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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. 
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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 

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. 

3.2. Charge compensated derivative steps 

Derivative steps are derived through charge 
compensation of primitive steps. Figs. 4 and 5 show, 
for A-type and B-type primitive steps respectively, the 
lowest energy derivative steps as obtained from the 
LCSM study of about 30 step structures. These low 
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Fig. 2. Top and side views of the primitive (a) AI  and (b) AII  
steps. The filled and open circles denote Ga and As respectively 
with descending sizes from the surface. The thick bonds in the 
side view indicate the surface bonds shown in the top view. The 
numbers in the side view indicate charge assignments according 
to the octet rule, and the thick line is the step unit cell. To illu- 
strate how the step cell fits into a flat fl2(2 x 4) surface, two 
complete fl2(2 x 4) surface cells (one at the upper terrace and 
one at the lower terrace) are shown in the figure. 

energy derivative steps are locally charge compensated, 
i.e. compensation takes place essentially within the 
range of a 2 x 4 surface cell. According to our LCSM 
calculation, structures involving charge compensation 
beyond the scale set by the 2 x 4 cell are higher in 
energy and are thus not discussed here. Three distinct 
local charge compensation patterns are evident in Figs. 
4 and 5. 

(1) Charge compensation by adatoms. The simplest 
example here is the twofold Ga (2) adatom in Fig. 4(b) 
(AII-1). To form a bridge site Ga/2), one first needs to 
break one As-As  dimer bond containing two 
electrons, and second one needs to insert the Ga thus 
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Fig. 5. Top and side views of the derivative (a) BI-1 and (b) BII-1 
steps. Details as for Fig. 4. 

electron donor as it donates this extra electron. The 
Ga/2/ thus charge compensates four bulk units of the 
primitive AII Step, 





S.B. Zhang, A. Zunger / Materials Science and Engineering B30 (1995) 127-136 135 
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Fig. 8. Top view of (a) a straight and (b) a kinked B step. The filled and open circles are Ga and As respectively, with descending sizes 
from the surface. The shaded area on the upper terrace in (a) indicates a full 2 x 4 surface unit which is transferred to the lower terrace 
(b). The hatched areas in (b) indicate the resulting AI and AII primitive step unit. The thick lines are the upper and lower step edges 
respectively. 

f rom the surface to bulk GaAs reservoir in units of 
GaAs molecules (i.e. NGa = NA~), thus contributing no 
net change in NGa. One can therefore expect that 
the kink formation energy will be relatively small as it 
has only an electrostatic component .  We obtain 
Ek~nk = 5 6 - 6 2  meV per kink which is almost indepen- 
dent of the atomic structures of the B steps (i.e. BI-1, 
BII-1 etc.). One can keep the kink energy to be purely 
electrostatic, so long as the (shaded) kink area in Fig. 
8(b) is in exact units of the surface 2 × 4 cells. This 
observation is in coincidence with the experimental 
observation [5] that kinks form only in units of 2 × 4 
cells. 

We also studied several kink structures on A steps 
but were unable to find any one in which the B step 
energy can be significantly lower than those in Fig. 6(b). 
These  results reflect the fact that different f rom the A 
steps, complete charge compensat ion between the two 
primitive B steps (BI and BII) is absent (see Section 
3.1). 

4. Discussion 

Here,  we discuss our  theoretical results in light of 
available experiments. Our  discussions include the 
origin of surface facets, relative stability of A vs. B 
steps, and the cause for step bunching. 

4.1. Origin of surface facets 

Both faceting [19] and 2D islanding [7] have been 
observed on GaAs(001)  surfaces. Whether  these are 
caused purely by growth kinetics or also by step 
energetics remains to be seen. In the work of Ide et al. 
[7], growth interruption and subsequent annealing were 
performed on MBE-grown samples with 2 x 4 surface 
reconstructions. It was observed that annealing reduces 
the number  of surface islands and greatly smoothes the 
step shades. Our  results (Fig. 6) suggest that steps (thus 
both 2D islands and surface faceting) are thermo- 
dynamically unstable on GaAs(001 )-2 × 4 surfaces. 




