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We have studied the interface formation between Sb(111) surfaces and evaporated aluminum with

photoemission using synchrotron radiation. Energy distribution curves were measured from the Al

2p and Sb 4d core levels and from the valence band. A curve-fitting procedure was applied to the
core-level spectra in order to decompose the peaks into individual components. A model calculation
was performed to explain the intensity variation of the different Al 2p components. We show that a
two-dimensional layer of A1Sb is formed and that Al clusters grow on top of A1Sb as soon as a frac-
tion of a monolayer of A1Sb is present. This also explains the behavior of the Sb 4d integrated peak
areas and of the valence-band energy distribution curves. Finally, partial-yield spectra have been

measured in order to assess the A1Sb formation and to study the Al 2p exciton.

I. INTRODUCTION

The study of solid-state interfaces is a topic of increas-
ing interest. Modern microelectronic circuits include a
wide variety of materials whose interfaces are of crucial
importance in determining the device characteristics. '
Such devices are often built following empirical recipes,
and sometimes only little is known about the exact inter-
face structure and composition. Nowadays, the availabili-
ty of modern evaporation techniques combined with inter-
face sensitive spectroscopies such as photoemission em-
ploying synchrotron radiation allows a detailed investiga-
tion of the formation of these interfaces and provides an
identification and location of the chemical species that are
formed. Until now, much effort has been concentrated on
the study of metal-semiconductor contacts, ' especially
for those interfaces involving silicon or compound semi-
conductors such as GaAs (Refs. 3 and 4) and InP (Refs. 5
and 6) that are widely used in microelectronic applica-
tions. III-V compound semiconductors with antimony as
the group-V element are also interesting for certain tech-
nological applications as well as for more fundamental
studies of quantum well structures. '

In this paper, we study the formation of a III-V com-
pound semiconductor interface between a group-III metal
element (aluminum) and a group-V semimetal (antimony).
The study is based on the analysis of the Al 2p and Sb 4d
core-level spectra as well as of the valence-band energy
distribution curves (EDC s) recorded during the deposi-
tion of Al on Sb(111) single-crystal surfaces. We will
show that a disordered monolayer of A1Sb is formed,
covered with metallic Al clusters. These clusters start to
develop as soon as a fraction of a monolayer of A1Sb is
present.

In an earlier work Delrue et al. have studied the
growth of indium on Sb(111) single crystals at room tem-

perature with Auger electron spectroscopy, low-energy
electron diffraction (LEED) and x-ray photoelectron spec-
troscopy. A Stranski-Krastanov —type growth was ob-
served in that case with InSb being formed in the first
monolayer.

The work of Noreika et al. ' who studied antimony on
InSb(111) is also worth mentioning in this context. They
found it possible to grow smooth epitaxial films of Sb on
InSb(1 ll) surfaces at 550 K despite the lattice mismatch
of 6%. By comparison, the lattice mismatch of A1Sb on
Sb(111) is only 0.3%, and epitaxy might thus be expected.
We did not, however, observe such an epitaxial growth in
the present room-temperature study.

II. EXPERIMENTAL TECHNIQUES

The experimental setup used for this study was a pho-
toelectron spectrometer at the FLIPPER-2 monochroma-
tor on the DORIS (Doppel-Ring Speicheranlage) storage
ring at the synchrotron radiation laboratory HASYLAB
(Hamburger Synchrotronstrahlungslabor, Deutsches Elek-
tronensynchrotron DESY, Hamburg). A detailed descrip-
tion can be found elsewhere. " The UHV system has three
parts: a small introduction chamber, a large preparation
chamber, and an analysis chamber with base pressures in
the range of 10 —10 Pa, respectively.

