PHYSICAL REVIEW B VOLUME 60, NUMBER 8 15 AUGUST 1999-lI

Vacancy and interstitial defects at graphite surfaces: Scanning tunneling microscopic study
of the structure, electronic property, and yield for ion-induced defect creation
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Point defects at graphite surfaces are investigated by scanning tunneling micr@S&dfjyunder ultrahigh
vacuum conditions. Graphite surfaces are bombarded with energy-selected bearhsaatiA¢rt ions at low
energies(<100 eV) to generate the defects on atomic scale. The ion bombardment produces mostly carbon
vacancy defectéVD’s) and interstitial defectdD’s), the latter formed by trapping an incident ion beneath the
surface carbon plane. A VD appears as a protrusion in STM image and so does an ID, but they can be
distinguished from each other in the measurements of local tunneling barrier k@igahd tunneling spec-
troscopy(l-V curve. They can also be physically separated by heating the defected surface to a temperature
high enough to evaporate the noble-gas interstitials. By employing these methodologies, we are able to exam-
ine the electronic structure of individual VD’s and ID’s. A VD exhibitsbavalue substantially lower than an
ID or a clean graphite. Both VD and ID increase the local charge density of states near the Fermi energy, but
this effect is largest for a VD due to its dangling bondsvAxv3 superlattice structure appears from an ID,
but not from a VD. This observation disproves the existing theoretical interpretation that the superlattice
structure results from electron scattering at a VD site. The absolute yield is measured for production of VD’s
and ID’s at ion impact energies of 40-100 eV. The features of the yield curves, including the dependency on
ion energy and the threshold energies for defect creation, provide reasonable explanations for the ion-surface
collisional events leading to VD and ID creation in the low-energy reg{i86163-1829)11831-9

. INTRODUCTION induced damage using STM>'2-2*Many of these studies
employed high energy(>500 e\} conditions for ion
Point defects at a surface, consisting of the absence drombardment?~?? and the target materials included ‘8,
extra presence of atoms, represent the simplest kind of ddbS}® and graphité?~>* The STM image of a Si surface
viation from a perfect crystal plane. Such defects often havéombarded with Ar beams at an energy of 700 eV showed
profound influence on the electrical, optical, and chemicahillocks,'” while craters were observed on PbS upon’ Kr
properties of a surface. They are an intrinsic feature of a redMpact at 8 keVi® On graphite surfaces, only hillocks were
surface as their presence is a normal thermal equilibriun@bserved in the STM image _afterzt;ombar.dment with various
phenomenon. Experimental findings on point defects, parlonS at various impact con_d_ltloﬁéf The hlllocks_produced
ticularly on their electronic and geometrical structures, havd'™M high-energy ion collisions were large, typically a few
been very limited until recently. Because many surface sped™ In diameter or larget’*>*"**These hillock structures

troscopic techniques measure properties averaged over '§'€ |nterprgted as representing the actual geometry of dam-
; LS, : S aged spots, i.e., local erosion of carbon layers. Several ex-
sampling area, it is difficult to deal with the individual de-

fects that are randomly dispersed and have low density on %Iﬁgﬁtéonfhgﬁg pf&iéﬁ‘? fg Er}fteziifr(l)orllrrcaetaon sct): egglo;knsd n-

surface. With the advent of scanning tunneling micrOSCOpyelectronic excitatiod” While high energy ions generate

(STM)," a real-space and near-field probe, it is possible Qomplex collisional cascades in the solid and the resulting
examine individual defects at a surface. Point defects can b&amage extends to a wide region, the ion-surface collisional
artificially introduced to a surface by bombarding it with eyents can be greatly simplified when ion energy is below
energetic ions. Of particular interest in this study is the deq10p ev. Such low-energy ions penetrate only to a shallow
fects created by low-energy<100 €V) ions. When the ion  depth and the number of atomic displacements is reduced to
energy barely exceeds the threshold value for displacememtainly primary knock-on evenfs® The defects created by
of surface atoms, the ion-surface collision can remove one dow-energy ions on graphite surfaces were recently examined
at most a few surface atoms, thus producing mostly poinby several researchets>?*?*The STM images of the ion-
defects on an atomic scale? The defect creation mecha- bombarded surfaces showed hillocks of smaller sizes to a
nism with such low-energy collisions is intimately related tofew A in diameter. Interestingly, these small hillocks origi-
the film deposition and etching processes using ion beamsate from an increase in the charge density of st@@&09
and plasma. High quality films can be grown through con-near the Fermi energy leveEf), but not from a geometric
tinuous generation and annihilation of atomic defects duringrotrusion of a surfacéThese studies reported many inter-
ion bombardment of surfacé%!! esting STM images of point defects, but they had important
There have been numerous studies involving ion bomshortcomings. In the earlier cases, the nature of the defects
bardment of solid surfaces and investigation of the ion-under investigation was poorly characterized. This hampered
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a clear interpretation of the observed STM features, i.e.(1x 10''-5x 10'%ions/cnf) so that the effects of single ion
whether they should be related to vacancies, interstitials, dfpacts can be isolated on the surface. The beam was ras-
other types of defects. Also, there was the possibility of im-tered over the sample area for uniform exposure. Differential
purity adsorption at defect sites when STM measurementsumping of the beamline allowed the UHV condition

were carried out under ambient conditions. (<2x10 °Torr) inside the analysis chamber to be main-
In this paper, we present a comprehensive study of atomigained during the ion bombardment.
defects at a graphite surface using ultrahigh vacuumV) After ion impact, the sample was transferred back to the

STM. The defects were created under well-controlled condiSTM chamber for subsequent STM measurement using the
tions by bombarding a surface with energy-selected beams @ample-transfer system. The STM tunneling currenias

