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Detection of doping atom distributions and individual dopants in InAs„110… by dynamic-mode
scanning force microscopy in ultrahigh vacuum

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 2 June 2000!

We investigate the influence of near-surface doping atoms ofin situ cleavedn- andp-doped InAs~110! on
images acquired with constant frequency shift by dynamic mode scanning force microscopy~DM-SFM! 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.
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I. INTRODUCTION

Up to now, investigation of semiconducting samples p
formed in ultrahigh vacuum by means of dynamic mo
scanning force microscopy, which is also called noncon
atomic force microscopy, focused mainly on their surfa
structure. Due to the high sensitivity of the frequency mod
lation technique, DM-SFM images acquired with a const
frequency shift provide topographical information down
the atomic scale~‘‘true’’ atomic resolution! on this type of
samples.1–9 In contrast, if electrostatic tip-sample forces a
studied under UHV conditions, Kelvin probe force micro
copy or electrostatic force microscopy are applied. B
techniques allow a spatially resolved measurement of ch
distributions, band bending effects, or contact potential
ferences between two materials.8,10–14

However, DM-SFM itself is not exclusively sensitive t
short-range atomic forces, which are usually associated
the topography of a sample. In this paper, we will demo
strate that on atomically flat semiconductors likein situ
cleaved InAs~110!, electrostatic interactions due to the pre
ence of near-surface-ionized doping atoms can be dire
observed~without applying any type of lock-in technique! in
standard ‘‘topographic’’ DM-SFM images, i.e., in DM-SFM
images acquired with constant frequency shift. Different
pects of contrast formation as well as bias dependence
be discussed. In particular, we will show that the resolut
is strongly affected by the mean distance between neigh
ing doping atoms and the screening length in the materi

II. EXPERIMENTAL SETUP

The n- ~sulfur! and p- ~zinc! doped InAs single crystals
~doping concentrations ND'331018 cm23 and NA
PRB 620163-1829/2000/62~20!/13617~6!/$15.00
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'(4–6)31018 cm23, respectively! used in this study were
cleavedin situ parallel to the~110! surface in the preparation
chamber of our UHV system at pressures below
31027 Pa, and were then immediately transferred into
microscope located in the main chamber (p,131028 Pa).
The ~110! surface of InAs is electrically neutral, and 131
relaxed, with a surface unit cell size o
0.60630.427 nm2.15 The band gap has a width of 360 me
at room temperature. No intrinsic band bending occurs at
clean defect-free surface, and no surface states are prese
the forbidden band gap.16 The Fermi level is unpinned at th
surface, and for ourn-InAs (p-InAs! samples'290 meV
('18 meV) lies above~below! the conduction-~valence-!
band edge. The electron gas is degenerated, even at 1417

where some experiments have been conducted on
n-doped material.

All measurements presented in this paper were made
ing our home-built ultrahigh-vacuum low-temperature sca
ning force microscope suitable for atomic resolution in t
static and dynamic mode, which is described in de
elsewhere.18 The instrument was operated in the dynam
mode, based on the frequency modulation technique in
duced by Albrechtet al.,19 keeping the vibration amplitudeA
constant while the frequency shiftD f between the eigenfre
quencyf 0 and the actual resonance frequencyf of the canti-
lever are measured. The bias voltagesUbias are applied with
respect to the grounded cantilever. For imaging, tips m
from highly doped silicon ~antimony, ND'83101725
31018 cm23) were used.20 These tips were cleaned by a
gon sputtering before the experiments onn-InAs~110!,
whereas they remained untreated for measurements
p-InAs~110!. Eigenfrequencies of the free cantilevers we
on the order off 0'170 kHz, with spring constants aroun
k'35 N/m.
13 617 ©2000 The American Physical Society
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III. RESULTS

