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Scanning tunneling microscopy and spectroscopy at low temperatures
of the „110… surface of Te-doped GaAs single crystals
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We have performed voltage dependent imaging and spatially resolved spectroscopy on the~110! surface of
Te-doped GaAs single crystals with a low-temperature scanning tunneling microscope~STM!. A large fraction
of the observed defects are identified as Te dopant atoms which can be observed down to the fifth subsurface
layer. For negative sample voltages, the dopant atoms are surrounded by Friedel charge-density oscillations.
Spatially resolved spectroscopy above the dopant atoms and above defect free areas of the GaAs~110! surface
reveals the presence of conductance peaks inside the semiconductor band gap. The appearance of the peaks can
be linked to charges residing on states which are localized within the tunnel junction area. We show that these
localized states can be present on the doped GaAs surface as well as at the STM tip apex.
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I. INTRODUCTION

Since its introduction, scanning tunneling spectrosco
~STS! was expected to reveal the electronic structure of s
faces with a spatial resolution of the order of the interatom
distance.1 When combined with scanning tunneling micro
copy~STM! imaging, STS is a powerful tool for studying th
influence of lattice defects and impurities on the local el
tronic structure. Magnetic impurities in normal metals2 as
well as superconductors3 or defects in semiconductin
materials4–7 have been studied.

The surface of the III-V compound semiconductor Ga
has been investigated extensively. STM and STS meas
ments have provided detailed information on the local el
tronic structure of dopant atoms and other atomic scale
fects. Johnsonet al.8 showed by voltage dependent ST
imaging at room temperature that substitutional Zn and
dopant atoms~acceptors! at the surface and in the upper su
surface layers influence the electronic structure of the G
~110! surface. Zhenget al.9 and Domkeet al.4 obtained simi-
lar results for substitutional Si dopant atoms~donors!. At low
temperatures, Van der Wielenet al.10 observed Friede
charge density oscillations around Si dopant atoms near
GaAs surface. Other groups have reported on the presen
atomic scale defects at the cleaved GaAs~110! surface by
STM at room temperature. The geometric and electro
structure of As vacancies,4,11,12 dopant-vacancy complexes4

and As antisite defects5 have been identified.
The experienced difficulties of reproducibility indicat

however, that the application of combined STS and ST
measurements requires a detailed knowledge of the rele
physical processes governing the behavior of nanoscale
nel junctions. For nanoscale junctions the local density
states in the contact area is strongly altered by tip-sam
PRB 600163-1829/99/60~4!/2619~8!/$15.00
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interactions. These interactions result in considerable sh
of the allowed energy levels, where deep lying levels may
driven through the Fermi level.13–15 Localized states canno
only be connected with the sample surface,6 but also appear
at the tip apex.16 Because the radii of the localized states a
of the order of the contact area, the tunneling current in S
and STS experiments can be dominated by electron trans
through one single localized state.17 Therefore, we have to
take into account the finite relaxation rate of the electro
which occupy the localized states. At low temperatures
relaxation rate may become comparable to the tunneling
for the electrons which will be driven out of equilibrium.18

The low relaxation rate will give rise to the appearance
localized charges in the contact area which strongly in
ence the position of the localized states with respect to
Fermi energy.7

In the present paper, we present the results of our lo
temperature STM/STS investigation of Te-doped GaAs cr
tals which are cleaved along the~110! plane. By STM imag-
ing at different voltages and polarities, we are able
distinguish different types of defects which can be located
different subsurface layers. The main type of defect is id
tified as ann-type substitutional dopant atom, TeAs , i.e., a Te
atom occupying an As lattice site. The STM images of t
dopant atoms depend on the applied sample voltage.
have also obtained spatially resolved spectroscopy curve
different positions of the tip in the vicinity of a Te impurity
The differential conductance curves show the presence
peaks inside the semiconductor band gap. The position
height of the peaks depend on the position of the tip w
respect to the impurity. We will argue that both the top
graphic STM images and the conductivity curves reflect
presence of charges which are localized in the tunnel ju
tion area. As already indicated above, the localized char
2619 ©1999 The American Physical Society
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2620 PRB 60A. DEPUYDT et al.
are the combined result of the presence of localized st
within the nanoscale tunnel junction area and the nonequ
rium electron distribution which is caused by the low rela
ation rate at low temperatures. Differential conductan
curves taken above a defect free surface area with diffe
STM tips confirm that also the tip contains localized sta
which can be charged. The appearance and position of
conductance peaks within the band gap can be linked to
complicated voltage dependence of the charging effects
nally, at negative sample voltages we clearly observe Frie
charge-density oscillations around the ionized Te dopan
oms.

