
PHYSICAL REVIEW B 15 JANUARY 2000-IIVOLUME 61, NUMBER 4
Dynamic-mode scanning force microscopy study ofn-InAs„110…-„131… at low temperatures

A. Schwarz, W. Allers, U. D. Schwarz, and R. Wiesendanger
Institute of Applied Physics and Microstructure Research Center, University of Hamburg, Jungiusstrasse 11,

D-20355 Hamburg, Germany
~Received 15 July 1999!

We present results of an atomic-scale study onin situ cleaved InAs~110! in the dynamic mode of scanning
force microscopy~SFM! at low temperatures. On a defect-free surface, the dynamic mode SFM images always
exhibit strong maxima above the positions of the As atoms, where the total valence charge density has its
maximum. Occasionally, with certain tips, the In atoms also become visible. However, their appearance
strongly depends on the specific tip-sample interaction: We observed protrusions as well as depressions at the
position of the In atoms. In this context, the role of the charge rearrangements induced by the specific
electronic structure of the tip on the contrast in atomic-scale images is discussed in detail. Additionally, we
investigated the appearance and nature of two different types of atomically resolved point defects. The most
frequently observed point defect manifests itself as a missing protrusion, indicating the existence of an As
vacancy. A second type of point defect is probably an In vacancy, which could be detected indirectly by its
influence on the two neighboring As atoms at the surface. At large tip-sample distances, these As atoms show
a reduced corrugation compared to the surrounding lattice, while at smaller tip-sample distances the corruga-
tion is increased. This distance-dependent contrast inversion is explained by a relaxation of the As atoms above
the defect which is induced by an attractive tip-sample interaction.
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I. INTRODUCTION

InAs is a high-mobility, narrow-gap III-V semiconducto
already used in many applications, e.g., infrared detect1

and Hall sensors.2 Additionally, it is an essential part of sev
eral newly developed devices like mesosco
heterostructures,3 self-assembling quantum dots,4 and hybrid
ferromagnetic-semiconductor structures.5 For the further de-
velopment of such small devices and thin multilayer syste
where surface effects dominate over bulk properties, a
tailed knowledge of the surface structure and their charac
istics at the atomic scale is important. In particular, the
vestigation of point defects in semiconductors is
important matter, because they provide trap levels within
band gap, which determine many of their electric and opt
properties.6

Up to now, real-space surface investigations on semic
ductors on the atomic level have been carried out prima
with scanning tunneling microscopy~STM!. Although this
technique is very powerful, it suffers from two drawback
First, it is restricted to conducting samples, which become
serious problem for experiments at low temperature~i.e., ex-
periments in high magnetic fields! on nondegenerate sem
conductor surfaces. Second, STM in the constant cur
mode follows contour lines of the local density of states n
the Fermi energy. Structural information is mixed with ele
tronic information, especially in the vicinity of defect
where both the electronic structure close to the Fermi ene
and the geometric structure of the atomic lattice chan
Therefore, structural information cannot be extracted una
biguously from STM data.

Another method to investigate surfaces in real spac
scanning force microscopy~SFM!.7 In 1995, Giessibl8

showed that ‘‘true’’ atomic resolution9 on Si~111!-(737) is
possible with the dynamic mode of scanning force micr
copy, which is also called noncontact atomic force micr
copy. In this mode, the cantilever is oscillated at its reson
PRB 610163-1829/2000/61~4!/2837~9!/$15.00
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frequency f res with a fixed amplitudeA. Due to the tip-
sample interaction, the oscillation frequency changes; the
sulting frequency shiftD f is detected and used to drive th
feedback electronics~constant frequency shift mode! as well
as to record an image of the surface. In contrast to st
contact SFM, a ‘‘jump-to-contact’’ can be prevented10 and
attractive short-range tip-sample interactions can be prob
which provide ‘‘true’’ atomic resolution, including the imag
ing of point defects. Note that long-range tip-sample inter
tions are also present, but do not contribute to contrast
mation on the atomic scale. A significant advantage o
STM is the ability to achieve ‘‘true’’ atomic resolution eve
on insulators.11–13 Therefore, this method can be used
semiconductors in the whole range of doping concentrati
and temperatures.