The cleavedn-InAs~110!-(131) surfaces exhibited larg
atomically flat terraces with distances of typically more th
1 mm between step edges. On atomic-scale images,
could clearly resolve the atomic structure with typical cor
gations between 10 and 70 pm, as demonstrated in Fig
The zigzag arrangement of As and In atoms at the surfac
indicated by black and white circles, respectively. Typical
only the As atoms are visible as protrusions in DM-SF
images; further details on the atomic-scale imaging
n-InAs~110! with DM-SFM are given in Ref. 9. For the
present needs, it is only important to mention that
n-doped material we did not observe any additional cont
in atomic-scale images besides the contrast caused by s
range atomic forces. On large-scale DM-SFM images, h
ever, we found a long-range contrast with a corrugation
about 0.2 nm, as visible in Fig. 2.

To investigate the nature and origin of this contrast,
explored its bias dependence using the following techniq
First, the tip-sample distance was stabilized at an im
point with D f 5212.5 Hz andUbias510.50 V. Then the
feedback was switched off, and while the bias voltage w
ramped in 10 s from22.5 to13.5 V, the frequency shiftD f
was recorded. Applying this method at each image point o
regular raster, we could generate a series ofD f maps of the
same surface area at different, but fixed, bias voltages.
four images displayed in Fig. 3 represent suchD f maps at
Ubias522.22, 20.25, 10.50, and12.75 V. The encircled
area illustrates the influence of the bias voltage: The cont
inverts from large negative to large positive bias voltages
the stabilization voltage of10.50 V, the contrast vanishes
This voltage was adjusted during DM-SFM images record
before to obtain minimal overall contrast. This assures t

FIG. 1. Atomically resolved surface ofn-InAs~110!-(131) im-
aged in the dynamic mode of scanning force microscopy wit
constant frequency shift. The black and white circles in the up
left part indicate the positions of the As and In atoms, respectiv
Due to the 131 relaxation, the surface is As terminated; cons
quently, protrusions correspond to the positions of the As ato
while the In atoms do not show up in typical DM-SFM imag
~Ref. 9!. Parameters:T514 K, k'36 N/m, f res5160 kHz, A5
612.7 nm, image size 5.937.0 nm2, D f 5260.5 Hz, andUbias

50 V.
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the tip-sample distances are nearly identical at the beginn
of each bias ramp.

In order to study this issue from a somewhat differe
point of view, we measured the effect of a bias ramp on
tip-sample distance with an active feedback, which keepsD f
constant~Fig. 4!. Three regimes can be clearly distinguish
in the resulting z(Ubias) curve: For Ubias,21.0 V and
Ubias.0.5 V the tip-sample distance exhibits a stronger b
dependence than in between, where the curve is essen
flat. Furthermore, the curve is not symmetric with respec
Ubias50 V: The slope forUbias.0.5 V is approximately
10% smaller than forUbias,1.0 V.

On thep-InAs~110!-(131) surfaces investigated in thi
study, the situation was found to be quite different compa
to the n-doped material, although the doping concentrat
was nearly the same. On large-scale DM-SFM images,
cular white spots are visible. In Fig. 5, e.g., about 150 sp
can be counted in an area of 14 400 nm2. Closer analysis on
the atomic scale~cf. Fig. 6! exhibits two different types of
features, which we never observed onn-InAs. First, there are
bright circular areas with diameters between 2 and 4
which possess an intact atomic structure. The upper line
tion in Fig. 6 along the@001# direction across such a brigh
area shows that the corrugation amplitude between
maxima remains constant, but the envelope has appr
mately a Gaussian shape. Second, there are dark areas
diameters around 3 nm. The corresponding lower line sec
in Fig. 6 reveals that one corrugation maximum is missing
the center of this dark area. The same holds for all regio
which appear depressed in Fig. 6.

