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surfaces produced invariably equilibrium structures made of the same recurring local structural motifs, e.g. tetrahedral fourfold Ga, 
pyramidal threefold As, etc. Furthermore, such surface structures were found to obey consistently the octet rules as applied to the local 
motifs. We thus express the total energy of a given semiconductor surface as a sum of (i) the energies {eM} of the local structural motifs 
appearing in the surface under consideration and (ii) an electrostatic term representing the Madelung energy of point charges resulting 
from application of the octet rule. The motif energies are derived from a set of pseudopotential total energy calculations for flat 
GaAs(001) surfaces and for point defects in bulk GaAs. This set of parameters suffices to reproduce the energies of other (001) 
surfaces, calculated using the same pseudopotential total energy approach. Application to GaAs(001 )-2 × 4 surfaces with steps reveals 
the following. (i) "Primitive steps", defined solely according to their geometries (i.e. step heights, widths and orientations) are often 
unstable. (ii) Additional, non-geometric factors beyond step geometries such as addition of surface adatoms, creation of vacancies and 
atomic rebonding at step edges are important to lower step energies. So is step-step interaction. (iii) The formation of steps is generally 
endothermic. (iv) The formation of steps with edges parallel to the direction of surface As dimers (A steps) is energetically favored over 
the formation of steps whose edges are perpendicular to the As dimers (B steps). 
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1. Introduction 

Surface steps carry the two-dimensional (2D) 
surface physics into the domain of one-dimensional 
(1D) structures. Such steps are potentially important in 
(i) step 
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steps, from thermoequilibrium properties of steps to 
step dynamics during growth. Recent experimental 
studies on GaAs(001) surface steps include (i) the 
scanning tunneling microscopy study on surface topo- 
logies and island structures by Pashley et al. [3], (ii) the 
stability analysis of GaAs(001) homoepitaxy growth by 
Johnson et al. [4], (iii) the measurement of step and 

kink energies by Heller et al. [5], (iv) the observation of 
step bunching and step meandering [6], and (v) the 
effects of growth interruption and subsequent surface 
annealing [7], all on molecular beam epitaxy (MBE) 
grown samples with 2 x 4 surface reconstruction, and 
in addition (vi) the observation of multilayer steps [8] 
on samples grown by metal organic chemical vapor 
deposition. Previous theoretical investigations on 
GaAs(00l) surface steps focused largely on the growth 
kinetics which provides the time evolution sequence 
for various growth processes, step motion and surface 
diffusion [9-11]. To date, little is known on the atomic 
structure of GaAs(00l)  steps. Here, we present a 
theoretical study of the energetics of various step struc- 
tures on GaAs(001)-2 x 4  surfaces. We developed a 
simple approach that predicts step energies based on a 
small number of local density approximation (LDA) 
total energy calculations on flat surfaces and bulk point 
defects. Steps are then examined in terms of (i) step 
geometries (heights, widths, orientations etc.) and (ii) 
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"electronic additions" (i.e. surface adatoms or vacan- 
cies) that lead to electronic compensation and thus to 
stable and semiconducting flat surfaces. While 
step-step interaction has noticeable effects on step 
formation energies, the formation of steps is generally 
endothermic. There are two commonly observed steps: 
those with edges parallel to the direction of surface As 
dimers (A steps) and those whose edges are perpen- 
dicualr to the As dimers (B steps). 

The calculated ratio of formation energies of the A 
to B steps is 3-6, suggesting that A steps are more 
abundant than B steps. 

2. Theory: linear combination of structural motifs 

While it is possible to calculate directly from first 
principles the total energies of various flat surface 
structures [12-14], and to some degree the relative 
energies of different step structures [15], these types of 
calculations suggest a simpler, approximate approach. 
In fact, in a relatively large collection of (001) surface 
structure calculations [12-14], as well as in calculated 
bulk point defect structures [16], the Ga and As atoms 
assume only a limited number of local structures to be 
named here "structural motifs". Using the superscript 
(i) to denote the coordination number, the structural 
motifs include (Fig. 1) tetrahedrally bonded Ga/4) and 
As/4/, pyramidal As i3i, planar Ga !3!, and bridge site 
Ga !2/, with bond angles of 109.5 °, 90 °, 120 °, and 180 ° 
respectively. A close examination of the actual atomic 
structures indicates that deviations from these ideal 
angles are usually in the range of + 10 °. In addition to 
the one-site motifs, Fig. 1 also shows some two-site 
'wrong bond" motifs (e.g. the Ga-Ga and As-As 
bonds). 

