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Preface

This special volume contains the proceedings of the Fifth International Conference on the Formation of
Semiconductor Interfaces (ICFSI-5). ICFSI had been previously held in Marseille, France (1985), Takarazuka,
Japan (1988), Rome, Italy (1991) and Jiilich, Germany (1993). This fifth edition of the conference, aimed at
providing a review of state-of-the-art experimental and theoretical research on structural and electronic
properties of semiconductor interfaces, was held for the first time in the United States, on the campus of
Princeton University, Princeton, New Jersey on June 26—30, 1995.

The scientific program, organized in a traditional format of single oral session and poster presentations,
focused on various aspects of semiconductor nanostructures, thin insulators on semiconductors, highly
lattice-mismatched heterostructures, passivation and surfactants, atom manipulation on semiconductor surfaces,
wide band gap semiconductors, interfaces of organic semiconductors, semiconductor heterojunctions, metal—
semiconductor interfaces, as well as clean surfaces and adsorbates. A technical summary of the conference and
its scientific highlights have been expertly outlined in the invited Conference Summary by Professor Hans Liith,
the last paper of these proceedings.

The conference was attended by 175 scientists from 21 countries. A total of 159 presentations were made,
including 18 invited talks, 37 contributed talks and 104 poster presentations. The schedule of the oral and poster
sessions was designed to maximize the time for discussions. These were extensive and often lively, and
comments from the participants indicated that this goal was at least partially achieved at ICFSI-5, and should
remain an overriding priority in future conferences.

The composition of the program shows that traditional semiconductor surface and interface issues, such as
clean surfaces and adsorbates or metal-semiconductor interfaces, still constitute an important fraction of the
concerns and interest of our community. However, recent development in nanostructures, atom manipulation,
organic semiconductors and wide band gap semiconductors are generating a large interest that will continue to
expand the program of future conferences along these and yet-to-be identified new directions. To strike a proper
balance between these various fields of interest will be a challenge for prospective organizers of this excellent
series.

The next meeting of this series will be held in June 1997 in Cardiff, United Kingdom, and will be chaired by
Professor R.H. Williams and Dr. J.E. Macdonald.

We wish to thank particularly Mrs. Emmalee Morrison who played an essential role in all aspects of the
preparation and of the smooth running of the conference. Our deep appreciations also go to the members of the
local organization committee for their dedication and hard work: V. Bulovic, J. Kahn, C. Kendrick, H.
Manoharan, M. Mitchell, M. Petrov, S. Shukla, A.St. Amour, L. Xu. We also wish to thank Dean James Wei
and Associate Dean Richard Golden of the School of Engineering and Applied Science for their early and strong
support of the conference. Last, but not least, we would like to acknowledge our financial sponsors, without
whom this conference would not have been possible. They are listed on page x.

The Editors
A. Kahn and R. Ludeke
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Abstract

In this brief review, structural and electronic properties of technologically important semiconductor surfaces are presented
and discussed with particular emphasis on most recent ab initio results for semi-infinite and supercell geometries. Most of
the results are based on the local density approximation of density functional theory but GW quasiparticle band structures
and results of calculations incorporating self-interaction-corrections are included as well. A general picture of the surface
reconstruction or relaxation behaviour is developed and the resulting electronic properties of prototype surfaces of diamond-,
zincblende- and wurtzite-structure crystals are discussed. The systems addressed comprise reconstructed (001) surfaces of
diamond, Si, Ge and SiC, the relaxed (110) surface of SiC and GaAs and nonpolar (1010) surfaces of wurtzite-structure SiC,
ZnO and CdS. A comparing discussion of the relaxed surfaces of SiC, GaAs and of TI-VI compound semiconductors allows
to address the physical origins of the relaxation behaviour of these compounds and to identify characteristic differences and
similarities in their relaxation behaviour related to the specific heteropolarity or ionicity of these systems. Our results show
excellent agreement with a whole body of experimental data.

1. Introduction

Semiconductor surfaces continue to attract large
interest both in fundamental and applied research.
The wide range of their technological applications is
a strong stimulus to fully understand their structural
and electronic properties on a microscopic level. We
have witnessed the developments and applications of
quite a number of fascinating and pretentious surface
sensitive experimental and theoretical methods and
techniques. The field of electronic structure theory of
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clean semiconductor surfaces has matured within the
last decade and total energy minimization calcula-
tions have become a very powerful tool for theoreti-
cally determining equilibrium configurations of sur-
faces. A most complete account on structural and
electronic properties of semiconductor surfaces has
been compiled in two recent volumes of Landolt—
Bornstein [1,2]. Although semiconductor surfaces
have been studied for decades, a number of systems
remain under debate because of their complex struc-
tural properties. While surfaces like GaAs(110) or
Si(111) are well-understood, by now, other systems
like the (001) surfaces of elemental semiconductors
continue to attract large attention. In addition, new
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systems like surfaces of SiC move into the focus of
interest because of their paramount potential for
microelectronic devices. Likewise, surfaces of cubic
and hexagonal II-VI semiconductors attract increas-
ing interest because of their importance for optoelec-
tronic devices and heterogeneous catalysis.

In this relatively short paper, we certainly can not
review the whole field. For a fair account of by now
‘classical’ results, we refer the reader to the review
articles by Hansson and Uhrberg [3] and LaFemina
[4], concerning extensive discussions of related ex-
perimental and theoretical work, respectively. Here
we rather focus on a brief discussion of most recent
theoretical developments for prototypical systems that
are under intensive study currently. We first address
the ‘backbone of semiconductor technology’, i.e. the
Si(001) surface, in connection with diamond (001)
and Ge(001) and discuss the physical origin and
quantitative nature of the dimer reconstruction of
these surfaces. Next we address the surface structural
and electronic properties that occur if one of the two
Si atoms in each bulk unit cell is replaced by a C
atom and the lattice constant concomitantly shrinks
by some 20%, i.e. we discuss surface properties of
SiC. The properties of the polar SiC(001) surfaces
will be presented and discussed in comparison with
those of Si(001) and C(001), respectively. We then
move to the nonpolar (110) surface of cubic SiC. It
is most revealing to discuss the respective results in
comparison with those of the probably best well-
known semiconductor surface, namely GaAs(110).
While in the above comparisons the changing ionic-
ity is the main theme, in the systems to be discussed
next, a change in crystal structure is important, as
well. To highlight the related effects, we present the
surface structure and band structure of the nonpolar
(1010) surface of wurtzite-structure SiC and discuss
the properties of a-SiC(1010) in comparison with
those of B-SiC(110). Finally, we address wurtzite-
crystal surfaces of prototypical II-VI semiconduc-
tors. Here we discuss ZnO(1010) and CdS(1010) in
comparison with SiC(1010). A systematic discussion
of all of these systems allows to identify characteris-
tic differences and similarities in the relaxation be-
haviour, which are related to the specific types of
heteropolarity or ionicity of these systems.

The paper is organized as follows. In Section 2
we briefly address the theoretical approach. In Sec-

tion 3 we discuss characteristic results for prototype
surfaces as outlined above. A short summary con-
cludes the paper in Section 4.

2. Theoretical approach

The results reviewed in this paper have been
calculated employing theoretical methods that have
been described in detail elsewhere. Therefore, we
refrain from repeating any equations here. Most of
our ab initio calculations [5-8] have been carried out
in the local density approximation (LDA) of density
functional theory (DFT). We employ nonlocal,
norm-conserving pseudopotentials in separable form,
as suggested by Kleinman and Bylander [9]. We use
the norm-conserving pseudopotentials of Sabisch [7]
for C and for Si in SiC and those of Gonze, Stumpf
and Scheffler [10] for Si, Ge, Ga, As, S and O. The
Zn'?* and Cd'** pseudopotentials have been used in
separable form in Ref. [8] employing the Bachelet,
Hamann and Schliiter potentials [11]. The
exchange—correlation potential (XC) is taken into
account in the Ceperley—Alder [12] form as parame-
terized by Perdew and Zunger [13]. One distinctive
technical aspect of our calculations, as compared to
many others is, that we use linear combinations of
Gaussian orbitals of s, p, d and s™ type to represent
the wave functions. In most LDA calculations of
other groups plane wave basis sets are used. They
are easier to handle but lead to much larger Hamilto-
nian matrices when supercell geometries are used to
describe surface systems. For semi-infinite systems
that can be described by potential scattering theory
and Green functions [5,14], plane waves are inade-
quate. In that case the calculations can be carried out
very efficiently with Gaussian orbital basis sets
[5,14]. Total energies for the surface structure opti-
mizations are calculated selfconsistently using the
momentum-space formalism of Thm, Zunger and
Cohen [15]. Optimal surface relaxations or recon-
structions are determined within the supercell ap-
proach [16]. We optimize the structure by calculating
the forces. When a Gaussian basis is employed,
Pulay forces have to be taken into account in addi-
tion to the Hellmann—Feynman forces [14,17]. Elimi-
nating the forces iteratively is achieved by employ-
ing the Broyden scheme [18]. We move all atoms in
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the unit cell until all forces vanish to within 1073
Ry /au. For further details related to particular sys-
temns the reader is referred to the respective literature
[5-8,14].

Now it is well-known, that band gaps in semicon-
ductors are underestimated by some 50% or more
within LDA and that this shortcoming transfers to
the surface electronic structure. To overcome these
problems, quasiparticle bandstructure calculations
have proven to be a very powerful tool [19,20].
Based on the formalism of Hedin [21] and Hedin and
Lundqvist [22], presented some 30 years ago, they
have been successfully carried out within the GW
approximation for bulk solids (see, e.g., Refs.
[19,20]), as well as, for a small number of surface
systems (see, e.g., Refs. [23-26]). Our approach to
calculate GW quasiparticle bandstructures has been
described in detail elsewhere [20,26]. Here we will
only use the respective results [26,27] for Si(001)-(2
X 1) to highlight the self-energy shifts in the quasi-
particle bandstructure with respect to the LDA re-
sults and to assess and identify the character and the
importance of these effects.

In the case of II-VI semiconductor surfaces, LDA
results suffer from a further deficiency in addition to
the above mentioned shortcomings in that the occu-
pied cationic d-bands result roughly 3 eV too high in
energy as compared to experiment (see, e.g., Ref.
[28]). This leads to an unphysically increased interac-
tion between the cation d- and the anion-p valence
bands closing the gap even further than is typical for
the LDA. Due to the overestimated p—d interactions
one could expect that prominent gap surface states
[8] are strongly influenced by the inadequate d-band
positions. To overcome this problem to a very large
extent, we have developed an approximate approach
to take dominant self-interaction-corrections into ac-
count [29]. The lack of these corrections in standard
LDA calculations is thought to be largely responsible
for the above mentioned deficiencies [8,28]. We
construct atomic self-interaction-corrected pseudopo-
tentials (SIC-PP’s) which are then transferred to the
bulk solid and to the surface calculations. The reader
is referred to Ref. [29] for more details of this
approach. Using these SIC-PP’s, the calculations can
again be carried out along the lines indicated in the
first paragraph of this section.

We have applied the above mentioned theoretical

techniques very recently for studying prototype sur-
face systems which will be discussed in the next
section.

3. Electronic and structural properties of proto-
type surfaces

3.1. Diamond, Si and Ge(001) surfaces

The origin and nature of dimer reconstructions at
(001) surfaces of elemental semiconductors has been
one of the most intensively discussed issues in semi-
conductor surface physics. Large efforts have con-
centrated on the Si(001) surface, since this is the
technologically most important surface system and
its surface reconstruction is the most subtle of the
three systems (see, e.g., Ref. [6]). Very recently a
consistent picture of the reconstruction of these three
surfaces has emerged from a number of ab initio
tota] energy minimization calculations, the results of
which are in very good agreement with a whole body
of experimental surface structure and surface spec-
troscopy data. The investigations of the Ge(001)-(2
X 1) surface (see, e.g., Refs. [6,30-34]) have rather
quickly converged to the asymmetric dimer model
(ADM) and those of C(001)-(2 X 1) surface (see,
e.g., Refs. [6,35-37]) agreeingly find the symmetric
dimer model (SDM) to be the equilibrium configura-
tion of this surface. In the case of Si(001)-(2 X 1),
there has been a long-standing discussion whether
this surface reconstructs in the SDM or ADM. The
original motivation for the introduction of asymmet-
ric dimers by Chadi [38] was the finding that empiri-
cal tight-binding band structure calculations which
assumed a symmetric dimer reconstruction of
Si(001)-(2 X 1) invariably resulted in a metallic sur-
face in disagreement with the results of angle-re-
solved photoelectron spectroscopy (ARPES) data
[39]. The picture of asymmetric dimers was sup-
ported, e.g., by core-level spectroscopy [40],
surface-photovoltage [41], low-energy electron
diffraction [42] (LEED) and ion-scattering experi-
ments [43]. In scanning-tunnelling-microscopy
(STM) studies [44], carried out later on, the dimers
appeared to be symmetric. The most recent experi-
mental data [45-53], however, show convincingly
that the dimers are buckled. This is in agreement
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with the results of well-converged ab initio total
energy LDA calculations [6,30,54—58]. They provide
agreeing evidence that, in the case of the SDM, the
electronic surface bands deriving from the dangling
bonds at the two atoms of each dimer overlap in
energy at the Fermi level leading to a metallic
surface. Buckling of the dimers leads to an energy
gain of some 0.14 eV per unit cell by opening up a
Jahn-Teller like gap between the surface-induced
dangling bond states. Therefore a semiconducting
Si(001)-(2 X 1) surface results for the ADM in
agreement with experiment [39,47,52].

From a systematic comparative study [6] of the
reconstructions of the three surfaces using our Green
function technique for semi-infinite systems [5,14]
we have obtained the electronic band structures
shown in Fig. 1. The three panels on the left hand
side show our results for the optimal SDM of each
surface. In each case, we obtain a bonding 7 band
and an antibonding 7 band originating from sym-
metric and antisymmetric linear combinations of the
dangling bond orbitals at the dimer atoms. Obvi-
ously, the SDM of C(001)-(2 X 1) yields a semicon-
ducting surface while it yields metallic surfaces for

[%]
o

M of C(001)-(2x1)

=)

alll

001)-(2x1}
™~y

Al

SOM of Ge(001)-(2x1) ADM of Ge(001)-(2x1)

1 :/, 04 "
T TR 0
- A - A
J’ T T J K J

T

=

[=3
=
o
=
[%)
—

—

.
Lk
=

Energy (eV)
[N o
0']
-
*
*
r
.
-
e

ADM of $i(001)-(2x1)

)=

[
=

T

Fig. 1. Section of the surface band structure of C, Si, and Ge
(001)-(2X 1) as resulting from LDA Green function calculations
for the symmetric dimer model (SDM) and the asymmetric dimer
model (ADM) in comparison with experimental ARPES data of
Ref. [59] (diamonds) and Ref. [60] (dots) for Si(001) and of Ref.
[61] for Ge(001).

C(001)-(2x1)

1‘501‘50

S1(001)-(2x1)

2.33 .28

Ge (001)-(2x1)

Fig. 2. Side views of energy-optimized configurations of the C-,
Si-, and Ge(001)-(2 X 1) surfaces. The bond lengths are given in
A.

