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Simultaneous AFM and STM measurements on the Si(111)-(7 X7) surface
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We perform simultaneous atomic force microscopy (AFM) and scanning tunneling microscopy (STM)
measurements on the Si(111)-(7X7) surface. AFM/STM constant height images are obtained at various
tip-surface distances. Force/current distance spectroscopy using the same tip apex allows us to estimate the
relative tip-surface distance for each image as well as the short/long-range force and the tunneling current. We
demonstrate that the tunneling current at tip-surface distances where AFM clearly resolves atoms is much
larger than the typical values in conventional STM. In addition, at the tip-surface distances for conventional
STM, the short-range force is too small to provide atomic contrast in AFM. We show that the differences in the
signal-to-noise ratio of the constant height images between AFM and STM produce different optimal imaging
distances. In addition, we note that the different imaging distance also influences images obtained using double

tips.
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I. INTRODUCTION

Atomic force microscopy (AFM), operated using a
frequency-modulation technique, has been developed as a
powerful tool for surface physics, surface chemistry, and
nanotechnology.!? In this method, a cantilever is oscillated at
its resonance frequency (f;), and the frequency shift (Af)
caused by the interaction force between the tip and sample
(F) is detected.? Using this technique, true atomic resolution
can be routinely obtained not only in ultrahigh vacuum but
also in air and liquid environments.* Since the imaging prin-
ciple of AFM is different from that of scanning tunneling
microscopy (STM), these two techniques provide comple-
mentary information on surfaces at the single atomic level.
The image contrast in STM, in which the tunneling current
(I,) is observable, reflects the local density of state (LDOS)
of electrons near the Fermi level, while the AFM image con-
trast reflects the F field related to electronic states with a
wider energy range.

I, can be simultaneously measured during AFM operation
when a bias voltage (V) is applied between the conductive
tip and the sample. When the bandwidth of a current-to-
voltage converter is much smaller than f, the time-averaged
tunneling current ({/,)) is observed. From the early period of
the development of noncontact AFM, simultaneous operation
of AFM and STM has been reported. There are two ways in
which AFM/STM simultaneous measurements can be carried
out, as shown in Fig. 1. The topographic mode, wherein the
tip-surface distance is regulated by Af or (I,), has been
widely used, see Fig. 1(a). Some groups obtained topo-
graphic images regulated by Af while simultaneously record-
ing (I,) (Refs. 5 and 6) while others obtained topography
regulated by (I,) with simultaneous recording of Af.”-1° In
these methods, however, one cannot separate the AFM and
STM information because of cross-talk between Af and (I,)
signals. For example, when (I,) is used for the tip-surface
regulation, artificial atomic contrast can appear in the Af
image. The long-range force that is modulated by changing
the tip-surface distance contributes to Af contrast even at a
far distance where the short-range force is too small to pro-

1098-0121/2010/81(24)/245322(9)

245322-1

PACS number(s): 68.37.Ps, 68.37.Ef, 68.47.Fg, 68.35.bg

duce true atomic resolution in AFM. Therefore, constant
height operation of the AFM/STM is necessary to measure
the Af and (I,) signals independently. In this mode, Af and
(I,) are recorded during the tip scanning on the surface at
constant height with the feedback loop for maintaining the
tip-surface distance opened, see Fig. 1(b). A few groups have
reported constant height AFM/STM using quartz tuning
forks at cryogenic temperatures where the thermal drift is
negligibly small.'"-'* On the other hand, we have demon-
strated simultaneous AFM/STM at constant height even at
room temperature by using a feed-forward technique for
compensation of the thermal drift.!> The measurements using
metal-coated Si cantilevers produced clear atomic contrasts
in the Af and (I,) images. It has also been demonstrated that
the chemical bonding force and LDOS can be measured
above a specific site using the same tip apex. Nevertheless,
the differences between AFM and STM, such as the optimal
tip-surface distance for obtaining atomic resolution and the
signal-to-noise ratio in their observables, have not been per-
fectly clarified.

In this paper, we investigate the difference in the optimal
tip-surface distance to obtain atomic resolution between
AFM and STM. Af and (I,) were simultaneously recorded on
the Si(111)-(7 X 7) surface with constant height tip scanning
at various tip-surface distances. To obtain the relative tip-
surface distance for each image, the tip-surface distance de-
pendence of Af and {I,) [Af(z) and {I(z))] were simulta-

(b)

FIG. 1. (Color online) A schematic model of AFM/STM simul-
taneous measurements in the (a) topographic mode and (b) constant
height mode. In the topographic mode, the tip-surface distance is
regulated using Af and recording (I, or vice versa. In the constant
height mode, Af and (I,) are simultaneously measured at constant
height scan without feedback control of the tip-surface distance.
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neously measured using the same tip state as used for
imaging. To shed some light on the difference in the optimal
distance between AFM and STM, the signal-to-noise ratio in
the constant height AFM/STM images are discussed. In ad-
dition, we show that the difference in optimal distance also
influences the contrast in the AFM/STM images accounted
for by the double tip effect. We note that single AFM opera-
tion is not sufficient to identify tip apex atoms that mediate
the tunneling current.

