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Coverage dependence of the Fe-induced Fermi-level shift and the two-dimensional electron ga
on InAs„110…
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The coverage dependence of the Fe-induced Fermi-level shift onp- andn-InAs(110) was investigated by
angle-resolved photoelectron spectroscopy at 300 K. The Fermi-level position was found to be coverage
dependent, exhibiting a maximum at 300 meV above the conduction-band minimum. The coverage depen-
dence is explained by the surface doping model, if inhomogeneities in the Fe-adatom distribution and the
resulting ionization probabilities are taken into account. The Fe-adatom distribution is determined by scanning
tunneling microscopy. Photoemission spectra provided direct evidence of a two-dimensional electron gas at the
Fe-covered surface.
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I. INTRODUCTION

The interface of III/V semiconductors with adsorbates
different kinds has been investigated extensively since
1970s, triggered by the increasing technological interes
these materials. Recently, considerable attention was foc
on band offsets and the position of the Fermi level (EF) at
the interface.1 For large gap materials it is found thatEF is
pinned in the band gap.1 For small gap materials like InAs
and InSb, the interface Fermi level is in the conduction ba
of the semiconductor.2,3 In particular, on InAs~110!, EF is
shifted 0.1–0.6 eV above the conduction band minim
~CBM!. This is found for very different adsorbates such
H, O, N, Cl, Ag, Au, Ga, Cu, Cs, Na, and Sb.4–14 With
adequate doping of the semiconductor, the correspon
surface band bending leads to a two-dimensional elec
gas ~2DEG! at the surface.15 Pump and probe experimen
performed on these type of 2DEG’s revealed that the 2D
levels exhibit a lifetime as large as 100 ps, which indica
that the mobility of the 2DEG is quite high.16 The existence
of a highly mobile 2DEG in combination with the larg
Rashba coefficient of InAs~Ref. 17! makes the ferromagne
InAs~110! system an interesting candidate for magnetoe
tronic devices such as spin transistors.18

However, for ferromagnetic adsorbates on InAs~110! an
EF shift above the CBM has not been demonstrated. Here
present angle-resolved photoemission spectra~ARUPS! of
the system Fe/InAs~110! at different coverages on bothn-
andp-InAs(110). We find thatEF shifts up to 300 meV into
the conduction band for the two differently doped sampl
Then-doped sample exhibits a 2DEG probably consisting
two subbands. The Fe-coverage necessary to obtain
maximumEF shift depends on the dopant concentration c
sistent with the surface doping model.19 However, inho-
mogenities in the spatial distribution of the Fe atoms have
be taken into account to explain the coverage depende
quantitatively.
PRB 610163-1829/2000/61~20!/13805~8!/$15.00
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II. EXPERIMENT

The n- and p-type InAs samples are doped with S an
Zn, respectively (ND51.131016cm23, NA5331018cm23).
Clean and smooth~110! surfaces were prepared by cleavin
the InAs samples in UHV (2310210 mbar).20 Fe is depos-
ited from ane-beam evaporator with a flux of 0.1% ML/s fo
coverages up to 8% ML and 2% ML/s at higher coverag
The sample temperature during deposition was 300 K. T
flux was determined by a quartz-crystal microbalance a
specified in terms of the unit cell of InAs~110! ~100% ML
means one Fe atom per unit cell!. A set of up to seven pho
toemission spectra was taken at each coverage with the
ADES 400 spectrometer usingp-polarized light from the
Seya-Namioka beamline at HASYLAB/DESY for photo
energieshn510–30 eV. The monochromator used is n
suitable for measurements of the In 4d core level under
surface-sensitive conditions. Thus we decided to concent
on the valence band of InAs~110!. The orientation of the
sample with respect to the spectrometer was determined
low-energy electron diffraction. The energy resolution of t
monochromator~depending on photon energy! was always
below 20 meV. The energy resolution of the electron a
lyzer depends onEpass (1.5–4 eV) and is DE50.02
3Epass. The geometrical acceptance angle of the spectro
eter is62.2°. All of the spectra were recorded within 10
150 min after cleavage or Fe deposition. The spectra use
determine the valence-band shifts with respect toEF were
taken at similar times after deposition. The Fermi energy w
determined on metallic TbNi2B2C.

