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We have performed voltage dependent imaging and spatially resolved spectroscopytiOxiseirface of
Te-doped GaAs single crystals with a low-temperature scanning tunneling micrg&ode 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 th&0Gsusgace
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.
[S0163-18209)08427-1

I. INTRODUCTION interactions. These interactions result in considerable shifts
of the allowed energy levels, where deep lying levels may be
Since its introduction, scanning tunneling spectroscopydriven through the Fermi levéf~*° Localized states cannot
(STS was expected to reveal the electronic structure of surenly be connected with the sample surfAdayt also appear
faces with a spatial resolution of the order of the interatomicat the tip apex® Because the radii of the localized states are
distancet When combined with scanning tunneling micros- of the order of the contact area, the tunneling current in STM
copy (STM) imaging, STS is a powerful tool for studying the and STS experiments can be dominated by electron transport
influence of lattice defects and impurities on the local electhrough one single localized stdteTherefore, we have to
tronic structure. Magnetic impurities in normal mefals  take into account the finite relaxation rate of the electrons
well as superconductotsor defects in semiconducting which occupy the localized states. At low temperatures the
material§~’ have been studied. relaxation rate may become comparable to the tunneling rate
The surface of the 111-V compound semiconductor GaAsfor the electrons which will be driven out of equilibriutfi.
has been investigated extensively. STM and STS measurdhe low relaxation rate will give rise to the appearance of
ments have provided detailed information on the local eleclocalized charges in the contact area which strongly influ-
tronic structure of dopant atoms and other atomic scale deence the position of the localized states with respect to the
fects. Johnsoret al® showed by voltage dependent STM Fermi energy.
imaging at room temperature that substitutional Zn and Be In the present paper, we present the results of our low-
dopant atomsgacceptorsat the surface and in the upper sub- temperature STM/STS investigation of Te-doped GaAs crys-
surface layers influence the electronic structure of the GaAtals which are cleaved along tl#&10) plane. By STM imag-
(110 surface. Zhengt al® and Domkeet al* obtained simi- ing at different voltages and polarities, we are able to
lar results for substitutional Si dopant atofdsnors. Atlow  distinguish different types of defects which can be located in
temperatures, Van der Wieleat all® observed Friedel different subsurface layers. The main type of defect is iden-
charge density oscillations around Si dopant atoms near thtified as am-type substitutional dopant atom, fe i.e., a Te
GaAs surface. Other groups have reported on the presence atfom occupying an As lattice site. The STM images of the
atomic scale defects at the cleaved GAA$§) surface by dopant atoms depend on the applied sample voltage. We
STM at room temperature. The geometric and electronihave also obtained spatially resolved spectroscopy curves for
structure of As vacanciés;*2dopant-vacancy complexes different positions of the tip in the vicinity of a Te impurity.
and As antisite defecthave been identified. The differential conductance curves show the presence of
The experienced difficulties of reproducibility indicate, peaks inside the semiconductor band gap. The position and
however, that the application of combined STS and STMheight of the peaks depend on the position of the tip with
measurements requires a detailed knowledge of the relevargspect to the impurity. We will argue that both the topo-
physical processes governing the behavior of nanoscale tugraphic STM images and the conductivity curves reflect the
nel junctions. For nanoscale junctions the local density oforesence of charges which are localized in the tunnel junc-
states in the contact area is strongly altered by tip-sampléon area. As already indicated above, the localized charges
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are the combined result of the presence of localized states I
within the nanoscale tunnel junction area and the nonequilib-

rium electron distribution which is caused by the low relax- 0.6
ation rate at low temperatures. Differential conductance

curves taken above a defect free surface area with different L
STM tips confirm that also the tip contains localized states

which can be charged. The appearance and position of the
conductance peaks within the band gap can be linked to the
complicated voltage dependence of the charging effects. Fi-
nally, at negative sample voltages we clearly observe Friedel
charge-density oscillations around the ionized Te dopant at-
oms.
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Il. EXPERIMENT