II. EXPERIMENT

The STM and STS data have been obtained with a ho
built low-temperature STM with anin situ cleavage
mechanism.19 The samples aren-type GaAs single crystals
which are doped with Te. The nominal concentration of
atoms is 531017 cm23. It is well known that Te acts as
donor dopant atom which occupies an As lattice position20

At our relatively low doping level, compensation effect4

may be neglected. The crystals are cleaved along the~110!
plane after cooling down to liquid-helium temperature. T
partial vapor pressure of oxygen is extremely low at t
temperature, implying that surfaces like the GaAs~110! sur-
face will stay atomically clean for many days. All the ST
and STS measurements are done with Pt80Ir20 tips, cutex situ
with scissors.

Our samples contain Ohmic contacts obtained by th
modiffusion which allow us to perform electrical transpo
measurements. From Hall measurements we have d
mined that the density of electrical carriers at 5 K is 8.9
31017 cm23, which is sufficient to result in metallic con
ductivity at low temperatures.21 Te is a shallow impurity for
GaAs, i.e., the Te atom occupying an As lattice site provi
a 5s electron which is weakly bound to a positively charg
Te ion. The localization radius for such a 5s valence elect
is about 7 nm. At doping levels exceeding 4.531017 cm23

the orbitals from neighboring doping atoms will overla
providing metallic conductivity with a Fermi level close t
the edge of the conduction band. The metallic behavior
our samples is confirmed by the temperature dependenc
the conductivitys(T)2s(T˜0)}AT ~Ref. 22! with an ex-
trapolated conductivitys(T˜0).1200 V21 cm21. The
high quality of our GaAs crystals also allows us the obs
vation of Shubnikov–de Haas oscillations in the magne
field dependence of the low-temperature conductivity.

III. EXPERIMENTAL RESULTS

The ~110! GaAs surface has a simple~1x1! structural re-
laxation which leads to surface states located outside of
semiconductor band gap. Unoccupied Ga and occupied
surface states can be found above and below the band
respectively. Therefore, the STM image of the clean~110!
GaAs surface taken at positive and negative sample volta
is within a first order approximation determined by the G
and As sublattices, respectively.23 This is illustrated in the
inset of Fig. 1 which shows two STM pictures of th
GaAs~110! surface at opposite polarity of the tunneling vo
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age. A high doping level and/or voltage dependent ba
bending24 can result in the presence of occupied states in
conduction band. In that case, depending on the applied v
age, both the Ga and the As sublattice will contribute to
STM images.25

Figure 1 shows the current versus voltage character
above an atomically flat area of the GaAs~110! surface. Due
to the voltage dependent band bending, the measured
gap tends to be larger than the bulk value26 @for GaAs Eg
.1.52 eV at 5 K,Eg.1.43 eV at 300 K~Ref. 20!# and at
low temperatures this difference can become quite larg6

Voltage dependent band bending is the result of the sp
charge region at the surface of the sample which comp
sates the electric field between the tip and the sample.24 We
will show that at low temperatures this band bending is v
sensitive to localized charges which are induced in the S
contact area.

