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Detection of doping atom distributions and individual dopants in InAs(110) by dynamic-mode
scanning force microscopy in ultrahigh vacuum
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We investigate the influence of near-surface doping atoms situ cleavedn- and p-doped InA$110) on
images acquired with constant frequency shift by dynamic mode scanning force micra8ddp$FM) in
ultrahigh vacuum. The local arrangement of doping atoms near the surface determines the distribution of
mobile charge carriers and thus the electrostatic surface potential, which affects the contrast observed in
DM-SFM images. The experiments reveal a strong dependence of the type and density of these charge carriers
on the sign and magnitude of the applied bias voltage. Additionally, we find that the achieved resolution is
directly related to the overlap of the screened Coulomb potential of ionized neighboring doping atoms. On
n-InAs(110), the overlap is very strong, and the contrast observed in large-scale DM-SFM images acquired on
atomically flat terraces reflects the density distribution of the doping atoms. The bias dependence of the
contrast can be interpreted by the presence of an accumulation, depletion, or inversion zone underneath the
probe tip. On ap-InAs(110 sample with a nearly identical doping concentration, however, a screened Cou-
lomb potential around individual doping atoms could be detected, since the screening length is smaller than
their mean distance between dopings. In atomically resolved images, charged doping atoms as well as charged
As vacancies could be identified.

I. INTRODUCTION ~(4-6)x 10" cm 3, respectively used in this study were
cleavedin situ parallel to the(110) surface in the preparation

Up to now, investigation of semiconducting samples perchamber of our UHV system at pressures below 1
formed in ultrahigh vacuum by means of dynamic modeX 107 Pa, and were then immediately transferred into the
scanning force microscopy, which is also called noncontacinicroscope located in the main chambpr(1x107° Pa).
atomic force microscopy, focused mainly on their surfaceThe (110 surface of InAs is electrically neutral, and<l
structure. Due to the high sensitivity of the frequency modutelaxed, — with a  surface unit cell size of
lation technique, DM-SFM images acquired with a constan.606x 0.427 nd.*® The band gap has a width of 360 meV
frequency shift provide topographical information down to at room temperature. No intrinsic band bending occurs at the
the atomic scalg“true” atomic resolution on this type of clean defect-free surface, and no surface states are present in
samples In contrast, if electrostatic tip-sample forces arethe forbidden band galf. The Fermi level is unpinned at the
studied under UHV conditions, Kelvin probe force micros- surface, and for oun-InAs (p-InAs) samples~290 meV
copy or electrostatic force microscopy are applied. Both(~18 meV) lies abovebelow) the conduction{valence}
techniques allow a spatially resolved measurement of chargeand edge. The electron gas is degenerated, even at'14 K,
distributions, band bending effects, or contact potential difwhere some experiments have been conducted on the
ferences between two materi&i® 14 n-doped material.

However, DM-SFM itself is not exclusively sensitive to  All measurements presented in this paper were made us-
short-range atomic forces, which are usually associated witing our home-built ultrahigh-vacuum low-temperature scan-
the topography of a sample. In this paper, we will demon-ning force microscope suitable for atomic resolution in the
strate that on atomically flat semiconductors like situ  static and dynamic mode, which is described in detail
cleaved InA§110), electrostatic interactions due to the pres-elsewheré? The instrument was operated in the dynamic
ence of near-surface-ionized doping atoms can be directinode, based on the frequency modulation technique intro-
observedwithout applying any type of lock-in techniguas  duced by Albrechet al,'® keeping the vibration amplituck
standard “topographic” DM-SFM images, i.e., in DM-SFM constant while the frequency shiftf between the eigenfre-
images acquired with constant frequency shift. Different asquencyf, and the actual resonance frequefof the canti-
pects of contrast formation as well as bias dependence wilever are measured. The bias voltaghg,s are applied with
be discussed. In particular, we will show that the resolutionrespect to the grounded cantilever. For imaging, tips made
is strongly affected by the mean distance between neighbofrom highly doped silicon (antimony, Np~8x 10''—5
ing doping atoms and the screening length in the material. X 10*® cm™3) were used® These tips were cleaned by ar-

gon sputtering before the experiments orINAs(110),
Il. EXPERIMENTAL SETUP whereas they remained untreated for measurements on
p-INAs(110). Eigenfrequencies of the free cantilevers were

