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Abstract. We studied the charge and potential disvibution near the (100) GaP surfaces which 
bear the characteristic feaiures common to polar surfaces of semiconductors A self-consistent 
periodic quantum-chemical technique and a sl3b model are employed and the atomic and 
electronic structures for several surface stoichiometries are calculated. We compare these results 
with the predictions of the model qqroaches in ordm to check the limiu of applicability of 
simplified models such as the electron-hole counting model or the model suggested by Nosker, 
Mark and Levine. We have found that zero dipole moment of the slab is an i m p o m t  criterion 
of the surface stability The charges of the surface ions are flexible in our model and decrease 
strongly at the surface with respect to the buk values. Therefore this criterion does nor impose 
such severe resvictions on the surface stoichiometry. composition, and structure as are suggested 
in other models. We conclude that slmcture and stability of polar surfaces are determined by a 
balance of sloichiometric factors and electron density redistribution which should both be taken 
into account in a self-consistent manner. 

1. Introduction 

The surfaces of II-V semiconductors crystallizing with the zincblende structure have been 
the topic of extensive experimental studies. These compounds belong to a wide class of 
heteropolar semiconductors. An important feature of these compounds is that their electronic 
stucture may be characterized by a certain degree of ionicity. The (100) surfaces are usually 
grown using molecular-beam epitaxy (MBE) or similar techniques and may be thought of as 
a termination of a sequence of alternating charged layers of anions and cations. Therefore 
these crystal faces are polar and have properties different from those characteristic to neutral 
(110) surfaces of the same compounds. The structure of the upper layers forming the 
surface differs considerably from an ideal (100) cut of the bulk material. A wide variety 
of different reconstructions and surface compositions has been observed experimentally at 
different temperatures [l]. However, the details of atomic and electronic s t m " c t  for the 
majority of the surface reconstructions are still unclear. 

Model approaches proved to be very useful for qualitative analysis and prediction of 
stable surface structures. We will mention two of them that use different models for charge 
distribution within the crystalline lattice, both in the bulk and near the surface. In particular, 
most of the recent results have been obtained within a covaIent model which allows dangling 
bonds at the surfaces. On the other hand, as was emphasized by Nosker, Mark and Levine [2] 
(NML model) even small electron transfer between atoms in zincblende lattices is important in 
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interpreting surface effects because of electrostatic (Madelung) contribution to the surface 
energy. Both of these arguments, if taken separately, impose severe restrictions on the 
surface stoichiometry, structure and potential distribution [2-6], and the predictions of the 
two models with regard to these surface properties differ markedly. 

Contradictions between different models can be resolved with an aid of fully self- 
consistent model-independent quantum-mechanical calculations of the electronic and atomic 
structures of the polar surfaces [7]. Polar surfaces of III-V semiconductors have already 
been the topic of extensive quantum-mechanical studies. In particular, tight-binding 18- 
121 and pseudopotential LDF calculations [13-181 have been performed for (100) and (111) 
surfaces of GaAs using a slab model. However, in most of these calculations an artificial 
change of the valence charge of the surface (interface) atoms or symmetry restrictions were 
imposed in order to prevent a 'charge transfer' between opposite faces of the calculated 
slabs. Also, the tight-binding method does not allow for self-consistency between the 
surface charges and potentials (some attempts to overcome this difficulty were made in 
[19]). Thus global optimization of electronic and atomic structures of the polar surfaces of 
semiconductors remains a complicated problem. 