The scanning tunneling microscopy measurements w
performed independently in a UHV low temperature sca
ning tunneling microscopy~STM! apparatus describe
elsewhere.20 For these measurements Fe was deposited
room temperature on anin situ cleavedn-InAs(110) sample
(ND52.031016 cm23) using an e-beam evaporator. The
sample was cooled down and reached the imaging temp
ture of 8 K about 5 min after Fe deposition.
13 805 ©2000 The American Physical Society
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III. RESULTS

Figure 1 shows two STM images of the InAs~110! surface
after deposition of 3%~a! and 7.5% Fe~b!, respectively. The
atomic rows of one type of atoms of the InAs~110! surface
are visible, running diagonally through the image.21 The
bright dots surrounded by a black area represent the Fe
oms. The slightly different shapes of the protrusion and
dark areas in the different images as well as the additio
bright spot at the upper right corner of the Fe atoms in F
1~b! are attributed to the influence of different microtips. A
indicated in the inset, the center of the protrusion is alw
located between two atomic rows of the substrate. It is 2
away from one row and 4 Å away from the other row. In t
perpendicular direction, it is between two adjacent maxi
inside the rows. This position corresponds to the expec
position of the surface atoms that are not visible. Since
do not know which species is visible,22 we cannot give the
bond site of Fe. However, we can conclude that all Fe ato
bond to the same site.

In addition to single Fe adatoms, dimers, trimers and
ramers are visible. By counting the number of adatom
dimers, trimers, and tetramers of different shape~in several
STM images!, we evaluated the percentage of Fe atoms h
ing one or two neighbors parallel or perpendicular to
substrate rows. At 3% coverage, 22613% of the Fe atoms
have one neighbor perpendicular to the rows, 2.561% have
one neighbor parallel to the rows, and 261% have two
neighbors. At 7.5% coverage the corresponding numbers
3563% ~perpendicular!, 1362% ~parallel! and 662%
~twofold!. The average number of neighbors perpendicula
the rows and the number of twofold bonded Fe atoms
much higher than would be expected from a statistical d
tribution ~e.g., statistically only 6% of the Fe atoms would
expected to have a neighbor perpendicular to the rows at
coverage!. At 8 K diffusion was not observed. Thus, th
bond formation must be due to diffusion taking place at 3
K.

The number of neighbors perpendicular to the rows
larger than parallel to the rows. This means that the diffus
is anisotropic and the atoms move mainly parallel to
rows. Assuming that the diffusion barriers do not depend

FIG. 1. ~a! STM ~constant current! image of 3% ML Fe on
n-InAs(110): U550 mV, I 5200 pA, andT58 K. ~b! STM ~con-
stant current! image of 7.5% ML Fe onn-InAs(110): U550 mV,
I 5100 pA, andT56 K. Inset: magnification from~b!. Lines indi-
cate visible atomic rows, and circle indicate the visible center of
Fe atom. The two images~a!,~b! are recorded on different sample
obviously oriented differently, with different microtips.
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neighbors more than one unit cell away from the movi
atom and that dimer bonds are stable at 300 K, we can e
mate the jump rate of the Fe atoms. By counting all poss
paths leading to bond formation for initially separate Fe
oms, we found that two jumps per Fe atom are sufficien
explain the number of bonds determined at both covera
Thus, diffusion is slow at 300 K~about 1 jump every 2 min!,
which means that the Fe atoms, at least at low coverage
predominantely monomers and do not form large meta
islands.

Next we describe the angle-resolved photoemission
sults. Spectra of clean InAs~110! correspond closely to pre
vious measurements.23 First we checked the influence of th
residual gas on the ARUP spectra of clean and Fe-cove
surfaces. All filaments are turned off during all measu
ments to prevent cracking or ionization of the residual g
molecules. It turned out that the spectra of clean and
covered p-InAs remained unchanged for more than tw
days, while the lower doped cleann-InAs exhibited anEF

shift of 100 meV already 3 h after cleavage, and the near
full 300-meV shift after about 10 h. The higher sensitivity
n-InAs(110) to residual gas molecules is in accordance w
the fact that an Fe coverage of only 0.5% is sufficient
induce the maximumEF shift. In contrast, 4% coverage i
needed onp-InAs(110) ~see below!. All measurements used
for the evaluation of theEF shifts are obtained on time scale
which were short compared to those required to prod
contamination-induced shifts. Possible surface photovolt
effects can be ruled out with the help of the extensive te
performed by Aristovet al.8

