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Dynamic-mode scanning force microscopy study ofi-InAs(110-(1x 1) at low temperatures
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We present results of an atomic-scale studyirositu cleaved InA§110) in the dynamic mode of scanning
force microscopySFM) 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.

l. INTRODUCTION frequency f . With a fixed amplitudeA. Due to the tip-
sample interaction, the oscillation frequency changes; the re-
InAs is a high-mobility, narrow-gap IlI-V semiconductor sulting frequency shifi\ f is detected and used to drive the
already used in many applications, e.g., infrared detettorgeedback electronic&onstant frequency shift mogas well
and Hall sensoré Additionally, it is an essential part of sev- as to record an image of the surface. In contrast to static
eral newly developed devices like mesoscopiccontact SFM, a “jump-to-contact” can be prevent®and
heterostructure$self-assembling quantum ddtsind hybrid  attractive short-range tip-sample interactions can be probed,
ferromagnetic-semiconductor structureSor the further de-  \which provide “true” atomic resolution, including the imag-
velopment of such small devices and thin multilayer systemsing of point defects. Note that long-range tip-sample interac-
where surface effects dominate over bulk properties, a dejons are also present, but do not contribute to contrast for-
tailed knowledge of the surface structure and their characteination on the atomic scale. A significant advantage over
istics at the atomic scale is important. In particular, the In-STM is the ab|||ty to achieve “true” atomic resolution even
vestigation of point defects in semiconductors is angn insulators:*~'® Therefore, this method can be used on
important matter, because they provide trap levels within th&emiconductors in the whole range of doping concentrations
band gap, which determine many of their electric and opticajng temperatures.
properties’ In this paper, we present an investigation of {14.0
Up to now, real-space surface investigations on semiconsyrface ofn-InAs using the dynamic mode of SFM. After a
ductors on the atomic level have been carried out primarilyghort description of the experimental setup, we will first
with scanning tunneling microscop§sTM). Although this  present our results on the defect-free surface and give an
technique is very powerful, it suffers from two drawbacks. jnterpretation of the observed contrast, based on recent the-
First, it is restricted to conducting samples, which becomes gretical work. From this starting point, we will discuss the
serious problem for experiments at low temperatilee, ex-  mechanisms that are responsible for contrast formation at
periments in high magnetic field®n nondegenerate semi- and around two different types of atomically resolved point
conductor surfaces. Second, STM in the constant curremjefects. The first point defect is located on the As sublattice
mode follows contour lines of the local density of states neagnd can be interpreted straightforwardly as an As vacancy.
the Fermi energy. Structural information is mixed with elec-The second point defect, located on the In sublattice and
tronic information, especially in the vicinity of defects, showing a distance-dependent contrast inversion, is probably
where both the electronic structure close to the Fermi energyn, |n vacancy. To support our interpretations regarding the
and the geometric structure of the atomic lattice changepoint defects, we will compare our results with experimental
Therefore, structural information cannot be extracted unamgata and theoretical calculations @10 surfaces of similar

biguously from STM data. _ 111-V semiconductorg:*
Another method to investigate surfaces in real space is

scanning force microscopySFM).” In 1995, Giessibl
showed that “true” atomic resolutidron S(111)-(7x 7) is
possible with the dynamic mode of scanning force micros-
copy, which is also called noncontact atomic force micros- All measurements were carried out using our homebuilt
copy. In this mode, the cantilever is oscillated at its resonanscanning force microscope for ultrahigh-vacuum and low-

Il. EXPERIMENTAL SETUP
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temperature applications, which is described in detail —506pm

elsewherd® The microscope was primerily designed to (a)

achieve atomic resolution in the static and dynamic mode

likewise. Using low temperatures minimizes thermal drift

and thereby ensures very stable imaging conditions. The 42T pmi

peak-to-peak noise level is 10 pm in a 2-kHz bandwigiée

the line section of the raw data presented in Fig.vehich

corresponds to an rms noise below 2 pm. Such a high reso- 47; 8:‘5115;'2;;

lution is a prerequisite for precision measurements of struc- © In 2nd layer
O As 2nd layer

tural properties at and around point defects, where height

differences of only a few picometers are important. Further-

more, sensitive samplé€BAs is prone to contaminatigrcan

be measured for several days without surface degradation.
The sample, ann-doped InAs single crystalsulfur:

~3x10"® cm 2), was cleaved parallel to thHd10) surface

in the preparation chamber at pressures belowl@ ’ Pa,

and immediately transferred into the precooled microscope As Dangling-
located in the main chambep&1x10 8 Pa. The whole *# Bond (filled)
. . In Dangling-
microscope was then lowered into a bath cryostat and cooled Bond (empty)
unt[l equilibrium tgmperature was reached. During most ex- Y As relaxed
periments both tip and sample were grounded. For mea- In relaxed
suremts with nonzero bias, the voltage was applied to the As

sample. Then-doped (antimony: 8x 10'-5x 10'® cm™ %) In
silicon tips® used for the experiments were cleaned by argon
sputtering. The cantilevers had spring constants kof
~35-38 N/m and _showed eigenfrequencie_s of (112) [11]
~160-176 kHz. The instrument was operated in the dy-
namic mode, based on the frequency modulation techrlique, FIG. 1. (a) Top view on the110) cleavage plane of InAgonds
keeping the frequency shifhf as well as the oscillation are indicated by dashed lijesThe first-layer As and In atoms
amplitudeA constant. The gray scale in all images through-aternate in zigzag chains along th&10] direction. The lattice
out this paper is chosen in a way that bright areas represepbnstants ara=606 pm in the[001] direction andb=427 pm in
stronger tip-sample interactions than dark aréd® tip-  the[110] direction. The solid contour lines with the small numbers
sample distance has to be increased in order to keep thgdicate a valence charge-density distribution approximately 0.3 nm
frequency shift constant above the surface. They are normalized with respect to the maxi-
mum value, which lies above the A&) Side view of the relaxed
surface. The surface is As terminated, with the In atoms lying 80
I1l. CONTRAST FORMATION ON THE DEFECT-FREE pm below the As atoms. A charge transfer from the In dangling
SURFACE bonds to the As dangling bonds takes place. Both dangling bonds
are tilted by~30°, but in opposite directionén the [001] and

InAs crystallizes in the ZnS structure, showing zigzag[gg1] directions for the As and In dangling bonds, respectively
chains of alternating In(cationg and As (aniong atoms

along the[110] direction[see Fig. 1a)]. At the (110 SUr-  cantilever€! In both images, the second feature is visible
face, the As atoms relax outwards and the In atoms 'nward%etween the bright protrusion: i), it manifests itself as a

according to the bond rotation model, which is valid for mOStsecond, somewhat darker protrusion, while imagexhibits

. 8 . . .
L”'V sem|cobnductrc1)rsll. Thirlefqre, th?:.AS SUbI?rt;'ce |st|fted a strongly localized depression at that position. The solid line
y 80 pm above the In sublatti¢see Fig. 10)]. The surface  sqtions elucidate their different characteristics along the

relaxation is accompanied by a charge transfer from the A1) girection: In(a), the second feature has the shape of a
dangling bonds o the In danglm_g bonds. . shoulder~ 32 pm above the minima. Ifb), an~5-pm-deep

In most dy”am'c mod_e SFM Images, rows of br.'ght pro'depression appears at the same position, which nearly
trusions appear in atomic-scale imagdeee Fig. 2 Zlgzag reaches the level of the minima. The dashed line sections
chains of alter_natlng In ano_l As atO”_‘S’ as one might eXPeGiave also been taken along {le®1] direction, but across the
from _th_e atomic structure dlspla_yed in Figaj, are usually bright protrusions. Their profiles are very similar to each
not visible. The same observation was made_by Sugawargther, but the corrugation amplitudes are quite different: 75
et al. on InR110."° The line section along thigl 10] direc- m in (a) and 18 pm in(b). The nearest perpendicular dis-
tion in Fig. 2 demonstrates that the corrugation amplitude Otance between the rows of bright protrusions and the rows of
22 pm is easily resolved. The corrugation amplitude in thehe second features is about 110 pm in both images, as indi-
[001] direction is somewhat largeR6 pm), but largest in the  cated in the line sections. This value is in good agreement
[111] direction (48 pm. with the perpendicular distance between the rows of As and

Sometimes, however, two features per surface unit celln atoms at the surface obtained from low-energy electron-
are imaged, as we already reported eaffidfigure 3 shows diffraction experiments(100 pm?? and recent theoretical
two examples, which have been recorded with differentcalculations(130 pn).23
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of FIG. 3. Two examples of dynamic mode SFM images, where