IV. DISCUSSION

As a starting point of our discussion, we note that t
distribution of bright and dark areas in the Figs. 2, 3, and
does not reflect topographic features, because clea
InAs~110! is atomically flat, and under UHV conditions ad
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r
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-
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FIG. 2. Long-range contrast on a large-scale DM-SFM ima
acquired with a constant frequency shift on an atomically flat t
race ofn-InAs~110!. The image has been taken directly after clea
age under UHV conditions. The observed corrugation is of the
der of 0.1–0.2 nm, and can be attributed to the presence of n
surface doping atoms, which lead to a locally varying electrost
tip-sample interaction. Parameters:T5300 K, k'38 N/m, f res

5177 kHz, A5610.2 nm, image size 2.032.0 mm2, D f 5
262.5 Hz, andUbias50 V.
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PRB 62 13 619DETECTION OF DOPING ATOM DISTRIBUTIONS AND . . .
sorbates should not be present immediately after cleav
Instead, the bias dependence of the contrast, as visible in
image series of Fig. 3, proves that the contrast is of elec
static origin.

To understand the observed effects, the electrostatic p
erties of the tip-sample system have to be taken into acco
For our purposes, the tips used in our experiments, altho
made from Si, can be considered to behave essentially
metallic electrode. This is justified by the high doping lev
and, for untreated tips, by the high density of states in the
band gap at the Si/SiO2 interface.21 For those tips, however
where the native oxide was removed by argon bombardm
a large number of defect states is induced into the Si b
gap at the tip apex, which also ensures a metallic behav

The second electrode of the system is represented by
semiconducting InAs sample. Any potential difference b

FIG. 3. Series of images demonstrating the bias dependenc
the frequency shift at identical sample locations. A detailed desc
tion of the technique used to generate these images can be fou
the text. The encircled area illustrates the bias-dependent con
variations, which correspond to the fluctuations in the density
tribution of doping atoms~cf. Sec. IV!. ~a! At Ubias522.22 V,
electrons~majority carriers! are accumulated at the surface. Brig
areas correspond to a high density of doping atoms.~b! The contrast
becomes weaker at smaller absolute values ofUbias. ~c! At Ubias

510.50 V, the contrast vanishes. The surface is depopulate
mobile charge carriers.~d! At Ubias512.75 V, holes~minority
carriers! are generated near the surface. Inversion occurs and
contrast inverts. Parameters:T5300 K, k'37 N/m, f res

5166 kHz, A5612.4 nm, and image size 3003400 nm2. The
bias ramp at each point is performed between22.5 and 3.0 V, with
a 0.1-Hz sweep rate. The stabilization values at each point
D f 5212.5 Hz andUoffset50.5 V.
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tween tip and sample results in an electric field, which is,
contrast to a metallic electrode, not compensated for wit
the first atomic layers of the InAs sample, but penetrates
the bulk. Therefore, the density of mobile charge carri
near the InAs surface is influenced in a more complex w
by an electric field than it is in the metalliclike tip.22 In this
context, it is important to note that the potential differen
between tip and sample is not only determined by the ex
nal applied bias voltageUbias, but also depends on the dif
ference between the work functions of tip (F tip) and sample
(Fsample). For our well-definedn- andp-InAs~110! samples,
of
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-
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FIG. 4. z(Ubias) curve onn-InAs acquired with an active feed
back that keepsD f constant. Three different regimes can be ide
tified: accumulation at large negative bias voltages, deple
around 0 V, and inversion at large positive bias voltages. The
regime in depletion indicates that electrons are pushed away f
the surface. Parameters:T5300 K, k'38 N/m, f res5174 kHz,
A569.9 nm, andD f 5217.5 Hz.