The remainder of the present paper is organized as fol-
lows. The conversion formulas between Af ({I,)) and F (I,)
are described in Sec. II. We present the experimental method
used in Sec. III. Results and discussion are presented in Sec.
IV. In Sec. IV A, we show the combination experiments of
constant height AFM/STM imaging and Af(z)/{I,(z)) mea-
surements. In Sec. IV B, we discuss the signal-to-noise ratio
in constant height AFM/STM images. In Sec. IV C, we show
the AFM/STM images exhibiting double tip features. Finally,
our concluding remarks are presented in Sec. V.

II. CONVERSION FORMULAS

In AFM/STM, a cantilever is oscillated and Af and (I,) are
simultaneously measured. STM to measure (I,) between the
sample and an oscillating tip is termed dynamic STM, in
contrast to conventional static STM. The observables of dy-
namic AFM/STM, i.e., Af and (I,), can be described as

Af(z) =

fo [ —u
ﬁf_lF[z+A(l+u)]<\’,l z)du (1)

—u

and

1
U=~ f t[z+A<1+u)]( )du @)
m™J 1

—M

where k, A, and z are the spring constant, the oscillation
amplitude of the cantilever, and the distance of closest ap-
proach between the tip and sample, respectively.'020 Af
({1,)) is calculated by the weighted average of F (I,) over the
tip oscillation from the closest point to the surface (u=-1) to
the farthest point from the surface (u=1).

If the cantilever is oscillated with a tiny amplitude, these
formulas can be transformed into simpler forms,

__fodF@®)
Af(z)——Zk e (3)
and
(I(2))=1(z+A) (4)

by substituting Flz+A(1+u)]=F(z+A)+dF(z)/dz X Au and
I[z+A(1+u)]=I,(z+A)+dI(z)/dz X Au into Egs. (1) and (2),
respectively. Af becomes proportional to the force gradient
while (I,) becomes the same as [, at the tip position of the
center of the cantilever oscillation. These small amplitude
approximations hold at small A such that dF(z)/dz
[dI(z)/dz] is kept constant during the cantilever swing. At
this small A limit, the interpretation of the topographic image
is simple: the topography for maintaining Af ({I,)) constant
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corresponds to the constant force gradient (tunneling current)
surface.

In contrast, at larger A, the interpretation of topography is
not simple,'®?! and Egs. (3) and (4) are no longer valid.
Nevertheless, useful formulas are available for a large A
limit. Under a large A limit, Egs. (1) and (2) can be trans-

formed into the approximation formulas,'®~
1 F(z')
A 5
f(Z) kAlS /577',[ |:\,Z,_Z:| ( )
and
I(z)
(I(z))= J { - }dz’. (6)
' \%Tr VZ' -z

These large amplitude approximations hold at large A such
that F (I,) becomes zero at the farthest point of the tip from
the surface during cantilever swing. Note that the required
values of A are different in Egs. (5) and (6). Equation (6)
holds even at much smaller A than that for Eq. (5), because /,
does not include the long-range part whereas F includes it,
such as the van der Waals force and the electrostatic force.
Using sharp tips such as microfabricated cantilevers, the safe
value of A for the large amplitude approximation is 10 nm
for dynamic AFM, while 1 nm is sufficient for dynamic
STM. Using a blunter tip, a larger A is required for a large A
approximation in AFM whereas this is not the case in dy-
namic STM.

The observables of AFM/STM, i.e., Af and (I,), can be
converted into physical quantities of interest, i.e., F and /,. F
can be derived from Af(z) measurements, which is termed
dynamic force spectroscopy.?>2> I, can also be numerically
deduced from the measured (/,(z)) curve. Hereafter, I, is the
tunneling current at closest separation between the oscillat-
ing tip and the surface. This /, is comparable to the tunneling
current observed in conventional static STM. In Egs. (5) and
(6), Af(z) and (I,(z)) are expressed as a function of F(z) and
I,(z). Since both Egs. (5) and (6) correspond to Abelian inte-
gral equations, they can be inversely transformed into the
formulas shown below,

1.5 _ [ ’ ’
I QJ {dAf(z )dz }dz, )
fo : Vz' -z
and
I()=—\24 f {%]dﬂ, (®)
z NZ —2

Refs. 17 and 18.

If 7,(z) has exponential distance dependence with a decay
constant of «, I,(z)=1,0) X exp(-«z), Eq. (8) can be trans-
formed into the simple formula, 1,(z)=(I,(z)) X \2mKA.!
Nevertheless, since the distance dependence of I,(z) deviates
from the exponential at close distance on the Si(111)-(7
X 7) surface as shown below, Eq. (8) should be used for the
conversion.

