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Physics of imagingp-n junctions by scanning tunneling microscopy and spectroscopy

N. D. Jayer! M. Marso? M. Salmerort E. R. Webef* K. Urban! and Ph. Ebett*
lnstitut fir Festkaperforschung, Forschungszentrumlidh GmbH, 52425 Jich, Germany
2Institut fir Schichten und Grenzithen, Forschungszentrumiliilh GmbH, 52425 Jiich, Germany
SMaterials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720
“Department of Materials Science, University of California, Berkeley, California 94720
(Received 24 June 2002; published 10 April 2D03

Combined voltage-dependent scanning tunneling micros€8p) images with atomic resolution, local
scanning tunneling spectroscopy, and simulations of the potential distribution in the interface-STM tip system
are used to extract the physical imaging mechanisms of G@aAsnterfaces in STM images. It is shown that
(i) the tip-induced changes of the potential near the interface result in the tunneling characteristigstgpthe
(n-type) layer being dragged into the interfaces’ depletion region at positiegative sample voltage(ii)

This leads to a considerable reduction of the apparent width of the image of the depletion zone in STM images.
(iii) At small negative sample voltages, a pronounced depression line appears. The depression is directly
correlated with the electronic interface. It arises from the interplay of competing current contributions from the
valence and conduction bands. This understanding of the imaging process allows us to develop methods on
how to extract accurate physical data about the properties of the electronic interfaces from scanning tunneling
microscopy images.

DOI: 10.1103/PhysRevB.67.165307 PACS nuniber73.61.Ey, 68.37.Ef

I. INTRODUCTION trahigh vacuum. Such surfaces are free of surface states, very
reproducible, and allow imaging gf-n interfaces by STM
The performance of semiconductor devices is to a largavith atomic resolutiorf:***

degree governed by build-in band discontinuities and elec- In this paper, we address the physical imaging mecha-
trostatic potentials. The smaller the devices get, the morgisms of GaAsp-n interfaces by measuring voltage depen-
accurate measurements of these potential variations at intedent STM images with atomic resolution combined with
faces need to be. Of particular interest are their spatial poskcanning tunneling spectroscopy. These measurements and
tion, strength, and extension. Scanning tunneling microscopgomplementary simulations of the potential of the interface-
(STM) has proven to be a very successful tool for the charSTM tip system allow us to conclude thdit the changes the
acterization of interfaces in semiconductor multilayer struc-potential distribution near the interface induced by the
tures. These investigations are done mostly on cleavage suip®?*? shifts the tunneling characteristics of tietype
faces in a cross-sectional geometry, where the tip images tHg@-type) layer into the interfaces’ depletion region at positive
different layers on a surface perpendicular to the growtHnegative sample voltage. Consequently, the transition re-
direction! This technique made it possible to image andgion in the STM image does not coincide with the true deple-
identify, e.g., p-n junctions in Si and [lI-V tionregion and the apparent width of the image of the deple-
semiconductor$:® Although quantitative measurements of tion zone in STM images is reduced consideraliy. At
potential variations crucially require a physical understandsmall negative sample voltages, a pronounced depression
ing of the imaging process @-n interfaces, this task turned line appears. The depression is directly correlated with the
out to be very difficult. First, the contrast pf andn-doped  electronic interface. It arises from the interplay of competing
layers varies considerably between different reported measurrent contributions from the valence band and the conduc-
surements even under identical tunneling conditfbifsSec-  tion band.
ond, many measurements were performed on Si suffates  Taking these physical imaging mechanisms into account
or on passivated surface8 Silicon surfaces have, however, we show thati) the location of the electronic interface itself,
pronounced bands of surface states in the band gap, whidte., the plane where the Fermi energy crosses the midgap
pin the Fermi energy position and dominate the contrast oposition andii) thereal bulkwidth of the depletion zone can
the STM images, such that it becomes difficult to characterbe extracted accurately from STM images, althoughape
ize the underlyingp-n interfaces. Passivating Si or Ill-V parentwidth of the depletion zone in the STM images is
semiconductor surfaces is a very complicated task althoug@lways too small.
well established. In particular the electronic properties are
d_ifficult to obtain reproducibly aqd so far no atomip resolu- Il EXPERIMENT
tion has been obtained for any interface on passivated sur-
faces. In addition the passivation technique can etch the sur- We investigated a model structure consisting of molecular
faces, such that an additional topographic contrast ideam epitaxy growp-n GaAg001) multilayers. Each layer
introduced which makes the extraction of the interface con-had a nominal thickness of 30 nm. Theandn-doped layers
trast significantly more difficult. In view of this situation, we had carbon and silicon concentrations of{($)x 10 and
concentrated on GaAs surfaces obtained by cleavage in u{4=+1)x 10 cm™3, respectively. We cleaved these samples
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in ultrahigh vacuum (X 10 8 Pa along a{110 plane ex-
posing a cross-sectional view of the multilayer structure on
the cleavage surface. Without breaking the vacuum, these
cross sections were directly imaged by scanning tunneling
microscopy.