Previous studies of GaAs(001) surfaces [17] 
revealed that the octet rule tends to be obeyed by these 
motifs, leading to a set of point charges on various 
surface atoms. For example, Ga has 3 valence 
electrons, so fourfold coordinated Ga i4i contributes 3/4 
electrons to each of its four bonds. This leads to local 
charge neutrality. Planar Ga i3/is a 3/4 electron donor 
as it tends to empty its dangling bond level (located 
near the conduction band minimum (CBM)) so as to 
satisfy locally the octet rule (see Fig. l ). Similarly, while 
fourfold coordinated As (4! is neutral, with 5/4 electrons 
in each of its four bonds, pyramidal As ',3i is a 2 - 5 /  
4 = 3/4 electron acceptor since it needs to acquire this 
many electrons to fill completely its dangling bond 
level (located near the valence band maximum). We see 
that the assignment of a + 3/4 charge to Ga/3i and of a 
- 3 / 4  charge to As i3i ensures that the gap states are 
completely full or completely empty so that the systems 
remain semiconducting. This octet shell (fully occupied 
or fully empty levels) is necessary, but not sufficient, to 
create a low energy state. In fact, by combining the 
Ga/3~ with the As/3! we can achieve charge neutrality 
through charge compensation, thus gaining the energy 
resulting from charge transfer from the Ga !3! donor 
level to the As c'3' acceptor level (approximately 3/4 of 
the energy gap). Total energy calculations indeed tend 
to produce surface structures that reflect such charge 
compensations [13,14]. Recently, it was further demon- 
strated [14] that such a charge compensation-electron 
counting model can be used in a quantitative fashion to 
explain the order of surface energies in flat GaAs(001) 
surfaces with identical surface motifs. 

Based on the existence of recurring surface struc- 
tural motifs and the adherence to the octet rule, we 
postulate that the formation energy of a system o of 
defects, surfaces or steps, due to chemical reaction, i.e. 

On-Site Motifs "Two-Body" Motifs 

L 
G a  (4) As  (4) Ga (3) 

-2.20 + 2 E(bGa) 1.29"2E(bGa) ' 1.04-3E(bGa ) 

As (3) G a  (2) 

' I  
-0.59 +-~E(bGa ) 1.41- E(bGa) 

i 

Ga-Ga  

E(bGa) 

As-As  

1.10 -E(bGa ) 

Fig. 1. Structural motifs are depicted in a ball and stick model together with the motif energies. Both the empty and filled dangling 
bond orbitals of Ga ~3:' and As ~:3~ and the G a - G a  and A s - A s  "wrong bonds" are shaded, b~;. and bA~ denote "Ga-Ga"  and "'As-As" 
respectively. 
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o0 --" o (we use as reference for Eq. ( 1 ) bulk GaAs for 
defects, the a(2X4) surface for flat surfaces and 
fl2(2 x 4) surface for stepped surfaces), can be written 
a s  

AE(O, MR)=AELcsM(O)+ AEMad(O)+ 5~flRN R (1) 

where 

ELCSM(O) = Z ~0M(O)eM (2) 
M 

is a linear combination of structural motif (LCSM) 
energies eM with to M being the frequency of occurrence 
of motif M in the structure a. The second term in Eq. 
( 1 ) is the electrostatic energy: 

1 ~, qiqj (3) 
E M a d ( O ' ) ~ - ~ - ~  i,j Ie,-Rjl 
where qi is the charge of the ith motif at position R i 
resulting from adherence to the octet rule and e is the 
effective dielectric constant. We assume that stable and 
close to stable surface structures must combine donor 
and acceptor states so as to become (by the octet rule) 
charge neutral, Yiqi=0. The last term in Eq. (1), 
ZPRNR, accounts for particle exchange with reservoir 
R, containing Ga and As with chemical potentials /ZG, 
and ktAs, and free electrons with a Fermi energy Pe (i.e. 
R = (Ga, As, free electron) and MR = (/~Ga, PAs, Me))" Nn 
are the net particle exchanges during the reaction. For 
example, formation of a Ga vacancy in bulk GaAs 
leads to the capture of 3 electrons from the "Fermi sea" 
and to the ejection of a Ga atom into the Ga reservoir. 
The formal reaction is 

3e - + GaG~ °-" VGa 3 - q- Ga (at reservoir) (4) 

Thus, the change in total energy in this reaction is 

A E =  E(Vc, a3-)+ PGa- 3~e (5) 

so NG~ = 1 and N ~ = - 3 .  We also assume that the 
system o is in equilibrium with bulk GaAs. This leads 
to the constraint that 