The STM and STS data have been obtained with a home-
built low-temperature STM with anin situ cleavage 02
mechanisnt® The samples are-type GaAs single crystals
which are doped with Te. The nominal concentration of Te L
atoms is 5¢10'” cm 3. It is well known that Te acts as a

donor dopant atom which occupies an As lattice positfon. 0.4+ .
At our relatively low doping level, compensation effécts o
may be neglected. The crystals are cleaved along1h6é) 5 1 0 1 )
plane after cooling down to liquid-helium temperature. The

partial vapor pressure of oxygen is extremely low at this Sample Voltage (V)

temperature, implying that surfaces like the GélA%) sur-
face will stay atomically clean for many days. All the STM

and STS measurements are done witil3b tips, cutex situ cates the estimated width of the semiconductor band gap. The inset

with scissors. shows two STM images of the Ga@40) surface at different po-

O_ur s_amples_ contain Ohmic contacts obt_ained by therI'arity of the sample voltage. The tunneling current is fixed at 20 pA
modiffusion which allow us to perform electrical transport ¢, the two images.

measurements. From Hall measurements we have deter-

mineg thaESthe density of electrical carriers @K is 8.9  age. A high doping level and/or voltage dependent band
X 10"" cm 2, which is sufficient to result in metallic con- bending* can result in the presence of occupied states in the
ductivity at low temperature%. Te is a shallow impurity for conduction band. In that case, depending on the applied volt-

GaAs, i.e., the Te atom occupying an As lattice site providegge, both the Ga and the As sublattice will contribute to the
a 5s electron which is weakly bound to a positively chargedSTM images>

Te ion. The localization radius for such a 5s valence electron Figure 1 shows the current versus voltage characteristic
is about 7 nm. At doping levels exceeding 4.50'" cm ®  ahove an atomically flat area of the GdAs0) surface. Due
the orbitals from neighboring doping atoms will overlap, to the voltage dependent band bending, the measured band
providing metallic conductivity with a Fermi level close to gap tends to be larger than the bulk vafugfor GaAs Eq
the edge of the conduction band. The metallic behavior 0t-1 52 ev at 5 KE,=1.43 eV at 300 K(Ref. 20] and at
our samples is confirmed by the temperature dependence @w temperatures this difference can become quite 1&rge.
the conductivityo(T) — o(T—0) T (Ref. 22 with an ex-  Voltage dependent band bending is the result of the space-
trapolated conductivityo(T—0)=1200 Q~* cm™*. The charge region at the surface of the sample which compen-
high quality of our GaAs crystals also allows us the obsersates the electric field between the tip and the saiiplée
vation of Shubnikov—de Haas oscillations in the magneticwill show that at low temperatures this band bending is very
field dependence of the low-temperature conductivity. sensitive to localized charges which are induced in the STM
contact area.

Figure 2 shows a STM topographic image of the cleaved
GaAq110 surface at a sample voltage 6f1.5 V. We

The (110 GaAs surface has a simpléx1) structural re- clearly distinguish different types of defects superimposed
laxation which leads to surface states located outside of then the atomic latticé® We will restrict ourselves to the in-
semiconductor band gap. Unoccupied Ga and occupied Agestigation of one type of defect, referred to as Bgype
surface states can be found above and below the band gagefect. Figures @& and 3b) show oneA-type defect at dif-
respectively. Therefore, the STM image of the cléan0)  ferent values of the sample voltage. This defect is observed
GaAs surface taken at positive and negative sample voltagess a round hillock feature which at negative polarity of the
is within a first order approximation determined by the Gasample voltage is surrounded by a darker ring. As will be
and As sublattices, respectiveéfyThis is illustrated in the discussed in more detail in Sec. V, the ringlike features can
inset of Fig. 1 which shows two STM pictures of the be interpreted in terms of Friedel charge-density oscillations
GaAg110) surface at opposite polarity of the tunneling volt- which result from the screening of charged defects. The sta-

FIG. 1. Tunneling current as a function of sample voltage mea-
sured above a defect free area of the GaA§ surface.Eq indi-