During scanning of constant current STM images, we ac-
quired current-voltage tunneling spectra of the differently
doped layers. The spectra were measured by interrupting the
feedback loop locally, keeping the tip-sample separation un-
changed during the voltage sweep. The tip-sample separation
itself was determined by a set point ef2.5 V voltage ap-
plied to the sample and 100 pA tunneling current. However,
at different spatial positions even identical set points do not
necessarily yield identical tip-sample separations, because
the current is primarily determined by the local electronic
structure of ourp-n multilayers. Thus even on atomically
flat surfaces, if the underlying surface exhibits local varia-
tions in the electronic structure, the tip height changes. In
order to allow a direct comparison of the different spectra we
corrected all curves to identical tip-sample separation by
measuring at a voltage of2.5 V the exponential depen-
dence of the curreritas a function of tip-sample distanze
I =1ye~ 2% right before spectroscopy acquisition. In addi-
tion, each shown spectrum is an average of several spectra in
order to improve the signal to noise ratio.
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FIG. 1. Constant-current scanning tunneling microscopy images

of multiple p- andn-doped layers recorded at2 VV sample voltage

Ill. RESULTS

and 0.1 nA current(a) Large scale overview: The-type layers

Figure 1a) shows a cross-sectional STM overview of sev- appear slightly brighter compared to thaype layers. At the inter-

eral p- and n-doped layers. Th@- and n-doped layers are

separated by lines with a darker contrast, whereas the dop%#g

layers themselves have both a brighter contrast. The indi-
vidual bright hillocks with a diameter of about 3 to 5 nm are
signatures of negatively charged&and positively charged
Sig, dopant atoms in the first several layéts? Under the
particular tunneling conditions used, the contrast of the
p-doped layers is slightly brighter than the contrast of the
n-doped layers. We identified the and p-doped layers on
basis of the growth sequence, secondary ion mass spectra,
and tunneling spectra. In Fig.(ld an atomically resolved
image of ap-n junction recorded at-2.0 V is shown. The
corrugation maxima, which are marked by black dots, are
spaced 0.4 and 0.56 nm[itt 10] and[001] direction, respec-
tively, i.e., the size of the unit cell. A shift in the registry of
the maxima is apparent. The maxima on thype side are
shifted relative to those on thetype side by half a unit cell
in [110] direction. Note that the surface is atomically flat.
All contrast in Fig. 1 is purely based on electronic effects.
Figure 2 shows tunneling spectra obtained in pheand
n-doped layers as well as above the lines with a darker con-
trast (depression line These spectra were normalized to
same tip-sample separation as described above, such that
they are directly comparable. The spectra with filled triangle
(A) and circles(®) exhibit a shift of about 1 eV, which is a

current (nA)