In this paper we employed an MO LCAO Hartree-Fock-Roothaan technique within a 
large-unit-cell (LUC) model of a periodic slab with a particular aim to take into account 
the electron density and potential distribution inside the slab in a self-consistent way. This 
method also allows us to calculate the surface atomic and electronic structures. To study 
the dependence of these characteristics on the slab thickness one should use periodic cells 
of more than 70 atoms. Therefore the approximation of intermediate neglect of differential 
overlap (INDO) was imposed on the elements of the Fock matrix. Because of the approximate 
nature of this study we focus mainly on a qualitative features of charge and potential 
distribution near polar surfaces of GaP. The latter bear features common IO polar surfaces of 
ID-V semiconductors. We compare our results with the predictions of the model approaches 
in order to check the limits of applicability of the simplified models. Particular properties 
of the GaP surfaces are interesting from a general point of view and because of photo- 
induced processes found experimentally in recent studies [ZO]. Investigation of the micro- 
mechanisms of these processes determines further goals of our studies. 

The paper is organized as follows. In section 2 several models of polar surfaces widely 
used in the literature are reviewed. We pay particular attention to the values of the surface 
charge and dipole moment predicted by these models. In section 3 the computational 
method is described. In section 4 the surface charge and potential distributions are analysed 
for P-terminated surfaces with 2:4, 3:4, and 4:4 stoichiometries. These properties were 
calculated taking into account the relaxation and reconstruction of the surface layer. The 
results regarding surface geometry and desorption energy of the P and Ga dimers are also 
presented. The results of calculations are discussed and compared with the existing models 
in section 5. 

E V Stefanovich and A L Shluger 

2. Models of polar surfaces 

The choice of the surface model is particularly important for the study of polar surfaces. 
Polar surfaces usually have large formation energies and cannot be obtained as a cleavage 
planes of massive crystals. In particular, the (100) surfaces of III-V semiconductors, which 
are usually grown by means of the MBE technique, form thin films on the substrate. The 
model of the slab finite in the z direction and having ZD periodicity in the x and y directions 
s e e m  to be most appropriate to describe these surface structures. We should note that a 
model of a slab periodically repeated in the z direction, which is often used in surface 
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studies [14, 16, 171, is generally not appropriate for polar surfaces. The reason is that the 
charge dishibution in the polar slab may create a spurious dipole moment in the 8 direction 
[2, 31, and as a consequence the potential distribution may not be z periodic. To avoid 
charge-transfer problems between surfaces Qian et a1 [I51 in their recent calculations of 
stoichiometry and surface reconstruction of the (001) GaAs surfaces imposed an artificial 
fractional charge on one end of the slab. A layer of fictitious H atoms terminating one side 
of the slab was used by Ohno [17]. 

No of layer +-+-+I:+:+: _ -  I! 
+ + + + + + + 4 Pr”*ce 

_ _ _ - - - -  J 

+ + +  + +  6 

_ _ _ - - - -  7 
Figure 1. Schematic diagram of the slab representing the 
polar GaP(100) surface. The surface unit cell is denoted 
by lines; A, is the area of the unit ceIl. Division 1 of the 
slab into the ‘P surface’, ‘bulk‘. and ‘Ga surface’ regions 
was employed in the present study to define the surface 
charges (see table I). Division 2 is equivalent to division 
1 but leads to different values of the surface charges (see 

+ + +  + + bulk 

- -  - - - -  9 

+ + + + +  + + l o  

Ga-wrface Gaavriare 
As 

Dwisim 1 D N m n  2 section 5). 

It is convenient to employ the same surface model for discussion of the model 
approaches and further comparison with the results of the present dculations. For this 
purpose we will use a slab consisting of 10 GaP(100) layers, which is schematically 
presented in figure 1. The top layer of the slab consists of anions (in our case the P atoms), 
whereas the bottom layer consists of cations (the Ga atoms). Generally, the slab can be 
divided into three regions: P surface, hulk, and Ga surface. This division is conditional and 
is discussed in more detail in sections 4 and 5. Let us suppose for the present discussion 
that the P surface consists of surface layers 1-4, the bulk of 5-8, and the Ga surface of 
surface layers 9 and 10 (see division 1 in figure 1). We will refer to the sum of the charges 
of ions in the P surface and in the Ga surface regions calculated per 2 x 1 surface unit cell 
as the su$me charges Qp and Qca respectively. For the thick enough slabs the bulk region 
may be constructed of an integer number of bulk unit cells and the total charge of the bulk 
region is equal to zero. In this case Q p  = -Qc.. The moduli of the charges on the bulk 
ions are denoted as qb, and the total dipole moment of the (slab) unit cell as D .  Note that 
the definition of the total dipole moment is unambiguous, since the total charge of the unit 
cell is zero. The dipole moment of the slab is related to the difference in the electrostatic 
potentials on the two sides of the slab by 