For a determination ofEF shifts we restrict ourselves to

the (1̄10) azimuth of the sample. The measured spectra
clude peaks related to three surface bands and four
bands.23 Figure 2 compares spectra measured directly a
cleavage and after deposition of 90% Fe onp-InAs(110).
The peaks are labeled as proposed by Andersson
co-workers23 by Pn andSn for transitions related to bulk and
surface states, respectively. (P is used to denote primary
cone emission.! First one observes thatPIII and S3 are
shifted about 400 meV toward higher binding energies. S
ond,S1 disappears completely, whileS2 andS3 are reduced
in intensity with respect toPIII . Third, spectral intensity
appears up toEF . The simultaneous shift ofPIII andS3 is

e

FIG. 2. ARUP spectrum of 0% and 90% ML Fe o
p1-InAs(110); hn515 eV, u530°, andEpass52.5 eV. Peaks are
labeled according to Andersson and co-workers~Ref. 23!.
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FIG. 3. ~a! ARUP spectrum of
Fe/p1-InAs(110) at different cov-
erages:hn515 eV, u50°, and
Epass52.5 eV. ~b! ARUP spec-
trum of Fe/n2-InAs(110) at dif-
ferent coverages;hn518.5 eV, u
50°, and Epass52.5 eV. Peaks
are labeled according to Ref. 23.
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equivalent to anEF shift of 400 meV with respect to the
valence band, i.e.,EF is shifted above the CBM@the gap
energy is 360 meV~Ref. 24!#. The intensity change of theSn
peaks shows that the surface states are more directly i
enced by the adsorbate. In particular, the As dangling-bo
relatedS1 band is more sensitive to Fe deposition than
two backbond and in-plane bond-related surface bandsS2
and S3.23,25 We found thatS1 disappears at a coverage
45%. First indications of the existence of metallic Fe app
at a coverage of 15% as indicated by a measurable inten
at EF .

Figure 3 shows two sets of photoemission spectra
tained at lower Fe coverages forp1- andn2-InAs(110) ~1
and2 are used to indicate the different doping levels!. The
whole spectrum is shifted toward higher binding energ
with respect toEF . Consequently, the spectral features c
be used to track the actual position ofEF with respect to the
valence band. It turned out that theSn peaks shift less than
the Pn peaks, especially at higher coverages. So only
sharpPn peaks in normal-emission spectra were used to
termineEF . Moreover, we selected peaks that are unaffec
by surface contributions23 to avoid changes due to adsorba
induced quenching of the surface peaks. Nevertheless s
peaks, such as thePIV peak in Fig. 3~b!, showed intensity
changes while others@e.g., thePIII peak in Fig. 3~a!# were
constant up to coverages of 10%, before they lost intens
Since thePIV peak is important in a discussion of the Ferm
level shift, it should be noted that the observed intens
variations of this peak could be correlated with a slight m
alignment of the sample relative to the incoming light a
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the electron analyzer. We found that thePIII peak in Fig.
3~a! is rather insensitive to misalignment up to 1°. The im
portant conclusion is that the energy shifts due to mechan
misalignment were less than 50 meV.

Figure 4 shows the peak shifts obtained for different co
erages and different selectedPn peaks. All measuredPn
peaks confirm the trends shown in Fig. 4. ThePn shift de-
pends on the kinetic energyEkin and thereby on the variation
of the mean free path of the photoelectrons (l).1 Both are
given in brackets. To obtainEF shifts from the data, this and
an additional systematic errors have to be considered:

~1! The different values ofl combined with thez exten-
sion of the band bending imply that the measured peak
ergy is averaged over al-dependent part of the band ben
ing. For p1-InAs the parabolic band bending extends up
13 nm into the bulk~see below!. It is straightforward to
calculate that the resulting peak shifts are lower than theEF
shifts at the surface by 10% and 60% forl50.8 and 15 nm,
respectively.26 For n2-InAs the shape of the band bending
more complicated. Numerical integration of the Poiss
equation shows that it extends up to 40 nm into the bulk~see
below!. The resulting difference between measured pe
shifts and EF shift at the surface is 3%~20%! at l
50.8 nm~15 nm!.