Ill. EXPERIMENTAL RESULTS
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FIG. 2. Typical topographic image of the GaA%0 surface Subsurface layer

which includes many atomic scale defects. Subsurfagg depant FIG. 4. Exponential dependence of the average corrugation

atoms have been labeled with the letéerThe defects labeled with . ; 4
height on the subsurface layer number. The inset shows the filtered
the letterB probably correspond to surface L@atoms. The scanned . .
cross sections through threeL&opant atoms which are observed

area measures 41 nm41 nm and the gray scale corresponds toin the upper three subsurface lavers
0.5 nm height variations between black and white. The sample volt- PP yers.

age is—1.5 V and the tunnel current has been fixed at 60 pA. When increasing the sample voltage td.5 V, the dopant

image continues to appear as a depresser Fig. &d)]. We
tistical distribution of the chargef-type defects within the note that the switching of the contrast in FigcBonly af-
different subsurface layersee below indicates that these fects the imaging at positive sample voltages, i.e., the Friedel
defects correspond to the Te dopant atoms. On the othgharge-density oscillations at negative sample voltages con-
hand, we note that the two STM images shown in Figa) 3 tinue to appear as shown in Figad The theoretical model,
and 3b) look very similar to voltage dependent STM imageswhich will be introduced in Sec. 1V, allows us to link the
of substitutional Si, dopant atoms for the GafklO  switching of the contrast in Fig.(8 to a change of the
surface®®*®We conclude that thé-type defects appearing localized charges residing on the tip apex and/or the dopant
in Fig. 2 are substitutional Tyg dopant atoms which occupy atom.
As lattice sites. The different intensities for thé-type defects in Fig. 2

Figure 3c) is a STM image at a sample voltage 0.5  are caused by the fact that the JJalopant atoms can be
V of the same Tg, dopant atom shown in Figs.(® and  observed in different layers below the surfd¢eAccording
3(b). While scanning the area surrounding the dopant atomyo Zhenget al,, dopant atoms at the surface are expected to
the image of the dopant atom suddenly switched from a hillbehave differently from the dopant atoms in the subsurface
ock feature to a depressigthe scanning direction is down- layers? According to the statistical distribution, th&type
wards. The different topography cannot simply be the resultdopant atoms can be identified as subsurface dopant atoms,
of a double tip effect or any other mechanical instability, while the B-type defects in Fig. 2 probably correspond to
since we clearly observe continuous atomic rows on the flaflopant atoms residing at the GaAs surface. The inset of Fig.
surface at the left- and right-hand side of the dopant atom4 shows the height profiles across thiegype dopant atoms
located in different layers. The observed corrugations can be
grouped in five categories corresponding to the top five sub-
surface layers. In Fig. 4 we have plotted on a logarithmic
scale the average corrugation for the five layers. The average
corrugation depends exponentially on the depth below the
surface. The number of visible layers corresponds to what
other authors have reported for measurements at room
temperatur&® On the other hand, we note that Zheetgal °
have observed at room temperature a linear dependence of
the corrugation height on the layer number for Si dopant
atoms. The exponential dependence at low temperatures may
be caused by a spatial localization of the probed electron
states which becomes more pronounced with decreasing tem-
perature.

Figure 5a) shows the normalized conductance curves
(d1/dV)/(1/V) which have been obtained in the vicinity of a
Tess dopant atom. The curves have been averaged within the

FIG. 3. STM images of a Tg dopant atom at different values of indicated three square areas around g B®pant atom lo-
the sample voltagefa) —1.5 V, (b) +1 V, (c) +0.5 V, and(d)  cated in the first subsurface layer. After averaging about 70
+1.5 V. The scanned area measures 5.8>188 nm. The tunnel measured (V) curves within one area, the differential con-
current is fixed at 20 pA and the scanning direction is downwardsductanced!/dV is obtained numerically and normalized.
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FIG. 6. (a) STM image of a Tgs dopant atom taken at a sample
voltage of—1.5 V. The contribution of the atomic lattice has been
filtered out. (b) Cross section of the STM topography along the

Sample Voltage (V) white line indicated in(@).

, ) apex. A theoretical model which takes into account such
FIG. 5. (a) Spatially resolved normalized conductance charging effects is presented in Sec. IV below.