The n- (sulfur) and p- (zinc) doped InAs single crystals on the order off;~170 kHz, with spring constants around
(doping concentrations Np~3x10*® cm™® and N,  k~35 N/m.
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FIG. 2. Long-range contrast on a large-scale DM-SFM image
acquired with a constant frequency shift on an atomically flat ter-
. . race ofn-InAs(110). The image has been taken directly after cleav-
FIG' 1. Atomlcall_y resolved sun‘ace_ cmFInAs(llO_)-(le) im- age under UHV conditions. The observed corrugation is of the or-
aged in the dynamic mode of scanning force microscopy with &er of 0.1-0.2 nm, and can be attributed to the presence of near-

constant frequency shift. The black and white circles in the uppeg e doping atoms, which lead to a locally varying electrostatic
left part indicate the positions of the As and In atoms, respectlveIytip_sample interaction. Parameters=300 K. k~38 N/m. f
Due to the Ix1 relaxation, the surface is As terminated; conse-_ 177 4z A=-+10.2 nm ! '

quently, protrusions correspond to the positions of the As atoms, g5 5 1, andUp,=0 V.
while the In atoms do not show up in typical DM-SFM images ' s

(Ref. 9. ParametersT=14 K, k=36 N/m, f,.—~160 kHz, A= . . . . _—
+12.7 nm, image size 5:97.0 nn?, Af=fé65.5 Hz, andU the tip-sample distances are nearly identical at the beginning

-0 V. of each bias ramp.

In order to study this issue from a somewhat different
point of view, we measured the effect of a bias ramp on the
tip-sample distance with an active feedback, which keeps

The cleavedh-InAs(110-(1x 1) surfaces exhibited large _constant(Fig. _4). Three regimes can be clearly distinguished
atomically flat terraces with distances of typically more than!n the resultingz(Up9 curve: For Upps<—1.0 V and
1 um between step edges. On atomic-scale images, webias~0-5 V the tip-sample distance exhibits a stronger bias
could clearly resolve the atomic structure with typical corru-dependence than in between, where the curve is essentially
gations between 10 and 70 pm, as demonstrated in Fig. flat. Furthermore, the curve is not symmetric with respect to
The zigzag arrangement of As and In atoms at the surface idbias=0 V: The slope forUy,e>0.5 V is approximately
indicated by black and white circles, respectively. Typically, 10% smaller than folj,s<1.0 V. S o
only the As atoms are visible as protrusions in DM-SFM  On thep-InAs(110-(1x1) surfaces investigated in this
images; further details on the atomic-scale imaging ofStudy, the situation was found to be quite different compared
n-InAs(110) with DM-SFM are given in Ref. 9. For the O the n-doped material, although the doping concentration
present needs, it is only important to mention that onwas nearly the same. On large-scale DM-SFM images, cir-
n-doped material we did not observe any additional contrasgular white spots are visible. In Fig. 5, e.g., about 150 spots
in atomic-scale images besides the contrast caused by shof@n be counted in an area of 14 400 “n@loser analysis on

range atomic forces. On large-scale DM-SFM images, howthe atomic scalécf. Fig. 6) exhibits two different types of
ever, we found a long-range contrast with a corrugation ofeatures, which we never observedminAs. First, there are

about 0.2 nm, as visible in Fig. 2. bright circular areas with diameters between 2 and 4 nm
To investigate the nature and origin of this contrast, wewhich possess an intact atomic structure. The upper line sec-
explored its bias dependence using the following techniquelion in Fig. 6 along th¢001] direction across such a bright
First, the tip-sample distance was stabilized at an imag@ré@ shows that the corrugation amplitude between the
point with Af=—12.5 Hz andU,,— +0.50 V. Then the Maxima remains constant, but the envelope has approxi-
feedback was switched off, and while the bias voltage wagnhately a Gaussian shape. Second, there are dark areas with
ramped in 10 s from-2.5 to +3.5 V, the frequency shifh f Q|ameters around 3 nm. The corre.spondm'g Iowgr Im_e s'ectllon
was recorded. Applying this method at each image point of &N Fig. 6 reveals_ that one corrugation maximum is mlssmg In
regular raster, we could generate a seried bimaps of the the_ center of this dark area. '!'he same holds for all regions,
same surface area at different, but fixed, bias voltages. Th&hich appear depressed in Fig. 6.
four images displayed in Fig. 3 represent such maps at
Upias— —2.22, —0.25, +0.50, and+2.75 V. The encircled
area illustrates the influence of the bias voltage: The contrast
inverts from large negative to large positive bias voltages. At As a starting point of our discussion, we note that the
the stabilization voltage of-0.50 V, the contrast vanishes. distribution of bright and dark areas in the Figs. 2, 3, and 5
This voltage was adjusted during DM-SFM images recordedioes not reflect topographic features, because cleaved
before to obtain minimal overall contrast. This assures thanAs(110) is atomically flat, and under UHV conditions ad-