Si and Ge(001)-(2 X 1). Tilting the dimers with re-
spect to the surface plane raises the total energy for
C(001)-(2 X 1) and leads to an energy gain of 0.14
eV per unit cell for Si(001)-2 X 1) and of 0.30 eV
per unit cell for Ge(001)-(2 X 1). The optimal sur-
face configurations of these three systems, as result-
ing from our Green function calculations [6], are
shown in Fig. 2. Our calculated dimer bond lengths
and back bond lengths included in the figure are in
excellent agreement with the results of other most
recent ab initio calculations for the three systems
(see Table 1 for that matter). Table 1 shows agreeing
evidence from most recent ab initio calculations for
these structural models. For C(001)-(2 X 1) there is
beautiful agreement between the results of the four
independent calculations [6,35-37]. So far, there are
no experimental data in the literature on the structure
of this surface, to our knowledge. For Si(001)-(2 X 1)
we observe very good agreement between the results
of most recent, well-converged calculations
[6,24,30,58]. The experimental data show a relatively
large scatter which might be related to surface im-
perfections (dimer defects, etc.). For Ge(001)-(2 X 1)
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Table 1

Bond lengths and tilt angles at the (2 X 1)-reconstructed diamond,
Si and Ge(001) surfaces from theoretical (T) and experimental (E)
surface structure determinations (see Fig. 2 for the definition of
d, —dy)

d,(A) d,(A) dy(A) @ (deg) Ref.

c(ooD-2x1) 137 1.50 1.50 0 [6]T
1.37 0 [35]T
1.37 1.50 1.50 0 [36] T
1.38 0 371 T
Si001)-(2x 1) 221 7 [55]T
2.25 8 [54] T
2.25 2.33 2.28 19 [6,30] T
2.26 2.34 2.29 18 [58] T
2.27 14 [56] T
15 [571T
2.20 5 [49]E
2.25 19 [53]E
2.34 7 [45]E
2.36 14 [43]E
Ge(001)-2x1) 2.41 2.48 2.42 19 [6,30] T
2.46 13 [31]T
2.46 19 [32]T
2.44 20 [331E
21 [34]1E

close agreement between the calculations and the
experimental data is found.

The calculated reconstruction-induced energy gain
per surface dimer is very closely related to the
cohesive energy per bulk bond in diamond, Si and
Ge, as has been shown in Ref. [6]. These energies
agree within some 0.3 eV in each case. This energy
difference is surface-specific and is due to the back
bond rotations accompanying the dimer formation.

The surface electronic structure for the ADM of
Si and Ge(001)-(2 X 1) is shown in the two panels
on the right-hand side of Fig. 1. Both surfaces turn
out to be semiconducting for the ADM in agreement
with experiment. The calculated occupied dangling
bond bands D,, are in good agreement with the
ARPES data [59-61] for the ADM while the occu-
pied m-bands for the SDM are hard to reconcile with
the data.

The origin of the different reconstruction be-
haviour of the diamond surface as opposed to the Si
and Ge surfaces can be traced back to the drastically
different strengths in o- and m-bonding between the
orbitals at the atoms of the symmetric dimers and to

the fact that C 2p orbitals are more localized than C
2s orbitals, while Si 3p (Ge 4p) orbitals are more
extended than Si 3s (Ge 4s) orbitals. This occurs,
since there are no p states in the C core, as opposed
to Si and Ge. At C(001)-(2 X 1), neighbouring sur-
face atoms form double-bonded dimers with a bond
length of 1.37 A, which is very close to the double-
bond length of 1.34 A in, e.g., the C,H, molecule.
At the Ge(001)-(2 X 1) surface they form single-
bonded dimers whose bond length of 2.41 A is close
to the single-bond length of 2.40 A in Ge,H,
molecules. The case of Si(001)-(2 X 1) resides in the
middle of these two limiting cases [6]. In conse-
quence of the short dimer bond, the m-interaction
between the dangling bonds at the C(001)-(2 X 1)
surface is strong enough to clearly separate the -
and 7 *-bands energetically. Thus the SDM of
C(001)-(2 X 1) is already semiconducting and tilting
the dimers does not lead to any additional energy
gain. In contrast, in the SDM of Si and Ge(001)-(2
X 1), the 7-interactions are not strong enough to
open up a surface gap (see the left panels of Fig. 1).

While the surface band structures in the right
panels of Fig. 1 nicely agree with the ARPES data
[59-61], they fail to correctly describe the measured
surface gaps [41,62,63]. This is, of course, related to
the well-known shortcoming of the LDA which un-
derestimates band gaps of bulk semiconductors and
surfaces considerably. These problems can be over-
come by carrying out quasiparticle bandstructure cal-
culations as mentioned in Section 2. In Fig. 3 we
show the quasiparticle bandstructures for the SDM
and the ADM of Si(001)-(2 X 1) as obtained by our
GW calculations employing Gaussian orbital basis
sets [27]. The respective LDA results are given by
dashed lines for comparison. It should be noted at
this point, that the band structures in Fig. 3 have
been calculated for a supercell geometry with 8
atomic and 6 vacuum layers per supercell while
those in Fig. 1 were calculated for semi-infinite
geometries. The figure reveals two important results.
First of all we note, that the SDM remains metallic,
even if the quasiparticle band structure is considered.
This result, together with the evidence from total
energy minimization, convincingly rules out the
SDM. Second we note, that the Dup band for the
ADM hardly changes while the Dy, band strongly
moves up in energy opening up the LDA gap of only
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0.2 eV to the GWA gap of 0.65 eV. Our results in
Fig. 3 have been obtained using a model dielectric
matrix in the GW calculations [27]. They are very
close to those of our full RPA calculation [26]
yielding a surface gap of 0.7 eV. The calculated gap
energies are well within the range of the experimen-
tal values of 0.44 eV from optical absorption spec-
troscopy [62], 0.64 eV from surface photovoltage
measurements [41] and 0.9 eV from tunnelling spec-
troscopy [63].

Concerning the comparison of the D, band in the
top right panel of Fig. 1 and the quasiparticle D,
band in the top panel of Fig. 3 with the data, it is
obvious, that the calculated bandwidth is somewhat
larger than the experimental bandwidth. In addition,
there are further experimental features (open sym-
bols) which can not be reconciled with the theoreti-
cal bands resulting for the (2 X 1) surface. Northrup
[24] has carried out GW calculations for the low
temperature c(4 X 2) phase of Si(001). On the basis
of a comparison of his results with ARPES data of
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Fig. 3. Calculated dangling bond bands of Si(001)-(2X 1) for the
asymmetric (ADM) and the symmetric dimer model (SDM). Solid
lines display GWA results and dashed lines display LDA results
in each figure. The symbols refer to photoemission data of Ref.
[59] (diamonds) and Ref. [60] (dots). The shaded regions show the
projected quasiparticle bulk band structure as resulting from our
GWA calculations.
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Fig. 4. Section of the calculated LDA surface band-structure of
Si(001)-c(4 X 2) in comparison with photoemission data of Ref.
[64] (triangles) and Ref. [65] (dots). The shaded region indicates
the top of the projected bulk bands of Si.

Landemark [64] it seems very likely that the above-
mentioned features originate from c(4 X 2) islands at
the nominal (2 X 1) room temperature surface. We
note in passing that Northrup observes an opening of
the surface gap by 0.48 eV for the c(4 X 2) surface
due to quasiparticle corrections, while we observed
0.50 eV, respectively, for the (2 X 1) surface. These
results are convincingly close. Using the surface
geometry as given by Northrup, we have carried out
Green function LDA calculations to evaluate the
surface band structure for the semi-infinite c(4 X 2)
surface. A small section of the band structure near
the top of the valence bands is compared in Fig. 4
with ARPES data of Landemark [64] and Enta et al.
[65]. There is a very good agreement to be noted
between the occupied bands of our LDA surface
band structure of the c(4 X 2) surface and the data.

3.2. Polar (001) surfaces of B-SiC

While the (001) surfaces of diamond, Si and Ge
have been studied by very many groups within the
last decades, SiC(001) surfaces are moving into the
focus of interest only recently. A number of different
LEED patterns, depending sensitively on surface
preparation techniques, have been observed [66]. The
atomic structure of various reconstructions was in-
vestigated by dynamical tensor LEED analyses
[67,68]. Using their slab-MINDO approach, Craig
and Smith [69] have investigated structural properties
of (2 X 1)- and ¢(2 X 2)-reconstructed surfaces. The
results to be presented in this subsection and those of
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Kickell et al. {70] in these proceedings are the first
ab initio results on structural and electronic proper-
ties of SiC(001) surfaces, to our knowledge.

SiC crystallizes in the zincblende-( 8-phase) and
in the wurtzite-structure (a-phase). Cubic B8-SiC has
one Si and one C atom per bulk unit cell. Si acts as
cation and C as anion in this compound semiconduc-
tor. Its ionicity (g = 0.475) has been discussed in
detail in Ref. [7]. In consequence of the heteropolar-
ity of SiC, the (001) surfaces are polar since they are
either Si- or C-terminated. This heteropolarity stems
from the very different covalent radii of the two
atoms rather than from different valencies of the
anion and cation as is the case in III-V or II-VI
compound semiconductors. Nevertheless, the stronger
C potential as compared to that of Si leads to a
considerable charge transfer from the Si cations to
the C anions. The charge density along the Si-C
bonds is strongly asymmetric (see Ref. [7]). This has
important consequences for the reconstruction of SiC
surfaces. The B-SiC lattice constant of 4.36 A is
larger than that of diamond and smaller than that of
Si. Thus in B-SiC we will encounter physical proper-
ties of Si orbitals on a lattice with a 20% smaller
lattice constant than in bulk Si and physical proper-
ties of C orbitals on a lattice with a 22% larger
lattice constant than in bulk diamond.

Considering the (001) surfaces of B-SiC, one
might expect that the Si- and C-terminated surfaces
show a similar reconstruction behaviour as the re-
spective Si or C(001)-(2 X 1) surfaces discussed in
Section 3.1, It is very important to note, however,
that the Si orbitals in the Si surface layer at the
Si-terminated SiC(001)-(2 X 1) surface reside at a
much smaller distance than at Si(001)-(2 X 1), while
the C orbitals in the C surface layer at C-terminated
SiC(001)-(2 X 1) reside at much larger relative dis-
tance than at C(001)-(2 X 1). The atoms at the latter
surface, therefore, are free to move and to form
strong C dimer bonds, while those at the former are
strongly hindered in their movement by the reduced
lattice constant and the concomitantly increased
Coulomb repulsions with the backbonds. In addition,
the valence charge of Si and C is four in both
elemental semiconductors, while it is larger than four
at the C ion and smaller than four at the Si ion in
SiC.

We have carried out LDA structure optimizations

Si-term. SiC(001)-(2x1)

WL
T
ds dy

Si

C-term. SiC(001)-(2x1)

Fig. 5. Side view of the energy-optimized configurations of Si-
(top panel) and C-terminated (bottom panel) B-SiC(001) surfaces.
The actual values of the structure parameters are given in Table 2.

and electronic structure calculations for these two
surfaces using supercells with eight atomic layers
and seven vacuum layers. The bonds on one side of
the slabs have been saturated with adsorbed hydro-
gen atoms. In the calculations discussed here we
have only considered (2 X 1) reconstructions.

The optimal structure of the Si- and the C-
terminated SiC(001)-(2 X 1) surface is shown in Fig.
5 and our structural data are compared with the
Slab-MINDO results of Craig and Smith [69] in
Table 2. The optimal reconstructions of the two
(2 X 1) surfaces are vastly different. Contrary to the
Si(001)-(2 X 1) surface, Si surface dimers are not
stable at the Si-terminated SiC(001)-(2 X 1) surface.
Only a very slight buckling of the Si atoms occurs
(see the top panel of Fig. 5 for that matter). This is
certainly related to both the reduced lattice constant
and the decreased charge density at the Si cations in
SiC, as compared to the case of Si (see Ref. [7]). The
energy gain is only 2 meV per unit cell (but see also
the note added in proof). The optimal (2 X 1) struc-
ture of the C-terminated SiC(001)-(2 X 1) surface, on
the contrary, forms very strong symmetric C surface
dimers with an energy gain of 4.9 eV per unit cell
(see bottom panel of Fig. 5). The large valence
charge density at the C anions and the increased
lattice constant as compared to C(001)-(2.X 1) easily
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Table 2

Structural data for energy-optimized Si- and C-terminated
SiC(001)-(2X 1) surfaces as resulting from our ab initio calcula-
tions and the slab-MINDO calculations of Craig and Smith [69]

d, (A d, Q) d,(A) d, (A) Ref.

Si-terminated SiC(001) 2.73 0.08 1.88 1.90 this work
233 020 178 185 [69]

C-terminated SiC(001) 136 1.86 1.86 this work
136 186 1.86 [69]

For the definition of the parameters, see Fig. 5.

allow dimer formation. Our structural parameters for
the C-terminated surface in Table 2 are identical to
those of Craig and Smith [69] while they are very
different from the results of those authors for the
Si-terminated surface. We believe that the large dif-
ferences in the latter case could be due to the very
subtle nature of the (2 X 1)-reconstruction of the
Si-terminated surface. In particular it might be diffi-
cult to describe ionicity-induced charge transfer re-
laxations by the slab-MINDO approach. In the case
of the C-terminated surface, on the contrary, the
reconstruction is extremely strong and local and can
thus probably be described by that approach very
well. It is interesting to note that at C-terminated
SiC(001)-(2 X 1) double-bonded C dimers with a
bond length of 1.36 A are formed as in the case of
C(001)-(2 X 1) (see Tables 2 and 1, for comparison).

Small sections of the surface band structures for
both optimized configurations are shown in compari-
son with the related bandstructures for the ideal
surfaces in Fig. 6. The latter have been backfolded
onto the (2 X 1) surface Brillouin zone for a more
meaningful comparison. The bands D, and D, at the
reconstructed Si-terminated surface originate from
the backfolded dangling bond bands D and the bands
D, and D, originate from the backfolded bridge
bond bands Br at the ideal, unreconstructed surface
(see the left panels of Fig. 6). The bridge and
dangling bond bands of the ideal surface are split
and shifted by the symmetry breaking due to the
(2 X 1) reconstruction. Contrary to the case of the
ideal Si(001) surface, the D and Br bands are ener-
getically separated already at the ideal SiC surface
(see upper left panel of Fig. 6) because of the
stronger C potentials on the second layer, as com-
pared to that of Si. The electronic structure for the

reconstructed Si-terminated SiC surface is semicon-
ducting, as well. As mentioned already, the energy
gain per unit cell due to the reconstruction is only 2
meV, in spite of the strong influence of the recon-
struction on the D and Br bands yielding the bands
D,-D,. This is related to the fact, that the center of
gravity of the four bands hardly changes from the
ideal to the reconstructed surface although each indi-
vidual band shows large reconstruction-induced ef-
fects. In view of the structural results of Craig and
Smith [69] for this surface, we have imposed as a test
the same buckling which is observed for the Si(001)-
(2 X 1) surface (see Table 1) to this surface. A very
strongly metallic surface results. Thus such a strong
buckling has to be discarded for this reason and
because of a concomitant increase of the total energy
by 0.67 eV. The surface electronic structure of the
C-terminated surface in the right panels of Fig. 6
shows distinctly different features. First we note that
the D and Br bands at the ideal surface strongly
overlap in energy such that the ideal surface is
metallic. Second, we observe that the 7 and 7~
bands originating from the symmetric C dimers at

Si-terminated C-terminated

ideal ideal
11
= B~ Br
‘| I" ||’
i ’ | l
—51' J K J' T T J K Jf T

(2x1)-reconstructed

P
2

(2x1)-reconstructed

T
T

T J K J T

Fig. 6. Section of the surface band-structures of 8-SiC(001)-(2% 1)
for the ideal lattice structures (top panels) and the energy-opti-
mized configurations (bottom panels) together with the projected
bulk band structure. Salient bands of localized states are shown
for the Si-terminated (left panels) and C-terminated (right panels)
surfaces. A dashed line indicates the Fermi-level in each case.