Accurate estimation of A is important for proper conver-
sion of Af ({I,)) to F (I,). In AFM/STM experiments, A can
be precisely measured by using a normalized time-averaged
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tunneling current ((Z,) X VA), which is independent of A, see
Eq. (6), as below. First, the lateral tip position is fixed above
a certain site with the tip-surface distance regulated by (I,).
Then, A is slightly decreased by changing the set point of A
reglgation and the (I,) set point is changed such that (/,)
X VA is maintained. The tip-surface feedback system moves
the sample toward the oscillating tip by the distance corre-
sponding to the reduced A. Thus, the value of A can be
estimated. Since /, has no long-range part and has strong
tip-surface distance dependence, this method can be applied
at much smaller A than the gamma method,?® which has been
widely used in noncontact AFM for calibration of A.!%?” The
present method is especially effective using blunter tips be-
cause a large A approximation for STM, Eq. (6), still holds.
The I,(z) curve in Fig. 3(b) shows that this new calibration
method works even at A~5 A.

III. EXPERIMENTAL

We used a custom-built AFM/STM operated at room tem-
perature and equipped with an optical interferometer as the
cantilever deflection sensor. We used a commercial digital
scanning probe microscope controller (Dulcinea, Nanotec, S.
L., Madrid, Spain) (Ref. 28) for data acquisition of the con-
stant height imaging and the distance spectroscopy. We re-
moved possible contamination on the tip apex of commer-
cially obtained Pt-Ir-coated Si cantilevers (NCLPt/NCHPt,
NanoWorld AG, Neuchatel, Switzerland) by Ar-ion sputter-
ing in ultrahigh vacuum. The sputtering condition used is
crucial for detecting Af and (I,) reproducibly. The cantilevers
were oscillated in the constant amplitude mode by phase-
locked-loop-based commercial electronics (easyPLL plus de-
tector and controller, Nanosurf, Liestal, Switzerland). Since
the typical spring constant is 20 N/m, cantilevers are oscil-
lated at a large amplitude, typically 200 A, for stable canti-
lever oscillation even at close tip-surface distance.”’ We used
Sb-doped Si(111) substrates for sample, whose resistivity is
0.01 Q cm. The Si(111)-(7 X 7) reconstructed surfaces were
prepared by the standard method of flashing and annealing
the samples. V, was applied to the sample with respect to the
grounded tip and (/,) was detected from the tip using a home-
built current-to-voltage converter. Simultaneous imaging of
Af and (I,) were carried out by tip scanning on the surface at
constant height without feedback for maintaining the tip-
surface distance. Thermal drift between the tip and sample
was compensated in three dimensions by using atom tracking
and feed-forward techniques.?*3°

IV. RESULTS AND DISCUSSION
A. Tip-surface distance dependence of AFM/STM images

We simultaneously obtained constant height AFM/STM
images at V,=—200 mV. The (I,) and Af images are shown
in the left and right columns in Fig. 2, respectively. These
images were obtained at various tip-surface distances. The
tip-surface distance increased in the order of [(a), (b)]-[(k),
(I)]. The same surface area on the Si(111)-(7X7) surface
was imaged with the same tip state. Larger absolute values of
both Af and (/) are expressed as brighter contrasts in Fig. 2.
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FIG. 2. (Color online) The tip-surface distance dependence of
the constant height (/) and Af images obtained simultaneously. The
images in the left column are (/,) and those in the right column are
Af. The relative tip-surface distances, whose origin is defined in
Fig. 3, are shown in the Af images. The acquisition parameters are
fo=149996.3 Hz, A=200 A, k=221 N/m, Q=21000, and
V,==200 mV (Vepp=-330 mV), respectively.

The atomic contrast is different for AFM and STM be-
cause of the different imaging mechanisms involved.!>!%13
The (I,) images clearly show the 12 adatoms in each
diamond-shaped 7 X7 unit cell. The solid (dotted) triangle
in Fig. 2(a) corresponds to a faulted (unfaulted) half unit cell.
The (I,) images are similar to typical filled state images ob-
tained by conventional STM.}'"3 Corner adatoms look
brighter than center adatoms in a half unit cell. The corner
(center) adatoms in a faulted half are brighter than corner
(center) adatoms in an unfaulted half unit cell. On the other
hand, in AFM images, Si adatoms have almost the same
contrast except for the slight contrast difference between
faulted and unfaulted half unit cells as shown in Figs. 2(b),
2(d), and 2(f). This is the same as the contrast that we have
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FIG. 3. (Color online) Results of the force/current distance spec-
troscopy. (a) Af(z) and (/,(z)) curves obtained above the corner
adatom in the unfaulted half indicated by the cross in Fig. 2(a). Six
sets of curves were averaged. The dotted curve is the fitted Af;z(z)
curve. (b) Numerically converted Fgg(z), Frz(z), and I(z) curves.
The vertical arrows indicate the tip-surface distances corresponding
to the images in Fig. 2. The acquisition parameters and the tip apex
state are the same as those in Fig. 2.

mainly obtained in our AFM topographic images using Si
cantilevers.?*3? There are some unknown defects in this area.
In STM, these defects are clearly observed as dark contrast
while it is difficult to identify them in AFM. It is expected
that the electronic states near the Fermi level are modified
around the defect sites.