In this paper, we present an investigation of the~110!
surface ofn-InAs using the dynamic mode of SFM. After
short description of the experimental setup, we will fir
present our results on the defect-free surface and give
interpretation of the observed contrast, based on recent
oretical work. From this starting point, we will discuss th
mechanisms that are responsible for contrast formation
and around two different types of atomically resolved po
defects. The first point defect is located on the As sublat
and can be interpreted straightforwardly as an As vacan
The second point defect, located on the In sublattice
showing a distance-dependent contrast inversion, is prob
an In vacancy. To support our interpretations regarding
point defects, we will compare our results with experimen
data and theoretical calculations on~110! surfaces of similar
III-V semiconductors.14

II. EXPERIMENTAL SETUP

All measurements were carried out using our homeb
scanning force microscope for ultrahigh-vacuum and lo
2837 ©2000 The American Physical Society
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2838 PRB 61SCHWARZ, ALLERS, SCHWARZ, AND WIESENDANGER
temperature applications, which is described in de
elsewhere.15 The microscope was primerily designed
achieve atomic resolution in the static and dynamic mo
likewise. Using low temperatures minimizes thermal dr
and thereby ensures very stable imaging conditions.
peak-to-peak noise level is 10 pm in a 2-kHz bandwidth~see
the line section of the raw data presented in Fig. 2!, which
corresponds to an rms noise below 2 pm. Such a high r
lution is a prerequisite for precision measurements of str
tural properties at and around point defects, where he
differences of only a few picometers are important. Furth
more, sensitive samples~InAs is prone to contamination! can
be measured for several days without surface degradatio

The sample, ann-doped InAs single crystal~sulfur:
'331018 cm23), was cleaved parallel to the~110! surface
in the preparation chamber at pressures below 131027 Pa,
and immediately transferred into the precooled microsc
located in the main chamber (p,131028 Pa!. The whole
microscope was then lowered into a bath cryostat and co
until equilibrium temperature was reached. During most
periments both tip and sample were grounded. For m
suremts with nonzero bias, the voltage was applied to
sample. Then-doped ~antimony: 831017–531018 cm23)
silicon tips16 used for the experiments were cleaned by arg
sputtering. The cantilevers had spring constants ofk
'35–38 N/m and showed eigenfrequencies off 0
'160–176 kHz. The instrument was operated in the
namic mode, based on the frequency modulation techniqu17

keeping the frequency shiftD f as well as the oscillation
amplitudeA constant. The gray scale in all images throug
out this paper is chosen in a way that bright areas repre
stronger tip-sample interactions than dark areas~the tip-
sample distance has to be increased in order to keep
frequency shift constant!.

III. CONTRAST FORMATION ON THE DEFECT-FREE
SURFACE

InAs crystallizes in the ZnS structure, showing zigz
chains of alternating In~cations! and As ~anions! atoms
along the@11̄0# direction @see Fig. 1~a!#. At the ~110! sur-
face, the As atoms relax outwards and the In atoms inwa
according to the bond rotation model, which is valid for mo
III-V semiconductors.18 Therefore, the As sublattice is lifte
by 80 pm above the In sublattice@see Fig. 1~b!#. The surface
relaxation is accompanied by a charge transfer from the
dangling bonds to the In dangling bonds.

In most dynamic mode SFM images, rows of bright pr
trusions appear in atomic-scale images~see Fig. 2!. Zigzag
chains of alternating In and As atoms, as one might exp
from the atomic structure displayed in Fig. 1~a!, are usually
not visible. The same observation was made by Sugaw
et al. on InP~110!.19 The line section along the@11̄0# direc-
tion in Fig. 2 demonstrates that the corrugation amplitude
22 pm is easily resolved. The corrugation amplitude in
@001# direction is somewhat larger~26 pm!, but largest in the

@11̄1# direction ~48 pm!.
Sometimes, however, two features per surface unit

are imaged, as we already reported earlier.20 Figure 3 shows
two examples, which have been recorded with differ
il
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cantilevers.21 In both images, the second feature is visib
between the bright protrusion: in~a!, it manifests itself as a
second, somewhat darker protrusion, while image b! exhibits
a strongly localized depression at that position. The solid l
sections elucidate their different characteristics along
@001# direction: In~a!, the second feature has the shape o
shoulder'32 pm above the minima. In~b!, an'5-pm-deep
depression appears at the same position, which ne
reaches the level of the minima. The dashed line secti
have also been taken along the@001# direction, but across the
bright protrusions. Their profiles are very similar to ea
other, but the corrugation amplitudes are quite different:
pm in ~a! and 18 pm in~b!. The nearest perpendicular dis
tance between the rows of bright protrusions and the row
the second features is about 110 pm in both images, as
cated in the line sections. This value is in good agreem
with the perpendicular distance between the rows of As
In atoms at the surface obtained from low-energy electr
diffraction experiments~100 pm!22 and recent theoretica
calculations~130 pm!.23