Energy (eV)
& °
=]

o
=
<
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the reconstructed surface are clearly separated in
energy as was the case for C(001)-(2 X 1) (see upper
left panel of Fig. 1). But now an additional p-like
band (P) occurs in the gap. It is related to occupied C
2p states that are perpendicular to the symmetric
surface dimers. This P band is also to be observed at
the ideal surface (see upper right panel of Fig. 6)
where it resides lower in energy. It shifts into the gap
at the reconstructed, C-terminated SiC(001)-(2 X 1)
surface because of the reduced interaction with the
Si sublayer, as compared to C(001)-(2 X 1). In con-
sequence also the surface band structure for this
(2 X 1)-reconstructed surface remains slightly metal-
lic. Actually, more complicated ¢(2 X 2) reconstruc-
tions have been suggested for this surface [68]. We
are currently studying such configurations by total
energy minimization calculations (see the note added
in proof).

Most of the results of this section are theoretical
predictions. No ARPES data on these surfaces have
been published to date. Concerning the (2 X 1)-
reconstructed Si-terminated surface we are only
aware of a tensor LEED investigation [67] which
favours Si dimers with a bond length of 2.3 A. This
value is close to the dimer-bond length at Si(001)-(2
X 1) (see Table 1). For such a configuration we find,
as mentioned above, an upward shift of the total
energy by 0.67 eV and a strongly metallic surface
band structure. Both findings do not favour such
geometries. The tensor LEED results [67] might be

explained by an additional Si adlayer at this polar
SiC(001) surface. We are currently investigating this
issue (see the note added in proof).

3.3. Nonpolar surfaces of B-SiC, «-SiC and GaAs

Both the zincblende and the wurtzite modifica-
tions of SiC exhibit nonpolar surfaces, ie. (-
SiC(110) and, e.g., a-SiC(1010). Both surfaces have
been studied by empirical tight-binding calculations
[71-73], as well as by ab initio LDA calculations
[7,74]. Our supercell calculations [7] have been car-
ried out with nine atomic layers and five vacuum
layers in the unit cell using Gaussian orbital basis
sets. The resulting optimal structures of the relaxed
surfaces are shown in Fig. 7 and our structural data
are compared with those of other calculations in
Table 3. There is excellent agreement between the
results of the two ab initio calculations [7,74] for the
B-SiC(110)-(1 X 1) surface (see Table 3). Our calcu-
lated energy gain due to relaxation is 0.64 eV per
unit cell for B-SiC(110) and 0.71 eV per unit cell for
a-SiC(1010). Wenzien et al. [74] found for the B-SiC
(110) surface almost the same energy gain (0.63 eV)
in their calculation. The top panel of Fig. 7 shows a
rotation relaxation that is well-known, in general,
from the (110) surfaces of III-V semiconductors, in
particular for GaAs(110). The relaxation angle w of
about 17° for B-SiC(110) is considerably smaller
than that of about 30° for GaAs(110). We will

Table 3
Structural data for energy-optimized, nonpolar 8-SiC(110)-(1 X 1) and a-SiC(1010) surfaces
Sic(110) Ref. [7] Ref. [74] Ref. [73] SiC(1070) This work Ref. {71] Ref. [73]
a, (A) 434 429 436 a(Ad) 3.07 3.08 3.08
c A 5.03 5.05 5.05
dy (A) 1.88 1.86 1.89 dy (A) 1.88 1.88 1.88
A, dy 0.14 0.13 0.05 A, (dy) 0.06 0.04 0.03
A, (dy) 1.86 1.82 1.86 dy, (dy) 2.65 261 2.66
diy, (dy) 0.65 0.67 0.71 dyy, (dy) 0.32 0.35 0.33
dps  (dy) 1.27 1.27 121 dyyy (dy) 231 2.25 2.27
A, , (dy) —0.02 —0.02 —-0.01 A, , (d,) —-0.01 0.00 —0.03
dy (d,) 0.37 0.39 0.38
w (deg) 16.9 15.4 6.0 ¢ (deg) 3.8 2.6 1.7

Our results [7] are compared to literature data by Wenzien et al. [74], Lee and Joannopoulos [71], and Mehandru and Anderson [73]. For the
definition of the parameters, see Fig. 7. The atomic shifts with respect to their ideal positions, as given in Refs. [71] and [73], have been
converted to the structural parameters used in this work.
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SiC(110)-(1x1)

8iC(1010)-(1x1)

dy—
g

diay

Fig. 7. Side view of the relaxed B-SiC(110)-(1x 1) surface (top
panel) and the relaxed a-SiC(1010)-(1 X 1) surface (bottom panel).
The actual values of the structure parameters are given in Table 3.

comment on this point in the next subsection where
we also address the relatively small relaxation angle
o of 3.8° at the a-SiC(1010) surface.

In Fig. 8 we compare the surface electronic struc-
ture for the optimally relaxed configurations of these
two nonpolar surfaces with that of GaAs(110) from
Ref. {7]. The band structure for the optimally relaxed
B-SiC(110) surface in the middle panel is very simi-
lar to that of GaAs(110), in general. The A band
originates from the occupied dangling bonds at the
surface anions, i.e. the C atoms, and the C,; band

Energy (eV)

SiC(110): relaxed

originates from the empty dangling bonds at the
surface cations, i.e. the Si atoms. The surface band
structure is semiconducting. The same result obtains
for the a-SiC(1010) surface. Its band structure in the
right panel of Fig. 8 is very similar to that of the
relaxed B-SiC(110) surface. Only the gap between
the A5 and C; band is more pronounced in this case
since the bulk band gap of wurtzite -SiC is already
larger than that of cubic B-SiC. These similarities
and the very similar energy gain due to relaxation for
the two systems is related to the fact that the
nearest-neighbour configuration of Si and C atoms is
the same in both modifications and only the second-
nearest neighbour configurations discern the struc-
tures. For the same reason, the different lattices give
rise to similar charge densities for the pronounced
A and C; surface states. These are shown in Fig. 9
for both optimally relaxed surfaces and the similari-
ties are most obvious even for the C; states if one
takes the different spatial configurations of the ions
into account.

3.4. Origin of the different surface relaxations

In order to highlight the differences in the ob-
served surface relaxations, we have summarized our
results for the optimal structure of GaAs(110), B-
SiC(110) and «-SiC(1010) in Fig. 10 together with
the structure of the ideal (110) surface of a zincblende
semiconductor. There are at least three driving forces
for the structural relaxation at these surfaces as has
been discussed in great detail in Ref. [7]. First, the
more electronegative ions tend to reside as far above

Ag
i

il Il

SiC(1010): relaxed

T X

M

X T T X M X' T

Fig. 8. Salient bands of localized surface states of the relaxed GaAs(110) (left), cubic SiC(110) (middle) and wurtzite SiC(1010) (right)

surfaces together with the respective projected bulk band structure.
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SiC(110)-(1x1): As at M

SiC(110)-(1x1): Cs at M

Fig. 9. Charge densities of the C- and Si-derived dangling-bond
states A and Cy at the M-point of cubic SiC(110)-(1x 1) (top
panels) and of wurtzite SiC(1010)-(1X 1) (bottom panels) sur-
faces. Bonds within (parallel to) the drawing plane are shown by
full (dashed) lines. Bonds forming an angle with the drawing
plane are indicated by dotted lines.

the surface as possible. This reduces the Coulomb
repulsion between the electrons. Second, the changes
in hybridization at the surfaces as compared to the
bulk lead to p* pyramidal configurations around the
anions, while the cations tend to become sp*-like
planar bonded at the surface. Therefore, anions tend
to move above and cations below the ideal surface
plane. This is a purely quantum mechanical driving
force due to hybridization. Third, if the systems
become more and more ionic, classical electrostatic
interactions start to dominate and they have a ten-
dency to form planar anion—cation arrays, maximiz-
ing the electrostatic attraction and minimizing the
total energy, thereby. The result of the combined
effects of these three mechanisms is to be observed
in Fig. 10. In particular, the electrostatic forces lead
to a bond contraction at the surface with increasing
asymmetry of the charge density along the cation—
anion bonds and a concomitant lowering of the
relaxation angle (see Table 4). It is obvious from the
table that the quantum mechanical hybridization
mechanism is still very strong in the case of CdS

Koot - _;Z_J. ______
a3
ideal(110) GaAs(110)
&, b,
Wo_____ L. 4 ___
d dy dy ’EL.}.CQ
SiC(110) SiC(1010)
dy

5B,

Fig. 10. Side views (drawn to scale) of the ideal GaAs(110)
surface and of the energy-optimized relaxed GaAs(110), SiC(110),
and SiC(1010) surfaces. The ideal surface plane is indicated by a
dashed line in each case. Bonds that form an angle with the
drawing plane are shown by dotted lines. Bonds which lie in the
drawing plane or which are parallel to the drawing plane are
shown by full lines. Small dots show anions while large dots show
cations. The actual values of the structure parameters are given in
Table 4.

which behaves similar to III-V semiconductors in
this respect. The asymmetry of its charge density is
less pronounced than in SiC. In Table 4, we have
summarized characteristic structural data resulting
from our calculations for GaAs, SiC and CdS sur-
faces. The data show the trends in the surface-layer
bond lengths and in the relaxation angles as dis-
cussed above. It should be noted at this point, that
the relaxation angle  at the (110) surfaces of
zincblende crystals results from a projection of the
anion—cation bonds onto the drawing plane in Fig.

Table 4

Bulk (d,) and surface (d,) bond-lengths as well as relaxation
angles () and tilt angles (¢) as defined in Fig. 10 for GaAs, SiC
and CdS surfaces (for details, see text)

Ideal  GaAs(110) SiC(110) SiC(1010) CdS(1010)

dy(A) a3 /4 2.40 1.88 138 2.51
d, (dy) 1.00 0.99 094 091 0.96
o (deg) 0 " 306 16.9 3.8 16.6
¢ (deg) O 16.7 8.2 3.8 16.6
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10 while the anion—cation bonds at the wurtzite
(1010) surface lie in the drawing plane. In conse-
quence, the tilt angle ¢ and the relaxation angle w
are the same only in the latter case. In general, we
observe that cations (Ga, Si, Cd) reside closer to the
substrate than anions (As, C, S) and the surface
bonds are contracted in ionic systems while they are
almost conserved in covalent systems, e.g., in
GaAs(110). The different relaxation behaviour can
very clearly be traced back to differences in the
asymmetry of the charge density of the underlying
bulk bonds as has been worked out in great detail in
Ref. [7]. From these considerations it follows that the
buckling angle w decreases with increasing ionicity
due to increasing electrostatic forces, as is confirmed
by the results in Table 4. Since the quantum mechan-
ical hybridization mechanism dominates in the III-V
semiconductors, the anions move above and the
cations move below the ideal surface plane of these
crystals (see Fig. 10 and, e.g., Refs. [7] and [75]). In
the more ionic systems in Fig. 10, the electrostatic
mechanism dominates so that not only the cations
but also the anions move below the ideal surface
plane. Yet the anions reside above the cations be-
cause of the first mechanism mentioned above.

3.5. Nonpolar (1 010) surfaces of II-VI semiconduc-

tors

Electronic and structural properties of II-VI com-
pound semiconductors and their surfaces are cur-
rently moving into the focus of interest because of
their technological potential in optoelectronics (e.g.
blue lasers based on ZnSe) and heterogeneous catal-
ysis (e.g. ZnO surfaces). A number of experimental
and theoretical investigations has been carried out
over the years. LEED studies of, e.g., ZnO(1010)
have been carried out by Duke et al. [76,77]. Two
different empirical tight-binding calculations for the
surface electronic structure of ZnO(1010) lead to
strikingly different results for the surface bands in
the gap energy region. Ivanov and Pollmann [78],
who used an empirical tight-binding Hamiltonian
incorporating only Zn 4s and O 2p orbitals did not
find dangling bond bands in the gap but only ionic
resonances within the projected bulk bands. Wang
and Duke [79], on the other hand, included Zn 4p

CdS(1070)
HARRRRR! I'“ku\|\||t T T T T T Tt

“HHIW{FWW

TTTe

ENERGY (eV)

[T e T

-10 4 A

Fig. 11. Surface bandstructure of ideal and relaxed CdS(1010).
The localized surface states at the ideal surface are shown by
dashed and at the relaxed surface by full lines.

orbitals in their Hamiltonian and found a dangling
bond band of occupied O 2p states near the top of
the projected bulk valence bands. To resolve this
discrepancy, Schrier et al. [8] have carried out the
first ab initio calculations for CdS(1010) and
Zn0O(1010) within LDA. They confirmed the results
of Wang and Duke [79,80] and found anion-derived
dangling bond bands near the top of the valence
bands for both surfaces, as well.

As an example, the LDA surface bandstructure
for CdS(1010) is shown in Fig. 11. An anion-derived
dangling bond band A, and two bands A, and A
are observed near the top of the valence bands for
the relaxed surface. Wang and Duke [79,80] labeled
their surface states S; to S, (for surface bands),
while Schrier et al. [8] labeled them P, to P, in order
to indicate the p-character of these anion-derived
bands. For a more meaningful comparison with the
results of SiC(110) and SiC(1010), discussed in Sec-
tion 3.3, we change the nomenclature here and label
the anion-derived surface state bands accordingly as
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Fig. 12. Bulk bandstructure of wurtzite CdS as calculated using
our SIC-PP approach in comparison with ARPES data of Ref.
[81]. The horizontal lines indicate the measured energy gap and
the measured d-band width.

A, to A (see Fig. 11). Except for the A, and Ag
bands, the fundamental gap is free from surface
states due to the large ionicity of this compound.
Comparing the bandstructure in Fig. 11 with that of
the relaxed o-SiC(1010) surface in the right panel of
Fig. 8, we observe a number of distinct differences.
First, the heteropolar gap between the anion-derived
s- and p-bands in II-VI semiconductors is much
larger than in SiC due to the increased ionicity.
Second, there is no C, band in the gap of ZnO(1010)
(see Ref. [8] for that matter) or CdS(1010) and the
A bands are somewhat closer to the projected va-
lence bands than at «-SiC(1010). This is related to
the larger ionicity and the concomitant smaller cova-
lent character of CdS and ZnO, as compared to SiC.
Third, there is a very specific additional feature in
the TI-VI semiconductors, that calls for particular
attention. In these materials, there are occupied
cationic d-states whose energies reside between those

Table 5

Energy (eV)

Fig. 13. Upper valence bands of wurtzite bulk CdS resulting from
our SIC-PP calculations in comparison with polarization- and
angle-resolved photoemission data of Ref. [82]. The experimental
data refer to bands resulting from states that are even (triangles) or
odd (squares) with respect to the mirror plane. The calculated
bands 1 and 3 are even and the bands 2 and 4 are odd with respect
to the mirror plane.

of the anion s- and p-states. They give rise to
d-bands between the anion p- and s-valence bands.
The semi-core d-states, that are highly localized in
space, have to be retained in the valence electron
shell in order to arrive at accurate theoretical lattice
constants (see, e.g., Ref. [8] for that matter). Inclu-
sion of the d-orbitals, however, leads to further
problems, in that the d bands result roughly 3 eV too
high in energy, as compared to experiment. In conse-
quence the cation-d—anion-p interaction is much too
strong. The p bands are shifted up in energy and the
gap is almost closed in ZnO (0.23 eV instead of 3.4
eV, see Ref. [8]) and much too small in CdS (1.22
eV instead of 2.6 eV). In particular, the question
arises, whether the Ay dangling bond bands near the
top of the projected valence bands of ZnO(1010) and

Structural parameters of the nonpolar CdS(1010) surface as resulting from two theoretical surface structure determinations

A, R dy, (A) dyyy (A) 4, (A dy, A do (A) ¢ (deg) Ref.