(1) 

where A, is the area of the surface unit cell (see figure 1). 
In some approaches, such as those used in atomistic simulation of surfaces, it is often 

assumed that charges on the surface ions are equal to those in the bulk [21] which is a 
reasonable approximation for ionic crystals (see, for example, [22]). Another common 
assumption (see, for example, [IO, 13, 161) is that an unrelaxed surface can be treated as an 
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ideal termination of the bulk structure. On further discussion we will refer to this model as 
a ’bulk cut’ model.) For the above described division of the slab into the bulk and surface 
regions this immediately leads to zero surface charges and a dipole moment of the slab 
which increases proportionally to the slab thickness d. The average potential disuibution 
inside the slab in this model will depend linearly on the z coordinate and an unphysical 
situation may occur in which the potential is positive (negative) on cations (anions). 

Intuitively, this situation is highly unstable. As was suggested by Nosker, Mark and 
Levine [2] (NML model), the two faces of the surface slab must bear opposite charges in 
order to restore a more realistic potential distribution. In the case of the (100) surface of 
the zincblende crystal the surface charges should be Qc, = - q b ,  Q p  = q b .  Since the ionic 
charges are assumed to be fixed in this model, changes in the surface stoichiometry (and 
structure) are proposed to be responsible for the creation of the surface charge. The simplest 
surface structure predicted by this model corresponds to the 1:2 stoichiomehy for both Ga- 
and P terminated (100) GaP surfaces. 

Another model, the so-called electron-hole counting (EHC) model 14, 51 is based on the 
three following assumptions: (i) a completely covalent model of chemical bonding in the 
bulk of the crystal (zero ionic charges); (ii) non-conducting character of the stable surfaces; 
(iii) pure anionic (cationic) character of the filled (empty) dangling bond surface bands. 
To fulfil all these conditions it is proposed that electron transfer should occur between the 
surface Ga and As atoms to fill the dangling bonds on the surface anions while leaving 
the dangling bonds on the surface cations empty. The surface structures failing to satisfy 
this electron counting rule are predicted io be unstable. The restrictions on the surface 
stoichiometry and structure imposed by this model are generally different from those arising 
from the NML model. In particular, the 3:4 ‘missing-dimer’ geometry of the P-terminated 
(100) surface was predicted to be stable on its basis [41. Although the bulk dipole moment 
and the surface charges are zero in this model, due to charge transfer on the surface the 
surface atoms bear non-zero charges. For instance, P atoms on the (100) surface have 5.75 
valence electrons (i electrons on each of the three P-Ga bonds and two electrons on the 
filled dangling bond) and an ionic charge of -0.75. Ga atoms on the surface bear the 
ionic charge 0.75. Therefore the whole slab has a non-zero dipole moment and hence the 
electrostatic potentials on the two sides of the slab are different. 

The bulk ionicity was taken into account in the generalization of the EHC model proposed 
by Harrison 131. In this model the surfaces bear a non-zero charge in order to have zero 
dipole moment of the slab as in the NML model. In both the EHC and Harrison’s models, the 
charges of surface ions are greater than those in the bulk. They depend only on the number 
of dangling bonds (i.e. coordination number) of the surface ions. Due to the restrictions 
imposed on the surface ionic charges, Harrison’s model also leads to severe constraints on 
surface composition and structure. 