faces a pronounced depression line is observed. Bright hillocks are
natures of dopant atoméh) Atomically resolved image: The

ck dots mark the positions of the corrugation maxima. A clear
shift can be seen between the maxima onrthandp-doped sides.
The white lines should guide the eye.
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FIG. 2. Scanning tunneling current-voltage curves recorded on

typica_ll p- and n-type characteri_stic based on the differentthe p-type layer(A), n-type layer(®), and at the interfacé)
Fermi level positions, respectivélyThe spectrum taken between the layerédepression line of Fig. )1 These spectra are

above the depression lingJ) has an apparently widened corrected to a constant tip-sample distance for adequate evaluation
band gap typical for a depletion zoRi particular feature is  (see text For comparison a curve obtained on semi-insulating
that spectra obtained above the depletion zone have nearyaAs (<) is included.
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ndoped | p-doped voltage, whereas no depression is found at positive voltages.
: At negative voltages the heiglitontrasy is higher on the

p-doped than on the-doped layer. At positive voltage the

opposite contrast occurs. The transition from low to high

054 y ; occurs for negative sample bias within threloped layer and
W for positive sample bias within thedoped layefsee dashes

3.0V

in Fig. 3. With increasing negative or positive voltage the
contrast between the differently doped layers decreases con-
tinuously. At high magnitudes of voltages nearly no contrast
remains. Note at positive voltages the transition between the
two differently doped layers is monotonic.

IV. DISCUSSION

In a simple picture the contrast of tipen junction in the
STM images is the signature of the potential changes across
the junction. The potential differencgimes the elemental
charge between adjaceng-type andn-type layers is the dif-
ference in the respective Fermi energy positions relative to
the band edges. For highly dopedype andp-type material,
the Fermi level is close to the conduction band edge and the
valence band edge, respectively. Therefore, the potential dif-
ference times the elemental charge is approximately the

tip height (nm)

% bandgap energy, i.e., about 1.4 eV. Thus at negative sample
0.0 P i Lo i voltage, with no tip-induced band bending the number of
“20  -10 0 10 20 occupied states between the valence band edge and the Fermi

level of the tip is higher on thp-doped than on tha-doped
layer and this number increases monotonically as one goes
FIG. 3. Tip height in constant current STM images acropsra  from the n-type to thep-type layer over the depletion zone.
junction at various sample voltages. The small continuous wiggle©ne should therefore expect that the tunneling current com-
arise from the atomically resolved lattice. Narrow sudden elevationposed of carriers tunneling out of all filled semiconductor
and depressions are due to dopant atoms near the surface. The pgtates that fall between the tip and sample Fermi level should
files are aligned, but are offset along the tip height axis for displayincrease monotonically from the to thep-doped layer. For
For negative sample voltages the apparent STM topography changsysitive voltages, where the electrons tunnel into the empty
occurs on thep-doped side of the junction, whereas for positive conduction band states, one should expect in analogy that the
sample voltages it occurs on timedoped side of the junction. For cyrrent increases from the- to the n-doped layer, again
sma_ll negative sample voltage a pronounced depression is seen r"f\tonotonically. Thus, if the contrast of STM imagespih
the interface. junctions was exclusively based on the potential difference
betweenn- and p-type materials, one should only measure
exactly the same values for negatiyeositive) voltage as monotonic changes in current while crossing the interface.
spectra obtained om- (p-) doped layers. For comparison we The location of the changes should be directly correlated to
also show a tunneling spectrum on semi-insulatingthe position of the depletion zone, and their width should be
GaAg110 surfaces(¢ symbols in Fig. 21° The spectrum that of the depletion zone, i.e., about 30 nm in our case, and
exhibits only currents at negative voltages, which are nearlgssentially equally distributed on thee and n-doped layer.
identical to those obtained on timedoped layer and on the This is, however, not the case. Several features are inconsis-
depletion zone. tent with that simple picture(i) The observation of the de-
The dark depression line separating tieand n-doped  pression.(ii) For negative sample voltag®’<—2.5 V) the
areas found in Fig. 1 is strongly voltage dependent and onlyip height changes only within thetype layer and not over
appears in a limited voltage range. Figure 3 shows a series difie entire depletion zondiii) At positive sample voltages
height profiles over g@-n junction taken from images mea- the contrast change takes place over a distance of about 15
sured at different voltages ranging from3.0 to +3.75 V. nm only in then-type layer.(iv) The width of the apparent
The small height modulation with a periodicity of 0.56 nm is depletion zone in STM images is much smaller than that of
due to the atomic resolution of the atomic rows. The somethe real depletion zone.
what stronger atomically localized height changes are the In the following we will first discuss the spectroscopy
signatures of point defects, which are not of interest here. Iicurrent-voltage and height profilesecond extract experi-
the following description we only focus on the height mentally the physical effects involved in the STM imaging,
changes in the nm range. The pronounced depression is onflgen provide a simulation of the STM-tip-n-junction sys-
visible for small negative voltages. The depth and width oftem, and finally discuss how to extract quantitatively proper-
this depression decreases with increasing negative tunnelirtggs of thep-n junction from STM measurements.