res

image size 2:02.0 um?, Af=

Ill. RESULTS

IV. DISCUSSION
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FIG. 4. z(Uy;,9 curve onn-InAs acquired with an active feed-
back that keepaf constant. Three different regimes can be iden-
tified: accumulation at large negative bias voltages, depletion
around 0 V, and inversion at large positive bias voltages. The flat
regime in depletion indicates that electrons are pushed away from
the surface. Parameter§=300 K, k=38 N/m, f,.—174 kHz,
A=%+9.9 nm, andAf=—-17.5 Hz.

tween tip and sample results in an electric field, which is, in
contrast to a metallic electrode, not compensated for within
the first atomic layers of the InAs sample, but penetrates into
the bulk. Therefore, the density of mobile charge carriers
near the InAs surface is influenced in a more complex way
by an electric field than it is in the metalliclike tfd.In this
context, it is important to note that the potential difference
between tip and sample is not only determined by the exter-
nal applied bias voltag®l;,s, but also depends on the dif-
FIG. 3. Series of images demonstrating the bias dependence §érence between the work functions of tip {,) and sample

the frequency shift at identical sample locations. A detailed deSCfiP(dJsame. For our well-defined- and p-InAs(110) samples,
tion of the technique used to generate these images can be found in

the text. The encircled area illustrates the bias-dependent contrast
variations, which correspond to the fluctuations in the density dis-
tribution of doping atomgcf. Sec. V). (& At Upjue= —2.22 V,
electrons(majority carrierg are accumulated at the surface. Bright
areas correspond to a high density of doping atdt)sThe contrast
becomes weaker at smaller absolute valuet)gfs. (c) At Upias
=+0.50 V, the contrast vanishes. The surface is depopulated of
mobile charge carriers(d) At Upas= +2.75 V, holes(minority
carrierg are generated near the surface. Inversion occurs and the i
contrast inverts. ParametersT=300 K, k=37 N/m, f.g
=166 kHz, A=*+12.4 nm, and image size 38@00 nnf. The

bias ramp at each point is performed betweeh5 and 3.0 V, with

a 0.1-Hz sweep rate. The stabilization values at each point are:
Af=-12.5 Hz andU s~ 0.5 V.

sorbates should not be present immediately after cleavage.
Instead, the bias dependence of the contrast, as visible in the
image series of Fig. 3, proves that the contrast is of electro-
static origin.

To understand the observed effects, the electrostatic prop-
erties of the tip-sample system have to be taken into account.
For our purposes, the tips used in our experiments, although
made from Si, can be considered to behave essentially as

FIG. 5. Large-scale DM-SFM image @fInAs with a mono-

llic el de. This is iustified by the high doping | Ia"f‘omic step on the left-hand side. The most prominent features are
metallic electrode. This Is justitied by the high doping leve the approximately 150 bright spots. The analysis in Sec. IV reveals

and, for untreated _t'p_s’ by the hllgh density Of states in the Slhat these spots are caused by Coulomb potentials of individual
band gap at the SI/SQnterface? For those tips, however, near.surface doping atoms. Contrary to the situation found on
where the native oxide was removed by argon bombardmen, |nas; the screened Coulomb potentials of neighboring doping at-
a large number of defect states is induced into the Si bangms do not overlap due to their four times smaller screening length.
gap at the tip apex, which also ensures a metallic behaviorparameters: T=300 K, k~34 N/m, f,.=149 kHz, A=