The basic features of the models discussed above are summarized in table 1. In all 
model approaches only a limited number of surface structures and stoichiometries satisfies 
the imposed constraints. Therefore it seems difficult to explain gradual growth of the (100) 
GaAs or GaP surfaces by the modern layer-by-layer MBE technique [U, 241 (see, however, 
discussion on the EHC model in [4]). As has been pointed out in [23], although the basic 
structure predicted by the EHC model for the (100) GaAs surfaces, the ‘missing-dimer’ 
model. has been confirmed by scanning-tunnelling-microscope observation [31], it has not 
yet proved possible to image filled As-related and empty Ga-related states. Therefore there 
is no confirmation of the basis of the EHC model, even under static conditions. The present 
state of affairs can be characterized therefore from two points of view: (i) experimentally, 
there is a problem in the understanding of both static and dynamic conditions of MBE 
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Table 1. Comparison of different models for the GaP(100) surface. DB stands for dangling 
bonds. The surface charge is calculated for the 2 x 1 unit cell. For the definition of the surface 
regions soc the text and figure 1. The entries which are the basic statements of the models are 
emphasised in bold. 
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Model of the surface 

Surface propeny 'Bulkcut' NML EHC Harrison's This work 

Ionicity constant constant increase increase decrease 
Occupancyofoe (P) panial' partial' 6Ued 6Ued parlial 
Occupancy of DE (Gal partial' partiala empty empty partial 

Slab dipole moment qbd 0 non-zero 0 
*qb 

f q b  0 
Surface charge 0 *Yb 0 

~ ~~ ~~ ~~ ~ ~ ~ ~~ ~ 

' In both 'bulk CUI' and NML models the e l m o n  occupancy of the dangling bonds is not explicitly 
specified; however conservation of the bulk ionicity implies lhat both Ga and P dmgling bonds 
on the surface should be parlly occupied by electrons. 

growth of polar surfaces 123, 241; (ii) theoretically, there are difficulties in treating polar 
surfaces using atomistic simulation, tight-binding and some of the band-structure calculation 
techniques due to the very large dipole moment of the slab. The results of calculations 
presented in the next sections support some of the predictions of the EHC model. They 
demonstrate, however, that a realistic model approach to the understanding of the properties 
of polar surfaces of semiconductors should accurately take into account the charge and 
potential distribution in these systems. 

3. Computational technique 

We use the Luc model and the self-consistent semi-empirical INDO method [25] which were 
modified in previous works 126, 271 to provide a better description of the structural and 
electronic properties of ionic and semi-covalent crystals and their surfaces. The basic idea 
of the LUC model consists in computing the electronic structure of the unit cell extended in 
a special manner (large unit cell) at k = 0 in the narrowed Brillouin zone (NBZ). This is 
equivalent to a band calculation at those BZ k points which transform to the NBZ centre on 
extending the unit cell. In particular, 2 x 4 extension of the (100) GaP surface unit cell 
used in the present work is equivalent to the band structure calculation at eight k points 
in the Bz. This technique was extensively used for defect studies in ionic crystals (see, for 
example, [28]); defects in silicon [29] were also successfuly studied by this method. This 
method is realized in the CLUSTER computer code. In the lNDO method some of the elements 
of the Fock mahix are calculated using numerical parameters [26,27]. The INDO parameters 
for the H atom (used in the calculations for the PH3 and GaH3 molecules) were taken from 
[27]. The NDO parameters for the Ga and P atoms were fitted for the present study. We 
sought a compromise set of Ga and P parameters which would represent the most important 
characteristics of the electronic and geomehical structures of atoms, Ga- and P-containing 
molecules, the GaP crystal, and the GaP(I10) surface. The method of optimization of the 
parameters was essentially the same as described in [27]. The electronic configurations of 
P and Ga atoms on the (1 10) surface of the GaP crystal are believed to be very similar to 
those in the PH3 and GaH3 molecules [30]. By analogy with the well studied dimerization 
of the GaAs(100) surface [ I  1, 17,31,32], we can assume that the chemical bonding on the 
GaP(100) surface resembles that in the Pz and Gaz molecules. Therefore, the parameters 
were fitted to describe also the properties of these molecules [33, 341. The final set of 
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parameters is given in tables 2 and 3 