FIG. 5. Large-scale DM-SFM image ofp-InAs with a mono-
atomic step on the left-hand side. The most prominent features
the approximately 150 bright spots. The analysis in Sec. IV reve
that these spots are caused by Coulomb potentials of individ
near-surface doping atoms. Contrary to the situation found
n-InAs, the screened Coulomb potentials of neighboring doping
oms do not overlap due to their four times smaller screening len
Parameters: T5300 K, k'34 N/m, f res5149 kHz, A5
615.3 nm, image size 1203120 nm2, D f 52110.0 Hz, and
Ubias50 V.
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13 620 PRB 62SCHWARZ, ALLERS, SCHWARZ, AND WIESENDANGER
the work functions can be easily determined, butF tip is un-
known, since the tip apex is not well defined at all.23 How-
ever, for a qualitative analysis of our experimental results
is not important to determine the absolute work function
the tip, but to realize that the potential difference is in ge
eral not zero atUbias50 V. Let us now recall the effect of a
potential difference on the band structure at the surface
semiconductor.

For n-doped material, the electric field due to a negat
potential with respect to the tip causes a downward b
bending, which attracts majority carriers~electrons! toward

FIG. 6. Atomically resolved DM-SFM image ofp-InAs~110!
acquired with a constant frequency shift and displayed in a qu
three-dimensional-representation. Bright areas with an intact ato
structure correspond to ionized~negatively charged! near-surface
doping atoms~acceptors!. They attract holes~majority carriers!, and
thereby the corrugation amplitudes appear elevated~a!. Dark areas
have at least one missing protrusion in their center~b!, which can
be identified as As vacancies. They are positively charged
p-InAs and repel holes. Parameters:T5300 K, k'34 N/m, f res

5149 kHz, A5615.3 nm, image size 16310 nm2, D f 5
2495.0 Hz, andUbias50 V.
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the surface, i.e., an accumulation layer will form underne
the tip. At positive sample potentials, however, the ban
bend upward, and electrons are repelled from the surfac
the conduction band crosses the Fermi level, no mo
charge carriers are available any longer at the surface, a
depletion layer emerges. At the transition from accumulat
to depletion the band bending is zero, i.e., the flatband c
dition is realized. IfF tip5” Fsample, zero band bending is no
achieved atUbias50, but at the so-called flatband voltag
UFB . The actual value ofUFB depends on the tip geometr
as well as on the tip-sample distance.24 Upon further upward
band bending the depletion layer becomes thicker, until
valence band also crosses the Fermi level. At such a la
positive potential difference, the depletion layer width r
mains constant, and minority carriers~holes! are generated
near the surface, which lead to the formation of an invers
layer directly at the surface below the tip. Forp-doped ma-
terial, the mobile charge carriers behave in an analog
way.

The electrostatic interaction described above is always
tractive, independent of the polarity of the charge carri
~electrons or holes!, because the mirror charges induced
the tip are always of opposite polarity. The volume in whi
the band structure is influenced underneath the tip depe
on the tip-sample distance as well as on the tip radius. S
the tip velocity during scanning and the oscillation frequen
of the cantilever are much smaller than the response tim
the electrons and holes in InAs, thermodynamic equilibriu
is always maintained.25

With these considerations in mind, the contrast in Fig.
as well as the effect of the applied bias voltages in Figs
and 4, can be explained. In the case of thez(Ubias) curve of
Fig. 4 the two regions with the strong bias dependence of
tip-sample distance indicate an increasing electrostatic in
action, which can be explained by the increasing density
charge carriers underneath the tip. Consequently, these
regimes can be attributed to the formation of an accumu
tion layer (Ubias,21 V) and an inversion layer (Ubias
.0.5 V), respectively, at the surface. The flat regime
between (21.0 V,Ubias,0.5 V) indicates depletion, i.e.
the feedback keeps the tip-sample distance nearly cons
because the electrons are pushed into the bulk. Thereby
distance between the tip and the electrons increases from
toward 0.5 V, which approximately compensates for the
fect of the changing bias voltage, until minority carriers a
generated atUbias.0.5 V. The 10% smaller slope in inver
sion is due to the additional capacitance of the deplet
zone, which is not present in accumulation. Our interpre
tion is consistent with calculations done by Huanget al.27

They found the same features for the force between a me
lic electrode~tip! and a semiconducting electrode~sample! as
visible in Fig. 4.