distance (nm)
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A. Current-voltage spectroscopy position must be constant in the whagbedoped layer and

As mentioned above, the current-voltage spectra taken off1anges only in the-doped layer. ,
then layer, p layer, and dark depression lines are typical for The height profiles and the conclusions drawn from them

n-type, p-type, and the depletion zone, respectiveljhe match our above discussion of the current-voltage spectros-
spectrum obtained above the dark lifg®) is having nearly ~COPY data that shows that for negative sample bias the cur-
exactly the same values for negatipesitive voltage as the rent at the interface is similar to the current found in the
spectrum obtained on- (p-) doped layers. In comparison n-type layer far from the interface, while for positive sample

the tunneling spectrum on semi-insulating GEA®) [ ¢ voltage the current is s_imilar to the. current found _in t_he
symbols in Fig. 2 matches quite well the curves of the dark p-type'layer far from the mtgrface. This is another |nd|cat|on
lines (and then-type layei at negative sample voltage, while _Of the_ Importance of the tlp-l_nduced band bendingfin the
conversely at positive voltage no current can be obtainedMading of the interface region.

From this one can deduce that the position of the Fermi In this context we note that we d|r_ectly observe that our
energy is not thefonly) determining factor of the spectra, surfaces have a very low concentration of defects, such as

. . . 7 .
because the Fermi energy is in the middle of the band gap fof2cancies or steps, that could pin the Fermi l€Veh addi-

the spectrum taken in the center of the depletion zone as welon: the tip is separated from the sample by approximately
as that taken on semi-insulating GaAs. Therefore, the tip0-> {0 2 nm. At such large separations the charge density of

- . 20
induced band bendifi§® needs to be considered and obyi- Metal-induced gap states is very I6%W2° Thus our surfaces

ously the degree of band bending at the semiconductor suf'® Unpinned. Thatis, without a tip, the Fermi energy and the

faces must be different in the depletion zone compared to thB2nd edges at the surface equal those in the bulk. Therefore,
semi-insulating material. Because at positive sample voltage¥€ concentrate in the following on the mterplaysof the tip-
tunnel current can be found for tip locations in the depletionnduced band banding and the build-in potentfat to ex-
zone, the tip induced band bending must be smaller in th@/@in the contrast in the STM images and determine a
depletion zone of oum-n junction compared to semi- method to extract interface properties from the STM mea-
insulating GaAs. While the Fermi energy is in both caseg>!rements.