* * y * y ! * two features per surface unit cell are resolved on [(1A6-

00 05 10 15 20 25 30 (1X1). The bright protrusions are identified as the positions of the
As atoms. The second feature, an additional protrusiga)iand a
depression irtb), is located between the bright protrusions, and can
be attributed to the presence of the lower-lying In atoms. The line

ni)ections in th¢001] direction across the bright protrusiof@gashed
line) and across the second featiselid line) elucidate the differ-
ent characteristic of the contrasts from the As and In atoms. A
detailed explanation of the different characteristics is given in the
text. Parameters(a) T=14 K, k~36 N/m, f.s~=160 kHz, A=
+12.7 nm, andAf=-37.0 Hz; (b) T=78 K, k~38 N/m, f g
=176 kHz,A==*+11.0 nm, andAf=—447 Hz.

[110] direction in nm

FIG. 2. Atomically resolved InA410-(1X 1) as typically im-
aged in dynamic scanning force microscdpgw data. White pro-
trusions represent the positions of the As atoms. The section alo
[110] shows a corrugation amplitude 20 pm, and demon-
strates that the peak-to-peak noise on zhgezo is about 10 pm
(=2-pm rmg in a 2-kHz bandwidth. Parameterb=14 K, k~36
N/m, f,=160 kHz, A=*12.7 nm,Af=-55.3 Hz, andU,~
+250 mV.

How can these three different contrasts on I(AS)- completely different contrasts in dynamic mode SFM im-
(1x1) be explained? An intuitive interpretation would lead @Jes. Therefore, a better understanding of the contrast
to the conclusion that in Fig. 2 only one atomic species ignechanism is needed for a reliable interpretation of
imaged, while the two different maxima visible in Figia@ ~ dynamic-mode SFM images.
represent the zigzag configuration of the In and As atoms at 10 discuss this issue in more detail, we first determine the
the (110 surface. Since the surface is As terminated, ondip-sample distance relevant for contrast formation in atomic-
might identify the rows of bright protrusions in Figs. 2 and scale images. For the measurement of a quantity that varies
3(a) as As atoms, while the somewhat darker protrusions artterally on the atomic scale, the tip-sample distance has to
identified as the lower lying In atoms. The much higher cor-be on the order of the interatomic distances, i.e., some one-
rugation amplitude in Fig. (@) compared to Fig. 2 indicates tenth of a nanometer. Taking a typically chosen oscillation
a smaller tip-sample distance, i.e., a stronger tip-sample ir@MplitudeA of about=10 nm, the required tip-sample sepa-
teraction, which would support this interpretation. Moreover,ation is only realized around the point of closest approach
even Stronger Support comes froew situ X_ray_diffraction D. Gu:hnelzs was able to obtain atomic resolution with an
measurements on these samples, which show that if one aescillation amplitude of+10 nm on S{111)-(7X7) in the
cepts the bright protrusions to represent the positions of thélynamic mode of SFM and in the scanning tunneling mode
As atoms, the In atoms have indeed to be located exactly &imultaneously. Since a tunneling current only flows at a
the positions of the somewhat darker maxima. tip-sample distance of some tenths of a nanometer, this is a

