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We experimentally investigate the noncontact atomic force microscopy (AFM) imaging on the

Si(111)-(+/3 X +/3)-Ag surface. An individual silver atom on the topmost layer of the surface can
be resolved. The image patterns have no distance dependence, which suggests that the strong chemical-
bonding interaction between the tip and the surface does not contribute to image contrast. The silver
atom on the surface seems to be resolved with the silver adsorbed tip. This result suggests that the
noncontact AFM images drastically change depending on the atom species (e.g., silver or silicon) on
the tip apex.

PACS numbers: 61.16.Ch, 68.35.Bs

The atomic force microscopy (AFM) has been de-noncontact AFM imaging types of the former and latter
veloped into a novel technique for resolving the atomicare referred to as type-l and type-Il, respectively.
features of both conductors and insulators [1]. In contact In this paper, we present the results of the noncontact
mode, atomic scale point defects have not been imagedFM imaging, which resolved the individual silver atoms
because a large repulsive force between an AFM tip and an the Sf111)-(+/3 X +/3)-Ag (hereafter referred to as
sample surface destroyed the initial sharp tip apex and th¢3-Ag) surface, and consider why the image patterns of
sample surface. the noncontact AFM drastically changed from type-I to
However, in the noncontact mode, the destruction otype-Il.
the tip apex and the sample surface can be avoided. In We used the specially designed noncontact AFM with
1995, the noncontact AFM using the frequency modulatioran optical beam deflection detection system operating
(FM) technique achieved true atomic resolution [2—5]. Atin ultrahigh vacuum [16]. The FM technique [17] was
present, various surfaces such as clean semiconductors [2sed to detect the frequency shiftv of the cantilever
9], ionic crystals [10], metal oxide [11], metal depositedresonance frequency. As the operating mode, the constant
semiconductor [12], pure metals [13,14], and layered maexcitation mode was used to minimize the destruction of
terial [15] have been observed successively with atomithe tip apex and the sample surface, in which the constant
resolution. amplitude voltage is supplied to the piezoelectric actuator
In order to apply the noncontact AFM as a pow- for the cantilever oscillation [18].
erful scientific tool for resolving the atomic features As the force sensor, we used the conductive silicon
in a variety of fields such as materials and biologi-cantilever with a sharpened tip. Its spring constant and
cal sciences, it is very important to clarify the imaging mechanical resonant frequency were 48nNand 160
mechanism of the noncontact AFM. The imaging mechakHz, respectively. The nominal radii of curvature for the
nism of the noncontact AFM was not clearly establishedtip apex were 5-10 nm. The silicon tip was cleaned by
however, the investigation concerning the imaging mechaAr-ion sputtering. So, there are dangling bonds out of the
nism has been making progress gradually on variousilicon tip apex.
surfaces. The +/3-Ag surface was prepared as follows: First,
Recently, on the $111)-(+/3 X +/3)-Ag surface, we the S{111)-(7 X 7) reconstructed [hereafter referred to as
observed three types of AFM image patterns whichSi-(7 X 7)] surface was prepared with the thermal treat-
depend on the distance between the reactive silicon timent of the silicon wafer. Second, silver was deposited on
and sample surface [12]. Far from the sample surfacehe Si(7 X 7) surface at room temperature, and annealed
the tip-sample interaction seems to be dominated by19,20].
physical bonding interaction, while just before contact, For the/3-Ag surface, the honeycomb-chained trimer
it seems to be dominated by the chemical bondingHCT) model [21,22] was accepted as the appropriate
interaction due to the onset of the orbital hybridizationmodel. As shown in Fig. 1, this structure contains the
[12]. This suggests that the noncontact AFM does nosilver trimers at the topmost layer and the silicon trimers
reflect the surface topography. However, very recentlyat the second layer. In this model, the silicon atoms
we found that, in some cases, the noncontact AFM caat the second layer and the silver atoms at the topmost
resolve an individual silver atom on the topmost layerlayer form covalent bonds, and hence the dangling bonds
of the S{111)-(~/3 X +/3)-Ag surface. Hereafter, these out of the lower silicon atoms are terminated by the
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FIG.1. The HCT model for the structure of the
Si(111)-(+/3 X +/3)-Ag surface. The black closed cir-
cles, gray closed circles, and open and closed circles with
vertical lines indicate a silver atom at the topmost layer,
silicon atom at the second layer, silicon atom at the third layer,
and silicon atom at the fourth layer, respectively. Rhombus
indicates v/3 X /3 unit cell. The thick solid triangle indicates
a silver trimer. The thin solid triangle indicates a silicon
trimer.

topmost silver atoms. The interatomic distance between
the nearest neighbor silver atoms forming silver trimer
and that between lower silicon atoms forming silicon
trimer in Fig. 1 are 3.43 and 2.31 A, respectively [22].
The apexes of the silicon and silver trimers face the
[112] direction and the direction tilted a little to the [112]
direction, respectively [21]. Besides, there are three silver
atoms and three silicon atoms per +/3 X /3 unit cell.