equal, the surroundings are different: In semi-insulating
GaAs the Fermi level is globally near midgap, while the
depletion zone is sandwiched between teand p-type
neighborhoods. The fact that the spectrum taken at the de-
pression zone matches that of théype material for nega- In order to discern the effect of the band bending induced
tive bias implies that the effective valence and conductiorby a metal tip located at @-n junction and the build-in
band edge positions are comparable in tktype layer and potential, we employed the two-dimensional device simula-
the depletion zone at negative voltages. Likewise for positivdor ALTAS (version 4.3.0.R by SILVACO internationaf*

bias, the tip-modified band edge positions on the depletioThis simulator solves the two-dimensional Poisson equation
zone must be equal to that found jmtype material. This yielding the potential at each location of our model device,
suggests that the tip-induced band bending drags\lype  which consists of g- and n-doped region and a flat gate,
potential from then-type layer into the interfaces’ depletion which mimics the tip. The model device is chosen to span
zone at negative voltagés®® In analogy, the tip-induced 100 by 100 nm. The gate is chosen to be 4 nm wide, corre-
band bending drags thpetype potential from th@-type layer  sponding to a tip radius on the order of 2 nm. The gate was
into the interfaces’ depletion zone at positive voltages. placed 1 nm above the semiconductor surface, which is a
typical tip-sample separation. Ideal contacts are put tathe
andp-type areas and those contacts have the same potential.
The n- and p-type areas were modeled with dopant concen-

As the tip is scanned from thetype to thep-type mate- trations of 3< 10'® and 4x 10'® cm™3, respectively. The re-
rial with negative sample voltage in the range-t2.5to—3  sulting potential distribution is shown as overlying contour
V, the tip height does not change while the tip is aboveand gray-scale plots in Fig. 4 for various positions of the gate
nominally n-doped material. Once the tip crosses from therelative to the interface and for sample voltages—& and
nominally n-doped into thep-doped layer, the height of the +3 V. The gate position is indicated by the small triangle.
tip increases over a distance of 10 to 15 nm. Assuming thafrom this data we extract the potential underneath the tip, in
most of the tunneling current is carried by states near the tiphe following called “surface potential.” Figure 5 shows the
of the valence band, we can conclude from our experimentatorresponding energetic positions of the valence and conduc-
observations that the energetic position of the valence bantion band edges underneath the center of our modeled tip as
edge at the tip location remains constant for any tip positiora function of tip position. The values underneath the left and
within the n-type material and changes only in tipgype  right end of the modeled tip follow the same qualitative be-
layer. havior.

In contrast for positive sample voltages the tip height re- Figure 4 demonstrates clearly that the tip deforms
mains constant in the nominalprdoped layer and all height strongly the potential distribution, especially directly under-
changes are limited to thedoped layer within 10 to 15 nm neath the tip position in an area of about 30 nm in diameter
from the interface. Thus, for a given positive sample voltagen agreement with a previous simulatibh.For positive
the energetic position of the conduction band edge at the tipample voltages the potential underneath the tip is pulled

C. Simulation of the potential in a p-n-junction—STM
tip system

B. Voltage dependence of height profiles
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FIG. 4. Contour plots of the modeled potential distribution of a
p-n junction in the presence of a biased gate at various positions
indicated by the black triangle. The metallic gate is chosen to be 4
nm wide and separated 1 nm from the semiconductor, mimicking a
typical STM tip geometry. The calculation was performed for a 100
nmx100 nm big slap of semiconductor material, contacted at the ? T ) T " ) i
outer end of thg- andn-doped areas. These contacts are-atV -40 -20 0 20 40
for plots (8)—(f), and at—3 V for plots (g)—(I) relative to the gate. tip position (nm)

The gray scale range is from(Black) to 1.7 V (white).

energy of band edges (eV)