The atomic contrast is gradually lost with increasing tip-
surface distance in both AFM and STM. More importantly,
we find that STM can resolve atoms at larger tip-surface
distances than AFM. In Figs. 2(i) and 2(j), the STM image
clearly shows atomic contrast while atomic resolution is lost
in AFM. To estimate the relative tip-surface distances as well
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as the values of F and /, on the adatom site for each image in
Fig. 2, we carried out point force/current spectroscopy. The
Af(z) and (I,(z)) curves were simultaneously measured as
shown in Fig. 3(a). The atom tracking technique was applied
in the same way as the force spectroscopy previously
proposed.?* These curves were acquired on the corner ada-
tom indicated by the cross in Fig. 2(a). The spectroscopic
measurements were performed using the same tip state as
that used for imaging. In this paper, the origin of z (z=0) is
defined as the closest point to the surface in the data acqui-
sition.

The F measured by AFM has two components, i.e., site-
independent long-range force (F, ) and site-dependent short-
range force (Fgg). Fgp is a quantity of interest, i.e., the
chemical-bonding force between the tip apex atoms and in-
dividual surface atoms, which offers atomic resolution in
AFM.** On the other hand, F; is a background force acting
on the tip at a relatively far distance from the surface, such as
van der Waals force and electrostatic force.®> The
F; g-dominant region of the Af(z) curve, which we defined as
z>3.0 A, was fitted into the inverse-power function of 775,36
The fitting curve, i.e., the long-range part of Af(z) [Afx(2)]
is shown by the dotted curve in Fig. 3(a). For the best fit, s
=0.70 was obtained, which corresponds to the z7!? depen-
dence of F;x(z).!° This dependence is close to our previous
result obtained by the same method.!> The short-range part
of Af(z) [Afsg(z)] was obtained by the subtraction of Af; x(z)
from the Af(z) curve. Then, the Fgg(z) curve was numeri-
cally converted from Afgz(z) using Sader’s algorithm.3” The
same result was also obtained by using Eq. (7) because of
large A. The (I,(z)) curve was converted into the I,(z) curve
using Eq. (8). The derived Fg(z) and I,(z) curves as well as
Fx(z) calculated from the Af;x(z) curve are shown in Fig.
3(b). (I,) and I, at six different tip-surface distances corre-
sponding to the images in Fig. 2 are indicated by the vertical
arrows in Figs. 3(a) and 3(b). We can estimate the values of
z, ), I, Af, Afsr, Afig, Fg, and Fyx on the adatom site at
each distance in Fig. 2. These values are summarized in
Table I.

Our results clearly show that the tip-surface distance to
obtain atomic resolution on the Si(111)-(7 X7) surface by
AFM is smaller than that in conventional STM. A few hun-
dred piconewton of Fg is detected at z=0.44-0.94 A,
where AFM clearly resolves atoms, Figs. 2(b) and 2(d).
These values are in good agreement with the previous value

TABLE I. Various values on the corner adatom for each image in Fig. 2. The values were estimated from

Fig. 3.

Image (a), (b) (©), (@) (@), (f) (2). (h) @. G) k), ()
7 (A) 0.44 0.94 1.6 2.7 3.9 52
(I,) (nA) 7.4 5.0 2.1 0.34 0.023 0.001
I, (nA) 220 190 95 17 1.3 0.034
Af (Hz) -30.6 -27.0 -24.5 -22.1 -20.0 -184
Afgg (Hz) -34 -1.2 -0.36 -0.09 0 0
Afir (Hz) -27.2 -25.8 -24.1 -22.0 -20.0 -184
Fgr (nN) -0.54 -0.18 -0.057 -0.014 0 0
Frr (nN) -0.74 -0.67 -0.59 -0.49 -0.40 -0.34
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(Fsg=150 pN) for obtaining clear AFM topography on the
same surface estimated by force spectroscopy using Si
cantilevers.?® At this distance range (z=0.44-0.94 A), I, of
about 200 nA is observed, which is much greater than typical
values for imaging this surface by conventional STM (about
1 nA or less).3'=33 In addition, Fig. 3(b) shows that I,(z) is
deviated from the monotonic exponential distance depen-
dence and even decreases at close tip-surface distances (z
<0.6 A). This is due to chemical-bond formation between
tip apex atoms and sample atoms as previously
reported. 33940