~ G a  q-/b/As : / A  GaAs : - -  AH (6) 

where AH=0 .92  eV [13] is the heat of formation of 
bulk GaAs. Note that we thus envision the case where a 
GaAs surface or bulk defect exists in equilibrium with 
a reservoir containing Ga, As and solid GaAs. The 
permissible events are deposition of solid Ga (if PGa 
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according to Refs. [13,14], this is the most stable 2 x 4 
surface structure, covering the chemical potential range 
- 0 . 7  eV>~Ga > --0.2 eV. This surface 

3.1. Primitive bilayer steps: unstable structures 

Primitive steps are defined solely by their geometry, 
and not by any other measure such as the degree of 
electron compensation. 
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] (a) Derivative BI-l 
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Fig. 6. Step formation energy with respect to the flat /32(2 x 4) 
surface vs./~o, for derivative (a) AI-1 and AII-I and (b) BI-I and 
BII-I steps. The Ga chemical potential/~G~ spans a range from 
- 0.7 eV to - 0.2 eV over which the fl2(2 × 4) surface is stable. 

V A I  ~ A l l  

t2 

03 

Lx [32(2x4) q "  D o u b l e  A "1" ~ 2 ( 2 x 4 )  

Fig. 7. Top and side views of the double A step. Details as for 
Fig. 2. Regions corresponding to the AI and All primitive steps 
are indicated. 

latter conclusion, however, does not hold once inter- 
action between A steps is considered (see Sections 3.3 
and 3.4). 

(c) The AI-1 step is stabler than the AII-1 step over 
a large range of/~Ga. 

(d) The BI-1 step is stabler than the BII-1 step. The 
latter is in fact noticeably higher in energy than all three 
other steps. This can be traced back to step edge As is! 
units of the primitive BII step absent on fl2(2 × 4) 
surfaces (see Fig. 3(b)). 

3.3. Double bilayer steps 

Double bilayer steps are composed of two closely 
packed single bilayer steps of opposite charge and are 
therefore charge neutral. One example here is the 
double A step (shown in Fig. 7), made of an AI  and AII  
primitive step pair with the same cell width (4a~) as the 
fl2(2 × 4) surface cell. The double A step also has the 
same surface motifs (i.e. three surface A s - A s  dimers 
and four sublayer Ga/3) units as the/32(2 x 4) surface 
cell. When the double A step is dimers 

The negative signs in Eq. (8) suggest that, ignoring 
entropy, formation of the double A step on 2 x 4 
surfaces is favored over the AI-1-AII-1 pair. 

Recently, Heller et ai. [5] 
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(a) Without Kinks 
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4.2. Stabifity o f  A steps vs. B steps Acknowledgments 

As mentioned in Section 3.4, Heller et al. [5] have 
measured step energy by way of measuring the kink 
distribution on GaAs(001)-2 x 4. Depending on 
temperature,  they obtained an A step formation energy 
in the range from 14 to 20 meV/(1 x ) (these energies 
include also the corner  energies in Reg. [5]). Following 
Heller et al., one may derive from the calculated kink 
energy in Section 3.4 the A step formation energy. This 
gives 28-31  meV/(1 x ). Heller et al. also determined 
the B:A energy ratio to be 5.6-6. Ide et al. [7], on the 
contrary, estimated the ratio from measured aniso- 
tropics of equilibrium island shapes. Thei r  value is 
between 5 to 10. Here,  we assume that the A step 
formation energy is either that of the A step at kinks 
(up to 28-31  meV/(1 x )), or that of the double A step 
(25 meV/(1 x ) per single bilayer step), and the B step 
formation energy is given by the BII-1 step (see Fig. 6) 
(about 0 .1-0 .15 eV/(1 x)). We then obtain a B:A ratio 
in the range from 3.2 to 6. Despite the fact that our 
calculated ratio is in the low end of the experimental 
values, it indicates clearly that A steps are stabler than 
B steps. 

4.3. Step bunching  

Ide et al. [7] recently reported that prolonged 
annealing (about 20 min) after growth interruption 
causes step bunching on 2D islands on MBE-grown 
samples with 2 x 4 surface reconstruction. The  bunch- 
ing takes place predominantly among the A steps. 
Ikarash et al. [20] also observed a similar behavior on 
their MBE samples with also 2 x 4 surface reconstruc- 
tion, i.e. step bunching takes place on A steps, but not 
on B steps. While growth kinetics certainly plays an 
important  role in step bunching, our  results on double 
A steps suggest that bunching may as well be driven by 
A step energetics, in agreement with the above experi- 
mental observations. 

We would like wou7ho
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