The second electrode of the system is represented by the15.3 nm, image size 120120 nnf, Af=-110.0 Hz, and
semiconducting InAs sample. Any potential difference be-U,,~=0 V.
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the surface, i.e., an accumulation layer will form underneath
the tip. At positive sample potentials, however, the bands
bend upward, and electrons are repelled from the surface. If
the conduction band crosses the Fermi level, no mobile
charge carriers are available any longer at the surface, and a
depletion layer emerges. At the transition from accumulation
to depletion the band bending is zero, i.e., the flatband con-
dition is realized. If®;,# ®¢;mpe z€ro band bending is not
achieved atU,,s=0, but at the so-called flatband voltage
Ugg. The actual value otz depends on the tip geometry
as well as on the tip-sample distarfé&Jpon further upward
band bending the depletion layer becomes thicker, until the
valence band also crosses the Fermi level. At such a large
positive potential difference, the depletion layer width re-

The electrostatic interaction described above is always at-
tractive, independent of the polarity of the charge carriers
(electrons or holes because the mirror charges induced in
a) the tip are always of opposite polarity. The volume in which
00 20 " 40 g0 80 the band structure is influenced underneath the tip depends
[001] section (nm) on the tip-sample distance as well as on the tip radius. Since
the tip velocity during scanning and the oscillation frequency
of the cantilever are much smaller than the response time of
the electrons and holes in InAs, thermodynamic equilibrium
0 is always maintaine®®
1 With these considerations in mind, the contrast in Fig. 2,
12 as well as the effect of the applied bias voltages in Figs. 3
. and 4, can be explained. In the case of #f¥ .9 curve of
-24] Fig. 4 the two regions with the strong bias dependence of the
] tip-sample distance indicate an increasing electrostatic inter-
36 action, which can be explained by the increasing density of
b) charge carriers underneath the tip. Consequently, these two
o0 " 20 " a0 o0 8o regimes can be attributed to the formation of an accumula-
[001] section (nm) tion layer Up,s<—1 V) and an inversion layer Upag
>0.5 V), respectively, at the surface. The flat regime in

FIG. 6. Atomically resolved DM-SFM image gf-InAs(110) . . .
acquired with a constant frequency shift and displayed in a quasit_)etween (1.0 V<Upjps<0.5 V) indicates depletion, i.e.,

three-dimensional-representation. Bright areas with an intact atomi‘;he feedback keeps the tlp—sample_ distance nearly constant,
structure correspond to ionizeidegatively chargednear-surface P€cause the electrons are pushed into the bulk. Thereby, the
doping atomgacceptors They attract holegmajority carriers, and distance between_ the tip anq the electrons increases from -1.0
thereby the corrugation amplitudes appear elevégedark areas toward 0.5V, Wh_'Ch a_pprommately compensates fo_r the ef-
have at least one missing protrusion in their cefitgy which can  fect of the changing bias voltage, until minority carriers are
be identified as As vacancies. They are positively charged o@enerated ally,e>0.5 V. The 10% smaller slope in inver-
p-InAs and repel holes. Parameteis=300 K, k~34 N/m, f,s  Sion is due to the additional capacitance of the depletion

o
L

18] mains constant, and minority carriefisoles are generated
near the surface, which lead to the formation of an inversion
'g 121 layer directly at the surface below the tip. Fedoped ma-
:6 terial, the mobile charge carriers behave in an analogous
5 way.
e
N

=149 kHz, A=+15.3 nm, image size 2610 nnf, Af= zone, which is not present in accumulation. Our interpreta-
—495.0 Hz, andJy;,=0 V. tion is consistent with calculations done by Huasigal >’

They found the same features for the force between a metal-
the work functions can be easily determined, iy}, is un-  Jic electrode(tip) and a semiconducting electrotgample as

known, since the tip apex is not well defined atZlHow-  visible in Fig. 4.
ever, for a qualitative analysis of our experimental results, it It is instructive to compare the complex behavior in Fig. 4
is not important to determine the absolute work function ofwith z(Uy;,9 curves taken on metallic tip-sample systems.
the tip, but to realize that the potential difference is in gen-Olssonet al?® found that on metallic systems such curves
eral not zero all,,—=0 V. Let us now recall the effect of a possess one pronounced minimum, and are symmetric with
potential difference on the band structure at the surface of eespect to that minimum. The voltage at the minimum is the
semiconductor. contact potential voltagé)-p determined by the different
For n-doped material, the electric field due to a negativework functions of the tip and sample. Due to the band-
potential with respect to the tip causes a downward bantiending effects, the(Uy,9 curve in Fig. 4 is neither sym-
bending, which attracts majority carrie(slectron$ toward  metric nor does it possess a pronounced minimum. Conse-
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quently, it is not possible to determine the contact potentiathe second important intrinsic parameter mentioned above:
Ucp from such curves. However, it is possible to roughly the screening lengthg. For degenerate semiconductaxs,
estimate the flatband voltadérg from suchz(U,;,9 curves. can be calculated from