FIG. 5. Energetic positions of the conduction and valence band

. . edges underneath the tip as a function of tip position of our model
downward. For negative sample voltages the potential ul"de[b'-n-junction—STM-tip device extracted from Fig. 4. Indicated by

neath the tip is pulled upward. Several asymmetries are ajpe dashed lines are the conduction and valence band edge energies
parent:(i) For negative voltages the influence of the tip iSin the bulk of the device far away from the tip. The plots gfor
weaker on ther-doped than on th@-doped aredcompare 3 v and(b) for —3 V voltage applied to the sample.
Figs. 4g) and 4l)]. For positive values the situation is re-
versed compare Figs. @) and 4f)]. This can be seen quan- ing for all tip locations relative to the interface. The
titatively in Fig. 5. (ii) The presence of a tip near the inter- magnitude of the band bending is a function of the screening
face “pushes” the equipotential lines in the direction of the by free charge carriers and charged acceptors or donors. In
n-doped side for positive voltagéd-igs. 4c) and 4d)] and  n-doped material the downward band bending pushes the
towards thep-doped side for negative voltad€ig. 4(i)].  conduction band edge below the Fermi energy for negative
Accordingly for negative voltages the potential underneathsoltages. Thus, the conduction band bottom onrituoped
the tip for various tip positions does not change significantlyside is populated by electrons in high concentratitatsu-
for tip positions on then-doped side. It only changes in the mulation due to the high density of conduction band states.
p-doped aregsee Fig. Bo)]. For positive values the situation These free electrons screen very effectively the field pen-
is again reversed, i.e., all change of the surface potentiadtrating into the semiconductor, such that the energetic posi-
occurs in then-doped area only. As a consequence the lateralion of the conduction band edge remains essentially un-
extend of the change frop- to n-type surface potential is changed. This effect occurs in the depletion zone too, until
much smaller than the width of the bulk depletion zonethe potential change within the-n junction increased
(compare dashed lines with symbols in Fig. 5 enough to shift the conduction band edge above the Fermi
At this stage we address the physical origin of this potenenergy. Only then the surface potential changes, because no
tial distribution. First we concentrate on negative values apelectrons screen anymore. This happens directly at the elec-
plied to the sample. The tip induces a downward band bendronic interface. In thg-doped region the tip repels the free
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holes and only negatively charged acceptors can screen timedoped side of the junction. The bands, however, cannot
field of the tip. Within the depletion zone the acceptors arebend down significantly further, because mtype GaAs the
already charged due to the build in potential of i@ junc-  field of the tip is screened even for small negative voltages
tion and thus the field of the tip causes additional band bendsy a high density of free electrons in the conduction band as
ing. As the concentration of acceptors is relatively small inmentioned above. Thus the depression cannot be explained
comparison to the density of states in the bands the addi50|e|y on basis of the band bending.

tional band bending by the tip is significant. Both effects |y addition, the shift of the registry of the corrugation
together, the screening by accumulated electrons in thgaxima observed at small negative voltages, where the de-
n-doped layer and screening by acceptors in reoped ression line appeafig. 1(b)] indicates that different sub-

he o-doped ion. Wh ing the tio f he interf Nattices are imaged on the andp-doped side. The corruga-
the p-doped region. en moving the tip from the Interface ;\ yayima correspond to the location of arsenic derived

into the p-doped region, the surface potential changes thu%tates, if the dominating states involved in the tunneling are

iLilptLoetuirﬁglg-?;ggerggeiglﬁ[tlgg 25?8)? to reach a constant Valueenergetically in the valence band, and to the location of gal-

At positive voltages the effects are only reversed, WithI|um derived states in case the dominating states are in the

free holes screening in thp-type region and positively conduction band’ The shift n registry of F,'g' ) 'nd,"
charged donors in the-type region. This leads to a change cates, that the states involved in the tunneling are different
of the surface potential only within thedoped region from ©n thep- andn-type side. Thus we need to discuss the sec-
the interface up to the edge of the depletion zffig. 5&].  ©nd contribution to the tunnel current mentioned above un-

der (ii).