Sb(111) surfaces were prepared in the analysis chamber
by cleaving oriented crystals from Metal Crystals and Ox-
ides Ltd. (Cambridge, England) and from the Max-
Planck-Institut (Stuttgart, Cxermany). The cleanliness and
the crystallographic quality of these surfaces were
checked with soft —x-ray photoemission (SXPS) and
LEED. Aluminum deposition was carried out in the sam-
ple preparation chamber from a molecular-beam epitaxy
effusion cell at a low rate (-=1 A/min) and at a pressure
of 5X 10 Pa. Careful outgassing of the cell prior to the
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experiment and liquid-nitrogen cooling of a cryopanel
during the Al deposition was necessary to maintain such a
low pressure. The evaporation rate was calibrated with a
quartz thickness monitor which could be brought to the
same position as the sample. The Al coverage 0 will be
expressed in monolayer units (ML) throughout this work.
One monolayer is defined as the density corresponding to
the surface density of Sb atoms on the Sb(111) surface: 1

ML=2. 16&& 10' Sb-atoms cm =3.6 A.

III. EXPERIMENTAL RESULTS

Three different batches of samples were tried before sa-
tisfactory mirrorlike cleaved surfaces were obtained. The
clean surface exhibits a sharp hexagonal LEED pattern.
The valence-band energy distribution curve (EDC) record-
ed for h v=44 eV shown in Fig. 1 (lower curve) is
representative of the cleaved surface.

5.5 ML

A. Valence-band spectra

Energy distribution curves from the valence band have
been measured from the cleaved surface and for different
Al coverages at a photon energy of 44 eV yielding max-
imum surface sensitivity. The results are shown in Fig. l.
In the low coverage region (0—1 monolayer), only minor
changes are seen. In particular, the density of states close
to the Fermi level remains low, which shows that the
aluminum is in a nonmetallic phase at low coverages. An
additional structure appears at (5.5—6.0)-eV binding ener-
gy, which coincides with a maximum in the valence densi-
ty of states in AlSb. ' At 1.4 ML coverage, the valence-
band EDC is very similar to the one observed by Johnson
et al. on polycrystalline AlSb. ' At higher Al coverages
(0) 3 ML), a metallic Fermi edge develops. However,
even at coverages as high as 11 monolayers, the structure
of the A1Sb valence band is still visible. As the valence
band from pure Al has no pronounced features except for
a peak close to the Fermi edge, ' we suggest that alumi-
num forms clusters at these coverages, leaving parts of the
underlying A1Sb layer uncovered. This possibility will be
examined in detail in a subsequent section.

It might be argued that the 5.5—6.0 eV valence-band
feature is close to where an oxide feature is expected. In
fact, we have identified such oxygen-induced peaks from
contaminated Sb samples covered or not with aluminum.
In such cases, the oxide feature was always observed at
(6.5—7.5)-eV binding energy and its width is about two
times larger than the width of the A1Sb peak.

B. Core-level spectra
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FIG. 1. Valence-band EDC's from Sb(111) witk increasing
alUminum coverage.

Energy distribution curves from the Al 2p core level
have been measured with a photon energy of 100 eV
selected for maximum surface sensitivity (k=-5—10 A). '

This excitation energy also yields maximum intensity for
the Al 2p core line. ' Figure 2 shows the sequence of Al
2p EDC's obtained at different aluminum coverages rang-
ing from 0 to 22 monolayers. The data have been
smoothed, the background has been subtracted, and the
curves have been plotted to equal height. The binding-
energy scale is referred to the Fermi level (EF) which was
measured directly for high A1 coverages. At low cover-
ages the Fermi level coincides with the top of the valence
band of the Sb substrate. ' '' The Al 2p binding energy
for bulk metallic aluminum [72.71+0.05 eV (Ref. 19)], as
well as for polycrystalline AISb (73.04+0.10 eV), are
marked with arrows in Fig. 2. A detailed analysis of these
results will be given below after fitting individual spin-
orbit pairs to the data. However, certain general trends
can already be observed. At low coverages a broad peak is
seen at higher binding energies as compared to metallic
aluminum. This peak is relatively symmetric and no
spin-orbit splitting is resolved, so one must assume that at
least two components are present. The mean binding en-
ergy of the Al 2p level gradually increases up to 2.8 ML
coverage, whereas at higher coverages metallic aluminum
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TABLE I. Parameters used for the fits to the core level spectra explained in the text. We have used

a Gaussian broadening of 0.315+0.015 eV for the Al 2p spectra and of 0.500+0.020 eV for the Sb 4d
spectra. Branching ratio was 0.50 for all the Al 2p spectra and 0.725+0.005 for Sb 4d. The binding en-

ergies as well as the intensities of the peaks are shown in Figs. 6—10.

