




S.B. Zhang, A. Zunger/Journal of Crystal Growth 163 (1996) 113-121 115 

2. Method 

In a previous paper [13] we have described the 
method of " l inear  combination of structural motifs" 

(LCSM) for calculating surface and surface step 
formation energies. Here, we give a brief description 
of the method, as applied to A steps on GaAs(001). 

The method is based on two observations distilled 
from previous ab initio geometry optimizations on 

flat GaAs(001) surfaces [14] and on bulk point de- 
fects [15]. First, a relatively large collection of 
calculated surface structures and bulk point defects 
can be built from a limited number of recurring local 
"structural motifs",  including (in GaAs) tetrahe- 

drally bonded Ga and As, threefold coordinated 
pyramidal As, threefold coordinated planar Ga, and 
twofold coordinated bridge site Ga. Second, the 

atomic structurebulk 
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is such that (i) the surface band gap levels are 
emptied and (ii) oppositely charged, miscoordinated 
atomic sites charge-compensate each other. In the 
simplest cases, these atomic sites form charge com- 
pensated "donor -accep to r"  pairs. As results, the 
total energy of  a system (or a structure) o- ( =  bulk 
point defects, surfaces or steps) can be written as 

E( o ' , /z  R) = ELCSM ( cr ) + EM, d ( cr ) + ER( o-,/x R ), 

(1) 

where 

ELCSM(O-) = E WM(Cr)eM (2) 
M 

is a linear combination of  structural motif energies 
e M with Wg(O-) being the frequency of  occurrence 
of motif M in the structure or. We use the same 
characteristic motif energy e M for motif M, irrespec- 
tive of the identity of  its neighbors. The effects of  
different nearest neighbor atoms are implemented 
through two-site "wrong  bond"  motifs and by the 
long range interactions described electrostatically by 
a Madelung energy, 

1 y,f QiQj 
EMad(O' )  ~---7"~ ij [e i -R j l "  (3) 

Here, Qi is the charge of  the ith atom at position R i 
resulting from adherence to the octet rule [13], and e 
is the effective dielectric constant. The last term in 
Eq. (1) is the "reservoir energy" 

ER(O',/XR) = E/ZRN R. (4) 

We assume that the system o- is in equilibrium with 
a reservoir R, containing NG~ of free Ga atoms and 
NA~ of free As atoms with chemical potentials /ZGa 
and /ZA~, and N e of  free electrons with a Fermi 
energy ~e" The term of Eq. (4) is needed in order to 
account for both material and electron balance in a 
chemical reaction from a reference system o- o to 
system o-, o- o ~ o-. 

For surfaces and surface steps, the formation en- 
ergy of  the system o- relative to o- o is 

AE((r,lZR) 
~ E ( O ' , / ~ R )  -- E ( O ' 0 , / Z R )  

= A E  sM(O-) + aEM.d(O-) + 

(5) 

where each term is a difference with respect to tro. 
Here, AE(or,/~R) is only a function of  the atomic 
chemical potential, /ZCa and P'As, and not a function 
of  the electron chemical potential, At e , due to surface 
charge compensation, A N ~ -  0. In addition, under 
thermal equilibrium between surface and bulk GaAs, 
the chemical potentials of  Ga and As satisfy 

~6~ +/ZAs = - - A H ,  (6) 

where A H = 0.92 eV is the calculated heat of  forma- 
tion of  GaAs [7]. Eq. (6) allows us to express the 
formation energy A E(o-,tz R) as a function of  the Ga 
chemical potential, /ZGa alone. Note that the limit 
t./.Ga = 



S.B. Zhang, A. Zunger / Journal of Crystal Growth 163 (1996) 113-121 117 

As-rich Ga.rich 
Limit Limit 

i 0.2 

o 
I 

-~ -o.1 ! 

, oI74>, , 
~ -0.2 

, 



118 S.B. Zhang, A. Zunger/Journal of Crystal Growth 163 (1996) 113-121 

dimer are indistinguishable, thus each cont r ibutes  
one electron to the dimer bond. This leaves behind 
5 - 7 / 2  = 3 / 2  electrons in the As dangling bond. It 
is well known [8] that the G a  (3) dangling bond orbital 
is located near the bulk conduction band minimum, 
whereas the As (3) dangling bond orbital is located 
near the bulk valence band maximum. Here, the 
octet rule states that by donating 3 / 4  electron, the 
Ga (3) dangling bond orbital is fully emptied. Con- 
versely, by acquiring 1 / 2  electron, the As (3) dan- 
gling bond orbital becomes completely full. This 
leads to 