Cds (1010) 0.00 4.19 335 0.00 1.19 1.19 0 id. surface
0.74 4.41 3.86 -0.08 0.62 1.19 17.9 [79]
0.69 4.40 3.72 -0.15 0.61 1.15 16.6 this work

Our results are compared to literature data. For the definition of the parameters, see the lower panel of Fig. 7.
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CdS(1010)-(1x1)
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Energy (eV)
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Fig. 14. Section of the surface band-structure of relaxed
Cds(1010)-(1x 1) in comparison with ARPES data of Ref. [83].
Salient bands of localized surface states resulting from our SIC-PP
calculations are shown together with the respective projected bulk
bandstructures (shaded regions).

CdSs (1010)-(1x1)
As at X’

Fig. 15. Charge densities for representative surface states of
CdS(1010)-(1 X 1) at the X’ point. Bonds that form an angle with
the drawing plane are shown by dashed lines. The Cd (S) atoms
are indicated as large (small) dots.

CdS(1010) are artifacts of the calculations in conse-
quence of the unphysically strong p—d interactions.
To resolve this issue, we have developed an effi-
cient approach to incorporate dominant self-interac-
tion-corrections in our LDA calculation which is
described in Ref. [29]. We construct appropriate
self-interaction-corrected pseudopotentials (SIC-
PP’s). Using the SIC-PP’s, we obtain bulk band
structures in very good agreement with experiment
(see Fig. 12). Compared to the standard LDA results,
as given in Ref. [28], the d-bands are strongly down
in energy, the gap is opened up almost to the experi-
mental value and the bandwidth and dispersions of
the S 3p valence bands are now in excellent agree-
ment with ARPES data of Stoffel [81] and of Mag-
nusson and Flodstrom [82], as can be seen in Fig. 12
and Fig. 13. Using our SIC-PP approach, we have
also calculated the structure and the electronic prop-
erties of CdS(1010). The structural relaxation is simi-
lar, in principle, to that of SiC(1010) (see lower
panel of Fig. 7). In our total energy minimization
atomic relaxations of the first three layers are taken
into account. With two atoms per layer unit cell,
which are allowed to move only parallel to the c-axis
and perpendicular to the (1010) surface, due to the
symmetry of the system, there are twelve structural
degrees of freedom. We have minimized all related
forces until they are less than 107° Ry /a.u. Struc-
tural data for CdS(1010) are given in Table 5. There
is very good agreement between the two different
sets of theoretical data. In Fig. 14 we compare a
small section of the CdS(1010) surface band struc-
ture as resulting from our modified LDA (using our
SIC-PP’s) with experimental data of Magnusson and
Flodstrom [83]. The existence of an anion-p-derived
dangling bond band A at the (1010) surface of
II-VI semiconductors is thus firmly established (see
also Ref. [8]). Furthermore we note that our results
are in very good agreement with the data. This holds
in particular for the A;, A, and the A4 bands. The
character of the most pronounced states A, A, and
A is shown by the respective charge densities at the
X’-point in Fig. 15. It is obvious from the figure, that
all three states have strong p.-contributions and
should therefore be accessible to ARPES measure-
ments. In view of these theoretical results the ques-
tion remains why the A 5 band does not seem to have
been detected. A systematic comparing study of a
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number of II-VI semiconductor surfaces is currently
in progress in our group. The results will be given
elsewhere.

4. Summary

In this paper we have briefly discussed structural
and electronic properties of a number of prototype
semiconductors. The results of well-converged ab
initio total energy minimization and electronic struc-
ture calculations were found to be in good agreement
with the available experimental data of surface struc-
ture determinations and high-resolution surface spec-
troscopy results. In the other cases they yield most
useful and important predictions. The resulting struc-
tural and electronic properties have been analyzed
and a general picture of the physical nature and
origin of particular reconstruction or relaxation be-
haviours has been developed. A clear physical pic-
ture of a number of important surfaces has emerged.
Shortcomings of LDA results have been identified
and it has been exemplified in cases how they can be
overcome by GW quasiparticle band structure calcu-
lations or by LDA calculations that include most
important self-interaction-corrections. The good
agreement of the theoretical results with most recent
experimental data on these surfaces once more con-
firms the appropriateness and usefulness of most
advanced °‘state of the art’ theoretical approaches for
quantitative studies of well-ordered clean semicon-
ductor surfaces.

Note added in proof

More recently, we have carried out very detailed
additional structure optimization calculations for Si-
and C-terminated SiC(001) surfaces. Our results for
the C-terminated surface were fully confirmed while
for the Si-terminated SiC(001)-(2 X 1) surface we
have obtained a marginal refinement. As optimal
surface geometry we find a symmetric configuration
of the surface Si atoms with d, = 2.73 A, d, =0.00
A, dy=d,=1.89 A and a concomitant energy gain
of 10 meV. For details, see M. Sabisch, P. Kriiger,
A. Mazur, M. Rohlfing and J. Pollmann, Phys. Rev.
B 53 (1996), issue of May 15.
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Abstract

High resolution electron energy loss spectroscopy (HREELS) has been used to study the surface plasmon excitations on
n-type InAs(001) surfaces prepared either by decapping a protective As layer or by argon ion bombardment and annealing
(IBA) procedures. The plasmon frequency for heavily doped decapped samples indicates a free carrier concentration in good
agreement with the nominal bulk doping level (n ~ 5.0 X 10'8 cm~3), Subjecting the decapped sample to IBA results in a
much higher carrier concentration (~ 10" em™3). Measurements from a lower doped InAs(001) sample (n ~ 2.0 X 10'6
em™?) prepared by IBA also show an increased carrier concentration (~ 10'8 cm™3), suggesting the presence of additional
free carriers as a consequence of the structural damage induced by the sputtering process. For both surface preparations, the
plasmon frequency does not vary as a function of the incident electron beam energy and suggests a homogeneous free carrier
profile. Measurements of the plasmon frequency as a function of the incident electron beam energy indicate that the depth of
electronic damage extends at least 400 A into the material. The frequency of the surface plasmon is also strongly affected by
the ion bombardment and annealing conditions. In particular, the use of high ion beam energies (> 2 keV) directed along the
surface normal, gives rise to the highest residual carrier concentrations, consistent with the generation of higher degrees of
structural damage in the material.

1. Introduction InAs is of particular interest for certain device appli-
cations because of the natural electron accumulation
layer formed at the (001) surface: a recent example
is the use of InAs for inter sub-band infrared detec-
tion [3]. The surface accumulation behaviour of InAs
differs from that of other III-V materials such as
GaAs, which forms a natural depletion layer at the
surface.

An important area of study in ITI-V semiconduc-
tor materials is the preparation of clean, ordered
substrates prior to epitaxial growth by techniques
" Comesponding author. Tel.: +44-1203-524236; fax: +44-  Such as molecular beam epitaxy (MBE). To date
1203-692016; e-mail: spcm@spec.warwick.ac.uk. there is limited information on MBE growth of

Studies of III-V semiconductor materials have
received considerable attention in recent years with
the aim of using this knowledge in a variety of novel
device applications [1,2]. To this end, several surface
sensitive and bulk material analysis techniques have
been applied to elucidate the physical and electronic
structure of these compound semiconductor materi-
als. Of the binary III-V semiconductor materials,
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homoepitaxial InAs(001) because of the small win-
dow for epitaxial growth [4], and hence most pub-
lished growth studies use InP(001) and GaAs(001)
substrates [5]. Work has been published on the sub-
strate preparation of InAs [6,7], primarily for epitax-
ial growth of high In-content In Ga, _ As alloys for
optical modulators [8] and for the growth of lattice-
matched InP,_ Sb,, a material used for quantum-
well Tasers and detectors in the 2.0-3.5 pm band [9}.

Surface preparations of all III-V semiconductor
materials basically fall into three categories: oxide
desorption under a group V over-pressure, group \Y
decapping in-vacuum and ion bombardment and an-
nealing (IBA). Oxide desorption tends to produce
rough surfaces (although quite adequate for epitaxial
growth) which are free of contaminants and elec-
tronic damage. Capped samples, which must first be
grown by MBE and then decapped in vacuum, also
produce crystalline surfaces free from contamination
and damage. The third of these preparation tech-
niques, IBA, again results in clean, ordered surfaces
but always leaves residual damage in the near sur-
face region that has a dramatic effect on the elec-
tronic structure of the material. For example, in a
previous study of InSb(001), the damage induced by
IBA produced carrier concentrations in the near sur-
face region much higher than the bulk doping level
[10-12]. In contrast, decapping Sb from InSb(001)
samples grown by MBE resulted in a near surface
carrier concentration unchanged from the bulk value,
apart from the presence of the natural depletion layer
[13]. In both cases, high resolution electron energy
loss spectroscopy (HREELS) was used to obtain the
plasmon frequency, which is a direct measure of the
carrier concentration [10-13].

HREELS is a sensitive probe of plasmon excita-
tions in the near surface region of doped semicon-
ductor materials [14]. In the dipole scattering pro-
cess, which dominates the small angle electron scat-
tering by these long-wavelength excitations, the ef-
fective probing depth is not determined by the mean
free path of the electrons in the solid, but is governed
by the inverse of the wave-vector transfer parallel to
the surface (g;). By changing the kinetic energy of
the incident electrons, it is possible to probe free
carrier concentrations at different depths in the solid.
In this paper, plasmon excitations in InAs(001) have
been investigated to monitor changes in the near

surface electronic structure (at depths up to ~ 500
A) as a function of the surface preparation, in partic-
ular the use of ion bombardment and annealing
(IBA). The parameters associated with IBA were
systematically varied for two different n-type bulk
doping samples and the effect on the carrier concen-
tration in the near surface region of InAs(001) sur-
faces was monitored.

2. Experimental

The experiments were carried out in an ultra-high
vacuum chamber (base pressure ~ 1 X 107" mbar)
equipped with HREELS and low energy electron
diffraction (LEED). Two n-type InAs(001) samples
were used in this study. The first was bulk grown
InAs (Si doped, n ~2 X 10'® cm ™) and the second
was grown by MBE with Si doping (n~5X 10
cm ™) and an As cap to protect the surface during
transfer from the MBE chamber to the HREELS
system. The MBE grown sample was then decapped
in the HREELS chamber by annealing to 650 K for
15 min. The bulk grown samples were subjected to
half-hour cycles of ion bombardment and annealing
(IBA), varying the angle of ion incidence, the ion
beam energy and the post-bombardment annealing
temperature, the temperature being measured by a
chromel—alumel thermocouple attached to the side of
the samples. The maximum annealing temperature
following bombardment was 600 K to minimise
degradation of the sample surface by As-desorption
and subsequent surface In-clustering. After comple-
tion of the HREELS measurements the decapped
samples were also prepared using IBA. The decap-
ping procedure resulted in the appearance of a rather
disordered (4 X 1) LEED pattern. lon bombardment
and annealing gave a much sharper (4 X 1) LEED
pattern.

The HREEL spectrometer consists of a fixed
monochromator and rotatable analyser, both of a
180° hemispherical deflector type with a four ele-
ment entrance and exit lens system. Incident electron
energies (E,) in the range 4-100 eV were used and
all HREEL spectra were collected in specular scatter-
ing geometry (6, = 6, =45°) and at room tempera-
ture. The instrumental resolution was typically 10
meV as measured by the full width at half maximum
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(FWHM) of the elastic peak, although this was often
degraded to ~ 15 meV for some measurements to
increase the count rates and reduce the scan times.
Peak positions are accurate to + 1 meV.

3. Results and discussion

A series of HREEL spectra, recorded with E; = 25
eV from n-type (n~5X10" cm™3) InAs(001)
samples following different surface preparation
methods, are shown in Fig. 1. Decapping at 650 K to
completely remove the As cap results in a strong
surface plasmon feature at 96 meV (Fig. la). The
resulting spectra after IBA cleaning procedures are
strongly dependent on the sputtering conditions. For
example, Fig. 1b and ¢ show the effects on the
HREELS spectra of changing the angle of incidence
of the 500 eV Ar ion beam, with the angle defined
relative to the surface normal. Both spectra are again
dominated by a characteristic surface plasmon exci-
tation, however, the frequency of this feature shifts
with changing angle of ion incidence. Incident angles
of 10° and 50° give plasmon frequencies of 133 and
120 meV respectively.

The free carrier concentration (#) is related to the
surface plasmon frequency (w,) by

I’l€2

0l = —————— (1

go(e., + )m”

Intensity (arb. units)
o

-100 -50 0 50 100 150 200 250
Energy Loss (meV)

Fig. 1. Specular (6; = 6, = 45°) HREELS spectra recorded at 25
eV for n-type (Si doped, n~ 5% 10" ¢cm™*) InAs(001) after (a)
decapping a protective As capping layer by heating to 650 K, (b)
ion bombardment with 500 eV Ar ions incident at 50° to the
surface normal followed by annealing to 600 K and (c) ion
bombardment with 500 eV Ar ions incident at 10° to the surface
normal followed by annealing to 600 K.
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Fig. 2. The calculated surface plasmon frequency (meV) plotted as
a function of free carrier concentration (cm™?*) for InAs at room
temperature.

where m” is the conduction band electron effective
mass [15,16], &, is the high frequency dielectric
constant (12.25 for InAs) and &, is the permittivity
of free space. The calculated relationship between w,
and n, obtained using Eq. (1), is plotted in Fig. 2.

The plasmon frequency of 96 meV obtained for
the decapped sample corresponds to a carrier concen-
tration of 5.0 X 10'® ¢m™3, a value consistent with
the nominal bulk doping level. This indicates that
decapping InAs samples does not lead to a measur-
able change in the free carrier concentration in the
near surface region of the material. This is consistent
with previous HREELS studies of n-type InAs(001),
also prepared by decapping methods [17], which
showed that the choice of a higher bulk doping level
(n~ 8.0 X 10" cm™3) results in essentially flat band
behaviour, since the bulk Fermi level coincides with
the surface state energy.