For n-type material the bands are flat when the slight upward

band_ber)dlng during _deplet|or_1 turns _|nto a qunyvard band )\524(3/7)71/6,\]6‘%6 671/2(m;h/me)71/2a81/2, (1)
bending in accumulation. In Fig. 4 this transition is marked
by a strong increase of the tip-sample distance below ap- _ . — .
proximately—1 V="Upg.% whereag=0.053 nm is the Bohr radiuss=14.55 the di-

In order to explain the spatial variations of the contrast ine:ec:rlc COD stant of IntAt?], ar;;het_ls the mass ]?Ihthe fr-ee.t
our imaged(cf. Figs. 2 and B we have to point out that the electron.me , represent the eiective masses ot the majority

absolute strength of the electrostatic interaction depends nGf'arge carriergelectrons and holes, respectivelgndNp

only on extrinsic parameters such as the tip radius, the tipt_he concentration of either donator or acceptor doping atoms.

sample distance, and the potential difference between tip ard"c€ Poth samples are degenerated, these values are identi-

sample, but also on two intrinsic sample properties, namel;/,:al j[(_) the majority-charge-carrier concentrations in thermal

the doping concentration and the screening length. The rolgduilibrium. Note thaks depends only weakly oNp , but

of these two important parameters is discussed in the followstrongly on the effective masses;,. For InAs, the holes

ing. (m} =0.41Im,) are about 16 times heavier than the electrons
On a small enough scale, the distribution of the doping(ms =0.026m,), leading to a four times smaller screening

atoms fluctuates. This fluctuation explains the contrast inength inp-InAs (\8~2 nm) than inn-InAs (\d~8 nm).

Fig. 2: bright and dark areas reflect high and low concentra- | et us now compara g with the mean distancebetween
tions of mobile charge carriers, which directly scale with thejndividual doping atoms. From the doping concentration,
local doping atom concentration. The contrast inversion inyhich is approximately the same in both sampléép (
the image series presented in Fig. 3 illustrates how the ob<3x 10!® cm™2 andN,~4—6x10'® cm3, respectively,
serv_ed contrast depends on th_e sign and magnitude of th e can calculate the mean distancesge-7 nm forn-InAs
applied bias voltage. The magnitude changes the number of = — ,
charge carriers, while the sign determines the type of charg@nd’a~6 nm forp-InAs. As a result, we see that there will
carriers present at the surface. In accumulation, the area uf€ NO significant overlap between the screened Coulomb po-
derneath the tip is populated by electrons, which are attracte@ntials of neighboring doping atoms ®mInAs (A§<r,).
by the positively charged doping atoms. The increased denFherefore, single doping atoms can be detected, as shown in
sity of electrons around doping atoms locally causes a strorFig. 5. The number of spots counted on this image is in good
ger electrostatic tip-sample interaction, which in turn leads t@greement with the expected value, if one assumes that dop-
a larger frequency shift. Therefore, bright areas in Fig) 3 ing atoms up to a depth of the screening length influence the
at large negative bias voltages correspond to a relativelglectrostatic potential at the surfaeln n-InAs, however,
large concentration of near-surface doping atoms. Towarddn average of six other doping atoms lie within a sphere of
0 V, the concentration of electrons decreases, and conseadiusR=\g around each doping atom, leading to a strong
quently the contrast diminishé¢see Fig. 8)]. At the point  overlap between their screened Coulomb potentials. As a
of maximum depletion, approximately &l,;,=0.5 V, ion-  consequence, it is only possible to detect fluctuations in their
ized doping atoms are the only charges present near the sutistribution, but not individual doping atoms. We have to
face. Since they cannot be sufficiently screened by mobil@oint out that the effect of the screening length on the reso-
charge carriers, the long-range electrostatic potentials ovetdtion of individual doping atoms has to be separated from
lap strongly and the contrast vanistese Fig. &)]. Finally,  the influence of tip-radius and tip-sample distances.
at large positive voltages holes are generated underneath the With this knowledge, we are finally able to interpret the
tip. Since the holes are repelled by the positively chargedeatures observed in Fig. 6. The bright and dark areas, which
doping atoms, the contrast reverses. Thus bright areas in Figre imaged simultaneously with the atomic structure of the
3(d) correspond to regions of reduced doping density. p-InAs surface, can thus be attributed to enhanced or reduced
The irregular shape of the long-range contrast in Figs. Zlectrostatic interactions, respectively. The electrostatic in-
and 3 shows that it is not possible to determine the exaderaction corresponds to the distribution of the majority car-
position of individual doping atoms directly. This fits well riers (hole9 at the surface, i.e., in brightdark areas the
with our finding that we never observed a contrast that coul¢oncentration of holes, is relatively largemal). Following
be attributed to the presence of near-surface doping atoms dhis line of argument, each localized accumulation of holes
atomic-scale images of-InAs such as the one presented in (bright areas can be explained by the existence of a nega-
Fig. 1. For p-InAs, however, the situation is different. In tively charged doping atom. This interpretation is supported
large-scale DM-SFM images, much more localized feature®y the radius of the bright areas, which are all smaller than or
are visible. In Fig. 5, e.g., we counted about 150 spots in aequal toAB, as expected from geometrical considerations.
area of 12x120 nnf. Assuming that each spot could be On the other hand, the localized depletion of holdark
identified with one ionized doping atom, and taking the con-area has to be induced by a localized positive charge. Ac-
centration of doping atoms given by the manufacturer, it fol-cording to Ref. 9, missing protrusions, which are present in
lows that doping atoms up to a depth of 1.7—2.5 nm can b¢he center of the dark areas, can be identified as As vacan-
detected. But why should it be possible to detect single ione€ies. Scanning tunneling microscopy studiepdnAs of the
ized doping atoms op-InAs and not om-InAs? same doping concentration have shown that surface As va-
This question can be answered by taking a closer look atancies are positively charged. Therefore, the dark areas can