Ga (3) ----> Q = + 3 / 4  

As O) ~ Q = - 1 /2 .  (8) 

The charge assignments for the /32(2 × 4) surface, 
and the primitive AI and AII steps are shown in the 
lower part of  Figs. l a - l c .  With these assignments, 
one can show that the primitive AI and AII  steps 
have a charge density 'ITA 1 = -{- ¼/(1 × ) and T~AII = 

] / ( 1  × ) ,  respectively. Here, (1 × ) denotes the 
separation between two nearest neighbor surface 
atoms of an unrelaxed GaAs(001) surface along the 
A step edge, a s = a~ ¢~ where a is the GaAs bulk 
lattice constant. Since T~A 1 Jr- ')TAIl ~ O ,  both the AI + 
AII grooves and the double A steps are always 
charge neutral. 

3. R e su l t s  

3.1. Comparison of the AI + AH groove and double 
A step energies 

Fig. 4 shows the formation energy of the AI + A I I  
grooves and the double A steps for S = 0,1,2 with 
respect to the fiat /32(2 × 4) surface. We see from 
Fig. 4 the following: 

(i) The magnitude of the formation energy: The 
formation energies at small S are in the range of 
< 0.05 eV. 

(ii) Trends in the formation energies: The forma- 
tion energy increases monotonically with S. This is 
because the interaction between the AI and All  steps 
is attractive. To see this, we rewrite Eq. (3) in terms 
of intra- (i.e., restricting the indices i and j in Eq. 
(3) to either AI or to All steps) and inter-step (i.e., 
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Fig. 4. Step formation energy versus the S parameter for the 
AI + All grooves and the double A steps. The reference energy is 
that of the flat /32(2 X 4) surface. 

restricting the index i in Eq. (3) to an AI step 
whereas j represents an AII step, and vice versa) 
interactions. This leads to 

E M a d ( O ' )  = i ~ I  j~A1  

QiQj ) 
+ E E 1~7~il - (9)  

i~AI  j~AI I  

The first term in Eq. (9) (the intra-step Coulombic 
interaction) is independent of  the step separation 
parameter S. Thus, only the second term is responsi- 
ble for the change in Madelung energy, i.e., 

1( e,e, 
A E M a d ( O ' )  = - -  £ I n , -  Rjl[o-] 

6 i 1 j~AI I  

Q'Q' ) 
- Y', E i e i _ e j l [ o _ 0 ]  • ( 1 0 )  

i~AI  j~AI I  

In most cases, the separation between the AI and AII 
steps (L = 4asS where S = 0,1,2,...) is much larger 
than the separation between any two adjacent point 
charges within each of the steps ( =  as). Hence, we 
will approximate in Eq. (10) the point charge distri- 
bution for each step by a line of  charge of constant 
density, rtA E = + ¼/(1 X ) for the AI step and r/A N = 

¼/(1 X ) =  --r/A l for the AII step. Denoting by 
L n the separation between the two charged lines, 
then 

2(r/a,)  2 
A EMad( O" ) = logc(Lo/L,,o), (11) 

E 
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steps in Fig. 5 where m , n  = 1,2. We denote these 
grooves in Fig. 6b as: (1) Ga-rich (AI -1)+  (AII-1), 
(2) Ga-rich (AI -2)+  (AII-I)  and (3) As-rich (AI-2) 
+ (AII-2) grooves, respectively. Note that the S = 0 
AI + All groove is nothing but the flat /32(2 x 4) 
surface. We see from Fig. 6b that the S = 1 AI + All 
groove is stable for - 0 . 7  < ~Ga < --0.35 eV, thus 
eliminating (2) and (3) from being stable A grooves. 
It is interesting to note in Fig. 6b that the remaining 
stable (I)  (AI-1) + (All- l)  groove for - 0 . 3 5  </XGa 
< - 0 . 2  eV contains the AII-1 step segment which 
as a single A step is never stable (see Fig. 6a). 

In view of the positive but low formation energies 
for the lowest energy S = 0 double A ( A E =  0.025 
eV) and for the S = 1 AI + A I I  groove (AE = 0.074 
eV) with respect to the epitaxial growth temperature 
of typically 800 K ( -  0.075 eV), we expect that one 
should be able to identify experimentally such multi- 
ple step structures on GaAs(001) surfaces. It appears 
that previous STM work on GaAs(001) were largely 
focused on the stability of single bilayer height steps 