~2! An adsorbate-induced shift of the final-state energ
with respect to the initial-state energies would shift thekz
value of an observed transition at selectedhn. This changes
the initial state probed, and leads to an apparent energy
of the peak not due to anEF shift. The resulting error for the
EF determination depends on the dispersion of the initial a
es.
ing
FIG. 4. Peak shifts~open symbols! and negative work-function shifts~crosses! obtained from ARUP spectra at different Fe coverag
The work function measured without Fe (F0) and the conduction band~CB, gray! are indicated; photoelectron energies and correspond
mean free paths~Ref. 1! for different peaks are given in brackets; lines are guidelines to the eye;hn is indicated above the figure,u50°:
~a! p1-InAs(110).~b! n2-InAs(110).
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final states. Figure 5 shows the measured valence-band
persion close to the valence-band maximum~VBM !. Photon
energies are marked, and thekz values at thex axis are ob-
tained by assuming a final-state parabola with an origin
V0517 eV, determined directly from the photon energy c
responding to the valence-band maximum. Close to
VBM the curve is rather flat, and a 1-eV change ofhn cor-
responds to a 40-meV change in the initial-state energy
change in the energy separation between initial and fi
states is equivalent to a change in the photon energy. Sin
is improbable that the relative energy shift between ini
and final states is larger than the absoluteEF shift at the
surface, we can estimate~from Fig. 5! that the error is less
than 4% close to the VBM. However, for otherk points, the
dispersion is steeper23 and the error could be up to 30%.

With this analysis, we interpret thePIV data in Fig. 4,
measured close to the VBM, as theEF shift at the surface
reduced by about 10%~3%! for p1-InAs (n2-InAs). For
p1-InAs EF shifts monotonically upward up to a maximu
of 300 meV above the CBM at a coverage of 3.5% and sh
down to 50 meV above the CBM at a 90% coverage. F
n2-InAs, EF also shifts up to 300 meV above the CBM at
coverage of 0.5%, and remains constant up to the hig
studied coverage of 12%. Notice that already at the low
coverage of 0.15%, theEF shift is more than 200 meV.

In agreement with the analysis of the influence ofl,
peaksPI-PIII shift less thanPIV . Comparison with the mean
free path calculation26 shows that the observed differences
peak shifts are close to the values expected. In particular
Ekin dependence of the shift is stronger onp1-InAs than on
n2-InAs, reflecting the smaller extension of the band be
ing on p1-InAs. Notice thatPIII is measured with a photo
energy probing the steepest region of the valence-b
dispersion.23 SincePIII shows nearly the same energy shi
as PIV , we can conclude that the error introduced by t
adsorbate-induced shifts of final states is of minor imp
tance. From the scatter of the data in Fig. 4, taking i
account the different mean free paths of the photoelectr
we deduce an error bar of about 50 meV.

The negative work-function shiftDF is also shown in
Fig. 4. The work functionF itself is measured as the differ
ence betweenEF and the onset of photoelectron emission.F

FIG. 5. Peak energies ofPIV peaks onn2-InAs(110) for differ-
ent photon energies~given in eV directly at the data points! u
50°. k' values (x axis! are obtained by assuming a finite sta
parabola with the origin atV0517 eV. kBZR describes thek' vector
at the edge of the Brillouin zone. The line is a guide to the eye
is-
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is reduced monotonically up to 90% coverage. Above 2
coverageDF clearly differs from the observedEF shift, in-
dicating an adsorbate-induced change in the surface dip
The measured difference between theEF shift and DF is
130 meV at 36% coverage and 250 meV at 90% covera
which corresponds to a surface dipole of 10230 Cm per Fe
atom. The dipole could be due to positively charged Fe at
surface. Alternatively, the adsorbate could lift the relaxat
of the In-As bonds,1 thereby annihilating~partly! the original
surface dipole of22.5310230 Cm per unit cell. Perhaps
both effects take place and contribute to the reduction of
work function.