Figure 2 shows a STM topographic image of the cleav
GaAs~110! surface at a sample voltage of21.5 V. We
clearly distinguish different types of defects superimpos
on the atomic lattice.10 We will restrict ourselves to the in
vestigation of one type of defect, referred to as theA-type
defect. Figures 3~a! and 3~b! show oneA-type defect at dif-
ferent values of the sample voltage. This defect is obser
as a round hillock feature which at negative polarity of t
sample voltage is surrounded by a darker ring. As will
discussed in more detail in Sec. V, the ringlike features
be interpreted in terms of Friedel charge-density oscillatio
which result from the screening of charged defects. The

FIG. 1. Tunneling current as a function of sample voltage m
sured above a defect free area of the GaAs~110! surface.Eg indi-
cates the estimated width of the semiconductor band gap. The
shows two STM images of the GaAs~110! surface at different po-
larity of the sample voltage. The tunneling current is fixed at 20
for the two images.
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tistical distribution of the chargedA-type defects within the
different subsurface layers~see below! indicates that these
defects correspond to the Te dopant atoms. On the o
hand, we note that the two STM images shown in Figs. 3~a!
and 3~b! look very similar to voltage dependent STM imag
of substitutional SiGa dopant atoms for the GaAs~110!
surface.4,9,10 We conclude that theA-type defects appearin
in Fig. 2 are substitutional TeAs dopant atoms which occup
As lattice sites.

Figure 3~c! is a STM image at a sample voltage of10.5
V of the same TeAs dopant atom shown in Figs. 3~a! and
3~b!. While scanning the area surrounding the dopant at
the image of the dopant atom suddenly switched from a h
ock feature to a depression~the scanning direction is down
wards!. The different topography cannot simply be the res
of a double tip effect or any other mechanical instabili
since we clearly observe continuous atomic rows on the
surface at the left- and right-hand side of the dopant at

FIG. 2. Typical topographic image of the GaAs~110! surface
which includes many atomic scale defects. Subsurface TeAs dopant
atoms have been labeled with the letterA. The defects labeled with
the letterB probably correspond to surface TeAs atoms. The scanned
area measures 41 nm3 41 nm and the gray scale corresponds
0.5 nm height variations between black and white. The sample v
age is21.5 V and the tunnel current has been fixed at 60 pA.

FIG. 3. STM images of a TeAs dopant atom at different values o
the sample voltage:~a! 21.5 V, ~b! 11 V, ~c! 10.5 V, and~d!
11.5 V. The scanned area measures 5.8 nm3 5.8 nm. The tunnel
current is fixed at 20 pA and the scanning direction is downwa
er

,
l-

lt
,
at

.

When increasing the sample voltage to11.5 V, the dopant
image continues to appear as a depression@see Fig. 3~d!#. We
note that the switching of the contrast in Fig. 3~c! only af-
fects the imaging at positive sample voltages, i.e., the Frie
charge-density oscillations at negative sample voltages c
tinue to appear as shown in Fig. 3~a!. The theoretical model
which will be introduced in Sec. IV, allows us to link th
switching of the contrast in Fig. 3~c! to a change of the
localized charges residing on the tip apex and/or the dop
atom.

The different intensities for theA-type defects in Fig. 2
are caused by the fact that the TeAs dopant atoms can be
observed in different layers below the surface.8,9 According
to Zhenget al., dopant atoms at the surface are expected
behave differently from the dopant atoms in the subsurf
layers.9 According to the statistical distribution, theA-type
dopant atoms can be identified as subsurface dopant at
while the B-type defects in Fig. 2 probably correspond
dopant atoms residing at the GaAs surface. The inset of
4 shows the height profiles across threeA-type dopant atoms
located in different layers. The observed corrugations can
grouped in five categories corresponding to the top five s
surface layers. In Fig. 4 we have plotted on a logarithm
scale the average corrugation for the five layers. The ave
corrugation depends exponentially on the depth below
surface. The number of visible layers corresponds to w
other authors have reported for measurements at ro
temperature.8,9 On the other hand, we note that Zhenget al.9

have observed at room temperature a linear dependenc
the corrugation height on the layer number for Si dop
atoms. The exponential dependence at low temperatures
be caused by a spatial localization of the probed elect
states which becomes more pronounced with decreasing
perature.

Figure 5~a! shows the normalized conductance curv
(dI/dV)/(I /V) which have been obtained in the vicinity of
TeAs dopant atom. The curves have been averaged within
indicated three square areas around a TeAs dopant atom lo-
cated in the first subsurface layer. After averaging about
measuredI (V) curves within one area, the differential con
ductancedI/dV is obtained numerically and normalized

lt-

s.