FIG. 1. ~a! Top view on the~110! cleavage plane of InAs~bonds
are indicated by dashed lines!. The first-layer As and In atoms

alternate in zigzag chains along the@11̄0# direction. The lattice
constants area5606 pm in the@001# direction andb5427 pm in

the@11̄0# direction. The solid contour lines with the small numbe
indicate a valence charge-density distribution approximately 0.3
above the surface. They are normalized with respect to the m
mum value, which lies above the As.~b! Side view of the relaxed
surface. The surface is As terminated, with the In atoms lying
pm below the As atoms. A charge transfer from the In dangl
bonds to the As dangling bonds takes place. Both dangling bo
are tilted by'30°, but in opposite directions~in the @001# and

@001̄# directions for the As and In dangling bonds, respectively!.
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PRB 61 2839DYNAMIC-MODE SCANNING FORCE MICROSCOPY . . .
How can these three different contrasts on InAs~110!-
(131) be explained? An intuitive interpretation would lea
to the conclusion that in Fig. 2 only one atomic species
imaged, while the two different maxima visible in Fig. 3~a!
represent the zigzag configuration of the In and As atom
the ~110! surface. Since the surface is As terminated, o
might identify the rows of bright protrusions in Figs. 2 an
3~a! as As atoms, while the somewhat darker protrusions
identified as the lower lying In atoms. The much higher c
rugation amplitude in Fig. 3~a! compared to Fig. 2 indicate
a smaller tip-sample distance, i.e., a stronger tip-sample
teraction, which would support this interpretation. Moreov
even stronger support comes fromex situ x-ray-diffraction
measurements on these samples, which show that if one
cepts the bright protrusions to represent the positions of
As atoms, the In atoms have indeed to be located exact
the positions of the somewhat darker maxima.

Care has to be taken with such a simple interpretat
which is based on purely structural arguments. As long as
quantity and the mechanisms, which govern the contrast
mation, are unknown, it isa priori not clear how the feature
observed on atomic-scale images are related to the posi
of the surface atoms.24 This becomes immediately clear b
comparing Figs. 3~a! and 3~b!: Obviously, the second some
what darker protrusion in~a! and the depression in~b! have
the same relative position with respect to the bright maxim
This means that the same spot on the surface can ex

FIG. 2. Atomically resolved InAs~110!-(131) as typically im-
aged in dynamic scanning force microscopy~raw data!. White pro-
trusions represent the positions of the As atoms. The section a

@11̄0# shows a corrugation amplitude of'20 pm, and demon-
strates that the peak-to-peak noise on thez piezo is about 10 pm
('2-pm rms! in a 2-kHz bandwidth. Parameters:T514 K, k'36
N/m, f res5160 kHz, A5612.7 nm,D f 5255.3 Hz, andUbias5
1250 mV.
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completely different contrasts in dynamic mode SFM im
ages. Therefore, a better understanding of the cont
mechanism is needed for a reliable interpretation
dynamic-mode SFM images.

To discuss this issue in more detail, we first determine
tip-sample distance relevant for contrast formation in atom
scale images. For the measurement of a quantity that va
laterally on the atomic scale, the tip-sample distance ha
be on the order of the interatomic distances, i.e., some o
tenth of a nanometer. Taking a typically chosen oscillat
amplitudeA of about610 nm, the required tip-sample sep
ration is only realized around the point of closest approa
D. Güthner25 was able to obtain atomic resolution with a
oscillation amplitude of610 nm on Si~111!-(737) in the
dynamic mode of SFM and in the scanning tunneling mo
simultaneously. Since a tunneling current only flows a
tip-sample distance of some tenths of a nanometer, this
strong experimental indication that the point of closest
proachD is indeed of this order.26

For such small tip-sample separationsD and for A@D,
Ke et al.27 found that the frequency shiftD f is proportional
to the geometric mean of the tip-sample potentialVint(z) and
the forceF ts(z)52]Vint(z)/]z between tip and sample a
z5D, i.e.,D f }AuVint(D)F ts(D)u. With a different approach
U. D. Schwarz found the approximate analytical express
D f }Vint(z5D)/Al, with l representing a characteristic d
cay length ofVint(z) at z5D.28 As long as the tip-sample

ng

FIG. 3. Two examples of dynamic mode SFM images, wh
two features per surface unit cell are resolved on InAs~110!-
(131). The bright protrusions are identified as the positions of
As atoms. The second feature, an additional protrusion in~a! and a
depression in~b!, is located between the bright protrusions, and c
be attributed to the presence of the lower-lying In atoms. The
sections in the@001# direction across the bright protrusions~dashed
line! and across the second feature~solid line! elucidate the differ-
ent characteristic of the contrasts from the As and In atoms
detailed explanation of the different characteristics is given in
text. Parameters:~a! T514 K, k'36 N/m, f res5160 kHz, A5
612.7 nm, andD f 5237.0 Hz; ~b! T578 K, k'38 N/m, f res