(dl/dV)/(1/V) as a function of sample voltage in the vicinity of a As discussed in Sec. II, the doping with Te atoms pro-

Te, dopant atom._The conductance curves are calculated_ NUMeNiz s a metallic conductivity in our GaAs samples even at
cally after averaging about 70 measurg@/) curves obtained

low temperatures. The ionized Te atoms correspond to a lo-

within the three square areas which are indicated in the inset. Thgalized charge which is screened by the conduction elec-
inset shows a tunneling current picture of 235 points of the 9 y

dopant atom at a fixed tip-sample distance and at a sample voltag} ons. This gives nse _to the presence of '_:r_lede! Ch_arge-
of —1.5 V. The scanned area measures 5.8>xn&8 nm. (b) ensity oscillations which became already visible in Fig. 2

Normalized conductancal(/dV)/(1/V) above a defect free area of @nd in Fig. 3. Figure 6 shows a detailed STM image of a
the GaA$110 surface for two different STM tips. Tens dopant atom on the GaiklO surface taken at a
sample voltage of-1.5 V. In order to highlight the pres-

Several larger and smaller peaks can be observed inside t@ce of the Friedel charge-density oscillations, the atomic
semiconductor band gap. The position as well as the intercorrugation of the image has been filtered out digitally. The
sity of these peaks strongly depends on the surface aremglike structures are very similar to the Friedel oscillations
which is being probed. We will show that the peaks reflectappearing on the GaAkl0 surface around Si dopant
the presence of localized states which can be associated wigioms!® As discussed in more detail in Sec. V, the image
defects and/or the tip apex. When compared to room temshown in Fig. 6 cannot be simply related to the standard
perature, the influence of localized states becomes morscreening model for the bulk materfdl According to this
dominant in the tunneling process at low temperatures bemodel, the oscillation period should be given by half the bulk
cause of the low relaxation rate for the electrons. The relfFermi wave vectora/2=10.5 nm for the carrier density
evance of states localized at the tip apex is illustrated by thgbtained from the Hall effedisee Sec. )| while the oscilla-
two normalized conductance curves in Figb)s The data tjon period inferred from Fig. 6 is 3.3 nm.

have been obtained above an atomically flat, defect free area

on the GaAs surface with two different STM tips. The pres- IV. THEORETICAL MODEL

ence of a peak in the tunneling conductance near the band-

gap edge is obvious for one tip, while this peak is absent for The conductivity of a tunnel junction between a semicon-
the other tip used in the experiment. The fact that two dif-ductor and a metal tip is usually calculated by relying on the
ferent STM tips can result in different conductance curves isoncept of band bendirf§.The position of the energy bands
consistent with a change of the charge localized at the tijis determined by the electrostatic potential which is related to
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the charge density through Poisson’s equation. Integration of Thermal Semiconductor STM tip

Poisson’s equation gives the band bending in the semicon- bath

ductor. An essential assumption is that the Fermi-Dirac sta-

. . L Ep-eV

tistics can be used to determine the equilibrium electron oc- -
—

cupation numbers from which the charge-density distribution
is obtained. In a nanoscale tunnel junction, the current can be ¥
influenced and even be dominated by tunneling through lo-
calized states which can be present at the semiconductor sur-
face as well as at the tip apé%At low temperatures we
have to take into account the finite relaxation rate of the
electrons occupying the localized states. The electron distri-
bution will be out of equilibrium and an additional charge
can appear in the tunnel contact area due to the presence of FIG. 7. Schematic diagram of a nanoscale tunnel junction be-
the localized statesThis additional charge will influence the tween a semiconductor surface and a metalliciipandEy are the
local electronic spectrum. In order to describe this influencesemiconductor conduction-band edge and valence-band edge, re-
we propose a theoretical model which is a generalization o$pectively. The width of the semiconductor band dap;-Ey, is
previous|y used approaches and includes both nonequ”iﬂ_epl’esented by the symboﬁZ while the conduction and valence
rium effects and the influence of localized states in the tunnepand are assumed to have a width.44 corresponds to thevolt-
contact area. age dependeptposition of an electron state which is localized
The influence of an additional localized charge on thewithin the tunnel junction ared: is the tunneling rate, whilg is
tunneling characteristics has to be treated self-consistently. |f€ rélaxation rate for the electrons in the semiconductor electrode
is necessary to take into account both a Hubbard type repufl-nd.yo is _the relaxatlon ra_te for the localized state due to its hybrid-
sion between localized electrons as well as the electrostati&® " with the metallic tip.
potential at the semiconductor surface due to the localized . . )
charge. This is imposed by the fact that both the typicaplegtrons in the m.e.tal_llc electrod€TM tip) are assumed to
tip-sample separation and the typical radius of a localized® In thermal equilibrium. o
state are comparable to the inter-atomic distance. The Cou- Figure 7 gives a schematic view of the tunnel junction we