Coverage
(ML)

0.14
0.28
0.56
1.39
2.78
5.56

11.1
22.2

Al-1 (metal)
FWHM

(rneV)

190
150
150
210
210
100
70
44

0.123
0.122
0.122
0.123
0.125
0.125
0.122
0.123

Al-2
FWHM

(meV)

290
310
300
270
270
290
290
200

Sb-1
FWHM

(meV)

93
135
130
125
110
130
110
120

Sb-2
FWHM
(meV)

170
180
200
210
150
190
150

V'

Lorentzian profiles with Gaussians. Doniach-Snjic line
shapes are not required due to the relatively low density of
states close to the Fermi level. The Gaussian broadening
was of 0.5 eV for the Sb 4d lines, which is larger than the
overall spectrometer resolution (-=0.33 eV). For clean
Sb(111) surfaces, two unresolved components are already
needed to describe the data. The first Sb 4d&&z com-
ponent is found at 32.05+0.10 eV below the Fermi level
and will be called Sb-1 in the following. We identify the
Sb-1 component with bulk Sb. The second component,
about eight times weaker, observed at 32.30+0.10 eV
below the Fermi level, is probably due to a surface
shift. ' ' In the present case, the surface shift is most
probably due to different screening of the core hole in the
bulk and at the surface, which increases the measured
binding energy at the surface. This means that the intro-
duction of a second component is just a way of accounting
for several unresolved peaks in the present case.

As soon as a fraction of a monolayer of aluminum is
deposited on the Sb(111) surface, a new component (Sb-2)
must be included at 570+50 meV lower binding energy
compared to the Sb 4d bulk value. This separation de-
creases with increasing Al coverage. The spin-orbit pa-
rameters used for the fits were 5, , = 1.24 eV and
I(4d3/2 )/I(4dz/2) =0.72+0.02 for all the components at
any coverage. The intensity ratio is relatively close to the
statistical ratio of 2:3, the slight difference being probably
due to photoionization cross-section effects. '

To fit the Al 2p core-level spectra, we needed one
Lorentzian component folded with a Gaussian of 315+15
meV full width at half maximum (FWHM) and one
Doniach-Sunjic line folded with the same Gaussian. At
high Al coverage this latter component is found at
72.50+0.10 eV (Al 2p3/p) below the Fermi level, which is
close to the binding energy of metallic aluminum. ' The
asymmetry parameter for this component was
o. =0.122+0.03 at any coverage and the lifetime width de-
creased monotonically from 190 to 44 meV. A compar-
ison of these values with results from Citrin et al.
shows that this component is characteristic of bulk alumi-
num at high coverages. The other component, whose life-
time width is much larger (between 200 and 300 MeV

dependent on the coverage), is shifted by 0.6+0.1 eV to-
wards higher binding energies. These components will be
referred to as Al-1 (lower binding energy) and Al-2
(higher binding energy), respectively.

We have shown in Fig. 6 the intensity variation of the
three Sb 4d components as well as the total intensity
(solid dots) versus Al coverage. Figure 7 shows the corre-
sponding results for the Al 2p spectra. Upon Al coverage
Sb-2 grows rapidly in intensity, reaches a maximum
around 3 ML, and drops off beyond as more aluminum is
added. This behavior is paralleled by the Al-2 com-
ponent, and we ascribe these two components therefore to
A1Sb that is formed upon the initial coverage of the
Sb(111) surface. This also explains the small total Sb in-
tensity variations up to 3-ML coverage. We also
remember that A1Sb compound formation is obvious from
the valence-band spectra, especially at 1—2 monolayer
coverage. At intermediate coverages, the "bulk" Sb signal
decreases, whereas the chemically shifted component is of
almost constant intensity. We therefore suggest that the
amount of A1Sb increases, but A1Sb simultaneously covers
up with unreacted aluminum, resulting in a decrease of
the total Sb 4d intensity. The almost linear decrease of all
Sb components at 0& 3 ML and the corresponding in-
crease of the Al-1 component can be explained by the
growth of unreacted Al clusters on top of a complete
A1Sb layer covering the Sb(111)surface.