Ar* and Kr' ions in the range of 40-100 eV. They were typically 0.1-0.5 nA and a sample bias was withir800
analyzedin situ using UHV-STM. The two types of defects mv. A tip was aW-wire electrochemically etched in a KOH
created under this condition, carbon vacancies and noble gaslution. The tip was checked for giving good atomic reso-
interstitials, were identified and distinguished by thermallution of a topographic image in an undamaged area before
heating and scanning tunneling spectroscégyS. These and after the scans over the ion-impacted regions. Unless
experimental features allow a more systematic examinatiobtherwise specified, all the STM measurements reported in
of each type of defect compared with previous studies. Thehis paper were made by UHV-STM. The local barrier height
results from our investigation are presented in this paper ifior electron tunnelingb was measured using the ac modula-
the following order. Sec. Il A presents the STM topographiction method* by applying an ac voltage to thepiezo drive
image of the defects created by ion impact. Sections Il Bsg that the tip oscillates at a low amplitudez<0.5A) at a

and Il C report the results of STS measurement of the defrequency of 1-10 kHz. The induced modulation of the tun-
fects. Their electronic properties are investigated and th@eling current was measured using a lock-in detection tech-
methods for distinguishing a vacancy def¢eD) and an  njque. The modulation frequency was within the bandwidth
interstitial defect(ID) are described. Section IlID presents of an|-V converter. The lock-in output givesin 1/dz which

the size distribution of defect structures obtained from theilis proportional to®. ® was measured two dimensionally
appearance statistics in the STM images. Section Il E examspatially resolvedd image, and recorded simultaneously
ines the yleld for defect creation upon ion impact at VariOUS\Nith surface topography_ The current-to-bias V0|tage mea-
ion energies. Section Il F reports our observation of the susurement(-V spectroscopy® was carried out to investigate
perlattice structure’s appearance around a defect. These ere electronic structure of defects in the following manner.
perimental results are discussed in Sec. IV in the order of thgyuring a topographic scan over a certain area, a tip stopped
collisional events leading to defect productit®ec. IVA),  at a preselected surface position. The constant-current feed-
the geometric structure of defedSec. IV B), the electronic  pack loop was interrupted, and then the bias voltage was
structure(Sec. IV Q, and the yield for defect creation by ion ramped within a specified range in order to obtail data.
impact(Sec. IVD. After taking thel-V curve, the feedback loop was reacti-
vated and then the topographic scan restarted. [Hvwe
curves were recorded from multiple sites in a scan érem

4X4 to 32x32 sites intermittently during a topographic

Graphite samples/highly ordered pyrolytic graphite Scan.
(HOPG), Advanced Ceramics ZYA gradlevere cleaved with
adhesive tape, and loaded into the STM chamber. The STM Ill. RESULTS
chamber was equipped with a home-built UHV-STM, an
e-beam heater, a thermal evaporator, and a storage assembly
for tips and samples. The graphite sample was cleaned by Upon bombardment of a graphite surface with low energy
degassing it in a vacuum at 650 °C for several hours anibns, an STM image shows characteristic features of the ion-
flash annealing to 1000 °C for a few minutes. After checkinginduced defects created at the surface. Figure 1 presents the
the surface condition and cleanness with STM, the sampl&TM images of the defects in two different scales. In the
was transferred to the ion-surface collision chamber for iorwide-scan (508 500A) image of Fig. (a), several ion-
bombardment experiment. The sample transfer between theduced defects appear as bright spots, or hillocks, randomly
STM and ion-surface collision chambers was done maintaindispersed on an originally flat surface. The defect features
ing the vacuum environment using the vacuum sampleare readily observable in an STM image, and appear rather
transfer system. The base pressure of the STM chamber wassensitive to the applied bias voltage and polarity within a
below 2x10 °Torr. range of£1 V. By using a low flux of incident ions, each

The ion-surface collision chamBérconsists of an ion defect is isolated on the surface with negligible defect-defect
source, a beam transport region, a low-energy deceleratonteractions. The diameter of the bright spots varies from a
and a UHV analysis chamber equipped with various surfacéew A to several tens of A. In Fig. (&), only large-sized
spectroscopic tools. The sample was bombarded with massefects are discernible because the scan area is very wide. A
and energy-selected beams of"Aor Kr* ions at normal  defect structure of a small size is presented in Fig) With
incidence and for the energy range of 40—-100 eV. High-high resolution. The bright spot has a diameter-e3 A.
energy neutral species contained in the beam were removdgkcept in this region of local brightness, the original graphite
by a neutral trap installed in the beamline. The energy resopattern is visible in the scan area. Such a small hillock is
lution for the beam was less than 2 ¢ll width at half  most frequently observed from a surface impacted by 50—-60
maximum (FWHM)]. The ion dose was kept low eV Ar* ions. These STM images, taken undersitu UHV

Il. EXPERIMENTAL

A. STM images of ion-induced defects



PRB 60 VACANCY AND INTERSTITIAL DEFECTS AT ... 6009

FIG. 1. STM topographic images of the defects created at a
graphite surface by Arion impact.(a) A large-scale image an(h)
a high resolution image. The length inside the white bar corre-
sponds to a bar length. lon impact energy is 100(aVand 60 eV
(b). Scan conditions are sample bias 6100 mV and tunneling
current of 0.5 nA(a); sample bias of-60 mV and tunneling current
03 nA (b).

conditions, are similar to those obtained under ambient
conditions>~>?*24The similarity between the STM features :
observed under UHV conditions and in air indicates that im- () (d
purity adsorption at a defect site does not significantly alter
the bright defect images.