At z=3.9 A, atomic resolution is lost in AFM, Fig. 2(j),
while STM still resolves atoms clearly, Fig. 2(i). At this far
distance, /,=1.3 nA was detected, which is close to the typi-
cal value for conventional STM. Fgp is as small as our mini-
mum detectable force (a few piconewton). At z=5.2 A, not
only Af but also (/) images do not show clear atomic con-
trast. In Fig. 2(k), the corrugation in (/,) is comparable with
the minimum detectable current of our current-to-voltage
converter (1 pA). Since 1,=34 pA is obtained at this dis-
tance, we predict that static STM can resolve atoms even at
z=5.2 A with the same quality as Fig. 2(i). Note that (I,) in
Fig. 2(i) is close to I, in Fig. 2(k). Our systematic experi-
ments clearly demonstrate that the optimal imaging distance
is different for AFM and conventional STM. The distance in
Figs. 2(b) and 2(d) is the required distance for AFM for clear
atomic resolution, whereas the distance in Figs. 2(i) and 2(k)
is the typical distance in conventional STM. This difference
in the optimal distance is as large as 3—4 A.

The difference in optimal tip-surface distance between
AFM and conventional STM explains our experience that the
tip state and/or surfaces are more frequently modified during
AFM topographic scanning than in STM operation. For ex-
ample, it was more difficult to obtain atomic resolution in
Si(100)-(1 X 2) images without permanent modification of
the surface by AFM than using conventional static STM.*!
From a different point of view, the necessity for closer ap-
proach of a tip to a surface during AFM operation let us
notice the movement of atoms strongly bound to semicon-
ductor surfaces. These findings led us to sophisticated me-
chanical atom manipulations at room temperature3®4243 that
could not be achieved by STM.

B. Consideration of the signal-to-noise ratio in constant height
AFM/STM images

The difference in the tip-surface distance between AFM
and STM, where atomic resolution is lost in constant height
imaging, can be attributed to the different origins of the sig-
nal and noise in their observables. The noise in an AFM
topographic image has been previously discussed by Giessibl
et al.* Here, we discuss the signal-to-noise ratio in constant
height AFM /STM images. (S/N)apm and (S/N)gry can be
written as

A
(S/N)AFM = | fSR(Z)| > (9)

V’/éAflzherm. + 5Af§et + §Af(z)mecha.

and
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|<It(Z)>|
\/5<1t>(2]et, + 5<Ir(z) >51echa‘ ’

where SAf o, 18 thermal noise, SAf,,, (XI,)4..) is the de-
tector noise, and SAS(2)mecna. (KIAZ))mecna) 18 mechanical
noise. These different sources of noise are statistically inde-
pendent. Note that only Afgg(z) contributes to atomic con-
trast in constant height AFM as the signal while Af; x(z) just
contributes to the background.'> SAf,,.,,. originates in ther-
mal fluctuations of the cantilever and is written as SAf,.m.
= \e”kBTB fo/kAZWQ, where kT, B, and Q are the thermal en-
ergy, the bandwidth of the frequency demodulator, and the
quality factor of the cantilever, respectively.”? SAf,,, origi-
nates in the noise density of the cantilever deflection sensor
(n) and is written as Af,,, =nB'>/wA.> &1,),,, originates in
the noise density in the preamplifier for current detection
(n") and is written as &I,) ., =n’' VB’ using the bandwidth for
the current detector (B').2 OAS(2)mecha. and  XI{2))mecha.
originate in the fluctuation of the gap between the tip and
surface due to the mechanical noise in the microscope, in-
cluding external vibrations and acoustic noise. These differ-
ent types of noise are written in terms of the product of the
mechanical noise in the gap (8z,,.c40.) and the slope of Af(z)
and (I,(z)) with respect to z as OAS(Z)mecna =|dAf(2)!dz]
X 6Zmecha. and 5<II(Z)>mecha.= |d<lt(z)>/dz| X 5Zmeclm.‘ Al-
though &%z, 1S independent of z, SAS(2)mecha.
[&I,(2))mechna ] depends on z. That is, the mechanical noise
increases with the slope of Af(z) [{I,(z))].