Care has to be taken with such a simple interpretationStrong experimental indication that the point of closest ap-
which is based on purely structural arguments. As long as thBroachD is indeed of this ordet®
quantity and the mechanisms, which govern the contrast for- For such small tip-sample separatiosand for A>D,
mation, are unknown, it ia priori not clear how the features Ke et al”” found that the frequency shiftf is proportional
observed on atomic-scale images are related to the positioi@ the geometric mean of the tip-sample poter¥igl(z) and
of the surface aton®. This becomes immediately clear by the forceF(z)=—dVin(2)/Jz between tip and sample at
comparing Figs. @) and 3b): Obviously, the second some- z=D, i.e.,Afx |V (D)F(D)|. With a different approach,
what darker protrusion ifa) and the depression ifh) have  U. D. Schwarz found the approximate analytical expression
the same relative position with respect to the bright maximaA f«V,,(z=D)/\, with X representing a characteristic de-
This means that the same spot on the surface can exhibity length ofV;(z) at z=D.?® As long as the tip-sample
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interaction force increases upon approach, both descriptiortanes smaller at the position of the In atoms and has neither
of the Af dependence are approximately equivalent, becausa (local) maximum nor a(local) minimum. Therefore, as
Nin(2)/ 9z, __~Vin(D)/\(D) for typical tip-sample poten- long asps>|Ap| is fullfilled, the protrusions in Fig. 2 can be
tials. It is important to note that for short-range interactionsstraightforwardly interpreted as the positions of the As at-
A<0.1 nm, i.e., the short-ranged contribution to the totaloms, and the In atoms should remain invisible. This condi-
tip-sample interaction will ideally only extend over the first tion holds if either the tip-sample distané®is compara-
atom at the tip apex. tively large (what might result in a low resolutigror if tip
In summary, contrast formation on the atomic scale in theand sample do not form strong bonds, and seems to be real-
dynamic mode of SFM is determined by the normal forceized more or less in most of the imagsg., most of our
between tip and sample and the tip-sample interaction poteftata, including those presented here in the Figs. 2, 4, 5 and 6,
tial at D~0.3—0.7 nm?® Ciraci and co-worker$-** found  and all images published for IGFLO) in Ref. 19,
that the total force between tip and samﬁlg can be ap- In contrast to the metallic ADO1) system mentioned
proximated by the sum of three different terfig, F,, and  above, the Si tip as well as the In@40 surface exhibit
E., namely, dangling bonds. Perezt al3® pointed out that these dangling
bonds play an important role for contrast formation. For the
- - d Z, R case of a Si tip scanning over A BL1)-(5X5) sample, they
F1=2f Ps(f)teti a_ﬁ |§ —F| dr, (1) found that the attractive normal force and the tip-sample in-
PoRt I teraction energy is strongest above the adatoms, because the
g 77 charge of tip and sample rearranges significarithrge
— " 4, (20 |Ap|) and accumulates between the dangling bonds of the
tetp IRy |R—Ry| foremost Si tip atom and the dangling bond of the surface
se sample . L
adatom, i.e., an “onset of covalent binding” occurs. Effects
and of this type led Ciraci and co-workers to the conclusion that
even contrast reversal might occur for tip-sample systems,
2 d Z dF which form strong chemical bond$.Therefore, it is impor-
— ———=dr, (3 ) L . . .
{5t IR, |R,— 1| tant to reconsider the situation for configurations of the Si
tip, which are able to form strong bonds with the InAs
where ps denotes the valence charge density of the bargample.
sample, Ap the valence charge density modifacation due to In the present case, the role of the dangling bonds has to
the tip-sample interactior}, (Ry) andZ, (R) are the posi- be taken into account. Their orientation is depicted in Fig.
tion vector and the core charge of a tgample ion. 1(b): they are tilted by~30° in [001] and[001] directions
Note thatF, is always attractive anB, always repulsive, above the As atoms and In atoms, respectively. Conse-

while the sign ofF; depends on the specific distribution of uently, the features on atomic-scale images might not be
identical with the true atomic positions anymore, but might

Ap(r). Forlarge tlp-sgmple d'Sté_de_sl |s.almﬁost COMPEN- " he slightly displaced in th001] direction. However, such a
sated for by the ion-ion repulsioR,, while F3 vanishes, gisplacement would be very small: even if the interaction
becauseAp becomes negligible. In this regime, the tip- would exclusively take place between the dangling bonds of
sample interaction is dominated by long-range van der Waalghe surface and the tip, the error would be below 10% of the
forces. At small tip-sample distances, the strong ion-ion refength of the surface unit cell in t{601] direction(and zero
pulsion yields totally a repulsive forcéR,|>|F.+F3|). In  in all other directions®® Therefore, the identification of
the intermediate regim¢I,f1+ |f3| decays more slowly than atomic-scale features with the position of the surface atoms