The defect features created in this present work are mu

ﬁmaller n S'Zﬁsﬂl‘??g those produced by ion qubardmem TM topographic image obtained after 50 eV'Kimpact.(d) The
igh energy.”™*"* Apparently, mostly atomic-scale de- ding image of local barrier height from region
fects are produced under the present ion bombardment conoresponding imag g g
dition using ion energies close to the threshold of defecions. The topographic image of this surfd&ég. 2(c)] shows
formation®’ Previously, it has been showr that these low-  hillocks, but none of them is visible in the corresponding
energy ions can generate vacancy def@¢fd’s) in the sur-  ®(x,y) image[Fig. 2(d)].

face carbon plane as well as interstitial defe@®'s), the According to the threshold measurement presented in Sec.
latter created by trapping an incident ion underneath the catl E, Kr * impact at 50 eV produces exclusively ID’s on the
bon plane. It is impossible to distinguish VD and ID from the surface. Therefore, we interpret that ID’s are transparent in
STM images of Fig. 1 alone. In the following sections, wethe ®(X,y) image, and the dark spots must represent VD's.
examine the STM features of defects in further detail to dif-We further check this possibility with a sample impacted

ferentiate VD’s and ID’s and to probe their structure. with 100 eV Kr" [Fig. 2@], by heating it inside a vacuum at
700 °C. This thermal heating procedure removes only ID’s

from the surface and leaves VD’s unalter&kc. Il D). Af-
B. Local tunneling barrier height: Differentiation of VD ter heating the surface, we observe 1:1 correspondence be-
and ID tween the hillocks of topographic image and the dark spots

. . . . of ® image. This result verifies that VD’s and ID’s can be
STM is capable of measuring a local tunneling ba”'erdistinguished by the measurement.

height. The lateral variation o, or (x,y) image, can The interpretation of experimentdl data can be compli-
provide a useful means for examining chemical heterogenesated for certain systems. It has been suggésthdt on a

ity in certain multicomponent surfacé%:?°In this work, the  soft surface such as graphite, an experimebtatlue can be
®(x,y) image is measured on a defected graphite surfaceiistorted due to the repulsive forces between a tip and a
simultaneously with STM topographic image by a two- surface, which results in a lowering of the measubedalue.
channel experimer(Sec. I). Figures 2a) and 2c) show the  However, recent studig®%3? show that this effect is insig-
topographic images and the correspondib@x,y) images nificant for imaging a graphite surface even in air when a
are shown in Figs. ®) and 2d). Clear contrast is evident normal imaging condition is employedR(<10’ ), where
between the topography and tHeimage. Figures @) and R, represents tunneling gap resistance. Another effect might
2(b) are in a pair and correspond to the surface impacted bintervene when a surface has an abrupt topographic change,
100 eV Kr' ions. Several of the Kr-induced defects, appear- e.g., at a step edg& At such a position the image can be

ing as hillocks in the topographic image of Figlag are  entangled with topography because the angle changes be-
imaged as dark spots in thie(x,y) image of Fig. 2b). The  tween the direction of tip modulatioi) and the microscopic
dark spots haveb values lowered by~0.3 eV compared direction of a tip to a surface atom. Considering that both
with an undamaged area. On the other hand, the rest of thgD’'s and ID’s appear as protrusions and their sizes are
defects are not discernible from an undamaged region in themall, the mixing effect of topography adalis not expected
®(x,y) image. These “transparent” defects ha®evalues to be the reason for the observéddifference. We believe
similar to that of clean graphite, which is 3.8 eV in our that the® difference reflects a red} variation at the VD and
measurement using W tip. Figures 2c) and 2d) represent ID sites, originating from their different electronic proper-
the results obtained from a surface impacted with 50 eV Kr ties.

FIG. 2. (8 STM topographic image of a graphite surface im-
cpacted with Ki* ions at 100 eV.(b) The image of local barrier
£eight obtained from the same region simultaneously \ajh (c)
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The electronic property of VD’s and ID’s is further exam- 5
ined by measuring thé-V spectroscopy at the defect sites. =
The |-V spectroscopy is performed intermittently during a a 1s]
topographic scan, in such a way that th& data can be
labeled with a specific position on the topographic image.
For increased reliability, thé-V data are repeatedly taken 0 . : EEEN
for each surface position and then averaged. Figure 3 shows 0 4 6 8 10
the 1-V data in the derivative form, or the conductance Height (A)

(di/av) Curves, measured on VI.:) s, ID's, and in the l.mdam FIG. 4. The size distributions for the hillocks produced by Kr
aged region. The data are obtained from a surface impacted . . . 7
L ] . , , ions at the impact energies of 50 and 100 €.Diameter distri-
by 100 eV Ar ions, which contains VD’s as well as ID’s. . . A
. ; . bution. (b) Height distribution.
By thermal heating of the surface, VD’s can be isolated on

the surface(Sec. Il1D). A comparison of thel-V curves  peight of the hillocks, respectively, produced by'Kons at
obtained before and after heating of the surface allows SeP3mpact energy of 50 and 100 eV. The distribution for the
ration of thel-V spectra for VD's and ID's. In Fig. 3, the  giameter remains rather unchanged with impact energy, ex-
conductance ned is greatly increased by the presence of capt that it becomes slightly broader at 100 eV. The average
a VD. The conductance value gives a relative measure fofjigmeter is 27 2 A for all energies, as summarized in Table
local CDOS, when the same tips and scan conditions arg op, the other hand, the average height exhibits substantial
used. For a VD, the conductance value at near zero voltage {8iation with energy: it is 3.80.1A for 50—80 eV, sud-
enhanced by 15-30 times from a clean graphite surface. Ffany increasing to 39 A at 90 eV and 4.5 A at 100 eV
an ID, the enhancement is 2-3 times. In comparison, a Plg[able ). The height distribution becomes significantly
cluster on a graphite surface increases the local CDOS by 1§ nader toward a larger value above 80 eV. The size distri-
times from a clean surfacé. The charge enhancement pion for Ar*-induced defects has been reported in our ear-
caused by a VD is comparable to that by a Pd cluster, indijjer renort5 Table | compares the average diameter and
cating that graphite undergoes transition from a semimetal tﬂeight for the defects generated by Amnd Kr'. The