5176 kHz,A5611.0 nm, andD f 52447 Hz.
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2840 PRB 61SCHWARZ, ALLERS, SCHWARZ, AND WIESENDANGER
interaction force increases upon approach, both descript
of theD f dependence are approximately equivalent, beca
]Vint(z)/]zuz5D

'Vint(D)/l(D) for typical tip-sample poten-
tials. It is important to note that for short-range interactio
l<0.1 nm, i.e., the short-ranged contribution to the to
tip-sample interaction will ideally only extend over the fir
atom at the tip apex.

In summary, contrast formation on the atomic scale in
dynamic mode of SFM is determined by the normal for
between tip and sample and the tip-sample interaction po
tial at D'0.320.7 nm.29 Ciraci and co-workers30,31 found
that the total force between tip and sampleFW ts can be ap-
proximated by the sum of three different termsFW 1 , FW 2, and
FW 3, namely,

FW 152E rs~rW ! (
tPtip

]

]RW t

Zt

uRW t2rWu
drW, ~1!

FW 252 (
tPtip

sPsample

]

]RW t

ZtZs

uRW t2RW su
drW, ~2!

and

FW 352E Dr~rW ! (
tPtip

]

]RW t

Zt

uRW t2rWu
drW, ~3!

where rs denotes the valence charge density of the b
sample,Dr the valence charge density modifacation due
the tip-sample interaction;RW t (RW s) andZW t (RW s) are the posi-
tion vector and the core charge of a tip~sample! ion.

Note thatFW 1 is always attractive andFW 2 always repulsive,
while the sign ofFW 3 depends on the specific distribution
Dr(rW). For large tip-sample distances,FW 1 is almost compen-
sated for by the ion-ion repulsionFW 2, while FW 3 vanishes,
becauseDr becomes negligible. In this regime, the ti
sample interaction is dominated by long-range van der W
forces. At small tip-sample distances, the strong ion-ion
pulsion yields totally a repulsive force (uFW 2u.uFW 11FW 3u). In
the intermediate regime,uFW 11FW 3u decays more slowly than
uFW 2u, leading to an electron-mediated attraction atD
'0.3– 0.7 nm.30,31

Taking the three equations above, one can conclude
for rs@uDru andl considerably smaller than the interatom
distancesaS at the surface, the positions of the maxima
the tip-sample interaction, and thus the positions of
maxima in dynamic mode SFM images, will be identic
with the maxima of the valence charge density. Such a s
ation is, e.g., realized for metallic Al~001! (aS50.286 nm
@l).32 There, adhesive bond formation causes only sm
deviations from the total valence charge density of the
disturbed sample. Consequently, the interaction force ha
maximum above the Al surface atoms, exactly where
total valence charge density has its maximum.30

On InAs~110!, the interatomic distances between the s
face As atoms are even larger than on Al~001!. In Fig. 1~a!,
normalized contour lines of constant total valence cha
density are plotted for InAs~110!.34 Above the As atoms, the
total valence charge density has its maximum, while it is fi
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times smaller at the position of the In atoms and has nei
a ~local! maximum nor a~local! minimum. Therefore, as
long asrs@uDru is fullfilled, the protrusions in Fig. 2 can b
straightforwardly interpreted as the positions of the As
oms, and the In atoms should remain invisible. This con
tion holds if either the tip-sample distanceD is compara-
tively large ~what might result in a low resolution! or if tip
and sample do not form strong bonds, and seems to be
ized more or less in most of the images@e.g., most of our
data, including those presented here in the Figs. 2, 4, 5 an
and all images published for InP~110! in Ref. 19#.