We estimated the noise in Af(z) [{{,(z))] by analyzing the
data shown in Fig. 3(a). The noise in Af(z) [{I(z))] was
evaluated as the difference between the Af(z) [(I,(z))] raw
curve and the same curve smoothed using a ten-point win-
dow. The z dependence of the noise in Af(z) and (/,(z)) are
plotted in Figs. 4(a) and 4(b), respectively. At a far distance,
the noise in Af(z) and (/,(z)) is almost independent of z. In
this region, &1,)g.; (OAfiperm. and SAfy,, ), which is z inde-
pendent, are dominant in STM (AFM) because d{I,(z))/dz
[dAf(z)/dz] is too small to provide significant mechanical
noise. At a close distance, the noise becomes larger since the
slope of Af(z) and (I,(z)) become larger, wherein the me-
chanical noise is dominant. This region is fitted into the
5Af(z)mecha.= |dAf(Z)/dZ| X Bzmecha. and 6<It(z)>mecha4
=|d{I(2))/dz| X 8Zppecna. @5 shown by the curves in Fig. 4.
OZmecha.=0 pm was chosen for the best fit and the same
value was used in both AFM and STM. SAf(2),ecns. and
XI(2))mecha. fit the noise experimentally obtained at close
distance very well. This distance dependence of the noise in
Af(z) has also been observed in our previous force spectro-
scopic measurements, wherein the noise clearly increased
with the slope of Af(z).>** The mechanical noise at close
distance is also seen not only in dynamic AFM/STM but also
static STM (not shown). Therefore, this is not specific to
dynamic AFM/STM but is common in scanning probe mi-
Croscopy.

The signal-to-noise ratio in dynamic AFM [(S/N)spm] 18
smaller than that in dynamic STM [(S/N)sm] over the
whole distance range. That is easily confirmed by substitut-
ing the noise shown in Fig. 4 into the denominators and the
signal, i.e., Afgg and (I,), into the numerators in Egs. (9) and

(S/N)gtm = (10)
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FIG. 4. (Color online) The tip-surface distance dependence of
the (a) Af noise and (b) (/,) noise. The noise is estimated from the
single raw curve in Fig. 3(a). The curves for the calculated me-
chanical noise are indicated in (a) and (b). 8Z,ec1, =6 pm is chosen
for the best fit. (c) The plots of (S/N)apm and (S/N)gpy correspond-
ing to the images in Fig. 2.

(10). The (S/N)apm and (S/N)gy at z corresponding to the
images in Fig. 2 are plotted in Fig. 4(c). It is shown that
STM can yield atomic resolution at larger tip-surface dis-
tances than AFM. Note that (S/N) spp < (S/N)gpy means the
image contrast in AFM is worse than that in STM. When the
force field reflects a finer structure on a surface than the
tunneling current, the spatial resolution in AFM becomes
higher than that in STM.!!:1446:47

The image quality at a different distance range is deter-
mined by different origins of (S/N)apv and (S/N)grum
The distance in Figs. 2(a)-2(f) is the mechanical noise domi-
nant region whereas that in Figs. 2(1)-2(1) is not. We discuss
the method to improve the (S/N)apy and (S/N)grm at
far and close distances separately. At a far distance,
(S/N) A = |AfsR (/N SA Sy + Oy, and  (S/N)gpy
~ [I,(z))|/ &I,),,, are approximately obtained. (S/N)ypy can
be enhanced by improvement of the cantilever deflection
sensor. By decreasing n, (S/N) sgy can be increased until the
thermal limit is reached, where OSAf,,,,, is the dominant
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noise source. (S/N)gry also increases with the reduction in
n'.

(S/N) spm and (S/N)grym can be enhanced by decreasing A
for the same reason as reported previously.>** At large A

approximation, Afgg(z) is proportional to A™!, see Eq. (5),

and \OAf%, +B8Af5,, is proportional to A~'. On the other
hand, (I,(z)) is proportional to A=, see Eq. (6), and &1I,)y,,
is independent of A. Thus, both (S/N)spyv and (S/N)syy are
inversely proportional to VA for a large A range.” These can
increase with decreasing A from the present parameter (A
~200 A). Since Afsg(z) has no A dependence at a small A
limit, see Eq. (3), there is an optimal A to obtain maximum
(S/N) opu- Giessibl et al.** proposed that the optimal A cor-
responds to the decay length of F, typically A=1 A. On the
other hand, (S/N)gpy becomes maximum at the A=0 limit
since (I,) monotonically increases with decreasing A over the
whole range, see Eq. (2).

Nevertheless, to operate AFM/STM at such small A,
larger k is required for stable cantilever oscillation.?” The
choice of cantilevers is not straightforward. Decreasing f,/k
reduces (S/N)apv since Afgg(z) is proportional to fy/k,

SAf perm. is proportional to \fo/k, and SAf,, is independent
of fy/k. Therefore, when we choose the value of A, there is a
trade-off between high (S/N)apm [(S/N)grm] and high stabil-
ity of the cantilever oscillation.