FIG. 4. Exponential dependence of the average corruga
height on the subsurface layer number. The inset shows the filt
cross sections through three TeAs dopant atoms which are observe
in the upper three subsurface layers.
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2622 PRB 60A. DEPUYDT et al.
Several larger and smaller peaks can be observed insid
semiconductor band gap. The position as well as the in
sity of these peaks strongly depends on the surface
which is being probed. We will show that the peaks refl
the presence of localized states which can be associated
defects and/or the tip apex. When compared to room t
perature, the influence of localized states becomes m
dominant in the tunneling process at low temperatures
cause of the low relaxation rate for the electrons. The
evance of states localized at the tip apex is illustrated by
two normalized conductance curves in Fig. 5~b!. The data
have been obtained above an atomically flat, defect free
on the GaAs surface with two different STM tips. The pre
ence of a peak in the tunneling conductance near the b
gap edge is obvious for one tip, while this peak is absent
the other tip used in the experiment. The fact that two d
ferent STM tips can result in different conductance curve
consistent with a change of the charge localized at the

FIG. 5. ~a! Spatially resolved normalized conductan
(dI/dV)/(I /V) as a function of sample voltage in the vicinity of
TeAs dopant atom. The conductance curves are calculated num
cally after averaging about 70 measuredI (V) curves obtained
within the three square areas which are indicated in the inset.
inset shows a tunneling current picture of 253 25 points of the
dopant atom at a fixed tip-sample distance and at a sample vo
of 21.5 V. The scanned area measures 5.8 nm3 5.8 nm. ~b!
Normalized conductance (dI/dV)/(I /V) above a defect free area o
the GaAs~110! surface for two different STM tips.
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apex. A theoretical model which takes into account su
charging effects is presented in Sec. IV below.

As discussed in Sec. II, the doping with Te atoms p
vides a metallic conductivity in our GaAs samples even
low temperatures. The ionized Te atoms correspond to a
calized charge which is screened by the conduction e
trons. This gives rise to the presence of Friedel char
density oscillations which became already visible in Fig
and in Fig. 3. Figure 6 shows a detailed STM image o
TeAs dopant atom on the GaAs~110! surface taken at a
sample voltage of21.5 V. In order to highlight the pres
ence of the Friedel charge-density oscillations, the ato
corrugation of the image has been filtered out digitally. T
ringlike structures are very similar to the Friedel oscillatio
appearing on the GaAs~110! surface around Si dopan
atoms.10 As discussed in more detail in Sec. V, the ima
shown in Fig. 6 cannot be simply related to the stand
screening model for the bulk material.27 According to this
model, the oscillation period should be given by half the bu
Fermi wave vector:lF/2.10.5 nm for the carrier density
obtained from the Hall effect~see Sec. II!, while the oscilla-
tion period inferred from Fig. 6 is 3.3 nm.

IV. THEORETICAL MODEL

The conductivity of a tunnel junction between a semico
ductor and a metal tip is usually calculated by relying on
concept of band bending.24 The position of the energy band
is determined by the electrostatic potential which is related

ri-

he

ge

FIG. 6. ~a! STM image of a TeAs dopant atom taken at a samp
voltage of21.5 V. The contribution of the atomic lattice has be
filtered out. ~b! Cross section of the STM topography along t
white line indicated in~a!.
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the charge density through Poisson’s equation. Integratio
Poisson’s equation gives the band bending in the semic
ductor. An essential assumption is that the Fermi-Dirac
tistics can be used to determine the equilibrium electron
cupation numbers from which the charge-density distribut
is obtained. In a nanoscale tunnel junction, the current ca
influenced and even be dominated by tunneling through
calized states which can be present at the semiconductor
face as well as at the tip apex.16 At low temperatures we
have to take into account the finite relaxation rate of
electrons occupying the localized states. The electron di
bution will be out of equilibrium and an additional charg
can appear in the tunnel contact area due to the presen
the localized states.6 This additional charge will influence th
local electronic spectrum. In order to describe this influen
we propose a theoretical model which is a generalization
previously used approaches and includes both nonequ
rium effects and the influence of localized states in the tun
contact area.