In contrast to the metallic Al~001! system mentioned
above, the Si tip as well as the InAs~110! surface exhibit
dangling bonds. Perezet al.35 pointed out that these danglin
bonds play an important role for contrast formation. For t
case of a Si tip scanning over a Si~111!-(535) sample, they
found that the attractive normal force and the tip-sample
teraction energy is strongest above the adatoms, becaus
charge of tip and sample rearranges significantly~large
uDru) and accumulates between the dangling bonds of
foremost Si tip atom and the dangling bond of the surfa
adatom, i.e., an ‘‘onset of covalent binding’’ occurs. Effec
of this type led Ciraci and co-workers to the conclusion th
even contrast reversal might occur for tip-sample syste
which form strong chemical bonds.31 Therefore, it is impor-
tant to reconsider the situation for configurations of the
tip, which are able to form strong bonds with the InA
sample.

In the present case, the role of the dangling bonds ha
be taken into account. Their orientation is depicted in F
1~b!: they are tilted by'30° in @001̄# and @001# directions
above the As atoms and In atoms, respectively. Con
quently, the features on atomic-scale images might not
identical with the true atomic positions anymore, but mig
be slightly displaced in the@001# direction. However, such a
displacement would be very small: even if the interacti
would exclusively take place between the dangling bonds
the surface and the tip, the error would be below 10% of
length of the surface unit cell in the@001# direction~and zero
in all other directions!.23 Therefore, the identification o
atomic-scale features with the position of the surface ato
would still be a reasonably good approximation.

Let us now assume that the Si tip exhibits a reactive,
completely empty, dangling bond. If this dangling bond a
proaches the filled dangling bond of an As surface atom,
resulting strong interaction will lead to a comparatively lar
value of uDru: Charge will be displaced from the As atom
toward the tip. As a consequence,FW 3 will be attractive, and
the maximum at the position of the As atom will be ev
more enhanced.

At the position of the In atom, the interaction of the emp
dangling bond of the Si tip and the empty dangling bond
the In atom will also lead to a net accumulation of char
between tip and sample, which, however, will probably n
result in an attractive force of the same order as on top of
As atoms, since the charge which has to be displaced is
available within the bonds itself and has to be provided
the surrounding valence band. Nevertheless, the charge
placement will also cause an attractive forceFW 3, and the
position of the In atom might be visible as an additional, b
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PRB 61 2841DYNAMIC-MODE SCANNING FORCE MICROSCOPY . . .
smaller, protrusion. This scenario matches the experime
data presented in Fig. 3~a!. The very high corrugation ampli
tude of 75 pm indicates the predicted enhancement of
corrugation amplitude above the positions of the As ato
At the positions of the In atoms additional protrusions a
visible, seen as a shoulders in the line section of Fig. 3~a!.

On the other hand, a completely filled tip dangling bo
also interacts strongly with the dangling bonds of the sam
If the tip dangling bond approaches the filled dangling bo
of the As surface atom, charge has to be dislocated from
space between the Si tip atom and the As sample atom, l
ing to a negativeDr in this area, and consequently to
repulsive forceFW 3. Thus the maximum at the As atom pos
tion will diminish. At the position of the In atom, howeve
the filled tip dangling bond opposes the empty In dangl
bond, and charge transfer from the tip toward the sam

FIG. 4. Dynamic mode SFM image of InAs~110! with seven
missing protrusions~white arrows! identified as As vacancies~see
text!. No lattice relaxation or an additional charge is visible arou
the vacancies. The line section shows a depression of about 1
instead of a protrusion at the position of the As vacancy. Par
eters: T514 K, k'36 N/m, f res5160 kHz, A5612.7 nm, and
D f 5263.2 Hz.
tal

e
s.
e
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occurs. Since the charge can be moved comparatively ea
a repulsive forceFW 3 of considerable strength is induced, an
one would expect a well-expressed depression exactly a
position of the In dangling bond.

This second scenario corresponds nicely to the situat
as is found in Fig. 3~b!. There, a depression localized pr
cisely at the position of the In atoms is clearly visible@cf. the
line section of Fig. 3~b!#. Additionally, the total corrugation
height across the bright protrusions in the@001# direction is
very low @only 18 pm compared to 48 pm in Fig. 2, and ev
75 pm in Fig. 3~a!#, which suggests that the predicted dec
ment of the height of the maximum at the As atom positi
really takes place. Therefore, to summarize the above fi
ings, we have seen that the contrast mechanism in dyna
SFM is determined by electron-mediated attraction, wh
strongly depends both on the total valence charge densit
the bare sample and on the ability of the tip to form bon
between tip and sample.