In summary, the behavior of the core-line intensities is
explained by dividing the interface formation into three
major regions: at low coverages (0—2 ML), AlSb forma-
tion is the predominant mechanism, at intermediate cov-
erages (2—4 ML), we observe a competition between AISb
formation and the growth of metallic clusters, and at high
coverages ( ~ 4 ML) metallic Al-cluster growth is the
predominant feature.

We shall close this section by comparing the behavior
of these two Al components with the following model:
Al-2 is characteristic of a reacted A1Sb phase in a two-
dimensional monolayer. An impinging Al atom has a cer-
tain probability P(0) for reacting and forming A1Sb. As-
suming a sticking coefficient of 1, the same atom has a
probability 1 —P(9) for going into an aluminum cluster
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where d is the thickness corresponding to 1-ML coverage
and

G(0)= f P(B')dB'. (3)

2.5 5.0 7.5
Al —coverage (HLj

I

10 22

FIG. 6. Integrated peak areas from different components in
the Sb 4d spectra determined after curve fitting. Open circles:
"bulk" Sb; open triangles: "A1Sb"; open squares: Sb 4d surface
peak; and solid circles: sum of the three previous components.
For details see text ~

I,(0)=I, (1) (1 N, rrR —+2N, wa),p G(0)
G(1) (4)

We obtain for the signal intensity from the A1Sb com-
pound

with

on top of the AlSb compound. If we assume that the
probability for an impinging atom to form A1Sb is pro-
portional to the area of the unreacted surface, a straight-
forward calculation yields for this probability the simple
form

P(B)=exp( —0) .

The probability P(0) decreases as the surface covers up
with A1Sb. Due to this decrease of P(0), the surface cov-
ers up slower when 0 increases, which slows down the de-
crease of P(0). Assuming that the average cluster con-
centration N, is constant as long as the total area covered
by the clusters is small compared to the sample surface,
and assuming a hemispherical shape for the clusters, we
can follow a procedure similar to the one used by Fran-
ciosi et al. to derive the intensities for the Al 2p core-

a =A,'—exp( —R /X, )(R X, +X', ) .

A., =kcosp,

with P being the mean acceptance angle of the analyzer
(cosP—:0.74). For the contribution from the clusters, we
obtain

I (0)=k~N, X, (R —2a), (6)

The effective escape depth k, is related to the escape
depth )i by the relation

Al 2p
—3 —h v= 100eV

5.0
Al- coverage (ML)

I

10 22

k being a parameter. We have used these relations with
parameters k, A,

„
I, (1), and N, in order to model the

behavior of the different Al 2p components. The result is
shown in Fig. 8. The parameters have been determined by
a nonlinear least squares fit to our data. The electron es-
cape depth obtained from this fit is A, =6 A. This value is
obtained by neglecting refraction and diffraction effects.
We find an average cluster density of N, =2.4)& 10"
cm

It is important to realize that this fit has been obtained
with the same values for. the parametes for both the signal
from the two-dimensional monolayer and the metallic
cluster contribution. We also emphasize that this model
is in agreement with the general behavior of the Sb 4d
core-level spectra as described in an earlier section, as well
as with our observation from the valence bands.

FICx. 7. Integrated peak area from different components in
the Al 2p spectra determined after curve fitting. Open circles:
Al-1 component; open triangles: Al-2 component. Solid circles:
sum of both components. For details see text.