At close distances, where mechanical noise becomes
dominant, (S/N)AFMg |AfSR(Z)|/[|dAf(Z)/dZ| X 5Zmecha.] and
(S/IV)STMz |<II(Z)>|/[|d<It(Z)>/dZ| X 5Zmecha4] are approxi—
mately obtained. Figure 4 shows that SAf(2)echa.
(&I(2))mecha.) becomes much larger than other noise sources
around z=1 A. This distance is the typical distance for AFM
imaging. Importantly, in this region, (S/N)apy and (S/N)gm
cannot be enhanced by decreasing the noise density of the
deflection sensor and current-to-voltage converter. The me-
chanical stability of the microscope needs to be increased to
improve (S/N)apm and (S/N) gy

In this region, the (S/N)apy suffers from Af;  in contrast
to the far distance since SAf(z),0ene. depends on both long-
and short-range contributions. Note that dAf(z)/dz
=dAf;r(z)/dz+dAfsr(z)/dz. The presence of F;, makes
(S/N)opm smaller since Af;x contributes to the mechanical
noise in spite of no contribution to the signal. As shown in
Fig. 3(b), |F x| is gradually increased with decreasing tip-
surface distance, while |Fgg| rapidly increases at z<<2 A and
reaches the maximum attractive force (Fgz=-0.89 nN) at z
=0.10 A. F; in this study using Pr-Ir-coated Si cantilevers
is much greater than that in previous AFM studies using
normal Si cantilevers (NCLR, NanoWorld AG, Neuchatel,
Switzerland). The relative strength of F;, with respect to the
total F is about 50% at a maximum attractive F, distance
using Pt-Ir-coated Si cantilevers while this is only 10% using
normal Si cantilevers.’#>>* The tip radius of a Pt-Ir-coated
Si cantilever is greater than that of a normal Si cantilever
since the tip apex is covered with Pt-Ir with a thickness of
about 25 nm. In addition, not only van der Waals force but
also a substantial electrostatic force contributes to F;p since
the applied V, deviates from the voltage (Vpp) to minimize
the electrostatic force in the present AFM/STM study. Fur-
thermore, Afgp is much smaller than Af;, since we operate
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the AFM with a large A. Even at the closest distance in the
acquisition, Fig. 2(b), Af;x is eight times as large as Afgg.
Using a sharper tip can decrease F;p and Af;, leading to
efficient improvement of the (S/N) spy- One possible way is
to coat the normal Si tip with a thin metal layer by
evaporation.*®

In addition, the reduction in A increases the sensitivity of
F¢r with respect to F;r, which has been proposed by
Giessibl.!** Here, we show that (S/N),my can be en-
hanced due to this effect. At a large A limit, (S/N)spy does
not depend on A because Afsx(z) and dAf(z)/dz have the
same A dependence (A~'7). However, with decreasing A,
only dAf(z)/dz, which includes a long-range component,
starts to deviate from the A™' dependence and has a weaker
A dependence while Afgg(z) still has a A~ dependence.
Thus, (S/N)spyv is enhanced until the small A limit is
reached.’! In this limit, (S/N)spy is independent of A since
Af¢x(z) and dAf(z)/dz do not show an A dependence.

To improve the atomic contrast in an AFM image at a
mechanical noise dominant distance, the use of a sharp tip
and/or small A operation is effective. For small A operation,
a cantilever with a larger k is required for the stability of the
cantilever oscillation. As far as the mechanical noise is domi-
nant, the decrease in f)/k does not sacrifice (S/N)py since
(S/N) spm 1s independent of fy/k.

On the other hand, (S/N)gry does not depend on both the
tip sharpness and A at a mechanical noise-dominant distance
since (I,(z)) has no long-range part. Assuming I,(z)=1,(0)
X exp(—«z) for simplicity, it can be proven that (S/N)gpm
=1/(kX 8Zpecna)s and thus (S/N)gpy has no A dependence
over the whole A range. This can explain our experience that
it is difficult to obtain atomic resolution in AFM with large A
using blunt tips while STM can still resolve atoms using the
same tip.

C. AFM/STM images exhibiting double tip features

We note that the difference in the optimal tip-surface dis-
tance between AFM and STM influences the contrast in
AFM/STM images obtained by double tips. In simultaneous
AFM/STM measurements, the imaging area by AFM usually
coincides with that by STM as shown in Fig. 2. This indi-
cates that the same front atom on the tip apex plays a role in
atomic resolution in both AFM and STM. In contrast, we
occasionally obtained anomalous AFM/STM images ac-
counted for by double tips. The (I,) images in Figs. 5(a),
5(c), and 5(e) were simultaneously obtained with the Af im-
ages of Figs. 5(b), 5(d), and 5(f), respectively. These were
obtained at a constant height scan. The STM image in Fig.
5(a) shows a double tip feature as previously reported.’>3
This image looks like a superposition of two 7 X7 adatom
patterns as indicated by the dotted and solid rhombuses. The
position of the solid rhombus is laterally shifted from the
dotted rhombus by 8.3 A. On the other hand, the AFM im-
age obtained simultaneously does not show the double tip
feature. The 7 X 7 pattern in Fig. 5(b) coincides with one of
the patterns in Fig. 5(a). The common unit cell is indicated
by the dotted rhombus. Note that these anomalous images
were sometimes obtained and normal contrast in AFM/STM
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FIG. 5. (Color online) [(a)—(f)] Constant height (/,) and Af im-
ages showing double tip features. The (/,) images [(a), (c), and (e)]
were obtained simultaneously with the Af images [(b), (d), and (f)],
respectively. The slow scan directions are indicated by the arrows.
The acquisition parameters are fy,=145968.8 Hz, A=214 A,
k=204 N/m, Q=27 000, and V,=—400 mV (Vepp=-549 mV).
[(g) and (h)] A schematic model to explain the images.

can be easily recovered by soft contact between the tip and
sample.