Finally, it is worth comparing the contrast mechanism
the dynamic mode of SFM described above with the cont
mechanism valid for STM on InAs~110! ~or III-V semicon-
ductors in general! at the atomic scale. Empty and fille
states are localized at the cation sites and anion sites, res
tively. Therefore, the contrast in STM strongly depends
the sign of the applied bias voltage on III-V
semiconductors.36 With a large positive sample bias the ca
ion sublattice is imaged~tunneling from the STM tip into
empty states!, while the anion sublattice is imaged with larg
negative sample bias~tunneling from filled states into the
STM tip!. This general behavior on~110! surfaces of III-V
semiconductors was also confirmed for InAs.37 In our
present case of dynamic-mode SFM, we checked that
electric field between the Si tip and the InAs sample, induc
by the contact potential difference38 or an applied bias volt-
age (61.8 V!, did not influence the general appearance
the atomically resolved surface. However, any added~attrac-

pm
-

FIG. 5. High-resolution image of an As-site defect o
InAs~110!. During scanning from top to bottom, the As vacan
was moved; therefore, the As vacancy seems to be half-filled.
figure illustrates that the As atoms around an As vacancy do
relax within the resolution of our instrument. As in Fig. 4, no co
trast induced by trapped charges is visible. Parameters:T514 K,
k'36 N/m, f res5156 kHz,A5613.5 nm, andD f 52105.3 Hz.
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2842 PRB 61SCHWARZ, ALLERS, SCHWARZ, AND WIESENDANGER
tive! electrostatic contribution to the total tip-sample intera
tion had to be compensated for by an appropriate adjustm
of D f to assure a sufficiently small tip-sample distance
achieve atomic resolution.

This comparison shows that the origin of the tip-sam
interaction is inherently different for STM and dynami
mode SFM. Therefore, additional and/or complementary
formation is available with both methods. This will be fu
ther confirmed in the following sections, where the contr
at and around two different types of point defects will
discussed.

IV. POINT DEFECTS ON InAs „110…

A. As-site point defect

The most frequently observed type of point defect
freshly cleaved~110! surfaces was a missing protrusion.
Fig. 4, seven of such missing protrusions, marked by arro
are visible. They are close to a cleavage step on the ri
hand side of the image~not in the field of view!. Far away
from cleavage steps onn-InAs~110!, we only occasionally
found missing protrusions, but never with such a high d
sity. The line section across one point defect shows that

FIG. 6. Dynamic mode SFM image of a defect located on an
lattice site of InAs~110!-(131). In ~a!, the two As atoms marked
with X (X sites! are displaced by 6 pm into the bulk~see the line
section for illustration!. In ~b!, the tip-sample distance is reduced b
adjusting a larger negative frequency shiftD f , and the position of
the defect is slightly shifted due to a differentxy-offset voltage at
the scan piezos. Now theX-site As atoms appear to be 10 pm high
than the surrounding As atoms~see the line section!. This change is
attributed to a stronger tip-sample interaction caused by the red
tip-sample distance, which pulls the two weakly bound As ato
into the vacuum region. The sketches below the line sections i
cate the tip-induced displacement of bothX-site As atoms. Param
eters:T514 K, k'36 N/m, f res5160 kHz,A5612.7 nm,~a! D f
5239.5 Hz, and~b! D f 5244.7 Hz.
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protrusion is replaced by a 15-pm-deep depression. S
protrusions are associated with the positions of the As ato
and these point defects are located on the As sublattice,
can be straightforwardly interpreted as As vacancies. T
vacancies are probably formed during the cleavage pro
dure, which would explain their enhanced density close
the step edge.

At higher magnification, conclusions about the surfa
structure around the As vacancies can be drawn. The cir
As lattice site in Fig. 5 is half-empty~upper part! and half-
filled ~lower part!. The scan direction was from top to bo
tom. Apparently, this As lattice site had been a vacan
which has probably been moved under the influence of
tip. In this context, it is interesting to compare the strength
the tip-sample interactions in Figs. 4 and 5. A measure
the tip-sample interaction is the normalized frequency s
g5D f / f 0kA3/2 introduced by Giessibl, which is independe
of the parameter set (A, f 0 ,k) used during data acquisition.10

Taking the parameters given in Fig. 5,g can be estimated to
238 f Nm1/2, nearly twice as high as theg calculated for the
image displayed in Fig. 4 (220 f Nm1/2). This might be the
reason why the vacancy in Fig. 5 is moved by the tip, b
those in Fig. 4 are not. Other possible explanations are
plausible: Thermal activation is unlikely at 14 K, and deso
tion of an As atom from the tip or a tip change would n
give such a smooth transition from an empty to a filled
lattice site as in the image.