B. Core-level binding energies

The Al 2p core-level binding energies were measured
with respect to the Fermi level. They are shown versus Al
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FIG. 8. Comparison between the experimental results from
Fig. 7 and the theoretical model explained in this work. Circles:
Al-1 component. Triangles: Al-2 component.

coverage in Fig. 9. For this discussion, we shall consider
the Al atoms to form clusters of n

' atoms, with
m =n

' —n atoms in contact with the substrate. The
binding-energy changes of components Al-1 and Al-2 are
then expected to be roughly the same with Al-2 being
shifted with respect to Al-1 due to different chemical en-
vironment.

We will focus our attention now on the behavior of the
lower-binding-energy component Al-1. At the beginning
of the interface formation, this Al-1 component is found
at a binding energy intermediate between the values for
bulk metallic Al and Al bonded to the Sb substrate. The
binding energy then increases by 200 meV up to a max-
imum at 1.4-ML coverage, decreasing again and converg-
ing to the value for metallic Al at sufficiently high cover-
ages. We will show now that the initial binding-energy in-
crease can be explained in terms of the gradual transition

from small Al„molecular clusters to metallic clusters.
The final decrease will be intepreted by final-state effects.

A detailed theoretical study of small Al clusters on
GaAs(110) has been performed by Zunger. He showed
that the clusters are generally nonmetallic until a critical
size of about 50—150 atoms is reached, corresponding to a
radius of typically 10 A in the case of hemispherical clus-
ters. In the nonmetallic case, his model calculation
predicts a binding energy for the Al 2p core level between
the bulk metallic value and the value corresponding to
bonding to the substrate, which is exactly what we observe
at the lowest coverages. In the case of metallic clusters
supported on insulating substrates, Wertheim et al.
have shown that positive binding-energy shifts with de-
creasing cluster size can be explained by the Coulomb en-
ergy e /r appearing on the cluster due to screening of the
core hole by conduction electrons. On a semimetal sub-
strate this charge is not neutralized during the time
relevant for photoemission, but the shift is lowered due to
screening via the formation of an image charge in the sub-
strate, especially when the cluster becomes larger. The
shift thus decreases faster than the 1/r behavior in free
clusters. The dashed line in Fig. 8 represents this e /r
behavior. We conclude that our measured values reflect
the predicted trends. At coverages lower than 3 ML the
shift saturates in agreement with earlier predictions.
At coverages below 0.3 ML the cluster radius deduced
from relation (2) is smaller than 15 A, and the cluster can
thus be considered to be nonmetallic. The initial binding-
energy increase is then understood as a gradual transition
from nonmetallic to metallic clusters.

In addition to the binding-energy shift, the Al 2p core-
level spectra show an increased width at low cluster size,
as already reported in the case of Sn (Ref. 30) and Ag
clusters (Ref. 31). This width change reflects the size dis-
tribution of clusters during the Al deposition.

The binding energy of the Sb 4d core level with respect
to the Fermi level is shown versus coverage in Fig. 10.
The larger error bars for the "surface" peak are due to its

73.5—

/,
- 73O I A!Sb

Ii

I

Al 2p

h v = 100eV

32.5-y

320
Q

fi
11

Sb 4d

hv= 70eV-

c 72.5-
CQ metal

AlSb

l

2.5 5.0 7.5
Al —coverage (NL j

I

10 22

I

2.5 5.0 7.5
Al —coverage (MLj

I

10 22

FIG. 9. Binding energies of the two peaks in the Al 2p spec-
tra determined after curve fitting. Open circles: Al-1 com-
ponent; Open triangles: Al-2 component. For details see text.

FIG. 10. Binding energies of the different components in the
Sb 4d spectra determined after curve fitting. Open circles:
"bulk" Sb; open triangles: "AlSb"; open squares: Sb 4d surface
peak. For details see text.
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comparatively low intensity and to the fact that this peak
is not resolved from the bulk peak. As an explanation of
the binding-energy decrease for the unreacted component
we suggest that even Sb atoms from subsurface layers are
polarized due to the A1Sb formation at the surface.