13622 SCHWARZ, ALLERS, SCHWARZ, AND WIESENDANGER PRB 62

be explained by the presence of positively charged As vacartentials around ionized near-surface doping atoms is larger
cies at the surface, surrounded by a region of reduced holiaan their mean distance for the doping concentrations cho-
density. sen in our experiments, whereas the situation is the reverse
on p-InAs. Consequently, on-InAs only fluctuations in the

distribution of near-surface doping atoms can be observed,

We investigated atomically flat- andp-doped InA$110) \I':Vi?]';e" 0”;:'2’2‘2"r;?s"v'(;jfu:Itodmog_nsiggorpnfaczg mg\in:g{ed.
surfaces in ultrahigh vacuum with scanning force micros- Y y 9

copy in the dynamic mode. On large-scale images spatiéfealed that negatively. charggd doping atoms attract hples, i_n
variations of the tip-sample interaction was observed. Thi contrast to As vacancies, which repel holes due to their posi-

nontopographic contrast is of electrostatic origin, and reflect Ive charge.
the distribution of near-surface doping atoms. Its apparent

bias dependence could be fully explained by the existence of
accumulation, depletion, or inversion zones underneath the The authors would like to thank Markus Morgenstern for
tip. The much smaller effective masses of the electrons imelpful discussions. Financial support from the Deutsche
n-InAs compared to the effective masses of holeg-inAs  Forschungsgemeinsch&a8FB 508 and SCHW 641/1}1and
result in significantly different screening lengths on both ma-the BMBF (Grant No. 13N7694/8is gratefully acknowl-
terials. Onn-InAs, the screening length of the Coulomb po- edged.

V. SUMMARY

ACKNOWLEDGMENTS

1F. J. Giessibl, Science67, 68 (1995.

2y, Sugawara, M. Ohta, H. Ueyama, and S. Morita, Scie2it@
1646(1995.

3R. Erlandsson, L. Olsson, and P. Martensson, Phys. Réd4, B
8309(1996.

4N. Nakagiri, M. Suzuki, K. Okiguchi, and H. Sugimura, Surf. Sci.
373 329(1996.

SP. Githner, Phys. Rev. B4, 8309(1996.

8A. Schwarz, W. Allers, U. D. Schwarz, and R. Wiesendanger,
Appl. Surf. Sci.140, 293(1999.

"T. Uchihashi, Y. Sugawara, T. Tsukamoto, T. Minobe, S.
Orisaka, T. Okada, and S. Morita, Appl. Surf. St40, 304
(1999.

