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Observation of charge enhancement induced by graphite atomic vacancy:
A comparative STM and AFM study

J. R. Hahn and H. Kaﬁg
Department of Chemistry, Pohang University of Science and Technology, Pohang, Gyeongbuk, Korea 790-784

S. Song and I. C. Jeon
Department of Chemistry, Jeonbuk National University, Jeonbuk, Korea 560-756
(Received 21 September 1995

An atomic vacancy is produced on a graphite surface by bombarding it with low-e@&rg80 eV beams
of Ar* ions, and its structure is examined by scanning tunneling micros(®pyl) and atomic force micros-
copy (AFM). The atomic vacancy is imaged as a surface protrusion in STM, while it is transparent in AFM.
These two contradictory results are explained by the vacancy-induced enhancement of the partial charge
density of states at the carbon atoms near the vacancy. The charge enhancement can occur over tens of the
surrounding carbon atoms for multiatom vacancy.

Physical properties of solids can be affected profoundlywere cleaved perpendicular to theaxis just before loading
by the presence of defects in the solid. An atomic vacancyinto the ion-surface collision apparatus. This instrument con-
consisting of the absence of one or a few atoms, provides th&sts of an ion source, beam transport region, low-energy
simplest example of deviation from perfect crystal behaviordecelerator, and ultrahigh vacuufgHV) sample chamber
Yet, only limited information has been revealed about itsequipped with surface analysis toofsThe sample was bom-
structure. With the advent of scanning probe microscopyparded with mass- and energy-selected Aosn beams in the
(SPM), it has become possible to directly examine vacanciesnergy range 40—80 eV. This energy region was chosen be-
on a surface. SPM, being a near field and real-space probeause the thresholds for surface penetration and atomic dis-
has its merits for investigating the defects of atomic scalglacement lie between 40 and 50 eV for theAgraphite
and of random spatial distribution. SPM study of layeredsystent** Any neutral species contained in the beam were
materials has another advantage. Since graphite is basicallyramoved by a 12° electrostatic deflection. Differential pump-
two-dimensional solid, with strong covalent bonding in two- ing of the beam line allows us to maintain the pressure of the
dimensional layers and only weak van der Waals interactionsample chamber below>210™° Torr during beam exposure.
holding the layers together, structure and electronic propeffhe energy resolution for the low-energy beam was 2 eV full
ties revealed by the surface-sensitive technique will mostlyvidth at half maximum. The beam dose was kept low
resemble those in the bulk. (<5x10% ions/cnt), so that the effects of single knock-on

In principle, an atomic vacancy can be generated by reevents can be isolated on the surface. The beam collided with
moving surface atoms with energetic particle bombardmenta surface in the normal direction and was rastered over the
High-energy & keV) ion beams, however, cause severetarget area for uniform exposure. No surface impurity spe-
damage to a surface such as large craters and extensive straes were found before and after beam exposure as checked
tural disorder. Such high-energy damage has been studid®y Auger electron spectroscoES). The sample was then
using scanning tunneling microscog®TM) and atomic transferred to STM and AFM instrumental stages operated in
force microscopy(AFM) on various materials.’ When the  air for subsequent measurements.
ion impact energy is very low<(100 eV}, i.e., in the regime STM measurements were done using a home-built instru-
of atomic displacement threshold, the impinging ions removement and a commercially available oleMechanically cut
one or at most a few surface atoms, and thus produce atomRt-Ir and electrochemically etched W wires were used for the
vacancy’ *? Recently, several researchers have reportedip. The tip was made sure to give atomic resolution on the
STM images of the defected graphite surfaces prepared usinthdamaged surface both before and after scanning over the
low-energy iong:*>3which show protrusions of a few A in defect structures. The defect image was optimal under low
diameter that can be recognized as point defects. It remairsias voltagg20—100 mVf and low tunneling resistance con-
controversial, though, how these STM features should belitions (1# Q). Force measurements were performed using
interpreted because STM probes tunneling current rathewo types of scanning force microscoffypne operating in
than actual surface topography. In an attempt to disentanglte contact constant height mo@&FM) and another in the
the electronic and lattice effects, we have produced defectateral force moddLFM). Both instruments were equipped
on graphite with AF" beams of various energies, and exam-with a 5.um scanner calibrated using a mica sample and a
ined their structure using both STM and AFM. We find thatcommercial silicon nitride cantilever of a force constant 0.6
the STM protrusions originate from an increased partiaN m~1. The AFM scan rates were typically 10-25 Hz, and
charge density near the Fermi lev8ld), although the actual the applied forces ranged between 0.4 and 100 nN.
topography at a vacancy site is almost flat. Figure 1 presents the STM and AFM images obtained