E V Siefanovich and A L Shluger 

Table 2. One-centre INDO parameters. Conventional definition of the parameten is used (27, 
2% 

Ga P H 

<,(a.u.) 1.59 1.78 1.2 
& ( a x )  1.24 1.78 - 
E, (eV) 9.85 15.0 4.0 
Ep (eV) 0.6 4.2 - 
-ps (eV) 1.0 9.0 2.0 
-pp (eV) 4.5 15.0 - 
Pa, 2.0 2.0 0.8 
PG" 0.333 1.0 - 

Table 3. Two-centre INDO panmeten of the elocuon-core interaction (au.). See 1261 for more 
details. 

B 

A G a P H  
Ga 0.0 0.0 023 
P 0.15 0.0 0.1 
H 0.23 0.1 0.4 

As a test of the ability of the derived set of parameters to reproduce the relative balance 
between the Ga-Ga, Ca-P, and P-P interactions, we performed extensive calculations for the 
Ga2P2 molecule in different conformations. These results can be compared with the results 
of ab initio calculations of the similar GaZAsz molecule [35] (see table 4). Although direct 
comparison is impossible, one can see that general trends in energetics and geometrical 
structure are very similar in the two molecules. 

Table 4. GaZP2 molecular properties. Ab inifio results [35] refer to the GqAsT molecule. 
Abbreviations for the molecular strucNm an taken from (351. Numbcm in parentheses 
correspond to incompletely optimized geometries. 

Distances 
Relative 

CLUSIER (MDO) Ab initio 1351 energies (eV) 

Structure State P-P Ga-P 

rhombic 'AI 3.94 5.01 
3.98 5.10 

To.-P(Iu), 'At  3.70 5.04 
eis.fonn '81 3.90 5.06 

'Ai  3.86 4.85 
linear c;ac 3Z; 3.98 4.78 
'TPIA~)-G~, ' A i  3.84 4.69 

Ga-Ga - - - 
5.44 
5.98 
6.14 

6.90 
- 

As-As Ga-As Ga-Ga INDO 

4.50 5.18 - 0 
5.13 4.84 - 0.21 
4.49 4.72 5.30 1.85 
4.73 4.73 5.69 1.41 
4.52 4.98 6.46 2.69 
4.43 4.78 - 3.24 
(4.2) (5.4) (5.8) 3.30 

051 
0 
0.91 
0.95 
1.14 
1.19 
1.87 
unslable 

- 

a Ga-P-P-Ga (Ga-&-Ma)  geometry. 
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Table 5. Comparison of G, P bulk crystal properdes calculated in this work with (he 48-Yom 
LUC and obtained in other studies. og is the lattice constant in A, BE is the binding energy per 
alom couple, Es is the band gap: E, is the total valence band width (the energy difference 
belween rI5 and r! symmetry points (zincblende nolation see [41])); E ,  is the width of the 
valence *S sub-band' (EX, - w,Y, E, is the width of the valence 'p sub-band' ( E Y , ~ -   EX^): all 
energetic parameters in eV. 