It is instructive to compare the complex behavior in Fig
with z(Ubias) curves taken on metallic tip-sample system
Olssonet al.26 found that on metallic systems such curv
possess one pronounced minimum, and are symmetric
respect to that minimum. The voltage at the minimum is
contact potential voltageUCP determined by the differen
work functions of the tip and sample. Due to the ban
bending effects, thez(Ubias) curve in Fig. 4 is neither sym-
metric nor does it possess a pronounced minimum. Con
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quently, it is not possible to determine the contact poten
UCP from such curves. However, it is possible to rough
estimate the flatband voltageUFB from suchz(Ubias) curves.
For n-type material the bands are flat when the slight upw
band bending during depletion turns into a downward ba
bending in accumulation. In Fig. 4 this transition is mark
by a strong increase of the tip-sample distance below
proximately21 V5UFB .28

In order to explain the spatial variations of the contras
our images~cf. Figs. 2 and 3!, we have to point out that the
absolute strength of the electrostatic interaction depends
only on extrinsic parameters such as the tip radius, the
sample distance, and the potential difference between tip
sample, but also on two intrinsic sample properties, nam
the doping concentration and the screening length. The
of these two important parameters is discussed in the foll
ing.

On a small enough scale, the distribution of the dop
atoms fluctuates. This fluctuation explains the contras
Fig. 2: bright and dark areas reflect high and low concen
tions of mobile charge carriers, which directly scale with t
local doping atom concentration. The contrast inversion
the image series presented in Fig. 3 illustrates how the
served contrast depends on the sign and magnitude o
applied bias voltage. The magnitude changes the numbe
charge carriers, while the sign determines the type of cha
carriers present at the surface. In accumulation, the area
derneath the tip is populated by electrons, which are attra
by the positively charged doping atoms. The increased d
sity of electrons around doping atoms locally causes a st
ger electrostatic tip-sample interaction, which in turn leads
a larger frequency shift. Therefore, bright areas in Fig. 3~a!
at large negative bias voltages correspond to a relativ
large concentration of near-surface doping atoms. Towa
0 V, the concentration of electrons decreases, and co
quently the contrast diminishes@see Fig. 3~b!#. At the point
of maximum depletion, approximately atUbias50.5 V, ion-
ized doping atoms are the only charges present near the
face. Since they cannot be sufficiently screened by mo
charge carriers, the long-range electrostatic potentials o
lap strongly and the contrast vanishes@see Fig. 3~c!#. Finally,
at large positive voltages holes are generated underneat
tip. Since the holes are repelled by the positively charg
doping atoms, the contrast reverses. Thus bright areas in
3~d! correspond to regions of reduced doping density.

The irregular shape of the long-range contrast in Figs
and 3 shows that it is not possible to determine the ex
position of individual doping atoms directly. This fits we
with our finding that we never observed a contrast that co
be attributed to the presence of near-surface doping atom
atomic-scale images ofn-InAs such as the one presented
Fig. 1. For p-InAs, however, the situation is different. I
large-scale DM-SFM images, much more localized featu
are visible. In Fig. 5, e.g., we counted about 150 spots in
area of 1203120 nm2. Assuming that each spot could b
identified with one ionized doping atom, and taking the co
centration of doping atoms given by the manufacturer, it f
lows that doping atoms up to a depth of 1.7–2.5 nm can
detected. But why should it be possible to detect single i
ized doping atoms onp-InAs and not onn-InAs?

This question can be answered by taking a closer loo
l
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the second important intrinsic parameter mentioned abo
the screening lengthlS . For degenerate semiconductors,lS
can be calculated from

lS54~3/p!21/6ND,A
21/6 e21/2~me,h* /me!

