is

(o]

Ne 2p (-21.6eV)

(o)

FIG. 5. (a) Schematic bonding and nonbonding molecular orbit-
als of chemisorbed CN at a graphite surface. The orbitals includ
one o bond (1) and two 7 bonds(ll) between C and N atoms (C . :
=N bond, a nonbonding orbital localized at the N atgHi) and a partly due to a low surfaqe CN population, which ac_:counts
chemisorptive bond between CN and the surf@eface-CN bond for the_ large CN MTE d'ﬁerence betwe_en Q'G‘RG lon
(IV). All these orbitals are occupied. The energy diagram involved'radiation and N abstraction, as shown in Fig. 4.
in the CN™ formation is illustrated inb): The chemisorptive bond
orbital (IV) may merge into the valence band orbitals of graphite, V. SUMMARY
but the G=N bond and the nonbonding orbitals-11l) are more
localized. The energy levels of these orbitals can be as deep as the In summary, we have shown that hypertherr®ad ion
first ionization potential of CN13.6 eV} or even deeper, so that the irradiation efficiently induces CN desorption from a nitro-
quasiresonant process is energetically allowable. As a result, negienated graphite surface. The translational energy obtained
tralization of an incidenRG ion creates a hole localized at a bond- py the CN™ ions during very low energRG ion irradiation
ing or nonbonding orbital of chemisorbed CN. A subsequent decays relatively high in comparison with the incident energy. It is
of the excited state imparts kinetic energy into surface CN, antyroposed that the CN emission occurs as a result of
results in the ejection of CN from the surface. Negative ionizationpotential—stimulated desorption. The initiating event is the
occurs during its departure from the surface, ultimately yielding 3ormation of a localized hole at a bonding or nonbonding
CN™ ion. molecular orbital of chemisorbed CN species by resonant or

quasiresonant neutralization of incideRG ion. A subse-
ing orbital localized at N atonfilll in Fig. 5(a)], which is  quent decay of the excited state results in the ejection of
screened spatially from access to surface electrons provideghergetic CN species from the surface, which capture elec-
that the CN is adsorbed vertically to the surface. Neverthetrons from the surface via a resonant process to form ulti-
less, the subsequent bond scission occurs at the weaRately CN ions.
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