In contrast, the plasmon frequencies observed in
Fig. 1b and c for the ion bombarded samples corre-
spond to carrier concentrations of 1.0 X 10" (120
meV) and 1.5X 10" cm™? (133 meV). Both of
these values are significantly higher than the bulk
doping level of these samples (5.0 X 10'® cm™?) and
indicate the presence of additional free carriers in the
near surface region of the material. Similar effects
have been seen on InSb(001) surfaces prepared by
IBA [10-12]. The increase in the number of free
carriers (electronic damage) is a direct consequence
of the surface preparation procedure.

The dominant plasmon wave-vector parallel to the
surface (g,) depends strongly on the incident elec-
tron energy, E,. The electric fields of the plasmon
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normal to the surface decay exponentially from the
plane of localisation of the plasmon with a decay
length ~ g, ', where

) fo,
g, = k; sin 6; SE (2)
and
(2mE)"?
g

is the wave-vector of the incident electrons. This
means that electrons can be scattered by a plasmon
localised deep within the sample even though they
do not significantly penetrate the sample. Conse-
quently, by simply varying the kinetic energy of the
incident electrons it is possible to tune the effective
probing depth. Measurements of the plasmon fre-
quency as a function of E, can therefore be used to
determine the free carrier profile to a depth of sev-
eral hundred Angstroms into the material [11,18].

A plot of the surface plasmon frequency as a
function of E; for both the decapped and ion bom-
barded (500 eV, 45°) samples is shown in Fig. 3. For
the decapped sample, the plasmon frequency remains
at a constant value of 96 meV as E, is varied from 5
to 100 eV. A similar trend is observed in the case of
the ion bombarded sample, with the plasmon fre-
quency remaining at the higher constant value of 124
meV. This indicates that the free carrier profile is
essentially homogeneous in both cases. The effective

130
- l\./.\-
@
E 120[  jonbombarded
B
b
g 1100
:
E | decapped
E 100 e e————
% | ! | ]
0 20 40 60 80 100

Incident Energy (eV)

Fig. 3. The experimental surface plasmon frequency (meV) plot-
ted as a function of incident electron energy (eV) for n-type (Si
doped, n~5%10"® ecm™3) InAs(001) after either decapping a
protective As capping layer by heating to 650 K or ion bombard-
ment with 500 eV Ar ions incident at 45° to the surface normal
followed by annealing to 600 K.

probing depths for a 96 meV and a 124 meV excita-
tion at E; =100 eV are 480 A and 360 A respec-
tively. The depth of electronic damage induced by
the IBA process therefore extends at least 400 A into
the bulk of the material.

Inhomogeneity in the carrier concentration profile
near the surface is also caused by band bending due
to Fermi level pinning at the surface. For InAs(001),
intrinsic surface states in the conduction band cause
an accumulation layer to be formed on samples
doped to n <8.0 X 10'® cm™? [17]. The ion bom-
barded samples show a carrier concentration of n ~
1.0 X 10" cm™ resulting in a bulk Fermi level
close to the surface state energy and displaying
approximately flat band behaviour. In contrast, the
decapped samples should form an accumulation layer
less than 50 A thick, significantly less than the
minimum probing depth in these experiments (~ 100
A). Spatial dispersion of the plasmon also con-
tributes to changes in the plasmon energy as a
function of incident electron energy [17,18]. How-
ever, in the range of g, used in these experiments,
the expected contribution to the plasmon energy due
to spatial dispersion is less than 3 meV, based on a
spatial dispersion parameter determined previously
from HREELS measurements on decapped InAs
samples [17]. Therefore the observed plasmon energy
is effectively independent of the incident electron
beam energy.

The electronic damage resulting from the ion
bombardment process is strongly dependent on the
specific sputtering and annealing conditions used.
The effects on the free carrier concentration of
changing the ion beam energy are shown in Fig. 4
for a sample having a bulk doping level of 2.0 X 10'6
cm 3. The carrier concentration was obtained from
the surface plasmon frequency (Eq. (1)) for HREEL
spectra recorded at 25 eV on samples cleaned at a
fixed angle of incidence (45°) and subsequently an-
nealed to 600 K for 2 h. The carrier concentration in
all cases is well in excess of the nominal bulk doping
level and rises dramatically with increasing ion beam
energy up to a maximum value of 5.0 X 10'® ¢cm™?
at ~ 2.0 keV ion beam energy.

As already indicated in Fig. 1b and c, the angle of
incidence of the Ar ions also has a dramatic effect on
the surface plasmon frequency. Fig. 5 shows the free
carrier concentration after ion bombardment of a
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Fig. 4. The free carrier concentration plotted as a function of Ar
ion beam energy for n-type (Si doped, n~2X10' cm™?)
InAs(001) after ion bombardment with Ar ions incident at 45° to
the surface normal followed by annealing to 600 K. The carrier
concentration was obtained from the experimentally determined
surface plasmon frequency using Eq. (1).

InAs(001) sample, having a bulk doping level of
5.0 X 10" cm™?, at different incident angles, with a
fixed ion beam energy of 500 eV and after post-
bombardment annealing at 600 K. As the angle of
incidence is varied between 80° and 40° with respect
to the surface normal, the free carrier concentration
remains at a constant value of 1.0 X 10" ¢cm™3. For
angles approaching the surface normal (6 = (°), the
carrier concentration rises to 2.0 X 10" cm™3. Whilst
the carrier concentration in all cases is significantly
larger than the bulk doping level, these results indi-
cate that the degree of electronic damage is higher
for sputtering at close to normal incidence.
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Fig. 5. The free carrier concentration plotted as a function of the
incident angle of 500 eV Ar ions during the ion bombardment of
n-type (Si doped, n~5x10" cm™?) InAs(001) followed by
annealing to 600 K. The carrier concentration was obtained from

the experimentally determined surface plasmon frequency using
Eq. (1).

It is well known from ion beam damage studies in
bulk II-V semiconductor materials (using ions in
the energy range 20-200 keV) that residual elec-
tronic damage is detectable in amounts well below
the detectability limits for structural damage [19].
The presence of significant electronic damage near
the surface of these InAs samples, together with
good crystalline order, as indicated by LEED, ex-
tends this conclusion to the near-surface region
where damage is caused by low energy ions (0.5-4
keV). Bulk damage studies also indicate a close
connection between the degrees of structural damage
and electronic damage. The degree of structural dam-
age in the near-surface case can be related to the
sputtering yield, as a function of ion energy and
angle. Although sputtering yield measurements from
III-V semiconductor materials have concentrated al-
most exclusively on GaAs and InP [19], similar
trends should be apparent on InAs. In the range of
ion energies from 500 eV to 5 keV, the sputtering
yield from GaAs increases by a factor of three,
saturating at a maximum around 10 keV. For InP,
the sputtering yield approximately doubles between
500 eV and a broad maximum at 1.5-2.0 keV. The
measurements shown in Fig. 4 indicate that the
residual electronic damage in InAs follows a similar
pattern, with an increase in the sputter yield by a
factor of 2.5 between 500 eV and 4 keV. The
measured carrier concentration is entirely due to
electronic damage in this case, since the bulk doping
level is two orders of magnitude less. The measure-
ments do not extend to sufficiently high ion energies
to define a clear maximum.

The sputtering yield for 300 eV Ar ions incident
on GaAs approximately doubles between grazing ion
incidence and normal ion incidence, with a maxi-
mum at about 40° in some studies [19]. The preferen-
tial sputtering of As from GaAs is not strongly
angle-dependent. For 500 eV Ar ions incident on InP
there is a smaller variation in sputtering yield, al-
though the preferential sputtering of P is strongly
angle-dependent [20], increasing markedly towards
normal incidence. Fig. 5 indicates that the residual
electronic damage in InAs is enhanced by a factor of
3 at normal incidence compared with grazing inci-
dence (note that the bulk doping level is comparable
to the ion-induced carrier concentration in this case).
Again, the behaviour of the residual electronic dam-
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Fig. 6. The free carrier concentration plotted as a function of
postbombardment annealing temperature after ion bombardment
of n-type (Si doped, n ~ 2% 10" cm™*) InAs(001). Ton bombard-
ment was carried out with Ar ions of 1 keV (open circles) and 500
eV (dark circles) incident at 45° to the surface normal. The carrier
concentration was obtained from the experimentally determined
surface plasmon frequency. The vertical line indicates the maxi-
mum annealing temperature used (600 K). Points to the right of
this line represent extended annealing times at 600 K (3 h for the
point at the extreme right).

age follows a similar pattern to that of the sputtering
yield, indicating a correlation between structural
damage and electronic damage. It is also likely that
group V preferential sputtering is less significant in
the case of InAs than for InP, but more so than for
GaAs, influencing the level of residual damage [19].
The angular effects were fully reversible: it was
possible to lower the carrier concentration in a sam-
ple by re-bombarding at a more grazing angle fol-
lowed by annealing.

The influence of post bombardment annealing
temperature in determining the free carrier concen-
tration is shown in Fig. 6 for n-type (n ~ 2.0 X 10'6
cm™?) InAs(100) cleaned by ion bombardment with
both 500 eV and 1 keV argon ions incident at 45°. In
both cases the free carrier concentration rises to a
maximum after annealing to ~ 550 K; n~3.0X
10" and 3.5 10" cm™? for 500 eV and 1 keV
ions respectively. Higher annealing temperatures and
extended annealing at 600 K results in a decrease in
these values, although in both cases the free carrier
concentration is always significantly higher than the
bulk doping level. This suggests that the electronic
damage induced by the structural damage cannot be
repaired simply by annealing. Ordered LEED pat-

terns appear at an annealing temperature of ~ 500 K
indicating the removal of most of the structural
damage. The behaviour of the free carrier concentra-
tion with temperature is very similar to that observed
for InSb(100) in a previous HREELS study [10,11],
where the surface plasmon energy indicated substan-
tial residual electronic damage even after extended
annealing close to the melting point.

4. Conclusions

The surface plasmon excitations on n-type
InAs(001) surfaces, prepared either by decapping a
protective As capped layer from an MBE grown
sample, or by specific argon ion bombardment and
annealing procedures, have been studied using
HREELS. The plasmon frequency for the As-de-
capped samples indicates a free carrier concentration
which is in agreement with the nominal bulk doping
level, whereas the effects of ion bombardment and
annealing result in much higher carrier concentra-
tions (~ 10" cm™?) suggesting the presence of ad-
ditional free carriers arising as a consequence of the
structural damage induced by the sputtering process.
For both surface preparations, the plasmon frequency
is independent of the incident electron beam energy,
indicative of a homogeneous free carrier profile. The
energy dependent studies indicate that the depth of
electronic damage extends at least 400 A into the
material. The frequency of the surface plasmon is
also strongly affected by the ion bombardment and
annealing conditions. In particular, the use of ion
beams always results in additional carriers in the
near surface region. The level of this electronic
damage is correlated with the degree of structural
damage caused by varying the IBA parameters, as
indicated by comparison with sputtering yield data
from InP and GaAs.
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Abstract

High-resolution electron energy-loss spectroscopy (HREELS) has been used in situ to investigate the space charge regime
of homogeneously doped and delta-doped (Si) GaAs (100) samples, which were grown by molecular beam epitaxy (MBE).
The simplest model we applied to fit the experimental energy-loss spectra of homogeneously doped samples is based on a
step-like distribution of free electrons with the Drude dielectric response function. In this case, the spatial dispersion of
plasmon excitations is neglected, whereas in the Thomas—Fermi (or Debye—Hiickel) model it is considered. The results of
the fitting carried out show that the Drude model gives the higher values for both the free-electron density and the plasmon
damping when compared to the Thomas—Fermi model. It thus appeared to provide a more adequate description of the
collective dynamic response of free electrons. Post-annealing of the homogeneously doped GaAs (100) samples reveals a
significant reduction (compensation) of the free-electron density due to the localization of free electrons on defects diffused
from the surface to the bulk.

For the delta-doped samples the free-electron density profiles are calculated self-comsistently in the
effective-mass approximation. The profiles obtained are then approximated by a finite number of rectangles
simulating sublayers to calculate the effective dielectric function by virtue of a continued-fraction expansion.
The spatial dopant spreading is estimated from the best fit to experimental energy-loss spectra. The change of
fitted plasmon damping with the primary electron-beam energy showing a significant decrease for the lowest
primary energy applied, is briefly discussed.

1. Introduction

Detailed knowledge of the characteristics of the space charge layers like dopant spreading and free-carrier
density profiles, barrier height, band bending, electron /hole mobility etc. are of great importance in order to
control semiconductor devices [1-5]. This information can be provided by theoretical calculations of scattering
cross sections and their comparison with data from high-resolution electron energy-loss spectroscopy (HREELS).

* Corresponding author.
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The application of HREELS is based on the observation of collective surface excitations (phonons and
plasmons) in the scattering experiment of electrons impinging on the semiconductor surface. The transferred
wave vector paralle]l to the surface is a measure for the spatial penetration of the polarization electric field of
collective surface excitations into the solid. The value of the parallel wave vector g is usually in the range from
1073 to 1072 A~!, which corresponds to a penetration depth of about a few hundred &ngstrém. As the
free-electron density profile defines the surface plasmon excitations, space charge layer parameters can be
extracted from HREELS. The basic concepts of HREELS and its application have been demonstrated in the past
[5-10]. In this study we compare calculated energy-loss spectra with experimental spectra, taken at doped (Si)
GaAs (100) surfaces.

All samples were grown in a Perkin-Elmer molecular-beam epitaxy (MBE) system at a substrate temperature
of 550°C and a Si-flux of 1 X 10'" cm™2 s~!. The crystal quality and surface reconstruction was checked by
means of reflection high-energy electron diffraction (RHEED) during and after the growth. The MBE growth
chamber is connected directly to an analysis chamber equipped with a HREELS spectrometer (Leybold-ELS-22),
low-energy electron-diffraction (LEED) and photoelectron spectroscopy (XPS, UPS). HREELS spectra were
measured in specular geometry with primary electron beam energies ranging from 0.5 to 20 eV at an incidence
angle of 45°. The energy resolution was set at 8 meV. For the homogeneously doped samples post-annealing as
an effective mechanism of free-electron compensation is investigated.

The delta-doped samples consist of an undoped GaAs buffer layer of 0.4 wm thickness and one delta-layer in
100 A or 200 A depth beneath the surface. Samples were grown with two doping levels N = 1.3 X 10 ¢m™?
and 6.0 X 10" cm™2. For these samples we use a symmetric rectangular and asymmetric Gaussian dopant
profile for our calculations for the low and high doping levels, respectively. Further, we discuss the significant
change of the plasmon damping versus the primary electron-beam energy in terms of free-electron scattering on
the optical phonons.

The spatial dispersion of the quasi-two-dimensional plasmon excitations is taken into account as the
long-wavelength limit of the Lindhard dielectric response function.

The remainder of the paper is outlined as follows. In Section 2 we present different models used for fitting
the experimental energy-loss spectra, taken at homogeneously doped GaAs (100). The main features of these
models are discussed. Section 3 contains the fitting results of HREELS-spectra for delta-doped GaAs (100)
samples with low and high doping levels. We discuss qualitatively the competition of different scattering
mechanisms of the plasmon excitations.

2. Homogeneously doped GaAs (100)

For the energy-loss calculation a two-layer model was chosen, which consists of a semi-infinite substrate
with a bulk free-electron density »n and an overlayer depleted of free electrons [2,5,6]. This approach is justified
by an abrupt decrease of the free-electron density from the unperturbed bulk value to zero towards the surface
over a distance, estimated by the screening length in the Thomas—Fermi theory as

A 80EF 1/2
| 6en ’

where Ep is the Fermi energy, n the free-clectron density and &, the low- -frequency dielectric constant [11].
This parameter is 45-60 A in the case of high-doped GaAs (n = 10'¥~10' cm™? in the present study).