IE,|, leading to an electron-mediated attraction Bt Would still be areasonably good approximation.
~0.3—0.7 nmo:31 Let us now assume that the Si tip exhibits a reactive, but
gempletely empty, dangling bond. If this dangling bond ap-
for p>|Ap| and\ considerably smaller than the interatomic proac_hes the f'"?d dangllng t_)ond of an As surfacg atom, the
resulting strong interaction will lead to a comparatively large

distancesag at the surface, the positions of the maxima of | Aol Ch il be displaced f he A
the tip-sample interaction. and thus the positions of the@lue of[Ap|: Charge will be displaced from the As atom

maxima in dynamic mode SFM images, will be identical toward the tip. As a consequend®; will be attractive, and
with the maxima of the valence charge density. Such a situthe maximum at the position of the As atom will be even
ation is, e.g., realized for metallic &101) (ag=0.286 nm more enhanced. _ _
>\).3 There, adhesive bond formation causes only small At the position of the In atom, the interaction of the empty
deviations from the total valence charge density of the undangling bond of the Si tip and the empty dangling bond of
disturbed sample. Consequently, the interaction force has i€ In atom will also lead to a net accumulation of charge
maximum above the Al surface atoms, exactly where thdetween tip and sample, which, however, will probably not
total valence charge density has its maximilm. result in an attractive force of the same order as on top of the
On InAg(110), the interatomic distances between the sur-AS atoms, since the charge which has to be displaced is not
face As atoms are even larger than orf08l). In Fig. 1(a), available within the bonds itself and has to be provided by
normalized contour lines of constant total valence chargéhe surrounding valence band. Nevertheless, the charge dis-
density are plotted for InA410).3* Above the As atoms, the placement will also cause an attractive forgg, and the
total valence charge density has its maximum, while it is fiveposition of the In atom might be visible as an additional, but

'EZZ_

lf3=2f Ap(r)

Taking the three equations above, one can conclude th
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FIG. 5. High-resolution image of an As-site defect on
InAs(110. During scanning from top to bottom, the As vacancy
was moved; therefore, the As vacancy seems to be half-filled. The
figure illustrates that the As atoms around an As vacancy do not
relax within the resolution of our instrument. As in Fig. 4, no con-
trast induced by trapped charges is visible. Paramelerst4 K,
k~36 N/m, f .= 156 kHz,A==*=13.5 nm, andAf=—105.3 Hz.

St occurs. Since the charge can be moved comparatively easily,

a repulsive forcd=, of considerable strength is induced, and
£ one would expect a well-expressed depression exactly at the
c position of the In dangling bond.
N This second scenario corresponds nicely to the situation,
as is found in Fig. ®). There, a depression localized pre-
cisely at the position of the In atoms is clearly visipié. the
line section of Fig. &)]. Additionally, the total corrugation
height across the bright protrusions in 1] direction is
0 1 2 3 4 5 6 7 8 9 10 very low[only 18 pm compared to 48 pm in Fig. 2, and even
75 pm in Fig. 3a)], which suggests that the predicted decre-
ment of the height of the maximum at the As atom position
FIG. 4. Dynamic mode SFM image of In&sl0) with seven  really takes place. Therefore, to summarize the above find-
missing protrusiongwhite arrows identified as As vacancigsee  iNgs, we have seen that the contrast mechanism in dynamic
text). No lattice relaxation or an additional charge is visible aroundSFM is determined by electron-mediated attraction, which
the vacancies. The line section shows a depression of about 15 pgirongly depends both on the total valence charge density of
instead of a protrusion at the position of the As vacancy. Paramthe bare sample and on the ability of the tip to form bonds
eters:T=14 K, k=36 N/m, f =160 kHz, A=*=12.7 nm, and between tip and sample.
Af=-63.2 Hz. Finally, it is worth comparing the contrast mechanism of
the dynamic mode of SFM described above with the contrast
smaller, protrusion. This scenario matches the experimentghechanism valid for STM on INA&10) (or 11I-V semicon-
data presented in Fig(&. The very high corrugation ampli- ductors in generalat the atomic scale. Empty and filled
tude of 75 pm indicates the predicted enhancement of thgtates are localized at the cation sites and anion sites, respec-
corrugation amplitude above the positions of the As atomsgyely. Therefore, the contrast in STM strongly depends on
At the positions of the In atoms additional protrusions arethe sign of the applied bias voltage on IlI-V
visible, seen as a shoulders in the line section of Fig.3  semiconductor® With a large positive sample bias the cat-
On the other hand, a completely filled tip dangling bondjon sublattice is imagedtunneling from the STM tip into
also interacts strongly with the dangling bonds of the sampleampty statefs while the anion sublattice is imaged with large
If the tip dangling bond approaches the filled dangling bondhegative sample biagunneling from filled states into the
of the As surface atom, charge has to be dislocated from thg T\ tip). This general behavior ofL10) surfaces of IlI-V
space between the Si tip atom and the As sample atom, leademiconductors was also confirmed for In&sin our
ing to a negativeAp in this area, and consequently to a present case of dynamic-mode SFM, we checked that an
repulsive force ;. Thus the maximum at the As atom posi- electric field between the Si tip and the InAs sample, induced
tion will diminish. At the position of the In atom, however, by the contact potential differentieor an applied bias volt-
the filled tip dangling bond opposes the empty In danglingage (+1.8 V), did not influence the general appearance of
bond, and charge transfer from the tip toward the samplé¢he atomically resolved surface. However, any ad@sttac-