a metallic state. Theoretical calculat?&rpredlcts_ aresem- - ar+.induced defect certainly exhibits a different trend com-
blance between a metal adatom and a graphite vacancy red with Ki'. The defect size created by Amonoto-

their appearance in the STM image, consistent with a metafj, g\ increases both in diameter and height with increasing
lic state of a VD. No specific band structure is clearly visible;

hin o b | o : e s and ion energy.
within a bias voltage range of 1.0 V for a VD's, ID's, an The two defect components on graphite, VD and ID, have

clean graphite. The-V features on a clean surface is similar gitterent thermal properties, based on which it is possible to
to the previous report’g‘: An |-V curve was reportéa for

a graphite defect produced by 3.1 keVAimpact, and in TABLE I. The average height and diameter of the defects pro-
this case a CDOS increase of about 3 times was observeduced by Ai and Kr" ion impact.
The defect nature, however, was not identified in this study-

Impact energyeV) 40 50 60 80 90 100
D. The size distributions for VD and ID Average height of STM AF 14 21 35 4.5
: +
The size of the hillocks in STM topographic image is protrusion(A) Kr 29 30 30 39 45
statistically analyzed. The statistics is obtained from theaverage diameter of STM Ar 63 8.1 13.1 19.5
measurement of more than three hundred defects. Shown fotrusion(A) Kr* 27.8 28.6 29.1 26.6 25.1

Figs. 4a) and 4b) are the histograms for the diameter and
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FIG. 6. The production yields of total defect, VD, and ID as a
function of ion impact energy for 50—100 eVa) Ar* impact. (b)
FIG. 5. The size distributions differentiated for @olid line) Kr* impact. The solid line is a fitting by the line-of-center collision
and ID (dashed ling (a) Diameter distribution(b) Height distribu- ~ Model. The dashed line is a guide to the eye.
tion. The defects are produced by 100 eV"Kmpact.

Height( A )

higher protrusions, the height distribution ranging 2—6 A in

separate one from another. An ID can be removed by heatingWHM with a substantial population up to 10 A.
a sample to a sufficiently high temperature inside a vacuum,
such that the trapped noble gas atom is thermally desorbed.
The desorption temperature for trapped atoms is 90—-100 °C
for He, 120—160 °C for Ne, and 200—300 °C for AFor
Kr*-impacted samples, a heating temperature of 700°C is The defect production yield is measured as a function of
observed to be sufficient for removing (Kr)’s. At this tem-  ion impact energy for At and Kr", and the results are pre-
perature VD’s are assumed not to be destroyed nor newlgented in Fig. 6. The yieldf is defined as the ratio of the
created. This assumption is reasonable because the formationmber of STM protrusions to incident ions. Upon impact of
energy for a single-atom VD on a graphite surf&t€évD) is 40 eV Ar" and Kr", no STM protrusion is observed and the
7.44 eV and its migration energy to theaxis direction(par-  surface remains unaltered from its original state. This obser-
allel to a carbon planeE™3VD) is 3.1 eV We have vation means that 40 eV Arand Kr" ions do not create a
checked the thermal property of VD by further increasing theVD nor ID on the surface. Small hillocks start to appear at
temperature to 1200 °C, and have not observed any diffetthe impact energy of 50 eV, a value only a few eV higher
ence in the number of defects counted in STM images. Thighan the surface penetration threshold energies reported in
result verifies that thermal heating does not create nor annthe literature: 43.51.5eV for Ar" and 47.5:2.5eV for
hilate VD’s on the surface, and removes only ID’s. Kr*.® Figure 6 presents the defect production yield distin-

Figures %a) and b) show the size distributions for VD’s guished between VD’s and ID’s together with the total defect
and ID’s at a surface impacted by 100 eV'Kions. The size yield. The production yield for V)Y (VD) ] is measured by
distribution for VD is measured after heating a sample. Theusing the thermal separation method. The vyield for ID
ID distribution is obtained by subtracting the VD distribution [ Y(ID) ] is calculated by subtracting(VD) from a total de-
from the total(undifferentiated defect distribution. A differ- fect yield. The energy dependency of the yield is quite dif-
ence is evident in the sizes of VD’s and ID’s. ID’s tend to ferent between At and Kr". For the Ar" case[Fig. 6(a)],
have a slightly larger diameter than VD’s, and a substantiallypoth Y (VD) and Y(ID) increase smoothly with increasing
lower height. The size distribution for ID ranges 15—45 A inion energy. ID’s are formed more efficiently at energies be-
diameter and 2—-5 A in height in FWHM. Note that this dis- low 70 eV, butY (VD) increases more rapidly with increas-
tribution is close to that for the total defects created bying energy to become larger at the higher energies. This fea-
50-80eV Kr" impact. The reason for such resemblance isture can be rationalized in terms of the different threshold
that 50—80 eV KF ions produce exclusively ID’s, as will be energies between the Apenetration into a graphite surface
described in Sec. IllE. VD’s appear in the STM image asand the carbon displacement. The threshold energy for sur-

E. The dependency of VD and ID production rate
on ion energy
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face penetration is 4351.5 eV with Ar* ion and for carbon
displacement 47.3 e¥’ The surface penetration with a
lower threshold energy should be more favorable than car-
bon displacement for low energy collisions. An ID can be
created by surface penetration, but VD formation requires
carbon displacement. In this regard, ID’s should be more
efficiently formed at a low energy.