We performed atomic scale imaging at various tip-
sample distances Z on the +/3-Ag surface. At the be-
ginning of the measurement, we obtained the three types
of noncontact AFM images (type-1) depending on the tip-
sample distance such as reported in a previous paper [12].
When the tip further approached the v/3-Ag surface, the
tip accidentally contacted the v/3-Ag surface. After that,

other types of noncontact AFM images (type-11) were re-
producibly obtained on the v/3-Ag domain, as shown in
Fig. 2. Further, after we observed the Si-(7 X 7) domain,
type-| was reproducibly obtained on the v/3-Ag domain
again. Similar phenomena concerning the drastic contrast
change due to accidental contact were observed on the
Si(100)-(2 X 1) reconstructed surface [23].

Figures 2(a)—2(c) show the typical atomic resolution
images after the accidental contact (type-1l) on +/3-Ag
surface measured at the frequency shift of (a) Ay =
—4.4 Hz, (b) Av = —6.9 Hz, and (c) Av = —9.4 Hz,
respectively. The tip-sample distances Z are roughly esti-
mated to be Z = 1.9, 0.6, and ~0 A (in the noncontact re-
gion), respectively. Here, the tip-sample distances Z were
estimated from the distance dependence of the frequency
shift Av (frequency shift curve) and the vibration ampli-
tude of the oscillating cantilever [7]. We defined Z = 0,
where the vibration amplitude began to decrease due to an
energy loss of the oscillating cantilever. The energy loss
is due to the cyclic repulsive contact between the tip and
the surface or to the damping [24] of the cantilever on the
surface. During noncontact AFM imaging in Fig. 2, the
vibration amplitude of the cantilever did not change.
The frequency shift curve without discontinuity was ob-
served. As shown in Fig. 2, when the tip approached
the surface, the image patterns have no distance depen-
dence, and the image contrast only improves. We can
observe a triangle pattern composed of three bright spots
in the unit cell. The distance between the bright spots
is3.5 = 0.2 A. Direction of the apex of al triangles is
tilted a little from the [112] direction.

It should be noted that this unique triangle pattern of the
noncontact AFM images measured on the +/3-Ag surface
is not caused by tip artifacts. This reason is as follows:
First, as shown in Fig. 3, we could observe atomic scale
point defects on the +/3-Ag surface, which means the
success of the true atomic resolution imaging. Second,
even using other tips, we could observe the same image
pattern and the distance dependence reproducibly.

FIG. 2. Noncontact AFM images measured at the frequency shift of (&) Av = —4.4 Hz, (b) Av = —6.9 Hz, (c) Av = —

0
~

Hz
on Si(111)-(+/3 X /3)-Ag surface after the accidental contact. The vibration amplitude of cantilever and scan areas are 43 A and

38 A X 34 A, respectively. A rhombus indicates unit cell.
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FIG. 3. Noncontact AFM image with a point defect on
Si(111)-(+/3 X +/3)-Ag surface. The point defect is indicated
by the white arrow. The vibration amplitude of cantilever and
scan areas are 43 A and 35 A X 35 A, respectively.

We will now discuss the distance dependence of the
image contrast measured on the +/3-Ag surface. So
far, on the Si(100)-(2 X 1) and the +/3-Ag surfaces,
the distance dependence of the image contrast has been
investigated experimentally by our group [12,23]. We
found that the image contrast, the imaging patterns, and
distance dependence are affected by the chemical bonding
interaction between the tip and the surface.

On the Si(100)-(2 X 1) surface, noncontact AFM im-
ages showed a drastic change of the contrast whether the
silicon tip was inert or chemicaly reactive [23]. In the
case of an inert silicon tip without discontinuity in the fre-
guency shift curve, the image patterns have no distance de-
pendence, and the noncontact AFM image almost reflected
the surface topography including dimers and adsorbates.
In the case of a reactive silicon tip with discontinuity in
the frequency shift curve, the image patterns have strong
distance dependence. Far from the surface, the noncontact
AFM images reflected surface topography, but close to the
surface, they strongly reflected chemical reactivity of the
surface rather than surface topography [23].

On the +/3-Ag surface, noncontact AFM images mea-
sured with a chemically reactive silicon tip showed the
strong distance dependence of the image patterns [12].
When the silicon tip was close to the surface, the image
pattern changed from the honeycomb structure to the pe-
riodic structure composed of three bright spots [12].

Thus, in the case of the chemically reactive tip,
strong distance dependence of the image pattern has been
observed, while in the case of the inert tip, no distance
dependence has been observed. On the other hand, in the
present experiment, the triangle pattern of the noncontact
AFM images in Fig. 2 does not change when the AFM
tip approaches the +/3-Ag surface. This strongly suggests

that the strong chemical bonding interaction between the
silicon tip and the surface does not contribute to image
contrast and the tip apex is chemically inert.