For negative voltage the electrons can also tunnel from

D. Tunneling current filled conduction band statéaccumulation laygrinto empty
tip states. The existence of such a component in the tunnel-

The tunneling current between the tip and the semicon: . X . ,
ductor is determined by the energetic positions of the ban{'d current has been shown previously in scanning tunneling

edges underneath the tip. The contrast in the STM imag8icroscopy and spectrqsgob‘iﬁ:"As already mentioned and
reflects thus the surface potential of fherjunction—STM- ~ S€en in Fig. ), the tip-induced band bending is strong
tip system via the tunneling current. In the following we €nough in then-doped region to establish the accumulation
discuss the tunnel current in this system. The tunnel currerfteeded for tunneling out of conduction band states. In the
is composed of two contributioné) Tunneling out of filled ~ p-doped region, however, no electrons in the conduction
valence or into empty conduction band states for negativdand exist, because the bands are not bent downward
and positive voltages, respectivelji) Tunneling out of or  enough.
into accumulation layers at the surface for negative and posi- We can now describe the tunneling process acrggsna
tive voltages, respectively. First we discuss contributipto  junction as follows for negative voltage: While the tip is
the tunnel current. above then-type material, tip-induced band bending causes
At positive voltagegFig. 5@] the number of empty con- an electron accumulation at the surface underneath the tip.
duction band states, in which electrons can tunnel from thé\s a result the tunneling current is composed of electrons
tip increases when moving the tip from tipedoped to the tunneling out of valence and conduction band states in the
n-doped area. Thus one should expect the current to increasetype layer. Once the tip is close to the interface, the
monotonically and the increase is spatially localized betweemuild-in potential of the junction lifts the conduction and
the interface and the edge of the depletion zone on thealence band edge upward. Thereby the current component
n-doped side of the junction. This is in agreement with theoriginating from filled conduction band states is “cut off.”
observatior(see height profiles in Fig.)3For higher positive  Only the component from the valence band contributes now
voltage the relative difference in the number of conductionto the tunneling current. When moving the tip towards the
band states available for tunneling on theand p-doped p-type area, the number of the valence band states is increas-
sides of the junction decreases. This explains the decreaseimg causing the current to increase. The total current change
contrast found experimentally with increasing voltage. and the decrease of the tip-sample separation near the inter-
At negative tunneling voltage an analogous situation ocface is thus governed by the relative strength of the two
curs. The number of filled valence band states increases froeobmponents. The higher the negative bias is the more the
the n-doped to thep-doped side. Thus one should expect avalence band states contribute and the effect of the “cut off”
monotonic increase of the tunnel current when moving thecomponent is diminished, yielding the more monotonic
tip from the n-doped into thep-doped layer. The increase change in contrast found at higher negative bias, which is
should be localized between the interface and the edge of tHenited to thep-doped side of the junction.
depletion zone on the-doped side of the junction. This is A similar effect should occur for positive sample voltages
observed only for high magnitudes of negative voltages. too. However, the component to the tunnel current based on
However, at smaller magnitudes of negative voltages aunneling into empty valence band states is about three or-
pronounced depression occurs. If the current was solelgers of magnitude smaller than the current tunneling into the
based on valence band states this behavior would imply thatonduction band states, because of the much larger barrier.
the valence band would have to be strongly bend downwar@herefore, we cannot observe a depression at positive volt-
near the interface to values below those found on theages.
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In this context one can also explain the observed shift inmaging mechanisms of GaAsn junctions in STM images.
the position of the corrugation maxima seen at low negativélhe voltage-dependent contrast of ffxn junction in STM
voltageg Fig. 1(a)]. On then-type side the tunneling current images is found to originate from the build-in potential of the
is composed of electrons tunneling out of valence and conp-n junction, which is, however, strongly modulated by the
duction band states. At low voltages the corrugation maximdip-induced band bending, which changes the potential near
correspond to filled Ga derived surface states energeticallthe interface. As a result at the interface the tunneling char-
located in the conduction bartlAt the electronic interface acteristics ofp-type (n-type) material are dragged into the
the conduction band edge is pulled above the Fermi level anithterfaces’ depletion region at positiveiegative sample
the conduction band component in the current is cut offyoltage. Consequently, the transition region in the STM im-
leaving only current from the valence band at the interfaceage does not coincide with the true depletion region and the
and in thep-type layer. Thus the maxima in the images dis-apparent width of the image of the depletion zone in STM
play arsenic derived surface states that are energetically Iégmages is reduced considerably compared to the width of the
cated in the valence band. On tfie.0) surface the positions depletion zone in the bulk. Furthermore, at small magnitudes
of the arsenic atoms are shifted half a unit cell along theof negative sample voltages, a pronounced depression line
[110] direction in respect to the gallium atoms which is @pPpears. The depression is directly correlated with the elec-
corresponding to the shift observed. tronic interface and not with the metallurgical interface. It