For the case of Kf [Fig. 6(b)], the defect production
yield is very low (<2%) up to an impact energy of 80 eV.
Thermal heating to 700 °C removes almost all of the defect
structureg>93%) formed at these low energi€s0—80 eV,
revealing that these defects are exclusively ID’s. Note that
for Kr* impact there is a large gap between the threshold
energy for surface penetration (4%2.5eV) and for carbon
displacement(80.8 e\).. These threshold values are very
consistent with our observation that only (K¥)'s are cre-
ated below 80 eV. Above this energy, bo¥{VD) and
Y(ID) rapidly increase with increasing energy. Therefore, it
appears that VD creation by Krcollision accompanies effi-
cient ID production as well, in other words, a Kion that FIG. 7. V3 XV3 superlattice patterns appeared on a graphite sur-
hits and knocks off surface carbons tends to become embetkce bombarded with 80 eV Krions. The bright regions represent
ded beneath the surface carbon layer. This interpretation idefect sites.
reasonable because Kis much heavier than carbon. A Kr

ion retains a substantial portion of initial momentum evenyqnic nerturbation of the surface caused by a defect or ada-
after colliding with S“rf"?‘ce carbons, penetrating a Carborlom. The theoretical interpretation propo$edas that the
layer rather than scattering backwards from the surface. electronic perturbation has a periodic modulation of wave-

. Cre‘?‘“"” of.a. VD on a surface 1S I]kely o involve direct, length v3 times a substrate lattice constant, similar to the
impulsive collision between an incident ion and sur1‘ace|:riedel oscillation

atom, leading to ejection of the surface atom. In a theoretical This studv is distinquished f . ks. in that
description of such knock-on events, the line-of-centers col- . 'S study 1S distinguished from previous works, in tha
lision model may provide a simple and appropriate chétce. point defects are intentionally generated on a graphite under

The data forY(VD) are fitted to the function of the line-of- Well-controlled ion impact conditions and their natuieD

centers model, which is expressed as and ID) is identified. Previous observations were made from
natural defects on graphite or poorly identified defect states.
Y(VD)=[1-Ew(VD)/E(]", (1) The new findings for the superlattice structure, which re-

sulted from this work, are(i) Among the various ion-
E is ion impact energy, andis a fitting constant. The solid 2]002? acﬁgzﬂystg?&isaiﬁa?:g]qe:ént;]; ssgggftgﬁetﬁ:tgeﬂzcaere
lines in Fig. 6 represent the functional form of . This . ’ ) . .

9 b HO) §mpacted with 50—80 eV K ions. (i) The existing superlat-

model may not be extensible to the ID formation process. ; di hen th le is h di
near the threshold energy, or the ion penetration without ir!/€ features disappear when the sample is heated in vacuum

reversible carbon displacement, in which many-body interacll Order to remove ID's. Observatior{) and (i) indicate

tions become more importarE,[VD(Ar*)] is determined tEat tr;]eshe sl,tructures orlglnate(;‘rom r!D.'S' not f(othD's, ‘."“'
to be 48 eV from the fitting of the VOAr*) data. This value though the latter were assumed as their origin in the previous

agrees well with the carbon displacement energy f0|jn_terpretationz.4'42 (i”_) Only a cer_tain portion of IIIZKr_)’s ex-
Ar*-graphite collision(47.3 e\} obtained from Auger line hibits the superlattice structur@v) The structure is stable

B i : for a long period and over repeated scans, when they are
shape analysi$Fitting the VD(Kr*) data for energies of 80 i .
eV and higher, we obtaif[VD(Kr*)]=80eV. The thresh- found around an ID(v) They appear in the STM image, but

old for carbon displacement by Kicollision was reported to not In AFM image. Item(v) verifies that the superlattice
be 80.8 e\P modulation does not correspond to the geometry of surface

atoms.

where Ey,(VD) is the threshold energy for VD production,

F. Superlattice structure

The presence of a defect on graphite often produces a IV. DISCUSSION
v3 X3 superlattice pattern around the defect in STM image.
Figure 7 exemplifies such an image obtained from a surface
impacted with 80 eV Kf. Superlattice patterns similar to ~ The interactions of low-energy noble gas ions with a
Fig. 7 have been reported by several researchers from vargaphite surface have been investigated by using various
ous types of defects that were considered as adatoms, poimtethods, including classical trajectory simulatiG@TS),’
defects, steps, and grain boundafe®?*%? |t was thermal desorption mass spectrométAuiger electron spec-
suggestet!*? that the supperlattice pattern does not corretroscopy (AES),%°*® and molecular dynamics simulation
spond to the atomic positions of graphite, but to the elecbased onab initio potential** According to the results of

A. Collisional events



PRB 60 VACANCY AND INTERSTITIAL DEFECTS AT ... 6013

these investigations, the low-energy ion-graphite collision
leads to the following three major consequences.

(1) An incident ion back scatters from a surface without
producing any damage on the surface. This occurs when the
collision energy is lower than the threshold energy of surface
penetration or carbon displacement, or when the geometry of
ion impact is unfavorable for defect generation.

. : carb
(2) An ion penetrates a surface carbon layer, but does not Q:);fﬂrofﬁ,
create permanent damage on the surface. According to the
CTS! an Ar atom with energy greater than 42 eV can pen- (@) (b)

etrate a graphite surface through the center of a hexagonal FIG. 8. (a) Simplifid drawing of inale-atom vacancy in
ring without irreversibly displacing carbon atoms. The Ar S piied drawing of a single-atom vacancy

hen b db he b Lol %raphite. The solid line represents C-C network and the three
atom then becomes trapped between the basal planes, gen Jiched balloons indicate carbon dangling boxiolsA side view of

ating an I0Ar). The penetration depth of Ar is limited to the 4, 1D formed by trapping of foreign ato. d represents the dis-
first carbon layer when incident energy is below 100°ekt.  tance of carbon plane deformation caused by a trapped atom.
probably has a penetration range of a similar or slightly shal-

lower depth due to its larger size. For this reason, we can B. The geometric structure of defects

safely assume that the ID’s in the present work have inter- . , N

stitial atoms mostly between the first and second carbon lay- We discuss the geometric structure of defects in this sec-

ers. An ID(Ar) or ID(Kr) remains stable for a long tim@t ggﬂie?nsiutgelLngtE%%Cbiitéﬂcgﬁw'gﬁge AnFe(\)I;ete?eZ)“%r;sour
least several daysat room temperature in vacuum due to a y g '