The general case of multi-layered structures was presented by Lambin et al. [8]. The effective surface
dielectric function of such systems was approximated by virtue of the continued-fraction expansion

b

Beff(qﬂ’ w)=a,— b2 (1
2

a, +a,—
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with g, = ¢, coth(g,d;) and b; = &,/sinh(g,d,), where &; and d, are the dielectric function and the thickness of
the i-th layer, respectively; ¢, = |q”| is the parallel wave-vector transfer from impinging electrons to surface
excitations.

In the simplest case of a two-layer model the effective dielectric function (1) is rewritten as

1+ A(qy, w)exp(—2¢,d)
1—A(qy, w)exp(—2¢,d)

3eff(q|]’ w) = aph( ) (2)

with
esub(qu’ w) - 8ph( (x))
8sub(q]|7 (1)) + Sph( w)

A( q w) =

and

g+ (&, — &) w3

en(w) =
m() 03— 0? —iyw

where g, and g, are the low and the high frequency dielectric constants, respectively, w the transverse
optical phonon frequency, and y the phonon damping [6].
In the Drude model the spatial dispersion of plasmon excitations is neglected [15~17] and the substrate
dielectric function &.,,(g;, @) is given by
2

(3)

the effective electron mass and w, the bulk

Eun( gy, ©) = (@) = g @) — m

*

with @} =4me’n/m”. Here I' is the plasmon damping, m
plasmon frequency [6].

Taking into account the spatial dispersion of plasmons, the bulk dielectric function including the phonon
contribution in the long-wavelength limit of the Lindhard dielectric function [10] of the electron gas is given by

2

w
o gap> @) = Epn( @) — (1,2_1)(qp Y+ilw (4)
3D

with D(g,p) = 2v2 gsp,” in the Thomas—Fermi model, and vy the electron velocity at the Fermi level.
For the evaluation of the substrate dielectric function ssub(q”, w), entering the formula (2), additional
boundary conditions are applied [12,13], that results in

1 f 1
sub(q||’ w) 0 q” +qz e 3p> @)

(5)

with gsp = {q“ g,} and q9,= |q||’
Multiple-scattering energy losses and gains for arbitrary temperature are accounted for through a suitable

thermodynamic average [8].
In order to elucidate the main differences between the Drude and Thomas—Fermi models, we calculated the
dispersion relations of plasmon modes, which are defined by the poles of the energy-loss function

Im[l/(geff(q”’ w) + 1)] ’

where the effective surface dielectric function (g, @) is determined by Eqgs. (2)-(5). It is obvious from Fig.
1 that the Drude model predicts a downward dispersion (curve ¢) in the case of the presence of a depletion layer
and no dispersion for the flat band conditions (not shown here). On the contrary, the Thomas—Fermi model
(curve a in Fig. 1) shows a general trend to upward dispersion in both cases. The dispersion curve for the
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Plasmon dispersion relations
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Fig. 1. Calculated dispersion relations of the surface plasmon for n=8.8X 10'® ¢cm™? and depletion layer thickness d =200 A @
Thomas—Fermi model; (b) Debye—Hiickel model; (c) Drude model. The dotted line indicates the low energy boundary of the domain for

electron—hole pair excitations. The dash-dotted lines indicate parallel wave-vector transfer for different primary electron-beam energies
V).

Debye—Hiickel model (Fig. 1, curve b) runs between those of the two former models. From this observation it
follows, that the bulk free-electron density in the Drude model has to be significantly higher than that in the
Thomas—Fermi (or Debye—Hiickel) model in order to fit the same surface plasmon energy. Further analysis of
the dispersion relations shows, that the Thomas—Fermi model predicts a decrease of the plasmon energy when a
higher primary electron-beam energy is applied within a certain range, in contrast to the Drude model.

The plasmon damping factor obtained from the best fit by the Drude model is higher than that estimated in
the frame of the Thomas—Fermi model. This discrepancy is attributed to the absence of plasmon peak
broadening due to the plasmon dispersion in the Drude model. Thus, the Thomas—Fermi model, which takes
into account the spatial plasmon dispersion, allows a distinction between broadening caused by dispersion and
intrinsic broadening by scattering of free electrons on ionized dopants and phonons. It is worth mentioning, that
broadening of the plasmon peak due to dispersion is caused by the limited sizes of the acceptance aperture of
the HREELS-system.

We fitted the experimental energy-loss spectra for MBE-growth GaAs (100)-c(4 X 4) in the frame of the
Thomas—Fermi (Fig. 2a), Debye—Hiickel and Drude (not shown here) models by varying the bulk free-electron
density and depletion layer width to fit the plasmon peak position. Despite a good agreement between theory
and experiment, the main parameters fitted are rather different (Table 1), in accordance with the discussion
above.

We analyzed in detail experimental data on high-doped GaAs (100) samples, which were post-annealed after
the growth at elevated temperatures and /or exposed to atomic hydrogen. After annealing the sample at the
temperature of 850 K, the free-electron density is reduced from 8.8 X 10'® t0 2.9 X 10" ¢cm ™. This is indicated
by a drastic downward shift of the plasmon energy from 106 meV (Fig. 2a) to 65 meV (Fig. 2b).
Simultaneously, the As-rich c(4 X 4)-surface is converted to the Ga-rich ¢(8 X 2)-surface. We assume that this
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GaAs (100), Si-doped (TF-model)
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Fig. 2. (a) Calculated by Thomas~Fermi model (dashed line) and experimental (solid line) energy-loss spectra for GaAs (100)-c(4 X 4):
Ey=6.5 eV, ¥, =45° (b) Same as in (a), but for GaAs (100)-c(8 X 2). For further details see text. {c) Same as in (b), but after subsequent
hydrogen exposure of 10° L (1 Langmuir = 1 Torr s). At this stage the LEED-pattern shows a (1 X 1)-structure.

strong free-electron compensation is caused by indiffusion of the native acceptor-like defects, formed at the
surface during heating of the sample. Further details are discussed in [36]. After the annealing the sample was
exposed to hydrogen up to 10° L. The hydrogenation of GaAs (100) is accompanied by effective indiffusion of
hydrogen atoms, chemically bonding to silicon dopants [14]. Due to this process the free-electron density
decreases, which results in a further downward shift of the plasmon energy from 65 to 60 meV (Fig. 2c).

Table 1

Parameters after fitting the HREELS spectrum from the homogeneously doped GaAs(100)-c(4 X 4) sample using different models: Drude,
Debye—Hiickel, Thomas—Fermi. The values listed are: ﬁwpl — measured plasmon energy, n — electron density, ¢ — depletion layer
width, I' — plasmon damping constant, u, — electron mobility, V,, — band bending, Q,, — density of occupied surface states, m* —
effective electron mass

Parameter Drude model Debye—Htickel modet Thomas—Fermi model
hwy (meV) 106 106 106

n(10"¥ cm™?) 17.3 1.5 8.8

d(A) 75 60 45

I' (meV) 30 26 21

u, (em? /V-s) 340 460 630

Vip (meV) 745 315 155

0, (102 em™2) 135 7.0 4.0

m* (mgy) 0.114 0.097 0.089
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3. Delta-doped GaAs (100): dopant spreading estimation

The present study of delta-doped GaAs (100) has been motivated by investigations of delta-doped
semiconductors by virtue of different techniques as secondary-ion mass spectrometry (SIMS) [18-24], magneto-
transport measurements [25], capacitance—voltage (C—V) profiling [26~28] and Raman spectroscopy [29]. First
investigations by HREELS [17,30] demonstrated that this very surface-sensitive technique may provide
information upon spatial donor spreading and free-carrier density profiles of delta-doped layers in the vicinity of
the surface, whereas other techniques mentioned above are limited when applying to the near-surface region.

To calculate theoretically HREELS-spectra for the delta-doped structures a knowledge of the electron-density
profile is needed. In delta-doped n-type GaAs the silicon atoms are spread within the region from several tens to
a few hundred &ngstrom centered in the vicinity of the intended ideal doping plane. The electrons released from
silicon atoms experience the Coulomb interaction with their parent ionized donors. This leads to a confinement
of electrons in the potential well formed by dopants. If the confining potential is strong enough, the electron de
Broglie wavelength is comparable to the width of the potential well. As a result, the electron motion in a
direction perpendicular to the surface is quantized and an energy subband structure is formed. In order to obtain
the electron-density profile we adopt the effective-mass approximation in the slab geometry [31]. The positive
background of ionized dopants is presented by two Gaussians or rectangles, placed at equal depths beneath both
sides of the slab.

The dopant distribution of the high-doped sample #17 is considered as Gaussian due to the expected wider
spatial spreading. First, we assume an initial distribution at time # = 0 given by the delta-function

np(t, 2)li—o=Npd(z—2z),

where N}, is the total areal density of electrically active dopant atoms and z, is a position of the doping plane.
The solution of the diffusion equation in the presence of the non-transparent boundary at the surface for the
diffusing dopants is given by

4N, In2 (z—2,)°4In2
np(t, z) = > — exp| - —2 forz>z
DA™ W1+W2 i p w12 = 40

4N, [n2 z—25)"4In2 z+25) 4In2
= 2 — exp ——(—0)————— + exp ——(————0)— for0 <z <z,.
2 2 0
w, +w, T w) wj

where wi and w3 are the widths of the right and the left halves of the total asymmetric Gaussian distribution,

respectively, considered in the absence of the boundary. These values are related to the diffusion coefficients in
both directions from the initial doping plane as

w,=4/In2D;t and w,=4yIn2D,t,

(6)

where D, and D, are the diffusion coefficients in the growth direction and back from the initial doping plane,
respectively.

Since the surface boundary restricts the diffusion process in the growth direction, one obtains an accumula-
tion of the dopants beneath the surface even in the case of the equality of the diffusion coefficients D, and D,,
when the doping plane is placed close to the surface. The Eq. (6) defines an asymmetric dopant distribution,
used in the self-consistent calculation of the electron-density profile.

At our growth temperature of 550°C (Iower than the temperature explored by Lohe et al. [17] and subsequent
thermal decapping of the As-passivation overlayer, which would cause an additional diffusion, was not
necessary due to UHV transfer between growth chamber and HREELS spectrometer) we obtain the best ordered
GaAs(100) layers as observed in our RHEED and LEED experiments when compared to lower growth
temperatures. In addition Kohler et al. [37] reported a higher sheet carrier concentration for the same Si-doping
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Fig. 3. The measured (solid lines) and the fitted (dotted lines) energy- -loss spectra for primary beam energies E, =1, 3 and 15 eV for the
low-doped sample #10 with the doping plane at a depth of 100 A. The rectangular-shaped dopant distribution with w = 40 A, the density of
electrically active dopants N = 8.0X 10"? cm~2, and the free-electron density Ny =1.5X 10'2 cm™? were estimated from the fitting.

level than for lower growth temperatures, whereas the Si-spreading is decreasing with lower growth tempera-
tures. For these reasons, when fitting the measured energy-loss spectra of the low-doped sample #10, based on
the smooth electron-density profile (approximated by a set of 20 sublayers), a symmetric spreading of the
dopant atoms near the intended doping plane was assumed. Both rectangular and Gaussian distributions of
dopant atoms were used in the calculations and no notable difference was found. During the fitting, first for the
primary beam energy 9 eV, we adjusted the areal density of the electrically active dopants Ny, the width of the
rectangular dopant spreading w, the surface trapped charge density Ng and the plasmon damping I'. For the
other primary beam energies only the plasmon damping was changed to obtain the best fits to the experimental
data. The fitted energy-loss spectra for different primary energies are shown in Fig. 3.

The same fitting scheme was applied for the low- -doped sample #11 with the intended doping plane at 200 A
depth (Fig. 4) and for the high-doped 100 A depth sample #17 (Fig. 5). In the latter case, we assumed the ratio
w,/w, of 1.5, ie. the ratio D,/D, of 2.25 between the diffusion coefficients of dopants towards the surface
and backward from the doping plane, respectively. In this fashion, we simulated the preferential diffusion in the
growth direction (segregation) [32], which is expected to be strong in the case of high doping. This results in a
strong asymmetric distribution of the dopants with respect to the initial doping plane. The calculated
self-consistent electron-density profile for the high-doped 100 A depth sample #17 is shown in Fig. 6. It should
be noted, that even an approximation of the dopant spreading by a Gaussian with equal diffusion coefficients in
both directions from the doping plane (Eq. 6) can result in an appreciable asymmetry of the dopant distribution
if a doping plane is positioned close to the surface.
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Fig. 4. The same as in Fig. 3, but for the low-doped sample #11 with the doping plane at a depth of 200 A. The parameters w = 80 A,
-2

Ny =80X10" cm™? and Ng =4.6X% 10" ¢cm™? were estimated from the fitting.

The parameters of the dopant spreading and calculated electron-density profiles for all samples investigated
are summarized in Table 2.

The fitted plasmon damping factors for all samples studied are presented in Table 3, where the probing
depths of the phonon mode w, are given too. The probing depth (effective spatial extent of the polarization
electric field from the surface inward the bulk) can be roughly estimated [6] as 1/¢, with ¢ =
Qmy/ W)V EY? = (Ey— 0y)"/*]sin 6,

The most striking feature of this data is the significant decrease of the plasmon damping at the low primary
energies for the low-doped samples #10 and #11 (see Table 3). Such a decrease can be attributed to the spatial
separation between the phonon mode, localized closely to the surface (for instance, the probing depth of the

Table 2

Summary of the dopant spreading parameters for the different delta-doped GaAs (100) samples (#10, #11 and #17). The values listed are:
2y — depth of the initial doping plane, N, — areal density of the electrically active dopant atoms, Ny — areal density of electrons in the
conduction band, w — full width at a half maximum (FWHM) of the dopant distribution, (Ec — Eg),s — Schottky barrier height

Sample 20 (A) Np (em™2) Ng (em™2) w(A) (Ec = Ep)yyrs (6V)
#10 100 8.0x 10" 1.5x10'? 40 (rectangle) 0.72
#11 200 8.0x 10" 4.6x10'2 80 (rectangle) 0.73

#17 100 1.5x 10" 4.9x%10" w, =100, w, =150 0.71
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Fig. 5. The same as in Fig. 3, but for the high-doped sample # 17 with the doping plane at a depth of 100 A and for primary beam energies
E,=1, 3, 9 and 20 eV. The asymmetric Gaussian-shaped dopant distribution with w, =100 A and w, = 150 A was estimated.
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Fig. 6. The self-consistent electron-density profile (dotted line) and the conduction-band edge relative to the Fermi energy Ep (solid line) are
displayed. The asymmetric Gaussian-shaped dopant distribution (dashed line), used when solving the Schrédinger and the Poisson equations,
is shown too.
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Table 3

The dependence of the plasmon damping factor I' on the primary electron-beam energy E, for the different delta-doped GaAs (100)
samples (#10, #11 and #17). The probing depths for the phonon mode # w, = 36 meV are shown too

E, (eV) Sample #10 I" (meV) Sample #11 I' (meV) Sample #17 I' (meV) Probing depth (&) for w, = 36 meV

0.5 8.7 9.9 18.6 89
1 6.0 5.0 16.1 126
3 5.6 8.7 12.4 220
6.5 31.0 14.9 — 325
9 26.7 211 21.1 382
12 19.8 22.3 21.1 441
15 19.8 27.3 17.4 493
20 13.6 — 21.1 570

phonon mode w, is 126 A for E, = 1eV) and the plasmon mode, confined within the potential well, formed by
ionized dopants at depths of 100 A and 200 A for these two samples, respectively. One can also conclude from
this finding, that a scattering of plasmon excitations on the optical phonons at room temperature is dominant, if
compared to the scattering on the ionized dopants. In the case of the high-doped samples the spatial separation
mentioned above is less, and thus such a decrease of the plasmon damping was not observed.