At low Fe coverages~0.7% and 1.5%!, we observe a dis-
tinct back shift of the peaks onp1-InAs(110) with time. A
similar effect was not observed onn2-InAs(110). The back
shift takes place entirely within the first 2–3 h after Fe dep
sition, and is illustrated in Fig. 6. We assume that the eff
is related to the diffusion of the Fe atoms, resulting in t
formation of Fe multimers. About 50 jumps per Fe atom ta
place within 2 h, implying that Fe atoms initially up to te
unit cells apart can form dimers on this time scale. Most
the Fe atoms have neighbors after 2 h. As described be
the formation of dimers significantly reduces the ionizati
probability of the Fe atoms, thereby reducing the avera
band bending.

Finally, we describe the ARUPS measurements of
2DEG. The measured shift of the surfaceEF into the con-
duction band leads to band bending and a confinement in
z directon, inducing a 2DEG. If the 2DEG states are oc
pied they can be measured by ARUPS.15,27 Spectral features
caused by the 2DEG are found onn2-InAs, but not on
p1-InAs. Figure 7~a! shows a spectrum ofn2-InAs(110)
covered by 0.5% Fe in comparison with the clean surfa
The small peak close toEF , only visible in the magnification
of the inset, is the 2DEG peak. The 2DEG peak is detecte
photon energieshn510–18 eV. At higherhn the PIV peak
covers the position of the 2DEG peak. Abovehn525 eV the
2DEG peak is no longer covered byPIV ~see Fig. 5!, but
does not reappear. This might be due to the low mean
path of the corresponding photoelectrons~1 nm! compared
with the position of the maximum of the 2DEG density l
cated about 10 nm below the surface.28 Figure 7~b! shows a
3D representation of the 2DEG peak as a function of
photoelectron energy and the detection anglea. The peak
disappears fora>1.5°. This is expected for an InAs 2DEG
since the strong dispersion of the conduction band requ
that only ki states close to the Brillouin-zone center a
occupied.29

FIG. 6. ARUP spectrum recorded with 0% and 0.7% ML Fe
p1-InAs(110) at the indicated time after deposition;hn515 eV,
u50°, andEpass52.5 eV. Vertical lines mark the peaks.
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FIG. 7. 0.5% ML Fe onn2-InAs(110).~a! ARUP spectrum recorded athn513 eV, u50°, andEpass52.5 eV in comparison with the
clean surface. Inset: magnification of the spectra next toEF showing the 2DEG peak.~b! Three-dimensional representation of the 2DE
spectrum as a function of energy and analyzer angle with respect to normal emission. The bottom image shows a top view conto
the peak;hn513 eV andu50°. ~c! 2DEG spectrum recorded with differentEpass as indicated;hn513 eV andu50°. ~d! Simulation of
the expected spectral intensity of the experiment shown in~b!, assuming two subbands atE15270 meV andE25210 meV, respectively,
and the resolution parameters of the setup.
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The 2DEG peak measured, with different energy reso
tion of the spectrometer (Epass), is shown in Fig. 7~c!. The
full width of half maximum~FWHM! decreases slightly with
the spectrometer resolution. However, atEpass51.5 eV the
FWHM remains broader than 100 meV, and a plateau at
maximum of the peak appears. Since the spectrom
FWHM is 30 meV, the photon energy FWHM is 10 me
and the expected thermal broadening FWHM is about
meV, the resulting complete ‘‘instrumental’’ FWHM is onl
60 meV, smaller than the observed peak width. We ass
that two subbands cause the broad FWHM of the peak.
tice that lifetime broadening cannot explain the plateau~at
the maximum!. Assuming two subbands we can reprodu
the spectra as shown by the fit in Fig. 7~d! calculated by
folding the spectral intensity corresponding to the kno
InAs dispersion with the ‘‘instrumental’’ FWHM describe
above and a Gaussian angular resolution of the spectrom
~the FWHM is 1.6°). The two subbands are assumed to b
-

e
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e
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e
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270 and 210 meV below EF . The agreement betwee
simulated spectral intensity and experiment is within the
perimental error. An independent numerical calculation
the band bending with a surfaceEF 300 meV above the
CBM ~Ref. 33! results in an energy of the first 2DEG su
band 65 meV belowEF , and shows a second subband clo
to the bulk CBM, 6.5 meV belowEF .34