: . i P revealed that the defects produced by low-energy ion impact
large energy barrier for |nterst|t|al7d|ffu5|on parallel to a have almost flat geometry, although they appear as protru-
basal pIanQE“_"a_(ID)>_O.2eV for Ar. sions in the STM image. The spatial resolution of current

(3) lon collision displaces one or a few surface carbonagy technology is insufficient for detecting the hollow site
atoms permanently via knock-off events to create a VD. Thgy an atomic VD or the slight deformation of the carbon
removed carbon atom can result in three consequences. Firfﬁane caused by an ID, especially when the defect sites are
the carbon can be knocked into the interspace between th@ndomly distributed at a surface. The geometric structures
basal planes of graphite, creating a Frenkel pair. Second, fbr VD’s and ID’s produced at a graphite plane are schemati-
can be sputtered away from the surface. Third, it can beally presented in Fig. 8. A single-atom VD has three carbon
bonded to surface carbons, for example, generating a thregangling bonds at the VD si{éig. 8a)], and the rest of the
fold coordinated vertical erD3 defec .44 The interstitial carbon network maintains near|y a flat geoméﬁ@?s The
carbon atom generated via the first route has a low energyangling bonds cause enhancement of local CDOS Bear
barrier for diffusion along the basal plane direction, such thatn the atoms surrounding the deféct-*4*44The high pro-