arises from the interplay of competing current contributions
_ _ _ originating from the valence and conduction bands.
E. Extraction of interface properties On basis of this physical understanding of the imaging

On the above background it is obvious that the extractiorprocess, we developed methods on how to extract accurately
of physical values op-n junction from STM images is se- physical data about the interfaces’ properties from scanning
verely affected by the tip. Nevertheless one can provide &nneling microscopy image¢) The spatial location of the
method to extract accurately) the width of the depletion €lectronic interface itself, i.e., the plane where the Fermi en-
zone, (i) the position of the electronic interface, afiill) the ~ ergy crosses the midgap position, can be extracted at small
position of the metallurgical interface. magnitudes of negative voltages from the position of the

(i) In order to determine the total width of the depletion depression line in constant-current STM imagés.Thereal
zone ofp-n junctions from STM images, one must add the bulk width of the depletion zone can be extracted accurately
lateral extensions of the monotonic height changes in profile§om voltage-dependent STM images. It is the sum of the
observed on the-doped side at large negative voltages anddistances between the interface and the location, where the
on the n-doped side at positive voltages. In our case welip-height remains constant, measured from the interface to-
extract from Fig. 3 values of about 15 nm on reloped as ward then-doped side at positive voltages and from the in-
well as n-doped side. Thus the experimentally extractedterface toward thep-doped side at negative tunneling volt-
depletion width is about 30 nm. This is in good agreemen@ges.(iii) The metallurgical interface can be only identified
with the calculated depletion widtFig. 5 dashed lings by the positions of the individual dopant atoms imaged in

(i) The experimental data shows that the position of theSTM images.
depression line corresponds to the electronic interface, i.e., Note added in proofrigures 1 and 2 show that at negative
the plane where the Fermi energy is at midgap. At this posivoltages thep-type layer appears brighter than thetype
tion no contribution to the tunnel current exists from filled layer. However, we also observe under identical tunneling
conduction band states and the increase of the current frogpnditions that then-type layer is brighter than thp-type
the valence band states due to the changing surface potentlayer and we occasionally find contrast revergatsnnected
is only starting. Both together minimize the current, leadingwith tip changeswithin a single image. This shows that the
to the depression line. Thus the depression line is within @&bsolute contrast level betwephandn-doped layers is also
few lattice constants at the position of the electronic intertip dependent. In fact changes of the tip state were found to
face. induce changes in the relative current contributions extracted

(iii) The metallurgical interface may well be different from the valence band states and from the accumulation
from the electronic interface for asymmetric doping layer (in the conduction band”® In our case this means that
concentratiorfs’ and/or due to the screening around indi- @ brighter contrast of the-type layer at negative voltages
vidual dopant atoms near the interface as well as the cluste@rises from an increased current out of the tip-induced accu-
ing of dopant atoms as shown in Ref. 11. The position of theénulation layer in the conduction band states. This effect does
metallurgical interface can only be obtained from the directnot affect any of the explanations and conclusions presented
observation of the position of the individual dopant atoms inabove.

STM images.
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