lomb interaction of the Hubbard type shifts the energy of the®® considering. The thermal bath is connected to the semi-
localized state by an amoubt=e?/a,, wherea, is the ra- conductor via a relaxation ratg. The expression for the

dius of the localized state. Next, a potentil has to be tunneling conductivity turns out to be less sensitive to the
introduced to describe the interaction of the electrons at thdetails of the connectiofpointlike connection or a distribu-

. 9 « age e
semiconductor surface with the additional charge present ofion of scattering centeys® The initial position of the local-

the localized stat®® In general, the exact calculation of the 12€d state in the absence of any tip-sample interaction corre-
Coulomb potential at a semiconductor surface is very comSPONds to an energsfj. The STM contact induces a shift of
plicated because one needs to know both the geometry of tHe localized state towards a voltage dependent enejgy
tunnel contact and the distribution of the electric field in theWe want to stress that in our model the localized state can, in
contact area. There are two limiting cases for which the calPrinciple, be any state which is localized within the tunnel
culations can be simplified, but are still able to reproduce thdunction area. In our STM/STS measurements the localized
main characteristic features of the tunneling conductivity andtate can, e.g., be a surface impurity state or a state localized
the STM imaging. In the limit of strong screening, when theat the tip apex. In the example illustrated in Fig. 7 the local-
effective radius of the potential is of the order of the inter-ized state has been assigned to the tip apex and is connected
atomic distance, one can treatas a pointlike potential. In  to the bulk of the metallic tip metal via a relaxation ratg
the limit of weak screening, when the effective radius of theThe localized state is connected to the semiconductor elec-
potential is much larger than the inter-atomic distance androde via the tunneling rate.
the tunnel contact size, the potentislat the semiconductor ~ Figure 8 shows some typical results of our numerical
surface stays approximately constant in the vicinity of theevaluation of the analytical expression for the tunneling con-
contact. Here, we will restrict ourselves to the case of strongluctivity. Each curve corresponds to a set of typical values
screening. for the relaxation ratey and vy, the tunneling ratd’, and

The extra charge residing on the localized states and thée initial positione of the localized state. All the relevant
tunneling conductivity can be obtained from a self-consistenparameters are expressed in units of the enexgwhich
approach based on the diagram technique for nonequilibriurnorresponds to half the semiconductor band gap, Eg2
processe&’ In order to describe the tunneling processes for gsee Fig. 7. The initial model density of states of the semi-
STM junction in the presence of a localized state, we use &onductor is shown by the dotted line in Fig. 8. As indicated
model which includes three subsystems: an ideal semicorin Fig. 7, the bands are assumed to have a widih %he
ductor, a localized electronic lev&donnected with a surface on-site Hubbard repulsiod ~e%/ a, is about 0.5-1 eV for
defect or with a tip apex stateand a normal metdthe STM  a localization radiusay=0.5—1 nm. For our calculations
tip). The subsystems are connected by tunneling matrix elexve have takety = A. A similar choiceW= A has been made
ments. We add an interaction of the semiconductor electrod®r the semiconductor surface Coulomb potential. The quali-
with a thermal bath in order to take into account a finitetative features of the tunneling conductivity are insensitive to
relaxation rate for the electrons. We consider such a finiteariations of the Coulomb parametddsand W for reason-
relaxation rate only for the semiconductor electrons: Theable choices of these parameters. For the numerical evalua-
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been reported for room-temperature experiments. These fea-
tures include the imaging of the Ga and As sublattice as well
as the possibility of identifying dopant atoms and other
atomic scale defects. On the other hand, our low-temperature
experiments reveal specific features which cannot be ob-
served or are less pronounced at room temperature. As dis-
cussed in Sec. IV, an unusual behavior of the tunneling con-
ductivity in low-temperature STM/STS experiments can be
associated with the presence of localized states in the nano-
scale junction area. While our model cannot provide a com-
plete, quantitative understanding of the results, we are able to