C. Partial-yield spectra

The aluminum antimonide formation of Sb(111) single
crystals is confirmed by partial-yield spectroscopy. Fig-
ure 11 shows the partial-yield spectrum measured on
Sb(111) covered with 0. 1 monolayers of Al at a final ener-

gy E*=60 eV at the Al 2p absorption edge. A sharp
doublet is observed with a linewidth comparable to the
overall spectrometer resolution. We have analyzed similar
spectra after annealing a 100-A thick Al overlayer on
Sb(111) at 600 K. The final energy was equal to 6 eV in
this latter case. The separation between both peaks is 0.39
eV and the maximum of the first peak lies at 74.40 eV.
The intensity ratio of the two components is very close to
1. A doublet with the same characteristics has also been
observed by Johnson et al. on polycrystalline A1Sb (Ref.
13) and was attributed to bulk excitons associated with the
lowest conduction band. The Al 2p binding energy of the
A1Sb component with respect to the top of valence band
can be used to estimate the difference between the gap and
the exciton binding energy. We obtain Eg —E„=1.19
+0.15 eV, which agrees with the result of Johnson et al.
(1.45 eV) within the experimental errors.

V. CONCLUSIONS

We have studied the room-temperature growth of
aluminum on Sb(111) single crystals with photoemission
using synchrotron radiation. We have shown that the in-
terface formation can be described by a rather simple

5b(111)+A l (0.1 NL)

model. An impinging atom has a probability P(0) to
react and form A1Sb. Otherwise, it goes into Al clusters
on top of the A1Sb layer. This means that the A1Sb for-
rnation is the predominant mechanism at low coverages,
whereas at high coverages Al cluster formation is more
pronounced. The Al 2p core-level intensity variations are
in quantitative agreement with this model, which also
qualitatively explains the behavior of the Sb 4d core levels
and the valence band EDC's. The Al 2p binding-energy
variation can be explained in two steps: An initial in-
crease is due to the transition from very small nonmetallic
clusters to metallic clusters, whereas the following de-
crease is explained by the Coulomb energy e /r appearing
on the cluster due to screening of the core hole by conduc-
tion electrons. The A1Sb formation has been further con-
firmed by partial-yield spectroscopy. On clean Sb(1 1 1)
samples a surface shift is detected from the Sb 4d core-
level EDC's and is attributed to different screening in the
final state in the bulk and at the surface.

Further investigations on the influence of the tempera-
ture on the interfacial behavior and measurements of the
core-level angular distributions are currently in progress
to complete our understanding of the interaction mecha-
nism.
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E =60eV
APPENDIX

C

cf
Here we show the fitting procedure for the SXPS core-

level EDC's. After subtraction of a linear background,
the experimental spectra, Y „(E),are fitted to the sum of
individual components of the form

Y(E)=f(E)*g(E),

74 7'5

Phot on energy (ev)
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where f(E) will be described hereafter and g(E) is a
Gaussian with full-width-at-half-maximum G.f(E) is the function derived by Doniach and Sunjic:

FICi. 11. Partial-yield spectrum from Sb(111)+ 0.1 mono-
layers Al at the Al 2p absorption edge.

cos( ~a /2 ) + ( 1 —a )are tan[ (E—Eo ) /y ) ]f(E)=H
[(E E )2+ +2](1—a)/2
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When a=O, a Lorentzian is obtained. This is generally
the case if the density of states close to the Fermi level is
low, i.e., in our case for Sb and AlSb, whereas a is
nonzero for metallic Al.

For each peak, the fitting parameters are thus H, a, y,
and Eo, whereas a unique parameter G was used for the
different components in one spectral range (Al 2p or Sb
4d). Additionally, for each doublet, the spin-orbit param-
eters (splitting and branching ratio) were allowed to vary

in narrow limits. The fitting parameters were adjusted to
minimize the chi-square

[Y(E;)—Y „(E;)]~x'=
n f, —

, Y „(E;)

n being the number of data points and f being the number
of fitting parameters.
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