8Y. Sugawara, T. Uchihashi, M. Abe, and S. Morita, Appl. Surf.
Sci. 140, 371(1999.

9A. Schwarz, W. Allers, U. D. Schwarz, and R. Wiesendanger,
Phys. Rev. B61, 2837(2000.

10A, Kikukawa, S. Hosaka, and R. Imura, Appl. Phys. L&8,
3510(1995.

1A, Kikukawa, S. Hosaka, and R. Imura, Rev. Sci. InstriG#,
1463(1996.

M. Suzuki, and S. Morita, J. Vac. Sci. Technol. 15, 1543
(1999.

185, Kitamura and H. Iwatsuki, Appl. Phys. Left2, 3154(1998.

14C. sommerhalter, T. W. Matthes, T. Glatzel, AgdaWaldau,
and M. C. Lux-Steiner, Appl. Phys. Le#6, 3510(1999.

15C. B. Duke, C. Mailhot, A. Paton, D. J. Chadi, and A. Khan, J.
Vac. Sci. Technol. B3, 1087(1985.

183 van Laar, A. Huijser, and T. L. van Rooy, J. Vac. Sci. Technol.
14, 894 (1977.

M. Morgenstern, C. Wittneven, R. Dombrowski, and R. Wiesen-
danger, Phys. Rev. Let84, 5588(2000).

8w, Allers, A. Schwarz, U. D. Schwarz, and R. Wiesendanger,
Rev. Sci. Instrum69, 221 (1998.

19T R. Albrecht, P. Gitter, D. Horne, and D. Rugar, J. Appl. Phys.
69, 668(199)).

2ONanosensors, Aidlingen, Germany.

2IA detailed discussion on the electronic properties of Si}Si©

terfaces is, e.g., given by M. Schulz,@rystalline Semiconduct-
ing Materials and Devicesedited by P. N. Butcher, N. H.
March, and M. P. Tos{Plenum Press, New York, 1986

223, Hudlet, M. Saint Jean, B. Roulet, J. Berger, and C. Guthmann,

J. Appl. Phys77, 3308(1995.

23The work functions for our samples can be determined by the

electron affinity and energy gap of InA<.0 [cf. G. W. Gobel

and F. G. Allen, Phys. Rev137, A245 (1965], and by the
position of the Fermi level, which can be calculated frofp
andNp, respectively®, ,as=5.26 eV andP, jas~4.61 eV.
Assuming a metalliclike tip apex, the Fermi level is expected to
be near the valence band edge, which is 5.1 eV below the
vacuum level. In Ref. 14 the authors foudd;-tip~4.7 eV for

an argon sputtered Si tip. However, the work function is very
sensitive to the conditions at the tip apex as, e.g., tip radius and
contaminations.

%Note thatUgg is not identical to the contact potential voltage

Ucp, although both are related to the different work functions of
tip and sample. The contact potential is defined Uyp
=e(Pp-Psampid, Wheree is the electron charge. For an ideally
metallic tip-sample systert -p can be compensated for by an
appropiate offset voltag¥ yse= — Ucp.

2For typical mobilities of 33000 cAV 's ' (n-InAs) and
127 Uchihashi, M. Ohta, Y. Sugawara, Y. Yanase, T. Sigematsu,

420 ntV~1s ! (p-InAs), the response times are,=4.3
X10™* s and7,=9.6x10 ' s, respectively. Note that other
semiconductors might have much smaller response times.

28|, Olsson, N. Lin, V. Yakimov, and R. Erlandsson, J. Appl. Phys.

84, 4060(1998.

27y. J. Huang, J. Slinkman, and C. C. Williams, Ultramicroscopy

42-44, 298 (1992,

28Note that, due to the active feedback, the tip-sample distance is

not constant during the measurement. However, the influence is
rather small, since the total changezis below 0.6 nm, while
the electrostatic interaction is of long-range nature.

29Similar arguments were given in a scanning tunneling microscopy

study of InAs, where the authors found that doping atoms lo-
cated in depths of up to one times the screening length cause a
detectable band bending: M. Morgenstern, D. Haude, V. Gud-
mundsson, C. Wittneven, R. Dombrowski, C. Steinebach, and R.
Wiesendanger, J. Electron Microsc. Relat. Phen@f®, 127
(2000.