IV. DISCUSSION

There are two generally accepted explanations of
Fermi-level position on adsorbate covered III-
semiconductors.1 The first is based on metal-induced ga
states~MIGS! and related to the virtual gap states of t
complex band structure of the semiconductor. It is applica
to metallic adsorbates with a high density of states atEF .30

The resultingEF position depends mainly on the properti
of the semiconductor and less on the properties of the ad
bate. For InAs the correspondingEF position is 0.15 eV
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above the CBM.31 With some variationsEF50.15 eV is
found after room-temperature deposition of Cu, Ag, and

The 2DEG peak measured, with different energy reso
tion of the spectrometer (Epass), is shown in Fig. 7~c!. The
full width of half maximum~FWHM! decreases slightly with
at coverages of more than 20%.9,32 After low-temperature
deposition, the sameEF is found for coverages above 100%9

It is suspected that metallic islands of the adsorbate
present, ifEF is shifted to about 0.15 eV. In agreement, w
attribute the position of the Fermi level at 90% Fe covera
to the dominant influence of MIGS.

The other explanation of the Fermi-level shift is app
cable to isolated adsorbates and is based on adsorbat
duced states of donor type.19 The EF position obtained after
low-temperature deposition of metallic atoms on InAs~110!
and GaAs~110! is found to coincide with this model. An
intriguing inverse linearity between the ionization energy
the adsorbate and the maximumEF position has been found
for both substrates.1,12 It was reproduced qualitatively by
simple tight-binding calculation of a local bond between
sp3 orbital of the substrate and ans orbital of the adsorbate.19

The maximum position ofEF for Fe/InAs~110! is 300 meV
above the CBM. We conclude that a donor-type interfa
state exists 300 meV above the CBM. Using the ionizat
energy of Fe~7.87 eV!, this value fits nicely in the dono
energy–ionization energy curve for different adsorbates
InAs~110! given by Aristovet al.12

The different coverage dependencies of the two substr
will be analyzed in the light of the surface doping model.1,19

The donor levels at the Fe atoms, if located aboveEF , feed
electrons to the substrate. The remaining positive Fe is t
surrounded by a screened Coulomb potential inducing a
calized band bending. However, each Fe atom~donor level!
‘‘feels’’ the Coulomb potential of neighboring Fe atoms.
the resulting local band bending at the Fe atom is larger t
its donor level energy with respect to theEF of the uncov-
ered surface, charging of this Fe atom would cost energy
the corresponding coverage the band bending comes to
ration. For Fe/InAs~110! this situation is achieved for a ban
bending of 300 meV above the CBM. So the unperturb
donor level must be 300 meV above the CBM.

The Fe coverage at the maximum ofEF is determined by
the charge necessary to screen a surfaceEF located 300 meV
above the CBM.1 In the case ofp1-InAs the band bending
inhibits all mobile carriers in the depletion region of 13 nm1

A calculation of the 2DEG states confined in the conduct
band~the triangular approximation28! reveals that the lowes
subband of the 2DEG is 150 meV aboveEF , i.e., it is not
occupied. Consequently, the screening is only due to the
acceptors in the depletion region charged by the Fe don
The areal density of acceptors integrated over the deple
region is 431022/nm2. If each Fe atom charges exactly on
acceptor, the band bending would be complete at a cove
of 1%. This coverage is lower than the coverage at maxim
EF in our experiment. Ignoring the small differences inEF
between 2.1% and 3.5% coverages, a coverage of 2.1% a
maximum ofEF remains too high by a factor of 2. To ex
plain this, the formation of dimers has to be taken into
count. It obviously reduces the average band bending~see
Fig. 6!. The following explanation appears reasonable:
atoms that are close together feel a strong Coulomb pote
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from a charged neighbor, which reduces their donor le
energy belowEF . Consequently the two atoms are only si
gly charged.