Comparing the upper half of the circle in Fig. 5~the
empty As lattice site! with the lower half~filled As lattice
site!, it can be concluded that the As atoms around an
vacancy do not relax significantly. All distances betwe
protrusions and the corrugation amplitudes of the protrusi
remain the same within the resolution of our instrume
Note that we do not image the In sublattice here; therefor
relaxation of the surrounding In atoms cannot be exclud
This finding is in agreement with results from G. Schwa
et al., who calculated for GaP~110! that the relaxation
around a surface anion vacancy~P vacancy! is restricted to
the nearest-neighbor cations.39

Furthermore, it can be concluded from both Figs. 4 an
that the As vacancies are not charged. With STM, cha
clouds were found around charged vacancies on var
III-V semiconductors.37,40,41The screened Coulomb potenti
of a charged vacancy should lead to an additional elec
static contribution to the total tip-sample interaction in a c
cular area with a radius in the order of the screening len
(lS'8 nm in our case! around the vacancy, which we neve
observed around As vacancies onn-InAs~110!. Moreover,
Ebert et al.42 observed on InP~110! and GaP~110! that
charged vacancies induce displacements up to two la
constants away from the defect, while neutral anion vac
cies do not induce such a relaxation in the anion sublattic
their vicinity. They also exhibited no charge cloud arou
them. Neither a charge cloud, nor any distortions of the
sublattice, are visible around the vacancies in our meas
ments. An additional argument is that charged As vacan
would repel each other.43 However, the two vacancies en
circled in Fig. 4 are very close together.

It is worth noting that in spite of the fact that images
neutral anion vacancies acquired on similar III-V semico
ductors with STM and dynamic mode SFM on InAs~110!
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look quite similar, the origin of the contrast is different.
STM, the missing filled dangling bond of an anion vacan
leads to a reduced tunneling current at negative sample
which manifests itself in a depression. However, the cont
changes with the sign and magnitude of the applied b
voltage.42 In dynamic-mode SFM, an As vacancy also resu
in a depression, because the missing As atom leads
reduced charge density at that spot and leaves a geome
hole behind. Thus, compared to STM measureme
dynamic-mode SFM gives a more direct and intuitive vie
of the surface geometry at and around anion vacancies.

B. In-site point defect

In Fig. 6, a different type of point defect is presente
Both parts~a! and ~b! of the figure show the same poin
defect on the sample recorded with a different freque
shift D f . The lower-frequency shift in Fig. 6~b! corresponds
to a decreased tip-sample distance and consequently
stronger~attractive! tip-sample interaction than in Fig. 6~a!.

Accordingly, the corrugation amplitude in the@11̄0# direc-
tion of the unperturbed lattice increases from 10 pm in~a! to
20 pm in ~b!. The increased tip-sample interaction cause
contrast inversion at the defect, namely, at the neighbo
atoms marked withX. In ~a!, the maxima of theX-site pro-
trusions appear'6 pm below the surrounding As sublattic
while in ~b! they appear'10 pm above the surrounding A
atoms. Moreover, the depression atY is deeper@by 9 pm~a!
and 6 pm~b!, respectively# compared to the equivalent un
disturbed lattice sites.

It is not possible to specify the type of point defect e
actly, but most commonly occurring point defects can
ruled out. Adsorbates appeared much more broadened
never so localized. Two neighboring impurities on As latti
sites are very unlikely, and would induce a larger latt
distortion. Therefore, we assume that theX sites are actually
two As atoms influenced by a defect between them. Beca
of the mirror symmetry with respect to the@001# direction,
this point defect must be located on the In lattice below b
X sites. The different symmetry with respect to the As s
face atoms of interstitial atoms and subsurface defects
cated on As sites would probably lead to a different appe
ance of the two As atoms at theX sites. Such a defect on th
In site could be an impurity atom, an antisite defect, or an
vacancy. The latter is supported by the deep depressionY
~see below!.