[110]-direction in nm
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[170] direction in nm protrusion is replaced by a 15-pm-deep depression. Since

00 05 10 15 20 25 50 protrusions are associated with the positions of the As atoms,

10 and these point defects are located on the As sublattice, they

5 can be straightforwardly interpreted as As vacancies. The

0 vacancies are probably formed during the cleavage proce-

5 dure, which would explain their enhanced density close to

<10 the step edge.

19 At higher magnification, conclusions about the surface

o = structure around the As vacancies can be drawn. The circled

As lattice site in Fig. 5 is half-emptgupper parnt and half-

filled (lower par). The scan direction was from top to bot-
A tom. Apparently, this As lattice site had been a vacancy,

. mW" [110] dirsction in nm which has probably been moved under the influence of the

. 00 05 10 15 20 25 30 tip. In this context, it is interesting to compare the strength of
< b 30 the tip-sample interactions in Figs. 4 and 5. A measure for

\ 20 the tip-sample interaction is the normalized frequency shift

e y=Af/f,kA¥? introduced by Giessibl, which is independent

%10 of the parameter se#\(f,,k) used during data acquisitidfl.

0 Taking the parameters given in Fig. $,can be estimated to
—38 fNm*? nearly twice as high as thecalculated for the
image displayed in Fig. 4¢20 fNm"?). This might be the
reason why the vacancy in Fig. 5 is moved by the tip, but
those in Fig. 4 are not. Other possible explanations are less
plausible: Thermal activation is unlikely at 14 K, and desorp-

Mtion of an As atom from the tip or a tip change would not
give such a smooth transition from an empty to a filled As
lattice site as in the image.

Comparing the upper half of the circle in Fig. (fhe
empty As lattice sitewith the lower half(filled As lattice

0]

FIG. 6. Dynamic mode SFM image of a defect located on an |
lattice site of INA$110-(1X1). In (a), the two As atoms marked
with X (X siteg are displaced by 6 pm into the bu(kee the line
section for illustration In (b), the tip-sample distance is reduced by
adjusting a larger negative frequency shift, and the position of

the defect is slightly shifted due to a differexy-offset voltage at . 4
the scan piezos. Now thésite As atoms appear to be 10 pm higher site), it can be concluded that the As atoms around an As

than the surrounding As atonsee the line sectionThis change is Vacancy do not relax significantly. All distances between
attributed to a stronger tip-sample interaction caused by the reducd¥fotrusions and the corrugation amplitudes of the protrusions

tip-sample distance, which pulls the two weakly bound As atomg€main the same within the resolution of our instrument.
into the vacuum region. The sketches below the line sections indiNote that we do not image the In sublattice here; therefore, a