Next we estimate how many pairs are singly charged a
Fe coverage of 2.1%. The Fe is deposited consecutively,
the first 1.5% are deposited 3 h before the ARUPS measure
ments. On average, they exhibited 90 jumps moving a
tance of 9–10 atomic sites during that time. Fe atoms
1.5% coverage are on average eight atomic sites apar
rectly after deposition. Thus most of these Fe atoms h
formed dimers at the time of the measurement. A small~neg-
ligible! amount of the last 0.6% will also have formed dime
within the 15 min between the last deposition step and
measurement.

Assuming that dimers are singly charged, we obtain
charge density of only 1% at an Fe coverage of 2.1%,
plaining the experimentally found position of the maximum
However, making the same argument at 1.5%, we would a
obtain a charge density close to 1%. We believe that
indicates that Fe atoms staying two atomic sites apart
also singly charged. Indeed, using a dielectric constant oe
53, a reasonable estimate fore at the InAs surface, an Fe
atom two sites apart from a charged neighbor feels a C
lomb potential of about 450 meV, resulting in a donor lev
below EF . To obtain more quantitative insight into the rel
tion between interatomic distance and charging, further
periments would be useful.

At higher coverages~above 15%! metallic islands are
formed. This is evident from the ARUPS intensity appeari
up toEF . The resulting occupied MIGS screen the Coulom
potential of the Fe donors, and reduce the averagedEF more
and more until it finally fits the charge neutrality level of th
virtual induced gap states.31 At coverages where metallic is
lands are not yet formed but the band bending is already
meV, the additional Fe atoms do not change the charge s
ation resulting in the more or less constantEF between 2%
and 7% coverages.

On n2-InAs, the Fe-donated electrons develop an oc
pied 2DEG at the surface. This screens the Coulomb po
tials of the Fe atoms. The maximum donated charge is
culated by assuming a homogeneous band bending of
meV. Integrating the Poisson equation numerically reve
that the band bending extends over 40 nm.33 The ground-
state energy of the 2DEG can be estimated with the help
the triangular approximation28 to be 65 meV belowEF , in
accordance with experiment. The first subband contain
31011 cm22 electrons corresponding to a coverage of 0.2
ionized donor levels. The second subband, which was fo
in the calculation close toEF, does not contribute signifi-
cantly to the 2DEG charge. Indeed, at the lowest Fe cover
of 0.15%,EF is already more than 200 meV above the CBM
and at 0.3% it has nearly reached its maximum position
accordance with the surface doping model. At coverages
to 12% there is no significant change ofEF , indicating that
formation of metallic islands is negligible and MIGS do n
screen. Obviously, Fe dimers play no significant role in th
experiments. This is not surprising, since at a coverage
0.2%, the Fe atoms are on average 12 nm apart and ca
find each other during the time of the experiment. Intere
ingly, the assumption of an unscreened Coulomb poten
around each Fe atom with the dielectric constant of b
InAs (e514.3) results in an attractive electrostatic p
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tential of only 17 meV at a distance of 6 nm from the Fe
variance, with an obtainedEF shift of 300 meV. However, it
is to be expected that the surface valuee is significantly less
than the bulk value, being aboutesur f ace.223.

V. SUMMARY

In summary, we have performed STM and ARUPS m
surements on Fe-covered InAs~110!. We found that Fe atoms
diffuse slowly~one jump in 2 min! and anisotropically along
the atomic rows of the substrate at room temperature.
adsorbed Fe atoms induce an additional surface dipole
310230 Cm per Fe atom~positive charge away from th
surface!. Depending on the Fe coverage the Fermi le
shifts up to a maximum at 300 meV above the conducti
band minimum. The coverage dependence measured on
dopedn-InAs and highly dopedp-InAs is explained by the
surface doping model.19 We found that the measured~aver-
ts
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aged! Fermi-level position depends significantly on the sp
tial distribution of the Fe atoms on the surface; in particul
we suppose that Fe dimers are only singly charged. At c
erages above 10%, metallic islands are formed and red
the Fermi-level position even down to the conduction-ba
minimum at 1-ML coverage. This is explained by the occ
pation of metal-induced gap states.1,30 The existence of a
two-dimensional electron gas is directly proven by ARUP
measurements on Fe-coveredn-InAs.
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