In summary of this section, we presented results of HREELS-investigations of the delta-doped GaAs (100)
samples MBE-grown at 550°C with different doping levels and doping plane depths. From the comparison with
the calculated spectra the dopant spreading has been estimated. It was shown that in low-doped samples the
symmetric dopant distribution near the initial doping plane provides good fits to measured energy-loss spectra
for the applied set of the primary electron-beam energies. In contrast, for high-doped samples the asymmetry in
the dopant distribution was assumed to simulate a possible segregation process. This was done by virtue of the
asymmetric Gaussian, which is a solution of the diffusion equation in the non-transparent surface boundary
conditions for diffusing dopants.

The significant decrease of the plasmon damping at low primary beam energies for the low-doped samples is
ascribed to a spatial separation between the surface optical phonon mode, strongly localized near the surface and
plasmon excitations, confined within the potential well, positioned at 100 A and 200 A from the surface for
samples #10 and #11, respectively. This provides additional evidence that scattering of free electrons on the
optical phonons is dominant at room temperature [33-35].
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Abstract

We compare two different structure models proposed recently for the GaAs (311)A surface using kinematical calculations
of their reflection high-energy electron diffraction (RHEED) patterns. Whereas for one structure the calculated pattern does
not fit very well, the agreement between calculation and experimental pattern is excellent for the other and allows even
structural refinement of the relaxation parameters. Consideration of only the topmost atoms of the surface in the calculation
yields the best agreement with the RHEED pattern, which indicates a very small sampling depth of RHEED. Therefore, at
least in special cases, the kinematical theory is a valid approximation to calculate RHEED patterns.

Reflection high-energy electron diffraction
(RHEED) is widely used as a sensitive technique for
the in situ investigation of surface structures and
growth processes in molecular beam epitaxy (MBE).
The theoretical understanding and ability to model
the observed phenomena, however, has not yet
evolved to an accuracy comparable to other electron
diffraction methods. In low electron diffraction
(LEED) [1] or transmission electron microscopy
(TEM), theoretical simulations can be used as reli-
able tools for structure determination or chemical
lattice imaging [2]. The situation encountered in the
case of RHEED is more complicated, mainly due to
the effects of the glancing incidence at low angles.
The interaction volume is strongly elongated along
the beam and comprises many scatterers. Multiple

* Corresponding author. Tel.: +49-30-20377356; fax: +49-30-
20377201; e-mail: braun@pdi.wias-berlin.de.

scattering events thus cannot generally be neglected
and only dynamical calculations are expected to be
appropriate [3]. These calculations are complex and
computationally intensive. Moreover, the iterative
algorithms employed do in general not converge due
to the artificial truncation of the unit cell, and special
corrective measures need to be taken [4].

Since the input to RHEED calculations, like pos-
sible surface unit cell configurations, already repre-
sents a multi-dimensional parameter field and the
calculation itself contains still more fitting parame-
ters, a comparison of different surface structure mod-
els with experiment is not straightforward. As a
consequence of this inherent problem, there is an
ongoing debate about the reliability of the obtained
results [5,6]. For example, dynamical calculations
showed good agreement with the three-dimer struc-
ture for the B(2 X 4) reconstruction of the GaAs
(100) surface [7,8], but atomic resolution STM mea-
surements revealed the two-dimer structure [9,10],

0169-4332 /96 /$15.00 Copyright © 1996 Elsevier Science B.V. All rights reserved.
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supported by recent first-principles calculations [11].

In this paper, we discuss two surface structure
models for the GaAs (311)A surface proposed re-
cently by comparing their kinematically calculated
diffraction patterns to the observed RHEED intensity
distribution. We assume that if the two structure
models are sufficiently different, even kinematical
theory should be sensitive enough to show distinct
differences between the respective RHEED patterns.
The obtained results indeed demonstrate that the
kinematical theory is sufficient to describe most
features of the experimental RHEED pattern and that
the fit is even sensitive enough to perform structure
refinement.

The two different proposed structure models for
the GaAs (311)A surface are shown in Fig. 1 with
the viewing direction along the [233] azimuth. Green
and blue spheres indicate As and Ga atoms, respec-
tively. Fig. la represents the model proposed by
Nétzel et al. [12,13], which is based on the assump-
tion that the (311) surface reconstructs into two sets
of (331) and (313) facets because of the lower
surface energy of these facet planes compared to
(311). Together with the 32 A periodicity along
[011], this leads to a corrugation height of 10.2 A.
We refer to this model as model A. The second
model, proposed by Wassermeier et al. [14], is shown
in Fig. 1b. Tt is based on scanning tunnelling mi-
croscopy (STM) observations and the requirement
that both excess charge density and dangling bond
density are minimized. The As atoms are assumed to
dimerize along [011] similar to the (100) surface, as
indicated by the oversized blue spheres in Fig. 1b.
Even and odd dimers along [233] are shifted towards
each other in the [011] direction, creating zigzagging
rows of As dimers. This structure will be referred to
as model B. Whereas the lateral periodicities of both
structures are identical, the depth modulation of
model B is only 3.4 A, i.e., 1/3 of model A.

Two experimental RHEED patterns of the GaAs
(311)A structure are shown in Fig. 2 taken along the
[233] azimuth with an acceleration voltage of 20 kV
in both cases. For both samples, optimum growth
conditions for GaAs (311)A were used, which we
found to be at slightly less As pressure and about
25°C higher sample temperature than the optimum
for the GaAs (100) B(2 X 4) reconstruction. The
samples differ in the miscut angle, which is 0.9
degrees towards the RHEED screen in (a) and negli-
gible for the purposes of our study in (b). For
comparison with the simulations, a length marker
corresponding to the reciprocal lattice constant of
bulk GaAs is included in the photograph. The con-
struction of model A was based on samples uninten-
tionally miscut by an angle similar to (a). These
samples show a triple splitting of the (00) rod close
to the X-shaped Kikuchi line crossing from which
the corrugation amplitude was deduced. While even
for on-axis substrates a dual splitting can be ob-
served due to the cut of the Ewald sphere at finite
angle, additional structure arises from misorientation.
A detailed discussion of misorientation and defect
structure effects leading to this additional modulation
will be presented in a separate publication.

The kinematic scattering theory is based on the
assumption that multiple diffraction processes can be
neglected. This is equivalent to the application of
first-order perturbation theory. The diffracted inten-
sity is proportional to |F(G)|*, where F(G) denotes
the scattering amplitude for a pair of incident and
scattered wave vectors differing by a reciprocal lat-
tice vector G. The calculation of F(G) involves the
summation of the phase factors of the waves scat-
tered from the volume elements inside the interaction
volume. Taking advantage of the crystal periodicity,
the problem can be separated into the construction of
the reciprocal lattice that determines the positions of
the possible reflections and the calculation of the

Fig. 1. Two proposed models for the GaAs (311)A surface reconstruction. (a) shows model A by Notzel et al. [12] with a corrugation of
10.2 A, (b) model B by Wassermeier et al. [14] The dark blue spheres represent Ga atoms, the green spheres As atoms. As dimers are

indicated by large light blue spheres.

Fig. 4. Surface of the B model in top view. The unit cell of the reconstruction is indicated by the rectangle. The red numbers denote the
equivalent atoms included in the various calculations. Relaxation of the dimerized As atoms was modeled by the fitting parameters « and

B.
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Fig. 2. Experimental RHEED patterns of the GaAs (311)A surface reconstruction. The observation direction is along the [233] azimuth with
an acceleration voltage of 20 kV and an incidence angle of 1.4° for (a) and 1.5(2)° for (b) at a sample temperature of 605°C. The length of
the marker corresponds to the reciprocal lattice constant of bulk GaAs. While (b) is exactly oriented, the sample used in (a) is miscut by 0.9°
towards the RHEED screen. Samples unintentionally miscut by approximately the same angle were used in the study of Notzel et al. [12].
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structure factor for every reciprocal lattice point,
which determines the intensity of the respective re-
flection. In the quasi-2D RHEED case, the reciprocal
lattice comsists of rods perpendicular to the surface.
Therefore, the reciprocal lattice index perpendicular
to the surface becomes a continuous variable. The
scattering amplitude can then be written as

F(G.y,s) =AZu,-(s)exp(—B,»s2)

Xexp[i(G“ri” + yru)]

where the subscripts || and 1 denote the surface
parallel and surface normal components of the re-
spective vectors, r and G are discrete real-space and
reciprocal-space vectors, y is the continuous recipro-
cal space coordinate normal to the surface, and i is
the summation index counting the scatterers inside
the surface unit cell. The parameter s is defined as
s =(sin #)/A; A being the electron wavelength and
6 denoting the angle between the incident and the
scattered wave vector. For the scattering factors u,,
the Doyle—Turner formula was used [15]. The De-
bye—Waller factors [16] exp(—B,s*) describe the
loss of intensity due to the thermal vibration of the
lattice. For our purpose, they turn out not to be very
important since the constant A is normalized to the
maximum intensity and the Doyle—Turner scattering
factors have the same dependence on s as the De-
bye—Waller attenuation.

The experimentally observed RHEED pattern is
not the reciprocal lattice plane obtained by the calcu-
lations, but the intersection of this plane with the
Ewald sphere. Within the approximations of our
model, this intersection would yield a row of points
on the Laue circle. In the experiment, however, both
the reciprocal lattice rods and the Ewald sphere are
broadened. Since at low angles the cut of the Ewald
sphere through the reciprocal lattice plane is also
almost parallel to this plane, the experimental image

Fig. 3. Simulated RHEED patterns in the [233] azimuth (a) of
model A, (b) model B and (c) 11 ML of bulk material. The
markers represent the reciprocal lattice constant of GaAs, a hair
cross marks the position of the specular spot for an incidence
angle of 1.52°. The false colour conversion is given at the bottom
of the squares with green and purple representing low and high
intensities, respectively.




40 W. Braun et al. / Applied Surface Science 104 / 105 (1996) 35-44

shows a wide region of the reciprocal lattice plane
close to the origin instead of a row of points. The
resulting two-dimensional intensity distribution in-
cludes many more data points and therefore allows a
much better fit to the theoretical pattern. We there-
fore use the intensity distribution on the whole first-
order plane for comparison with the experiment. One
has to keep in mind, though, that intensities closer to
the exact Laue circle position are higher when com-
paring the experiment with the intensity distribution
of the reciprocal lattice. Since we assume perfect
periodicity parallel to the surface plane, the rods are
truly one-dimensional. Their width in the simulated
pictures is arbitrarily adjusted for good visibility, but
has no physical significance.

The calculation of a reciprocal lattice plane using
the kinematical model takes a few min on a PC and
therefore allows the fast inspection of a large number
of possible unit cell configurations. Our starting
point for comparing the two (311)A surface models
are unrelaxed structures with both the surface As and
Ga atoms at bulk positions. For simplicity, the
Doyle—Turner factors were set to unity, since in first
order they only introduce an intensity envelope de-
caying exponentially with the radial distance from
the primary beam (000) spot. Only the surface Ga
and As atoms are included in this first approximation
which are those visible on the top of the structures of
Fig. 1. The results are shown in Fig. 3a for model A
and in Fig. 3b for model B. Fig. 3c shows a simula-
tion of 22 layers (11 As and 11 Ga) of bulk material
for comparison. Incidence angle and scale of the
simulations are matched to the experimental picture
given in Fig. 2b. The simulated images show a
higher dynamic range compared to the experiment
due to the neglect of disorder in the calculations. To
show as many levels as possible, we have used a
false colour representation shown in the horizontal
bar at the bottom of each picture. The green end of
the scale corresponds to low intensity, high intensity
is shown purple-white. Both simulations (a) and (b)
include the bulk spots since they are subsets of (c).
Model A (a) exhibits a splitting of all streaks with a
period corresponding to 27/10.2 A as expected for
a two-level system [17]. Although the facet planes
are narrow, emerging facet streaks perpendicular to
the (331) and (313) begin to form as a modulation of
the reconstruction streaks. None of these features are

present in the experimental intensity distribution of
Fig. 2b. All streaks show a slowly varying intensity
distribution normal to the surface. No clear evidence
of the facet streaks can be seen. The X-shaped
intensity enhancement centred about 0.5° above the
specular spot is due to Kikuchi lines. Only streaks
#8 to #13, counting from (00), resemble the simu-
lated facet streaks, but they constitute a much lower
angle towards the surface normal than expected for
model A, rather resembling the angle present in
model B. In addition, the simulation of Fig. 3a
predicts dark areas opening on both sides next to the
specular position as well as a strong reflection on the
#8 streak close to the shadow edge. Both features
are not seen in Fig. 2. The model B simulation of
Fig. 3b is in closer agreement with the experimental
pattern. The streak modulation is of about the same
period, and there is some intensity adjacent to the
specular beam position. Several streaks already show
a staircase structure similar to streaks #8 through
#13 in Fig. 2b.

Whenever more bulk atoms are included in simu-
lating either the Notzel or the Wassermeier structure,
the pattern approaches Fig. 3c. The reconstruction
features weaken and the relative intensity of the bulk
reflection increases. The experimental picture, how-
ever, shows high intensity on the reconstruction re-
flections which is comparable to the intensity on the
bulk streaks. Also, the modulation of the streaks
along the surface normal is lower in Fig. 3b and Fig.
2b compared to the simulation of 22 bulk layers in
Fig. 3c. This means that the intensity distribution
present in Fig. 2b is dominated by the surface atoms
of the reconstruction. Since the simulation of Fig. 3b
is already closer to the bulk picture than the experi-
mental pattern, we can conclude that less atoms
participate in the formation of the experimental pat-
tern and that the surface atoms relax from their bulk
positions, thus redistributing intensity into the recon-
struction streaks. In fitting the calculated pattern for
model B to the observed one, we therefore employ
two sets of fitting parameters, namely the number of
scatterers and the relaxation of the surface atoms.

A top view of model B is given in Fig. 4. The
unit cell of the surface reconstruction is indicated by
the black rectangle. The larger blue spheres, similar
to Fig. 1, denote the top As atoms that are assumed
to form dimers similar to the (100) surface. Since
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these atoms are able to relax along [OTI], the two
fitting parameters « and B are introduced to de-
scribe these displacements, « denoting the dimer
bond length and B describing the relative displace-

Fig.

Fig.

ment of the two sub-rows along [533] For the unre-
laxed structure with the top As atoms at bulk posi-
tions, @ =4 A and B=2 A. The simplest approxi-
mation to the structure is to neglect the sub-structure

Fig. 5. Simulations obtained from (a) atoms 1 of Fig. 4 at unrelaxed positions and (b) atoms 1 and 2 of Fig. 4 with & =2.7 A and 8=0.7
A. The central group of streaks is representative for model B and independent of relaxation and substructure for a wide range of parameters.