it is mobile even at room temperatufeln particular, the  trusion in the STM image comes from this charge increase
carbon interstitials generated by the recoil processes havsfect.
high kinetic energy, and thus they can diffuse a long distance Figure 8b) shows the structure for an ID, in which a
and eventually desorb through aline step. Annihilation of thq']ob|e gas atom is trapped between the first and second car-
Frenkel pair is also possible during the diffusion. It has re-hon planes. The diameter of AB.8 A) or Kr (4.1 A) is
cently been reportéfthat the carbon interstitials can cluster larger than the graphite interlayer spacit®35 A), and so
together in the interlayer space, when'Haombardment is these atoms cause elastic deformation of graphite basal
employed at an excessive dose, high impact energy, and ghanes. The deformed surface layer can be detected as a pro-
evated substrate temperature. Such clustering, however, tgision in  STM topography. Molecular modeling
not expected to occur in the present case because the carbosiculatiori® shows that the maximum deformation of the
interstitials have very low concentration. The presence of theurface layer to the axis[d in Fig. 8b)] is 0.9 A for ID(Ar)
D3 defect was suggested from molecular dynamicsand 1.1 A for IDKr) for the case of single-atom trapping. In
calculation?” but its abundancy was predicted to be very lowthe STM experiment, the average height is measured to be
(<1%) below a carbon recoil energy of 300 eV. Noble gasi1.4 A for ID(Ar) and 3.0 A for IDKr). These numbers are
interstitials can also be created along with VD’s by trappingtaken from the protrusions generated by 50 eV' A&md
and neutralization of a projectile ion after carbon displace50-80 eV Ki*, respectively(Table ), the conditions that
ment. Such ID production will occur more efficiently with create mostly single-atom ID’s. Rabalais and co-workees
Kr* than with Ar", as Kr" is heavier and retains a higher ported a domelike feature in the STM image, which was
portion of initial momentum after knock-off collision with attributed to an IDAr), with a height of 1.0-1.4 A and di-
the surface. ameter 16—20 A in FWHM. These experimental ID heights
To summarize the ion-surface collisional phenomena dismight be considered agreeable with the calculated deforma-
cussed above, the ion impact condition employed in thdions. But there certainly exists a noticeable gap between the
present work created mostly two kinds of defects, VD’s andSTM heights and the calculations, which are larger than
ID’s (noble gag The VD’s were formed predominantly in measurement uncertainty, and the experimental height is al-
the first carbon layer, and the ID’s between the first andvays larger. This extra height of STM protrusion is more
second layers. The other types of defects, including carbopronounced for IEKr) than for ID(Ar). Since the molecular
interstitials andD 3 defects, were negligible in number. modeling accounts for only geometrical deformation, the ex-
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tra height has to be attributed to additional electronic effectwherem is the electron mass. The lo® for a VD means
The possible origins of the electronic effect will be discussedlow decay of the wave functions at a VD, and in turn, a
in Sec. IVC. large size for the electronic orbitals. A VD has several dan-
The geometric structure of VD cannot properly be de-gling bonds in place of the missing carbon atoms, and the
duced from an STM image, because the image is dominategjze of the dangling orbital is significantly larger than a C-C
by the effect of charge increase at a VD. As an alternativeyonding orbital of graphite. We believe that these dangling
guide for estimating VD size, we consider the energetics fohonds result in the lowb. An ID does not have such dan-
VD creation by ion collision. Af collision at 50 eV can gling bonds, and thus can be clearly distinguished from a VD
remove one surface carbon at most and can produce onlyjg ¢(x,y) measurement.
single-atom VD, as this energy is only barely above the The domelike STM image of ID is interpreted to result
threshold for carbon displaceme@7.3 eV} and the extra from electronic effect as well as geometric deformation of a
energy is insufficient to remove an additional carbon atomyraphite basal plane, as described in the previous section.
[E'(VD) =7.44 eV (Ref. 40]. The VD's formed at this en- The electronic elevation of ID in STM image implies an
ergy indeed frequently exhibit the smallest STM featuresncrease of the local CDOS in the carbon plane directly
(3—4 A'in diametex. For higher energy, it becomes energeti- ahove a trapped atom. THeV spectroscopy of Sec. Il C
cally more feasible to produce a multiatom VD. This agreesyives a quantitative measure for the CDOS increaséAiD
with the observation that the size distribution of hillock shifts jncreases the CDOS ne&i- by 2—3 times from a clean
to a larger value with increasing Arenergy. The degree of graphite surface, which is much weaker than VD. The
charge enhancement is predictetb increase with the num-  smaller degree of CDOS increase caused by ID is consistent
ber of missing atoms. VIKr)'s are usually largg2—6 A in \ith the small electronic elevation in STM imag@.5—1.9
height and 10-40 A in diameter; Fig), ®ven when they are A).
produced near the threshold energy. This implies that mul- e consider two possible causes for the CDOS increase
tiatom VD'’s are more frequently formed by Kimpact than  at an ID site. One is the strain in the basal plane introduced
by Ar" impact, because Krhas a larger diameter and the py geometric deformation. The valence electronic structure
impact energy employed for VD production is higher80  of a graphite basal plane is described by th¢sp?) band
ev). with partial DOS ofos ando, and thew band arising from
overlap of thep, orbitals#® Deformation of the plane causes
the distortion or weakening of interaction within the(s p?)
band and ther band. This leads to a narrowing of the
The STM signature of a VD has a diameter ranging frompseudo-band-gap of graphite and to increased CDOS near
3 to 45 A, although the actual geometric size of a VD isEg. That is, the deformation reduces the energy separation
much smaller, e.g., one or at most a few missing atomsof the 7 (bonding and 7* (antibonding bands. Theoretical
Apparently, the CDOS increase in the surface atoms surealculation for randomly distributedp? carbon network’
rounding a VD is the reason for the large STM protrusion.shows a smooth distribution of the electronic states near
This conclusion has been reached in our previous study usingg, i.e., increase of local CDOS from an undamaged graph-
STM and AFM? The CDOS increase occurs in both filled ite. An embedded Kr atom will cause higher distortion in the
and empty electronic states ndar. The electronic structure bands than Ar due to its larger size, and thus higher local
calculatiort* also supports this finding. The STM protrusions CDOS enhancement, in agreement with the experimental ob-
of the smallest sizé3—4 A in diameterindicate the CDOS servation. The highest degree of the distortion can be at-
increase in the nearest-neighbor carbon atoms. Such smadlined by C-C bond breakage, or presence of a VD. Natu-
protrusions are most frequently observed whef éollision  rally, the charge enhancement effect is largest for VD.
energy is close to the carbon displacement thresttfd-60 The other possible cause is the electronic disturbance in-
eV), implying that they represent single-atom VD’s. Large troduced by a trapped atom. There exists weak electronic
VD features become more abundant at higher collision eninteraction between the basal planes through overlapping of
ergy. The largest ones, with a diameter of 45 A, for examplep, orbitals. This interaction is crucial for the weak metallic
encompass about 600 surface carbon atoms. The CDOS iproperty of graphite. Also, it is generally regarded as the
crease apparently extends to an enormously wide area, a pheason for appearance of the trigonal pattern in the STM
nomenon that has not been predicted by theory. The  image of graphité® although this issue is not yet fully
spectroscopic data presented in Sec. Ill C give additional inresolved’®*° The presence of an inert gas atom between the
formation on the local CDOS. A VD increases the local graphite layers can physically block the overlappingpof
CDOS nearEg by 15 times compared with a clean graphite orbitals, thereby changing the CDOS of the orbitals lo-
surface. Such a degree of CDOS enhancement is as large @sted near an embedded atom. It has been sHoWihat
that for a Pd metal cluster deposited on grapffiledicating  intercalant alkali metal atoms cause disruption of the elec-
a metallic character of graphite VD. tronic interaction between the basal planes. The metal atoms
A VD exhibits a lower value ofb than a clean graphite can also produce a charge density wa@®W) through di-
surface or ID, and appears dark in théx,y) image(Fig. 2). rect electronic interactioficharge transferbetween the car-
@ is a measure for the decay rate of electron wave functionbons and the intercalants. For the case of Ar and Kr intersti-
away from a surfaces [Eq. (2)].2° tials, however, it is questionable that the direct electronic
interaction is strong enough to produce a CDW-like effect.
The v3XVv3 superlattice structure observed in the STM
d=12k%2m, (2 image (Sec. lllH shows interesting characteristics of ID.

C. The electronic structure
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TABLE Il. The threshold ion impact energies, in eV, for the
production of VD’s and ID’s on a graphite surface measured by

—
()
~—

15] Ar/HOPG

; i;'\sﬂ different methods.

12
e Defect STM AES line shage CTS
2 09
$ VD(Ar) 48 47.3
8 o6l ID(Ar) 38°-41° 435 42
“g VD(Kr) 80 80.8

03 ID(Kr) 41° 47.5

0o dReferences 6, 9, and 43.

‘ PReference 7.
() Kr" / HOPG i it
0.8+ ‘Obtained by fitting the ID yield curvéFig. 6).

; i?sﬂ ° dObtained by fitting the total defect yield.

s 064
2 curves for Ai data, except that the AES data exhibit a slight
> 04l discontinuity at impact energy of 60 eV. For Kdata there
S exists clear discrepancy between the two methods in the re-
3 gion of 40—-80 eV. The yield obtained by STM is very small

0.2, below 80 eV, while this portion of the curve is amplified in

o ° the AES data. In the following, we discuss these yield
00l o2 e e curves, comparing the significances of the two measure-

30 60 90 120 150
lon Energy (eV)

ments.
The AES method uses a defect signature appearing in the

FIG. 9. Comparison of the yield curves for total defect produc-CarbonKLL Auger line shapé® The change in the carbon
tion obtained by STM counting and AES line shape analygis. i€ shape, resulting from the development of disorder in a
Ar* impact.(b) Kr* impact. The yield from the AES measurement graphite lattice, reveals relative density of surface damage.
is scaled to match the absolute yield obtained by STM countingHowever, it does not distinguish between VD and the lattice
The lines show logarithmic fits to the data. strain caused by an ID, as was pointed out by the aufhars.