Graphite samples(HOPG, Union Carbide ZYA grade from a sample bombarded with 80-eV Arions. The STM
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FIG. 1. (@ STM image obtained from an area of 50800 A? ' T @m) ' ’ T @m) ’

of a graphite surface bombarded with 80-eV*Aions. Constant
height mode with a scan rate of 12 Hz, sample bias of 160 mV, and FIG. 2. Constant-current STM images of graphite surfaces bom-
tunneling current of 0.5 nA(b) The AFM image of 50 500 A? barded with 60-eMa) and 80-eV Af" ions (b). The lower boxes
from the same graphite surface. The scan rate is 12.5 Hz and thehow cross-sectional intensity along the lines marked on the im-
force 20 nN. ages. These are unfiltered raw images. The trigonal pattern of a
graphite lattice is distorted in Fig(& due to upward thermal drift.
image[Fig. 1(a)] shows protrusiongbright spot$ dispersed Scan conditions arés) sample bias of-36 mV, tunneling current
randomly on the originally flat area of 5800 A% Images ©f 0.5 nA, and scan rate of 10 H#h) sample bias of-30 mV,
similar to this have been reported in the previous STM studiunneling current of 0.5 nA, and scan rate of 3 Hz.
ies of ion-impacted graphife!® and each protrusion is inter-
preted as the signature of individual ion impact. The size o
the hillocks varies from a few to tens of A in diameter, al-
though the small ones are almost invisible in this Wide—scaj
image. On the other hand, the corresponding AFM imag
shown in Fig. 1b) appears nearly flat and free of these struc- . . - .
tures. Thes?e two fopntrasting r?elsults must be related to th nd 42 eV from our classical trajectory simulatie@Ts).’

fact that STM and AFM probe different properties of a sur- ccording to the CTS, the Ar projectile can penetrate

face; the STM image is described by the partial electrorthnrgfgh thﬁge{“e;r?;:ngﬁﬁagg-gaz;f;bog ”rrf]zgczt églrsb:)or:NZf.t
density near the Fermi levelEg) while the AFM image gy without p y dispiacing su

corresponds to surface topography or the total electron de mS. The Fhreghold fqr carbon atom displacement or vacancy
sity plot16 ormation is slightly higher, and a value of 47.3 eV has been

. . . . obtained from the AES studyWith the average vacancy
Although SPM is a powerful technique for imaging local formation energy of 7.44 eV for graphité,50-eV Ar

defects, a rational interpretation of its image is often notbeams can remove at most one surface carbon. thus produc-
straightforward and can be greatly assisted if supporting in: ' p

formation is available. We can obtain a useful guideline for"9 only single-atom vacancy. Indeed, the STM hillocks of

interpretation of the present data by examining the effect O§m_allest sizeg2-7 A in _dlamete)r appear at this energy,
incident beam energy on defect production. In this experi—Wh'Ch should b? originating from the smgle-atom vacancy.
' With increasing ion energy, larger-size protrusions are

ment, we have taken about 300 STM images for each beam

energy(40, 50, 60, and 80 eMn order to get good statistics more frequently observgd by STM' The average d"?‘metef
for the defect features, and the results are summarized i?ind height of the protrusions continuously increase with en-