T T T
Initial DOS

[a—
o
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e
w

A=TEs/2=(Ec-En)2

Normalized Tunneling Conductivity

0'0 — A ' 2IA 3A N ' SA provide a qualitative understanding of the specific features
. which appear at low temperatures.
Tunneling Voltage The charge residing on localized states associated with

) o ) surface impurities causes a local change of band bending,
. FIG. 8. Calculated tunneling conductivity curves obtained for,, hich leads to the observed contrast when imaging a dopant
different values of the parametesg, T', , and yo which charac- 0 ity (see Fig. 3 Our theoretical model also indicates
terize a nanoscale STM junctidsee Fig. 7. All quantities are o 5 charge associated with a localized state at the tip apex
measured in uguts of half the initial width of the semlcondgctor can have a strong influence on the image contrast. Due to the
t;a; jAgaﬁilo)_g]dg ;gﬁar;gf?%yig)ﬁzyga)1?:82())]‘2“ Coulomb inFeraction, the energy of a localized state in the
'y=0.0éA, y0=0.6EA. The 'dotted Iiné corrgsponds: to the in,itial t““”‘?' Junction area will be shifted when the (_:harge on the
model density of stateéDOS). localized state changes. Thgrefqre, the STI.\/I_llmage contrast
also depends on the modification of the initial electronic
tion two different situations have been investigatég:The  spectrum by the extra localized charge. This implies that a
initial position sg of the localized state is inside the band gapself-consistent treatment of the tunneling procésse Sec.

(Fig. 8, curve }, and(ii) the initial positionsg of the local- IV) is required to understand the voltage dependence of the
ized state is in the conduction or the valence béfig. 8, contrast when imaging an impuritgee Fig. 3. The details
curves 2 and B of this voltage dependence can obviously be different for

The calculated conductivity curves obviously differ from different experiments.
the standard tunneling conductivity curves which are ex- The sudden change of the contrast in Fi¢c)Zan be
pected for STS measurements. Our calculations clearly resxplained in terms of a change in the charge which is local-
veal a shift of the band-gap edges which becomes more prgzed at the tip apex or on the impurity atom. On the other
nounced when decreasing the relaxation rafég. 8, curves  hand, in the absence of any sudden variation in the localized
2 and 3. The nonequilibrium electron distribution leads to a charges, the voltage dependence of the contrast is completely
charge accumulation on the localized state with initial energyenroducible.
eg. Due to the Coulomb repulsion this resul(’gs. in a shift of A jllustrated in Fig. 5, the experimental results for the
the level to a positiorz, where the shifeq— &4 is compa-  tynneling conductivity strongly depend on the investigated
rable to the value of the band g&g=2A. Despite its initial  grea as well as on the tip which is being used. In Sec. IV we
energy, the localized state can emerge as a peak near thgye indicated that the presence of several peaks in the tun-
band gap edgeFig. 8, curve 1. Near the band gap edge, the \\ojing conductivity can be associated with the influence of
tunneling current rapidly grows with increasing tunneling go\era| ocalized states. These localized states may be asso-
voltage, implying major changes in the charge residing Oftjated with a dopant atom or with the tip apex, but the GaAs

theeall()igaigr?g ti\sltaatgv;:}:ti?r(lzcctf It?]%at'g?ar?]fegre cond;ncéancgurface states can also result in a set of additional states with
P b ¥ Y0 initial energies lying in the conduction or the valence band.