cate the tip-induced displacement of botfsite As atoms. Param- relaxation of the surrounding In atoms cannot be excluded.
eters:T=14 K, k~36 N/m, f =160 kHz,A=*+12.7 nm,(a) Af This finding is in agreement with results from G. Schwarz
=—39.5 Hz, andb) Af=—44.7 Hz. et al, who calculated for GaR10 that the relaxation
around a surface anion vacan@ vacancy is restricted to
tive) electrostatic contribution to the total tip-sample interac-the nearest-neighbor catiofis.
tion had to be compensated for by an appropriate adjustment Furthermore, it can be concluded from both Figs. 4 and 5
of Af to assure a sufficiently small tip-sample distance tothat the As vacancies are not charged. With STM, charge
achieve atomic resolution. clouds were found around charged vacancies on various
This comparison shows that the origin of the tip-samplelll-V semiconductors’ %4 The screened Coulomb potential
interaction is inherently different for STM and dynamic- of a charged vacancy should lead to an additional electro-
mode SFM. Therefore, additional and/or complementary instatic contribution to the total tip-sample interaction in a cir-
formation is available with both methods. This will be fur- cular area with a radius in the order of the screening length
ther confirmed in the following sections, where the contras{\ ¢~8 nm in our casgaround the vacancy, which we never
at and around two different types of point defects will beobserved around As vacancies nAnAs(110). Moreover,
discussed. Ebert et al? observed on InA10) and GaRl10) that
charged vacancies induce displacements up to two lattice
IV. POINT DEFECTS ON InAs (110 constants away from the defect, while neutral anion vacan-
cies do not induce such a relaxation in the anion sublattice in
their vicinity. They also exhibited no charge cloud around
The most frequently observed type of point defect onthem. Neither a charge cloud, nor any distortions of the As
freshly cleaved110) surfaces was a missing protrusion. In sublattice, are visible around the vacancies in our measure-
Fig. 4, seven of such missing protrusions, marked by arrowanents. An additional argument is that charged As vacancies
are visible. They are close to a cleavage step on the rightwould repel each othéf However, the two vacancies en-
hand side of the imagénot in the field of view. Far away circled in Fig. 4 are very close together.
from cleavage steps onInAs(110), we only occasionally It is worth noting that in spite of the fact that images of
found missing protrusions, but never with such a high denneutral anion vacancies acquired on similar 1lI-V semicon-
sity. The line section across one point defect shows that thductors with STM and dynamic mode SFM on If{A%0)

A. As-site point defect
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look quite similar, the origin of the contrast is different. In
STM, the missing filled dangling bond of an anion vacancy
leads to a reduced tunneling current at negative sample bias,
which manifests itself in a depression. However, the contrast
changes with the sign and magnitude of the applied bias
voltage*? In dynamic-mode SFM, an As vacancy also results
in a depression, because the missing As atom leads to a
reduced charge density at that spot and leaves a geometrical
hole behind. Thus, compared to STM measurements, -
dynamic-mode SFM gives a more direct and intuitive view
of the surface geometry at and around anion vacancies. gfgﬁgg |2yer,

) In 2nd layer

As 2nd layer
In 1st layer

B. In-site point defect

In Fig. 6, a different type of point defect is presented. 1io] O
Both parts(a) and (b) of the figure show the same point
defect on the sample recorded with a different frequency ]
shift Af. The lower-frequency shift in Fig.(B) corresponds
to a decreased tip-sample distance and consequently to a(110) =—— [001]

stronger(attractive tip-sample interaction than in Fig(d&. . )
FIG. 7. Top view of the proposed relaxation around an In va-

Accordingly, the Corrugatiqn amp”tUde in tha 10] direc- cancy, as derived in analogy to GaR0 from Ref. 39. All three
tion of t,he unpertu_rbed Iatt'ce_'ncreases _from 19 prieirto neighboring As atoms are displaced in such a manner that the dis-
20 pm in(b). The increased tip-sample interaction causes gances between them are reduced. For a cation vacancy in
contrast inversion at the defect, namely, at the naghbormgap{llo), the total displacement of the firgecondl layer anions is
atoms marked witlX. In (a), the maxima of thex-site pro- 82 pm (56 pm (see Ref. 38 Due to the relaxation, the tip can
trusions appear6 pm below the surrounding As sublattice, penetrate deeper atthan at the location of the In vacancy.

while in (b) they appear=10 pm above the surrounding As

atoms. Moreover, the depressionYais deepefby 9 pm(a) This scenario is consistent with calculations from
and 6 pm(b), respectively compared to the equivalent un- G. Schwarzet al. for cation vacanciegGa vacancieson
disturbed lattice sites. GaR110).*° They found that the two anions above the cation