The influence of an additional localized charge on
tunneling characteristics has to be treated self-consistent
is necessary to take into account both a Hubbard type re
sion between localized electrons as well as the electros
potential at the semiconductor surface due to the locali
charge. This is imposed by the fact that both the typi
tip-sample separation and the typical radius of a locali
state are comparable to the inter-atomic distance. The C
lomb interaction of the Hubbard type shifts the energy of
localized state by an amountU.e2/a0, wherea0 is the ra-
dius of the localized state. Next, a potentialW has to be
introduced to describe the interaction of the electrons at
semiconductor surface with the additional charge presen
the localized state.28 In general, the exact calculation of th
Coulomb potential at a semiconductor surface is very co
plicated because one needs to know both the geometry o
tunnel contact and the distribution of the electric field in t
contact area. There are two limiting cases for which the c
culations can be simplified, but are still able to reproduce
main characteristic features of the tunneling conductivity a
the STM imaging. In the limit of strong screening, when t
effective radius of the potential is of the order of the inte
atomic distance, one can treatW as a pointlike potential. In
the limit of weak screening, when the effective radius of t
potential is much larger than the inter-atomic distance
the tunnel contact size, the potentialW at the semiconducto
surface stays approximately constant in the vicinity of
contact. Here, we will restrict ourselves to the case of str
screening.

The extra charge residing on the localized states and
tunneling conductivity can be obtained from a self-consist
approach based on the diagram technique for nonequilibr
processes.29 In order to describe the tunneling processes fo
STM junction in the presence of a localized state, we us
model which includes three subsystems: an ideal semic
ductor, a localized electronic level~connected with a surfac
defect or with a tip apex state!, and a normal metal~the STM
tip!. The subsystems are connected by tunneling matrix
ments. We add an interaction of the semiconductor electr
with a thermal bath in order to take into account a fin
relaxation rate for the electrons. We consider such a fi
relaxation rate only for the semiconductor electrons: T
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electrons in the metallic electrode~STM tip! are assumed to
be in thermal equilibrium.

Figure 7 gives a schematic view of the tunnel junction
are considering. The thermal bath is connected to the se
conductor via a relaxation rateg. The expression for the
tunneling conductivity turns out to be less sensitive to
details of the connection~pointlike connection or a distribu
tion of scattering centers!.29 The initial position of the local-
ized state in the absence of any tip-sample interaction co
sponds to an energy«d

0 . The STM contact induces a shift o
the localized state towards a voltage dependent energy«d .
We want to stress that in our model the localized state can
principle, be any state which is localized within the tunn
junction area. In our STM/STS measurements the locali
state can, e.g., be a surface impurity state or a state loca
at the tip apex. In the example illustrated in Fig. 7 the loc
ized state has been assigned to the tip apex and is conn
to the bulk of the metallic tip metal via a relaxation rateg0.
The localized state is connected to the semiconductor e
trode via the tunneling rateG.

Figure 8 shows some typical results of our numeri
evaluation of the analytical expression for the tunneling c
ductivity. Each curve corresponds to a set of typical valu
for the relaxation ratesg and g0, the tunneling rateG, and
the initial position«d

0 of the localized state. All the relevan
parameters are expressed in units of the energyD which
corresponds to half the semiconductor band gap, i.e.,Eg/2
~see Fig. 7!. The initial model density of states of the sem
conductor is shown by the dotted line in Fig. 8. As indicat
in Fig. 7, the bands are assumed to have a width 4D. The
on-site Hubbard repulsionU;e2/a0 is about 0.521 eV for
a localization radiusa0.0.521 nm. For our calculations
we have takenU5D. A similar choiceW5D has been made
for the semiconductor surface Coulomb potential. The qu
tative features of the tunneling conductivity are insensitive
variations of the Coulomb parametersU and W for reason-
able choices of these parameters. For the numerical eva

FIG. 7. Schematic diagram of a nanoscale tunnel junction
tween a semiconductor surface and a metallic tip.EC andEV are the
semiconductor conduction-band edge and valence-band edge
spectively. The width of the semiconductor band gap,EC2EV , is
represented by the symbol 2D, while the conduction and valenc
band are assumed to have a width 4D. «d corresponds to the~volt-
age dependent! position of an electron state which is localize
within the tunnel junction area.G is the tunneling rate, whileg is
the relaxation rate for the electrons in the semiconductor electr
andg0 is the relaxation rate for the localized state due to its hybr
ization with the metallic tip.
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2624 PRB 60A. DEPUYDT et al.
tion two different situations have been investigated:~i! The
initial position«d

0 of the localized state is inside the band g
~Fig. 8, curve 1!, and~ii ! the initial position«d

0 of the local-
ized state is in the conduction or the valence band~Fig. 8,
curves 2 and 3!.