VD induces a different amount of lineshape change from an
The statistics for the appearance of this structure shows &, and also the contribution by an ID varies depending on
good reason to believe that it originates from an 1D, not fromthe degree of surface deformation, or the size of an intersti-
a VD. Note that the previous works reporting such a structial atom. In this regard, the yield curves from the AES and
ture did not distinguish VD’s and ID'$?32442Electron STM methods require different interpretations. The AES
scattering from a defect site was proposed as a possible onield curve for Kr* at 50-80 eV is much higher than the
gin of the superlattice structufé*? The scattering center STM curve (Fig. 9). In this region most of the defects are
determines the modulation intensity and the direction oflD(Kr) (Fig. 6). Since an interstitial Kr atom induces surface
electronic perturbation. According to this interpretation,deformation extending to a large afethe AES measure-
however, a VD would be able to generate an electronic perment gives possibly an overestimated (Kb) yield. The
turbation stronger than or at least comparable to an ID. BuBTM counting gives a more accurate yield for this case. The
our observation reveals the opposite. Therefore, theoreticalpposite effect may occur for Ardata. The low-energy por-
interpretation of the superlattice structure is still unresolvedtion of the AES curve, which constitutes largely(l&r) (Fig.
Only a certain portion of ID’s generates the superlattice6), has an area slightly smaller than the STM curve. It can be
structure. This observation suggests a possibility that it ignterpreted that an Ar atom induces a smaller degree of sur-
related to the location of an interstitial atom inside an inter-face deformation, and the AES method gives a lowgAiD)
layer space at different symmetry sites. yield.

Recognizing the different aspects of the STM and AES
measurements, we find that the yield curves obtained by the
two methods have consistency. Table Il summarizes the

A unique feature of Fig. 6 is that the yield is measuredthreshold energies for defect production measured from STM
separately for VD’s and ID’s. The vyield also represents acounting, AES line shape analy$i$*® and CTS. The
guantitative and absolute measure, as the number of defecttisreshold for VD is determined by fitting E@1) to the VD
directly counted from the STM images. yield curve(Sec. Il B). The threshold for ID is obtained by

The vyield for total defect production has previously beenusing a logarithmic curve fittinf For the case of I[Kr), we
measured by Rabalais and co-workers using AES line shapeke only the curve region below the break pdist30 eV),
analysis®®% Figure 9 compares the total defect yields ob-which corresponds to IXr) formation without VD’s. The
tained from the AES meth8dand from the STM counting threshold energies thus obtained for VD are in excellent
method. Considering that the former method gives a relativegreement with the AES result. The threshold energies for
measure for the yield, we use our STM data as a referend® are obtained to be lower than the AES values by a few
for the absolute yield. The two methods give agreeable yielgV. Careful examination of the AES data reveals weak tail-

D. The yield curve
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ing even below the threshold energies of the fitting functionatoms depending on the number of missing carbon atoms in
(Fig. 9), suggesting that the true threshold energies can ba VD.
lower. (i) An ID enhances the CDOS to a lesser degree, for
example, 2—3 times for an [Br) compared with an undam-
V. CONCLUSIONS aged surface. The increased CDOS, however, contributes a
. ) ) . substantial height to the domelike STM image of an ID, in
We have investigated the atomic-scale point defects cresqgition to the geometric elevation of a surface carbon plane
ated at a graphite surface by low-energy impact of &nd  caused by an interstitial atom. An interstitial Kr induces
Kr* ions. The two kinds of defects, VD's and ID’s, are sepa-|arger CDOS enhancement and surface deformation than Ar.
rately identified and their properties are examined by STM. (iv) Thev3xv3 superlattice structure appears in the STM
The significant findings made from this study are summajmage of ID, but not in the VD image. This observation calls
rized in the following. . _ for new theoretical interpretation for the superlattice struc-
(i) Collision of Ar" and Kr" ions onto a graphite surface tyre, disproving the existing model that a VD acts as a scat-
at low energy produces VD’s and ID’s on the surface. BOthtering center of surface electrons.
types of defects are detected as protrusions in STM topo- (y) The absolute yields for production of VD and ID are
graphic image. A VD can be distinguished from an ID by themeasured as a function of ion impact energy, and their for-

difference in their® values and -V characteristics. A VD  mation threshold energies are determined. The threshold en-
exhibits a lowerd value than an ID and clean surface due toergy for ID creation is lower than that for VD creation by

the presence of dangling bond orbitals. VD’s can also bgnly several eV for the case of Arimpact, while K" ex-
physically separated from ID’s by heating a surface anchipits a large difference in the two threshold energies. The

evaporating embedded noble-gas atoms. features of the yield curves allow reasonable description for

(ii) The protruded STM image of a VD results from in- the jon-surface collisional events leading to production of
creased local CDOS at the energies near. The CDOS  vyD's and ID’s in the low-energy regime.

increase is largest for a VD due to its dangling borid¥.
spectroscopy reveals a CDOS increase of 15-30 times at a
VD compared with a clean graphite surface, indicating tran-
sition from a semimetal to metallic state. The CDOS en- This work was supported by the Creative Research Initia-
hancement is extended to the neighboring surface atomsives Project of the Ministry of Science and Technology,
ranging from the nearest-neighbor atoms to several hundredepublic of Korea and by KOSE{®8-0501-0101-B8
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