One possible model to explain these images is sketched
out in the schematic drawings in Figs. 5(g) and 5(h). Here,
two atoms A and B are located on the tip apex with a lateral
interval of 8.3 A. Atom A is located at the nearest neighbor
from the surface and atom B is at the second-nearest neigh-
bor. When atom A is located above atom C on the surface,
see Fig. 5(g), atom A interacts with atom C forming atomic
contrast in the AFM image. At the same time, the tunneling
current flows between atom A and atom C providing an STM
signal. When atom B is located above atom C, see Fig. 5(h),
after tip scanning at constant height, the tunneling current
now flows between them. Atom B does not contribute to the
AFM image if the distance between atoms B and C is not
sufficiently small to generate significant interaction. As we
have discussed in the previous sections, STM can produce
atomic contrast with the tip located farther away from the
surface compared to AFM. Thus, an STM image shows
double tip features produced by atoms A and B, while an
AFM image does not, with only atom A contributing to the
atomic resolution.

After obtaining the images in Figs. 5(a) and 5(b), we suc-
cessively acquired the images in Figs. 5(c) and 5(d). The
slow scan direction is from the bottom to the top. The lower
part of the images in Figs. 5(c) and 5(d) reproduce Figs. 5(a)
and 5(b). After that, the tip change occurred leading to a
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contrast change. The STM image changed from double tip
contrast to normal contrast while atomic contrast was lost in
the AFM image. Using the above model, this can be ex-
plained by the displacement of only atom A on the tip while
maintaining the position of atom B. The 7 X7 pattern in
STM produced by atom B is not changed. The value of (/,)
on corner adatoms in unfaulted half unit cells is estimated to
be 0.75 nA in the upper part of Fig. 5(c). This supports the
idea that atom B is not sufficiently close to the surface to
form a strong chemical bond.

We obtained different types of AFM/STM images at V,
=—400 mV, which cannot be explained by the model above,
as shown in Figs. 5(e) and 5(f). In these, although the atomic
contrast in both AFM and STM looks normal, the 7 X7 pat-
terns do not coincide in the AFM and STM images. By using
the defects seen in these images as markers, we can identify
the same unit cell as indicated by the rhombuses. The solid
rhombus in STM and the dotted rhombus in AFM are later-
ally deviated by 8.5 A. The tip apex atom for AFM imaging
and that for STM imaging should be different. The atom that
plays a role in AFM imaging does not mediate the tunneling
current while the atom for STM imaging does not contribute
to atomic contrast in AFM. Although the imaging mechanism
has not been understood, this effect could be attributed to the
electronic state of the tip apex atoms.>*> AFM/STM simulta-
neous measurements can give more information about the tip
structure and electronic state than single AFM or STM op-
eration. These results indicate that tip apex atoms that medi-
ate the tunneling current cannot be identified only by AFM
operation.

V. SUMMARY

We have elucidated the tip-surface distance dependence of
AFM/STM images on the Si(111)-(7 X7) surface by com-
bining constant height imaging and point distance spectros-
copy. It was experimentally proved that the tip-surface dis-
tance for AFM imaging is smaller than that for conventional
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static STM imaging by 3—4 A. Therefore, I, at the distance
where AFM clearly resolves atoms is much larger than typi-
cal values in conventional STM. On the other hand, Fgy is
too small to provide AFM contrast at conventional distances
for static STM. At close distances, chemical-bond formation
between tip apex atoms and sample atoms contributes not
only to atomic resolution in AFM but also to the current drop
in STM. At far distances, the surface can be imaged by STM
without mechanical perturbations due to the tip-surface inter-
action. It was shown that the difference in the optimal dis-
tances between AFM and STM originated in the difference in
the signal-to-noise ratio in constant height images. (S/N) xpm
is smaller than (S/N)gpy over the whole tip-surface distance
range. We showed that the tip-surface distance can be di-
vided into two parts, i.e., mechanical noise dominant region
(close distance) and nondominant region (far distance). At
far distances, both (S/N)apy and (S/N)gry increase with de-
creasing A due to the property of the observables in AFM/
STM. At close distances, only (S/N)apy increases with de-
creasing A due to enhancement of the sensitivity of Fgp to
Fg. In addition, double tip effects that appear in AFM/STM
images are shown, suggesting the possibility of characteriza-
tion of the tip apex.
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