. The average diameters are 6.359 eV), 8.1 A (60
Table I. Upon bombardment of 40-eV Ay no STM protru- ergy ;
sion is observed and the surface remains the same as tf ,gnld Al(?’éé é\(/E)BOaﬁ(\joéasng(;hoee?\ole%%eafslz?ahtz ;ﬁiﬁ%rs
original state. Since STM can detect atomic vacancies as, ' ", ' . ' 9

well as bulges on the surface caused by trapping Ar atomgf carbon atoms inside the protruded area are 12, 19, and 52

underneath the top graphite layéer this observation means 3tocr)rr1]s r:iorhg:eeer:]g?rgIecsol(ljifsiggéf(%bag\(j) 82];\(;' {ﬁ:ﬁegsgew'
that 40-eV Ar" ions do not produce a surface vacancy or P 9 gy '

surface carbon can be removed, but there is an energetic
limit for the number of missing atoms which is four even at
the highest collision energ{80 eV). This maximum number
applies only to the ideal or most favorable collision-induced

Penetrate a surface. Small hillocks start to appear at the im-
pact energy of 50 eV, a value only a few eV higher than the

hreshold energies reported in the literattiféthe threshold

or Ar* penetration into the first graphite layer has been

feported to be 43:51.5 eV from AES line-shape analy$is

TABLE I. Statistical results of the STM image analysis for vari-
ous Ar* impact energies.

lon energy, eV 40 50 60 go ejection. Therefore, it is apparent that the observed STM
protrusion is much larger than a possible vacancy size.
Diameter of the 0 6.3 8.1 131 Figure 2a) presents an example of high-resolution,
protrusion in A: average (2-12 (2-16 (2-30 constant-current STM image for the defect feature which we
value (distribution rangg assign as a single-atom vacancy. The small hillock of this
Height of protrusion 0 1.4 2.1 3.5 image is the predominant structure produced upon 50-60-eV
in A: average value (0.8-7 (0.8-7 (0.8-9 Ar™ impact. The cross-sectional cut of the image, shown at
(distribution rangg the bottom of Fig. 2a), reveals its size toé5 A in diameter