&d> \.Nh'Ch determine t.he value of thg mdu_ced charge. AC'Charging effects are able to shift these surface states into the
cording to our calculations, the peak is not influenced by th

" . ! %and gap and give rise to peaks in the tunneling conductivity.
position of the .Ferml level relative to the b‘?‘”d gap edges. Because the charge accumulated on a localized state is de-
Our theoretical model can be generalized to the cas

s . . fermined by the relaxation and tunneling rates, it will also
where there exist several localized states which are COfepend on the tip-sample and the tip-defect distance. By
tnecte? ‘.N'tht.the ST™M t|[13_ e:(pex a_mtd/or with 6: ciﬁfec_t '(;1 th((ajchanging the STM tip position, one can obtain tunneling
unnel junction area. faking Into accoun € Inducedeqnqgyctance curves where the position and the height of the

charges connected with aII' the Iocallzeq states, one .eXpef%%aks can be very different. The influence of the tip position
to observe several peaks in the tunneling conductivity. Fi-

v, f th fical Vs d the | on the conductance peaks is illustrated in Figa)5As
nally, Trom our theoretical ahalysis we can draw the Impor-g,q,,p i, Fig. Bb), a conductance peak can also be present

tant conclusion that a peak n the tunneling conductanqe €3y an atomically flat surface. According to our theoretical

also appear abpve an atomically flat surface area, .prov'dedrﬂodel such a peak can be directly related to the charge re-

localized state is present at the apex of the STM tip. siding on a localized state at the tip apex. We note that the

experimental conductance curves shown in Fig. 5 also allow

us to verify the shift of the semiconductor band-gap edges
Our low-temperature STM/STS study of the G&BRK)  which is predicted by our model.

surface reproduces several of the basic features which have In our experiments Friedel charge-density oscillations can

V. DISCUSSION
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only be observed at negative sample voltages. The absensarface of thein situ cleaved crystals by means of a low-
of the oscillations at positive voltages is caused by bandemperature scanning tunneling microscope. The larger frac-
bending which results in a depletion of the surface area and@on of the atomic scale defects are identified as substitu-
shift of the Fermi level away from the conduction bdfld. tional Te, dopant atoms. These dopant atoms can be
Electrons, which are able to screen the positive charge of thebserved in the surface layer as well as in the next four
ionized Te dopant atoms, are only present at negative sampgibsurface layers and become surrounded by Friedel charge-
voltages. As mentioned in Sec. lll, the Friedel oscillationsdensity oscillations at negative sample voltages.

shown in Fig. 6 cannot be simply explained in terms of the We have developed a theoretical model which qualita-
standard screening model. This is not surprising, since thgvely accounts for the voltage dependent contrast of the
image shown in Fig. 6 is obtained at one particular sampl&STM topographic images. The model also provides an expla-
voltage. The standard model, which predicts that the oscillanation for the conductance peaks which appear in the semi-
tion period is given by /2, takes into account conduction conductor band gap and appear very differently when chang-
electrons with all possible energi&sA detailed fitting of the  ing the tip position. Our model is based on the presence of
observed Friedel oscillations requires an exact knowledge atharges residing on localized states in the tunnel junction
the two-dimensional band structure of the GaAs surface. Adarea. The charges appear because of the nonequilibrium elec-
ditional complications arise because the tip-sample separdron distribution in the STM contact area which results from
tion (about 0.5 nmdoes not exceed the width of the ringlike a finite relaxation rate for the electrons at low temperatures.
structures around the Te impuritfmore than 2 nm for The localized charges are not only associated with the Te
GaAs. Therefore, charged states at the tip apex are likely talopant atoms or with other atomic scale defects, but also
modify the distribution of the electron density and the corre-appear on states which are localized at the tip apex. The
sponding STM image of the Friedel oscillations. On thepresence of localized states at the tip apex allows us to un-
other hand, the number of screening electrons below thderstand tip dependent anomalies which can even be ob-
Fermi level in the surface region depends on the local banderved on atomically flat surface areas.

bending which is determined both by the applied voltage and
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