It is not possible to specify the type of point defect ex- vacancy would relax downwards, exactly like in Figa)for
actly, but most commonly occurring point defects can bea relatively weak attractive tip-sample interaction. However,
ruled out. Adsorbates appeared much more broadened aigeir calculated downward relaxation of 44 pm is much
never so localized. Two neighboring impurities on As latticedeeper than the 6 pm measured in Figa)6Three explana-
sites are very unlikely, and would induce a larger latticetions could account for this. First, the downward relaxation
distortion. Therefore, we assume that ¥eites are actually for a cation vacancy could be much smaller for IQEKD)
two As atoms influenced by a defect between them. Becaus@an for GalP110) (they are similar, but not equal, materijals
of the mirror symmetry with respect to t§601] direction, Second, the defect might not be a vacancy, but an impurity
this point defect must be located on the In lattice below bothor an antisite defect, resulting in a much smaller downward
X sites. The different symmetry with respect to the As sur-relaxation(no calculations for this case existThird, the at-
face atoms of interstitial atoms and subsurface defects laractive tip-sample interaction necessary for a substantial tip-
cated on As sites would probably lead to a different appearinduced relaxation could already be present at larger tip-
ance of the two As atoms at thésites. Such a defect on the sample distanceshis might happen in addition to the first or
In site could be an impurity atom, an antisite defect, or an Insecond argumeht
vacancy. The latter is supported by the deep depressi¥n at From Sec. IIl, we know that the In lattice site is not lo-
(see below. cated atY, but on the other side of the tw¢-site As atoms.

How can this contrast inversion occur? The simulation ofHowever, surprisingly the depression is deepe3t athile at
the scanning process by Pereral. revealed that surface the real position of the In-site defect, the depression is only 2
atoms can be significantly displaced during scanfii@hou  pm deeper in@ and has the same level as the undisturbed
and Joannopoulos calculated that a SFM tip is able to flip théattice in (b). This could be explained with a simple geo-
orientation of Si dimers on 8i00), and that this should be metrical reasoning, which favors the assumption that the ob-
observable at low temperatursA defect below the As served point defect represents an In vacancy. In this case, as
atoms on theX sites, especially a missing In atom, would visualized in Fig. 7, all three neighboring As atoms move
weaken the stiffness of the surrounding lattice. Consideringloser together. Such a relaxation has been found in the cal-
this, an additional attractive tip-sample interaction mightculation for the Ga(cation vacancy on GaR10 already
provide enough energy to pull the two weakly bonded Asmentioned abové® The effect is a reduction of the inter-
atoms above the In site defect toward the tip, e.g., into thatomic distances between the As atoms of the first- and
vacuum region. These local changes in the lattice parametesgcond-layer As atoms around the In vacancy. Consequently,
reflect the different elastic properties around the point defecbn the other side of the two relaxed first-layet-gite) As
compared to the undisturbed lattice. atoms(at theY site) the charge density is reduced, i.e., more
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“space” becomes available, and the tip can penetrate deepeumstances both species are visible. The observed contrast
into the surface. As in the case of the As vacancy, this defeatan be qualitatively explained with the total valence charge
appears to be neutral at zero bigame arguments as given density at the surface and the rearrangement of the charge
in Sec. IVA for the charge state of the As vacancp  distribution due to the tip-sample interaction.
sample bias of-250 mV did not change the contrast, but, as  Missing protrusions in the As sublattice are straightfor-
already stated in Sec. IINf had to be readjusted to achieve wardly identified as As vacancies. It was found that As va-
atomic resolution. cancies do not induce a measurable relaxation in the sur-
It is again instructive to compare our data with resultsrounding As sublattice. Furthermore, they appeared neutral
obtained by STM. As in the case of anion vacancies, experion n-doped material under our experimental conditiGreso
ments on neutral cation vacancies on @dP) exhibited a  bias.
strong dependence on sign and magnitude of the applied bias Another point defect, located on the In sublattice, could
voltage®® At negative bias voltages all four surrounding an- be detected by its influence on two neighboring surface As
ions at the surface are influenced by the presence of a cati@ioms. These As atoms exhibited a distance-dependent con-
vacancy. However, our data, and theoretical calculations byrast inversion, attributed to a tip-induced relaxation. Sym-
Schwarzet al*® suggest that only two anions are signifi- metry arguments suggest that the defect is located on the In
cantly relaxed downwards. Nevertheless, the dynamic-modsublattice. The contrast around the defect could be best ex-
SFM results presented in this section demonstrate that alg@ained by an In vacancy. The observed relaxation gives evi-
with this method quantitative structural information arounddence that elastic properties can be measured on the atomic
defects cannot be extracted unambiguously, since tipscale with dynamic-mode SFM.
induced relaxations have to be considered even in the attrac-
tive interaction regime. On the other hand, the observed tip-
induced relaxation shows that elastic data on the atomic level ACKNOWLEDGMENTS
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