Fig. 6. Optimum fit of the kinematical model to the experimental picture. The picture in (a) was calculated for constant isotropic scattering,
while (b) includes the effect of the Doyle—Turner scattering and Debye—Waller factors for a temperature of 380 K.
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of the units comprising atoms 1, 2 and 3 in Fig. 4
and to use only the atoms 1. The resulting reciprocal
lattice image is shown in Fig. 5a. Compared to Fig.
3D, the result is closer to the experimentally observed
pattern in that the intensity is more evenly dis-
tributed in reciprocal space. Also, the intensity distri-
bution on the individual rods is closer to the experi-
ment. The calculation now correctly reproduces the
first three streaks of the experimental pattern, count-
ing from (00). This characteristic structure consists
of alternating regions of high (h) intensity on streaks
0 and 3 or 1 and 2 and low (1) intensity on the
others. The alternating h-1-1-h-1-1-h and 1-h-h-1-h-h-1
structure is characteristic for the GaAs (311)A recon-
struction and can be found in any experimental
RHEED pattern of this surface showing the 8-fold
periodicity along [011].

The calculated pattern deviates from the experi-
mental one in Fig. 2b on the streaks further away
from (00). These streaks are more sensitive to the
fine structure of the reconstruction than the ones
closer to (00). Including atoms 1 and 2 of Fig. 4 and
optimizing & (2.7 A) and B (0.7 A), one obtains the
reciprocal space map of Fig. 5b. The value of «
agrees well with estimates foand by. STM for (100)
GaAs [10]. The sub-row relaxation parameter 3 is
quite large, even if we consider -a repulsive interac-
tion of the empty-state dangling orbitals of the As
dimers. Comparing Fig. 5a and b, the insensitivity of
the streaks close to (00) to structure variation is
evident. The dense reciprocal lattice of the (311)A
reconstruction allows relatively easy fine-tuning of
the relaxation parameters since any periodicity
smaller than the unit cell size in real space shows up
as an intensity variation larger than the streak separa-
tion in reciprocal space. The dimer bond length « is
about 1/10 of the real space unit cell size along
[011]. It therefore shows up as an intensity variation
with a period of about 10 reciprocal lattice rods in
the simulation. The same behaviour holds for B,
with a still larger period in reciprocal space. The
accuracy of the simulation can therefore be improved
by including rods far away from the (00) rod. Since
the experimental pattern is the intersection of the
reciprocal lattice plane with the Ewald sphere, the
truncation of the higher-order streaks limits the accu-
racy of the simulation. This means that in our case
B, due to its small value, is a less reliable parameter

in the fitting procedure than «. When comparing
Fig. 5b with Fig. 2b, we find good semiquantitative
agreement between the simulated and the experimen-
tal pattern out to the 13th streak. The intensity
distributions both along and normal to the shadow
edge are correctly reproduced. This remarkable
agreement constitutes strong evidence that the kine-
matical approximation is valid approximation for this
particular case.

The good fit can be explained by the smoothness
of the surface along the [533] direction. The low
density of disorder steps revealed by STM [14] com-
bined with the absence of depth modulation along
[233] in the surface unit cell itself produces dense
and linear rows of scatterers along the beam direc-
tion. A modulated surface that exposes areas normal
to the beam direction facilitates the entry as well as
the exit of the high-energy electrons to and from the
bulk. In our case, such modulation is not present and
scattering is dominated by the surface atoms. This
means that single scattering events dominate and
therefore kinematical theory is adequate.

_ The streaks #4 and #12 of Fig. 5 do not show
any modulation and do not change on variation of «
or 8. To obtain an intensity variation on these
streaks, additional atoms need to be included in the
simulation. It turns out, however, that even including
only the Ga atoms, labelled 3 in Fig. 4, considerably
worsens the agreement between theory and experi-
ment. The Ga atoms located 1.27 A below the As
positions introduce a large-period intensity modula-
tion normal to the surface that degrades the correct
intensity distribution of Fig. 5b. Therefore, the form
factor of the Ga atoms at positions 3 in Fig. 4 has to
be reduced by at least a factor of 4 with respect to
the As atoms 1 and 2 to achieve a good fit. The same
is true for the atoms between the dimerized rows
labelled 4 in Fig. 4. In a simple picture, their smaller
contribution to the RHEED image can be explained
by a shadowing of part of their scattering solid angle
close to the shadow edge by the neighbouring dimer-
ized rows, therefore reducing. their contribution to
the pattern. A calculation including atoms 1 through
4 of Fig. 4 is shown in Fig. 6a. The relative (still
isotropic) form factors for the atoms at positions 1
through 4 are u=1 for 1 and 2, u=1/4 for 3,
u=1/2for4 As and u = 1/8 for 4 Ga. Rod 4 from
the centre now shows some intensity variation that
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matches the experimental distribution, although the
Kikuchi line crossing in the experiment might
overemphasize the intensity next to the specular spot
on the 4th rod. The intensity on rod #12 is still too
low, but the overall intensity distribution fits well
with the experiment.

Fig. 6b shows a simulation of the same structure
with the same relative form factors, but now includ-
ing the Doyle—Turner scattering distribution and the
Debye—Waller factors for a temperature of 880 K.
Intensities away from the reciprocal lattice centre are
strongly damped, but retain their relative magnitudes
if one moves along a circle around the reciprocal
lattice centre. Except for this exponential damping in
the radial direction, the pattern remains unchanged.
This justifies our neglect of both the scattering po-
tentials and Debye—Waller factors in the simulations.
The next step from Fig. 6b would be to convolute
this picture with some radial function that models the
intersection of a broadened Ewald sphere with a
broadened reciprocal lattice plane. This would re-
move the excess intensity close to the origin and
again cause it to approach the observed intensity
distribution. We did not do this because it introduces
two more fitting parameters in the calculation with-
out significantly changing the pattern in comparison
to Fig. 6a.

In conclusion we have confirmed the surface re-
construction model of Wassermeier et al. [14] for
exactly oriented GaAs (311)A by simulating the
RHEED intensity distributions using kinematical
diffraction theory. Not only are we able to show
distinct differences in the fit of the two models with
experiment, but also to perform a refinement of the
structural parameters of the surface reconstruction.
The best agreement between simulation and experi-
ment is achieved by including atoms at most 1.5 A
beneath the surface for an incidence angle of 1.5
degrees, where the contribution of the subsurface
atoms is typically less by a factor of 4. The (311)A
surface structure of GaAs in the [233] azimuth is
particularly well suited for the kinematical analysis.
Since the intensity distribution close to the (00)
streak is insensitive to the details of a structure, we
expect our model to work in general for the distinc-
tion of different possible structure models. As the
calculations are computationally economical, it seems
feasible to use them also for the modelling of defect

structures using very large supercells or even for the
simulation of RHEED intensity oscillations in com-
bination with Monte Carlo methods.

The defect structure, especially for not exactly
oriented surfaces, is expected to be of crucial impor-
tance for the properties of heterostructures grown on
the (311) surface. Large-scan STM images revealed
a highly anisotropic surface roughness which typi-
cally comprises five monolayers [14]. This meso-
scopic surface modulation is very likely also present
at the GaAs—AlAs heterointerfaces. Therefore the
interface will be corrugated. The reconstruction is
maintained on both sides of the heterointerface and
since it contains two incomplete group III layers, a
modulation of the interface due to the reconstruction
can be expected. In real structures, however, this
microscopic interface structure can be weakened or
destroyed by segregation and mixing during het-
erointerface formation.
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Abstract

We have performed ab initio DFT-LDA supercell calculations for several reconstructions of the (100) surface of cubic
silicon carbide. For the computations we have applied the Vienna ab initio moleculardynamic program (VAMP). We use
ultrasoft Vanderbilt pseudopotentials which allow the use of an extremely small plane-wave cutoff energy. Interactions due
to an artificial electric field between the two inequivalent slab surfaces are avoided by saturating one (carbon terminated)
side with hydrogens. We discuss the geometries and energetics for several silicon and carbon terminated configurations (e.g.

silicon-rich ¢(2 X 2), 2 X 1).

1. Introduction

During the last years, the group-IV compound
silicon carbide has received considerable interest be-
cause of its attractive physical properties. Strong
chemical bonding, physical stability and a rather
large band-gap energy predestinate the material for
applications in high-power devices at high tempera-
tures. Furthermore, SiC crystallizes in more than two
hundred different stable and long-range ordered
modifications, called polytypes. The structural and
electronic properties of the cubic and hexagonal bulk
polytypes have been well investigated by first-princi-
ples calculations {1-6]. On the other hand, there
exist only a small number of theoretical ab initio
studies of the surface properties for the SiC poly-
types. In Refs. [7] and [8], results for the geometric

* Corresponding author. Tel.: +49-3641-635910; fax: +49-
3641-635182; e-mail: kaeckell @ifto.physik.uni-jena.de.

and electronic structure of the SiC(110) surface of
cubic silicon carbide are given, whereas in Ref. [6] a
vacancy-induced (2 X 2) reconstruction of the
SiC(111) surface is discussed. To our knowledge the
SiC(100) surface has not yet been calculated with
first-principles methods.

2. Method

In this paper, we present the results of ab initio
calculations for the (100) surface of SiC. The calcu-
lations are performed within the framework of den-
sity functional theory (DFT) in the local density
approximation (LDA). Explicitly we use the ‘Vienna
ab initio moleculardynamic program’ (VAMP) [9].
The electronic ground state is evaluated using a
conjugate-gradient technique. For the description of
the electron-ion interaction we use ultrasoft pseu-
dopotentials for carbon and hydrogen. This allows a

0169-4332 /96 /$15.00 Copyright © 1996 Elsevier Science B.V. All rights reserved.
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remarkable reduction of the necessary number of
plane waves compared to the use of normconserving
ones for first-row elements. Nevertheless, we use
normconserving pseudopotentials for the bigger sili-
con atoms. An energy cutoff of 19 Ry is used for the
plane-wave basis set. The k space integration is
replaced by a summation over special k points ac-
cording to the scheme of Chadi and Cohen [10]. In
the case of a 2 X 1 supercell we use four special
points in the irreducible part of the first Brillouin
zone, whereas this number is reduced to one in the
case of a 2 X 2 supercell. These are folded in the full
Brillouin zone, which results in sixteen and four k
points, respectively.

For the simulation of the surface, a repeated-slab
method is applied. The supercell has a length of four
conventional fce cells, i.e. four times the cubic lat-
tice constant. For the latter quantity we use a value
of a,=433 10\, the calculated equilibrium value for
cubic SiC. Half of the slab is filled with silicon and
carbon layers, in total eight layers. Such a slab
configuration can cause several problems during the
cycle of selfconsistency, since the two surfaces are
inequivalent. At first, there might occur an artificial
charge transfer, since the surface states of the cation
(Si) dangling bonds lie above those of the anion (C)
dangling bonds. Furthermore the surface states on
both sides could interact which each other through
the slab. Several possibilities exist to avoid these
artificial effects. One way is to construct a slab
containing a mirror plane. However, this slab would
contain twice as many atoms, since the mirror plane
had to lie in the ‘bulk’ part of the slab [6]. The
approach we have taken is to saturate the dangling
bonds at the carbon terminated surface with a hydro-
gen atom each. The four outermost layers on the
other side are allowed to relax.

3. Results
3.1. Clean silicon terminated surface

We have performed calculations for silicon termi-
nated clean and covered surfaces with p(2 X 1), ¢(2
X 2) and p(2 X 2) symmetry. As a first step, we
calculate the reconstruction of the hydrogen termi-
nated surfaces to make them force-free. In the equi-

b)

Fig. 1. Reconstructed silicon terminated SiC(100) 2X 1 surfaces.
Silicon atoms are indicated by empty circles, carbon atoms are
indicated by filled circles. View direction is towards [011]. (a)
clean surface, (b) additional Si layer on top (1 X2 cell).

librium state, the carbon-hydrogen bonds have the
same direction as they would have if two hydrogens
were replaced by a silicon atom. In comparison to
the C—Si bonds in cubic SiC (d = 1.89 A) the C-H
bonds are shortened, they have a length of d=1.08
A.

Considering the clean silicon terminated surfaces
(@ =1) with a full silicon layer on top, there exist
detailed experimental data only for the p(2 X 1) sur-
face, based on LEED measurements [11]. Powers et
al. favour a buckled silicon dimer model as optimum
structure. They find a Si-Si dimer bond length of
231 Aanda buckling of 0.20 A. Our result, shown
in Fig. 1a, is quite different. Even if we take their
results as starting configuration for the calculation,
we end up in a system showing almost no dimeriza-
tion and no buckling at all. The surface silicon atoms
move towards each other by about 0.15 A each. This
results in a distance of 2.75 1&, which is about 0.4 A
larger than the one measured by Powers et al. [11].
As a consequence, the energy gain per surface atom
is almost negligible (~ 10 meV). The same rather
weakly pronounced tendency to dimerize is found
for all other starting configurations, including sym-
metric and asymmetric buckled and nonbuckled c(2
X 2) and p(2 X 2) configurations. A reason for this
small changes compared to the unreconstructed but
relaxed structure might be the strong bonding of the
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Fig. 2. Band structure for the clean silicon terminated SiC(100)
2 X1 reconstruction of cubic silicon carbide.

surface silicon atoms to the second layer of C atoms.
The energy loss due to subsurface strains would be
larger than the energy gain due to charge transfer
and stronger dimerization. Since these calculations
are performed for nearly zero temperature, this con-
clusion might not hold at higher temperatures and a
following annealing process where the energy barrier
could be crossed more easily.

We have also calculated the band structure for the
p(2 X 1) surface, which is shown in Fig. 2. 7 and
a *-like as well as o- and o *-like surface states
appear in the fundamental gap region. The surface is
nonmetallic. The indirect LDA surface band gap
amounts to 0.26 eV. The occupied 7-like band maxi-
mum and the unoccupied 7 *-like band minimum are
located on the I'J line. Due to the small interaction
of the surface wave functions the gap remains small.

3.2. Non-stoichiometric silicon terminated surfaces
Another possible explanation for the discrepancy

between the theoretical and experimental results
might be the stoichiometry of the surface. The strong

dimerization found by tensor-LEED studies [11]
could be interpreted to be performed for a SiC(100)
surface with another layer of Si on top. Therefore,
we have calculated the reconstruction of different
p(2 X 1) and p(1 X 2) geometries with a coverage of
© =2, i.e. an additional Si layer on top. The energet-
ically most favorable reconstruction is displayed in
Fig. 1b. Again, our preliminary results do not show a
pronounced silicon dimer. The distance between the
Si atoms on top amounts to 2.55 A. Moreover, there
is a tendency to weaken the bonds to the second
layer of silicon atoms. The corresponding bond length
amounts to 2.49 A. The buckling is negligible.

Considering possible ¢(2 X 2) reconstructions with
a coverage of only half a monolayer of Si (@ =1/2),
we have performed calculations for silicon atoms at
hollow (Fig. 3a) and bridge (Fig. 3b) sites. In both
cases the reconstructions are more important than for
the clean case (@ = 1). However, the energy g