Next, by comparing our present image pattern with the
HCT model [21,22], we will consider which sites on the
V3-Ag surface were observed as the triangle pattern in
the noncontact AFM image of Fig. 2. There are two
types of triangle structures on the surface; one is the
silver trimer at the top layer, and the other is the
silicon trimer at the second layer. The measured distance
between the bright spots of 3.5 = 0.2 A agrees with the
interatomic distance for the silver trimer (3.43 A) within
the experimental error, while it does not agree with that
for the silicon trimer (2.31 A).  Further, the measured
direction of the apex of the triangle pattern (tilted [112]
direction) agrees with that for the silver trimer, while
it does not agree with that for the silicon trimer ([112]
direction). So, we conclude that the most appropriate site,
which was observed as the triangle pattern in Fig. 2, isthe
site of individual silver atoms forming the silver trimer.

From the previous [12] and present noncontact AFM
images on the +/3-Ag surface, interestingly, we found
that there are two different atom sites, which noncontact
AFM can image just before contact on the surface, the
intermediate site between silver and silicon atomsin type-|
and the top site of the silver atomsin type-11. So, we will
discuss the possible origin for the observation of the two
different atom sites. As described above, this change of
the observation site occurred after the accidental contact
between the tip and the +/3-Ag surface during the AFM
observation. Thus, this unique phenomenon seemsto have
originated from the adsorption of the silver atom onto
the apex of the silicon tip. Namely, the physical and/
or chemical properties of the tip apex changed by the
adsorption of the silver atom due to the accidental contact.
Why the silver atom is adsorbed on the tip apex is as
follows.

(i) Before the accidental contact, the atom of the tip
apex is the silicon, because the silicon tip was cleaned
in situ by Ar ions sputtering before AFM imaging
and maintained in a vacuum condition better than 1 X
10719 Torr. On the other hand, there are only two types
of atoms (silver and silicon) on the +/3-Ag surface. If
a silver atom is adsorbed on the silicon tip apex, the
physical and/or chemical properties of the tip apex will
change strongly. [If asilicon atom is absorbed on the tip
apex, its properties will not change.

(ii) The change of image patterns from type-l to type-
Il occurred only on the +/3-Ag domain during AFM
imaging. It is well known that the tip readily picks up
an atom from the surface [7,25]. The silicon tip would
pick up the silver atom from the +/3-Ag surface.

(iii) After the noncontact AFM observation on a reac-
tive Si-(7 X 7) domain by using the type-ll tip, the image
patterns on +/3-Ag surface were type-l. This strongly sug-
gests that the physical and/or chemical properties of the
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tip apex changed due to the observation on the Si-(7 X 7)
domain. Namely, onthe Si-(7 X 7) domain, thetip would
drop the adsorbed silver atom onto the surface, or would
pick up the silicon atom from the surface.

(iv) In the noncontact AFM observation of the surface
coexisting with both Si-(7 X 7) and +/3-Ag domains, the
image pattern of type-| was obtained on the +/3-Ag domain
but the image pattern of type-Il was not obtained. This
also strongly suggests that the physical and/or chemical
properties of thetip apex changeonthe Si-(7 X 7) domain,
even if the tip picks up the silver atom on the +/3-Ag
domain.

Finally, we will consider the imaging mechanism of the
individual silver atoms on the /3-Ag surface (Fig. 2; type-
I1) with noncontact AFM. From the above discussion, it
is expected that a dangling bond out of a silicon tip apex
is terminated by the silver atom, due to the adsorption of
the silver atom onto the apex of asilicon tip. In this case,
the tip-sample interaction contributing to the noncontact
AFM imaging seems to originate from the van der Waals
interaction and/or onset of the overlap of orbitals between
the silver atom on the tip and the silver atom on the
surface. As a result, the top site of the individual silver
atoms (or nearly true topography) will appear as a bright
spot, and the image pattern will not change even at avery
close tip-sample distance. In order to clarify the imaging
mechanism of the noncontact AFM on the +/3-Ag surface,
the detailed theoretical investigations, including the effect
of the relaxation [26], are required.

In conclusion, we investigated the noncontact AFM
imaging on the Si(111)-(v/3 X +/3)-Ag surface. We
obtained the individual silver atoms on the topmost layer
of the surface, which show nearly true topography. The
pattern of the noncontact AFM images did not change
depending on the tip-sample distance. Theseimages seem
to be obtained with the silver adsorbed tip. This result
suggests that noncontact AFM images drastically change
depending on the atom species on the tip apex. It should
be emphasized that there is a possibility of identifying or
recognizing atom species on a sample surface using the
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noncontact AFM, if we can control an atomic species at
the tip apex.
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