How can this contrast inversion occur? The simulation
the scanning process by Perezet al. revealed that surface
atoms can be significantly displaced during scanning.35 Chou
and Joannopoulos calculated that a SFM tip is able to flip
orientation of Si dimers on Si~100!, and that this should be
observable at low temperatures.44 A defect below the As
atoms on theX sites, especially a missing In atom, wou
weaken the stiffness of the surrounding lattice. Consider
this, an additional attractive tip-sample interaction mig
provide enough energy to pull the two weakly bonded
atoms above the In site defect toward the tip, e.g., into
vacuum region. These local changes in the lattice parame
reflect the different elastic properties around the point de
compared to the undisturbed lattice.
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This scenario is consistent with calculations fro
G. Schwarzet al. for cation vacancies~Ga vacancies! on
GaP~110!.39 They found that the two anions above the cati
vacancy would relax downwards, exactly like in Fig. 6~a! for
a relatively weak attractive tip-sample interaction. Howev
their calculated downward relaxation of 44 pm is mu
deeper than the 6 pm measured in Fig. 6~a!. Three explana-
tions could account for this. First, the downward relaxati
for a cation vacancy could be much smaller for InAs~110!
than for GaP~110! ~they are similar, but not equal, materials!.
Second, the defect might not be a vacancy, but an impu
or an antisite defect, resulting in a much smaller downw
relaxation~no calculations for this case exist!. Third, the at-
tractive tip-sample interaction necessary for a substantial
induced relaxation could already be present at larger
sample distances~this might happen in addition to the first o
second argument!.

From Sec. III, we know that the In lattice site is not lo
cated atY, but on the other side of the twoX-site As atoms.
However, surprisingly the depression is deepest atY, while at
the real position of the In-site defect, the depression is on
pm deeper in~a! and has the same level as the undisturb
lattice in ~b!. This could be explained with a simple geo
metrical reasoning, which favors the assumption that the
served point defect represents an In vacancy. In this cas
visualized in Fig. 7, all three neighboring As atoms mo
closer together. Such a relaxation has been found in the
culation for the Ga~cation! vacancy on GaP~110! already
mentioned above.39 The effect is a reduction of the inter
atomic distances between the As atoms of the first-
second-layer As atoms around the In vacancy. Conseque
on the other side of the two relaxed first-layer (X-site! As
atoms~at theY site! the charge density is reduced, i.e., mo

FIG. 7. Top view of the proposed relaxation around an In v
cancy, as derived in analogy to GaP~110! from Ref. 39. All three
neighboring As atoms are displaced in such a manner that the
tances between them are reduced. For a cation vacanc
GaP~110!, the total displacement of the first~second! layer anions is
82 pm ~56 pm! ~see Ref. 39!. Due to the relaxation, the tip ca
penetrate deeper atY than at the location of the In vacancy.
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‘‘space’’ becomes available, and the tip can penetrate de
into the surface. As in the case of the As vacancy, this de
appears to be neutral at zero bias~same arguments as give
in Sec. IV A for the charge state of the As vacancy!. A
sample bias of1250 mV did not change the contrast, but,
already stated in Sec. III,D f had to be readjusted to achiev
atomic resolution.

It is again instructive to compare our data with resu
obtained by STM. As in the case of anion vacancies, exp
ments on neutral cation vacancies on GaP~110! exhibited a
strong dependence on sign and magnitude of the applied
voltage.45 At negative bias voltages all four surrounding a
ions at the surface are influenced by the presence of a ca
vacancy. However, our data, and theoretical calculations
Schwarzet al.39 suggest that only two anions are signi
cantly relaxed downwards. Nevertheless, the dynamic-m
SFM results presented in this section demonstrate that
with this method quantitative structural information arou
defects cannot be extracted unambiguously, since
induced relaxations have to be considered even in the at
tive interaction regime. On the other hand, the observed
induced relaxation shows that elastic data on the atomic l
can be obtained from dynamic-mode SFM data.

V. SUMMARY

We presented results of an atomic-scale study of
InAs~110!-(131) surface by means of dynamic-mode SF
performed at low temperatures and in UHV. It was sho
that dynamic scanning force microscopy images the sur
As atoms as bright protrusions. However, under certain
.
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cumstances both species are visible. The observed con
can be qualitatively explained with the total valence cha
density at the surface and the rearrangement of the ch
distribution due to the tip-sample interaction.

Missing protrusions in the As sublattice are straightfo
wardly identified as As vacancies. It was found that As v
cancies do not induce a measurable relaxation in the
rounding As sublattice. Furthermore, they appeared neu
on n-doped material under our experimental conditions~zero
bias!.

Another point defect, located on the In sublattice, cou
be detected by its influence on two neighboring surface
atoms. These As atoms exhibited a distance-dependent
trast inversion, attributed to a tip-induced relaxation. Sy
metry arguments suggest that the defect is located on th
sublattice. The contrast around the defect could be best
plained by an In vacancy. The observed relaxation gives
dence that elastic properties can be measured on the at
scale with dynamic-mode SFM.
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