The calculated conductivity curves obviously differ fro
the standard tunneling conductivity curves which are
pected for STS measurements. Our calculations clearly
veal a shift of the band-gap edges which becomes more
nounced when decreasing the relaxation rates~Fig. 8, curves
2 and 3!. The nonequilibrium electron distribution leads to
charge accumulation on the localized state with initial ene
«d

0 . Due to the Coulomb repulsion this results in a shift
the level to a position«d , where the shift«d2«d

0 is compa-
rable to the value of the band gapEg52D. Despite its initial
energy, the localized state can emerge as a peak nea
band gap edge~Fig. 8, curve 1!. Near the band gap edge, th
tunneling current rapidly grows with increasing tunneli
voltage, implying major changes in the charge residing
the localized state. The exact location of the conducta
peak is sensitive to variations of the parametersG, g, g0 and
«d

0 , which determine the value of the induced charge. A
cording to our calculations, the peak is not influenced by
position of the Fermi level relative to the band gap edge

Our theoretical model can be generalized to the c
where there exist several localized states which are c
nected with the STM tip apex and/or with a defect in t
tunnel junction area. Taking into account the induc
charges connected with all the localized states, one exp
to observe several peaks in the tunneling conductivity.
nally, from our theoretical analysis we can draw the imp
tant conclusion that a peak in the tunneling conductance
also appear above an atomically flat surface area, provid
localized state is present at the apex of the STM tip.

V. DISCUSSION

Our low-temperature STM/STS study of the GaAs~110!
surface reproduces several of the basic features which

FIG. 8. Calculated tunneling conductivity curves obtained
different values of the parameters«d

0 , G, g, andg0 which charac-
terize a nanoscale STM junction~see Fig. 7! . All quantities are
measured in units of half the initial width of the semiconduc
band gap.~1! «d

0520.6D, G50.01D, g50.1D, g050.1D; ~2! «d
0

52.4D, G50.01D, g50.25D, g050.3D; ~3! «d
052.6D, G50.01D,

g50.05D, g050.05D. The dotted line corresponds to the initi
model density of states~DOS!.
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been reported for room-temperature experiments. These
tures include the imaging of the Ga and As sublattice as w
as the possibility of identifying dopant atoms and oth
atomic scale defects. On the other hand, our low-tempera
experiments reveal specific features which cannot be
served or are less pronounced at room temperature. As
cussed in Sec. IV, an unusual behavior of the tunneling c
ductivity in low-temperature STM/STS experiments can
associated with the presence of localized states in the n
scale junction area. While our model cannot provide a co
plete, quantitative understanding of the results, we are ab
provide a qualitative understanding of the specific featu
which appear at low temperatures.

The charge residing on localized states associated
surface impurities causes a local change of band bend
which leads to the observed contrast when imaging a dop
impurity ~see Fig. 3!. Our theoretical model also indicate
that a charge associated with a localized state at the tip a
can have a strong influence on the image contrast. Due to
Coulomb interaction, the energy of a localized state in
tunnel junction area will be shifted when the charge on
localized state changes. Therefore, the STM image con
also depends on the modification of the initial electron
spectrum by the extra localized charge. This implies tha
self-consistent treatment of the tunneling process~see Sec.
IV ! is required to understand the voltage dependence of
contrast when imaging an impurity~see Fig. 3!. The details
of this voltage dependence can obviously be different
different experiments.

The sudden change of the contrast in Fig. 3~c! can be
explained in terms of a change in the charge which is loc
ized at the tip apex or on the impurity atom. On the oth
hand, in the absence of any sudden variation in the locali
charges, the voltage dependence of the contrast is compl
reproducible.