21/2aB
1/2, ~1!

where aB50.053 nm is the Bohr radius,e514.55 the di-
electric constant of InAs, andme is the mass of the free
electron.me,h* represent the effective masses of the major
charge carriers~electrons and holes, respectively!, andND,A
the concentration of either donator or acceptor doping ato
Since both samples are degenerated, these values are id
cal to the majority-charge-carrier concentrations in therm
equilibrium. Note thatlS depends only weakly onND,A , but
strongly on the effective massesme,h* . For InAs, the holes
(mh* 50.41me) are about 16 times heavier than the electro
(me* 50.026me), leading to a four times smaller screenin
length inp-InAs (lS

p'2 nm) than inn-InAs (lS
n'8 nm).

Let us now comparelS with the mean distancer̄ between
individual doping atoms. From the doping concentratio
which is approximately the same in both samples (ND
'331018 cm23 andNA'42631018 cm23, respectively!,
we can calculate the mean distances tor̄ D'7 nm forn-InAs
and r̄ A'6 nm forp-InAs. As a result, we see that there w
be no significant overlap between the screened Coulomb
tentials of neighboring doping atoms inp-InAs (lS

p, r̄ A).
Therefore, single doping atoms can be detected, as show
Fig. 5. The number of spots counted on this image is in go
agreement with the expected value, if one assumes that
ing atoms up to a depth of the screening length influence
electrostatic potential at the surface.29 In n-InAs, however,
an average of six other doping atoms lie within a sphere
radiusR5lS

n around each doping atom, leading to a stro
overlap between their screened Coulomb potentials. A
consequence, it is only possible to detect fluctuations in th
distribution, but not individual doping atoms. We have
point out that the effect of the screening length on the re
lution of individual doping atoms has to be separated fr
the influence of tip-radius and tip-sample distances.

With this knowledge, we are finally able to interpret th
features observed in Fig. 6. The bright and dark areas, wh
are imaged simultaneously with the atomic structure of
p-InAs surface, can thus be attributed to enhanced or redu
electrostatic interactions, respectively. The electrostatic
teraction corresponds to the distribution of the majority c
riers ~holes! at the surface, i.e., in bright~dark! areas the
concentration of holes, is relatively large~small!. Following
this line of argument, each localized accumulation of ho
~bright areas! can be explained by the existence of a neg
tively charged doping atom. This interpretation is suppor
by the radius of the bright areas, which are all smaller than
equal tolS

p , as expected from geometrical consideratio
On the other hand, the localized depletion of holes~dark
area! has to be induced by a localized positive charge. A
cording to Ref. 9, missing protrusions, which are presen
the center of the dark areas, can be identified as As va
cies. Scanning tunneling microscopy studies onp-InAs of the
same doping concentration have shown that surface As
cancies are positively charged. Therefore, the dark areas
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13 622 PRB 62SCHWARZ, ALLERS, SCHWARZ, AND WIESENDANGER
be explained by the presence of positively charged As vac
cies at the surface, surrounded by a region of reduced
density.

V. SUMMARY

We investigated atomically flatn- andp-doped InAs~110!
surfaces in ultrahigh vacuum with scanning force micr
copy in the dynamic mode. On large-scale images spa
variations of the tip-sample interaction was observed. T
nontopographic contrast is of electrostatic origin, and refle
the distribution of near-surface doping atoms. Its appar
bias dependence could be fully explained by the existenc
accumulation, depletion, or inversion zones underneath
tip. The much smaller effective masses of the electrons
n-InAs compared to the effective masses of holes inp-InAs
result in significantly different screening lengths on both m
terials. Onn-InAs, the screening length of the Coulomb p
ci.
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tentials around ionized near-surface doping atoms is la
than their mean distance for the doping concentrations c
sen in our experiments, whereas the situation is the rev
on p-InAs. Consequently, onn-InAs only fluctuations in the
distribution of near-surface doping atoms can be observ
while on p-InAs individual doping atoms can be identified
Finally, an analysis of atomic-scale images onp-InAs re-
vealed that negatively charged doping atoms attract hole
contrast to As vacancies, which repel holes due to their p
tive charge.
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