and 1.5 A in height. Except in this locally bright area, the
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on the damaged surface. On the 50—80-eV ion-bombarded
surfaces, on the other hand, we do not detect any substantial
change in the lateral forces. This LFM observation suggests
either that molecules do not adsorb on an atomic vacancy or
that the adsorption is localized only to the vacancy region of
a size of less than a few atoms, thereby contributing unde-
tectable adsorbate friction. A consistent interpretation can be
reached from the STM observation that the protrusions do
not change their shape upon many repeated scans. The mo-
lecular adsorbates would become substantially modified by
the STM tip-surface interactions in the present tunneling re-
sistance condition (f00). Therefore, we conclude that the
adsorbate effect is either absent or relatively negligible, at
least for the large STM features.
The large STM protrusions, exemplified in Fighp, best
illustrate the difference between the STM and AFM results.
FIG. 3. AFM image of a surface bombarded with 60-eV*Ar The protrusion covers an area of several tens of carbon at-
ions[the same surface as Figa?]. The cross-sectional topography oms, despite the fact that the maximum vacancy size attain-
along the trace is shown at the bottom. The scan rate is 25 Hz witable is only a few missing atoms at these impact energies. A
the force 35.2 nN. The image has been low-pass filtered. most feasible explanation for these protrusions is found from
the electronic structure calculations for graphite atomic
surface resembles the original graphite structure. Typicavacancy:’?*which predict that the charge density of states
large-size hillocks produced by an 80-eV collision are showr{CDOS is increased in the carbon atoms surrounding an
in Fig. 2(b). The protrusions have diameters of 14—17 A andatomic vacancy both in their filled and empty states near
heights of 6-7 A, as indicated at the bottom of Figb)2 Eg. The present STM and AFM results agree well with this
These high protrusions make the rest of the surface appeaslculated electronic structure; since the STM image of a
relatively dark and flat in the image of Fig(l, but the surface is described by the partial CDOS plot né&gr,
original graphite pattern is still retained in this flat region asp(r,Eg),*® STM can efficiently monitor the CDOS change in
checked from its zoomed images. the neighboring carbons introduced by the vacancy. On the
Figure 3 exemplifies an AFM image of the surface bom-other hand, AFM probes topography, i.e., the total charge
barded with 60-eV Af ions. In contrast to STM, AFM im- density contouip(r) of a surface. In this case the vacancy-
ages of the ion-bombarded surfaces do not show any protrinduced partial CDOS change is not necessarily detected by
sions or depressions of a significant degree. The imagAFM, as long as the total charge density is not changed
appears relatively flat showing only the atomic corrugationsubstantially. When we changed the bias voltage between an
of graphite lattice. Such a degree of corrugation is similar toSTM tip and a sample, we found that low bias voltages
or slightly increased €10%) from the original state. No (<100 mV) produced the best contrast for the protrusion.
direct sign of vacancy can be observed with AFM and LFMReversing the bias polarity did not noticeably change the
even when atomic structure can be resolved on the surfacenage quality. Such bias dependency is also consistent with
This is probably due to intrinsically lower sensitivity of these the CDOS increase close $:. One might expect some
force microscopies for imaging randomly distributed, electronic perturbations of the surface introduced by impu-
atomic-scale defects, because a tip-sample interaction arearity adsorption. However, the resulting charge enhancement
larger in the force microscopies than in STM. To our knowl-is unlikely to become significant, because electronegativity
edge, AFM studies have reported the images of large-scalef water or common organic adsorbates is higher than a
defect§® and line defect$? but direct imaging of atomic graphite surfacé’
vacancy has been rather unsucces®#ourier transforma- According to the theoretical calculatidhthe CDOS en-
tion of the present AFM images reveals that the hexagondhancement effect increases with the size of a graphite va-
spots in the reciprocal lattice space become slightly blurred¢dancy. We observe larger STM protrusions with higher fre-
and weaker after ion impact. Such a change in the Fourieguency upon higher-energy collisions. As it is energetically
transformed images suggests some deterioration in the londeasible to remove more than one surface carbon at high
range hexagonal periodicity of the surface, therefore imply-energies(60—80 eV, we attribute the large protrusion to a
ing defect creation by ions. CDOS increase coming from the multiatom vacancy. Al-
Since the carbon atoms adjacent to an atomic vacancihough quantitative information on the charge distribution is
have dangling bonds, it may be possible that some impuritpnly remotely possible from the STM data alone, Figh)2
molecules are bonded to them under ambient conditionslearly shows that the CDOS is increased over tens of the
LFM is currently regarded as the best means for imaging sofsurrounding surface atoms. The small STM hillocks of 2—7
molecules absorbed on a surfdé8! LFM investigationd® A in diameter, on the other hand, are attributed to a single-
for the large-scale damage generated by high-energgtom vacancy as they are the features most frequently pro-
(> keV) ion bombardment show remarkably increased fric-duced under conditions of single-atom ejection. The area of
tion inside the damaged zone of about 100 A in diameterthese small features encompasses 3—15 carbon atoms, which
which has been attributed to the higher lateral force acting ogorrespond to the first- or second-nearest-neighbor carbons.
the tip introduced by water or other molecules chemisorbed’his may represent the charge enhancement range of a
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single-atom vacancy, provided that the adsorbate effects caiigher-energy60—80-eV collision often produces a hillock

be neglected for these small features as well. structure encompassing several tens of surface atoms, repre-
We conclude from the present STM and AFM study thatsenting rather large electronic perturbations of the surface.

the atomic vacancy created by low-energy’Ampact on a  This large structure cannot be due to surface adsorbates.

graphite surface results in a CDOS increase at the surround-

ing carbon atoms. This CDOS increase appears to be concen- This work was supported in part by the Non-directed Re-

trated nearEg, thus producing a hillock structure in STM search Fund from Korea Research Foundation, Center for

while it is transparent in AFM. The single-atom vacancy pro-Molecular Science, and the Ministry of Education of Korea

duces a hillock structure of a few A in diameter in STM. (Grants Nos. BSRI-94-3430 and 94-3438
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