As illustrated in Fig. 5, the experimental results for t
tunneling conductivity strongly depend on the investiga
area as well as on the tip which is being used. In Sec. IV
have indicated that the presence of several peaks in the
neling conductivity can be associated with the influence
several localized states. These localized states may be a
ciated with a dopant atom or with the tip apex, but the Ga
surface states can also result in a set of additional states
initial energies lying in the conduction or the valence ban
Charging effects are able to shift these surface states into
band gap and give rise to peaks in the tunneling conductiv
Because the charge accumulated on a localized state is
termined by the relaxation and tunneling rates, it will al
depend on the tip-sample and the tip-defect distance.
changing the STM tip position, one can obtain tunneli
conductance curves where the position and the height of
peaks can be very different. The influence of the tip posit
on the conductance peaks is illustrated in Fig. 5~a!. As
shown in Fig. 5~b!, a conductance peak can also be pres
for an atomically flat surface. According to our theoretic
model such a peak can be directly related to the charge
siding on a localized state at the tip apex. We note that
experimental conductance curves shown in Fig. 5 also al
us to verify the shift of the semiconductor band-gap ed
which is predicted by our model.

In our experiments Friedel charge-density oscillations c
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only be observed at negative sample voltages. The abs
of the oscillations at positive voltages is caused by ba
bending which results in a depletion of the surface area a
shift of the Fermi level away from the conduction band10

Electrons, which are able to screen the positive charge of
ionized Te dopant atoms, are only present at negative sam
voltages. As mentioned in Sec. III, the Friedel oscillatio
shown in Fig. 6 cannot be simply explained in terms of t
standard screening model. This is not surprising, since
image shown in Fig. 6 is obtained at one particular sam
voltage. The standard model, which predicts that the osc
tion period is given bylF/2, takes into account conductio
electrons with all possible energies.27 A detailed fitting of the
observed Friedel oscillations requires an exact knowledg
the two-dimensional band structure of the GaAs surface.
ditional complications arise because the tip-sample sep
tion ~about 0.5 nm! does not exceed the width of the ringlik
structures around the Te impurity~more than 2 nm for
GaAs!. Therefore, charged states at the tip apex are likely
modify the distribution of the electron density and the cor
sponding STM image of the Friedel oscillations. On t
other hand, the number of screening electrons below
Fermi level in the surface region depends on the local b
bending which is determined both by the applied voltage
the presence of localized charges in the tunnel junction a
~see Sec. IV!. Finally, the distance between neighboring do
ant atoms is comparable to the screening length. This
result in a superposition of the Friedel oscillations caused
different dopant atoms. The fact that the Friedel oscillatio
shown in Fig. 6~a! tend to be deformed at larger distances
probably related to this superposition of oscillations.

VI. CONCLUSION

We have studiedn-type GaAs single crystals which ar
doped with Te atoms. The electrical transport properties
veal a metallic behavior of the GaAs crystals down to liqu
helium temperatures. We have performed voltage depen
imaging and spatially resolved spectroscopy on the~110!
ett
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surface of thein situ cleaved crystals by means of a low
temperature scanning tunneling microscope. The larger f
tion of the atomic scale defects are identified as subst
tional TeAs dopant atoms. These dopant atoms can
observed in the surface layer as well as in the next f
subsurface layers and become surrounded by Friedel cha
density oscillations at negative sample voltages.

We have developed a theoretical model which qual
tively accounts for the voltage dependent contrast of
STM topographic images. The model also provides an ex
nation for the conductance peaks which appear in the se
conductor band gap and appear very differently when cha
ing the tip position. Our model is based on the presence
charges residing on localized states in the tunnel junc
area. The charges appear because of the nonequilibrium
tron distribution in the STM contact area which results fro
a finite relaxation rate for the electrons at low temperatur
The localized charges are not only associated with the
dopant atoms or with other atomic scale defects, but a
appear on states which are localized at the tip apex.
presence of localized states at the tip apex allows us to
derstand tip dependent anomalies which can even be
served on atomically flat surface areas.
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