Propeny CLUSTER Other data 

oa 2.70 2.72 [39] 
BE 9.8 7.3 [39] 
E ,  4.46 2.39 I401 
E ,  14.7 13.1 (411; 12.5 I401 
Ew 3.3 3.8 1411; 2.93 1401 
E", 8.7 7.1 [411; 6.4 1401 
q b  1.07 0.75 1401 

In all cases the calculated P-P distances are on average 15% shorter than the 
corresponding As-As distances computed in [35]. This is easy to understand because 
the P-P equilibrium distance in the PZ molecule is approximately 10% shorter than that in 
the As2 molecule (2.1 1 A 1351). The calculated Ga-P and Ga-Ga distances agree with the 
results for Cia-As and Ga-Ga [35] with an accuracy of better than 7%. The relative energies 
of different GazPz structwes are reproduced cokctly except for inversion of the order of 
the T GaAsz structure and the cis-form in the triplet state. The calculated energy separations 
between different geometries are larger than those for the Ga2Asz molecule. The latter can 
be easily understood since the P-P and Ga-P bonds are known to be stronger than As-As 
and Ga-As bonds 133, 35, 361. 

The atomic and electronic structures of perfect crystals and crystal surfaces were 
studied using a large-unit-cell (Luc) model described in 1371. The surface properties were 
calculated with a single-slab model. We assume that the surface is non-magnetic, i.e. 
corresponds to the perfect pairing of electrons with opposite projections of spin. Therefore 
the restricted Hartree-Fock method was used in all further calculations. The existence of 
magnetic surfaces cannot be, however, ruled out completely (see. for example, [7,38]). The 
unresmcted Hartree-Fock method should be used to study a spin density distribution in this 
case. 

For the ( I  1O)GaP surface the calculated slab consisted of six atomic layers. The surface 
Luc (translation vectors a1 = a0(0,22/2,0) and a2 = ao(4,0,0), where a0 is the bulk 
lattice constant) is obtained as the 2 x 2 extension of the minimal surface uc and consists 
of 48 atoms. The positions of the atoms in the top and bottom surfaces were optimized 
independently. The lattice constant, a, in the surface calculations was taken to be the same 
as that optimized for the bulk (see table 5). In the bulk calculations the same 48-atom Luc 
was used but with 3D translations al. u2, and a3 = a ( O , O ,  - 3 ~ 6 ) .  

The calculated properties of the GaP bulk crystal are presented in table 5 and compared 
with the results of other calculations. The one-electron energy gap Eg presented in the table 
is larger than the experimental value. The value of Eg calculated using a configuration 
interaction technique and taking into account only the oneelectron excitations is 2.9 eV. It 
must be reduced even more strongly if electron correlation is included in the consideration. 
For the moment this has been done only,for the ground state properties of GaP [39]. The 
value of the correlation correction is not yet established for the GaP crystal. Ionic charges 
were calculated using Lowdin population analysis [Z]. Note, however, that ionic charges 
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are not determined experimentally for GaP and their theoretical values depend very much 
on definition and method of calculation. For instance, the value given in the table was 
obtained theoretically using a Mulliken scheme [40]. 

The (1 10) surface relaxation is usually described in terms of the 'bond rotation model' 
[ I ,  30, 421: the surface bonds rotate without changing their bond lengths appreciably 
such that surface P (Ga) atoms move outward (inward) relative to the ideal surface plane. 
According to recent calculations [30, 421 in the relaxed structure, the surface Ga-P bond 
forms an angle w N 27" with the (110) plane. Our calculations (in which only the positions 
of the first-layer atoms were optimized) predict the same direction of the bond rotation. 
However, the displacements of the atoms are obtained to be smaller: w = 15". The main 
features of the surface band structure are similar to those calculated by other workers (see 
[l,  42, 431 and references therein). The one-electron energy gap is 4.86 eV. The charges of 
ions in the inner (third and fourth) layers of the slab (ir1.02e) are close to those in the bulk 
calculation (&1.07e), while the ionic charges on the surface are reduced (- k0.73e) with 
respsct to those in the bulk. The latter agrees with the conclusion made in [7]. As one could 
expect, the net charges of individual layers (0.03; -0.03; 0.0 0.0; -0.03; 0.03 per surface 
unit cell) and the surface charge are close to zero. This result, which is characteristic of 
non-polar surfaces, changes dramatically for the polar (100) GaP surface as discussed in the 
next section. 

E V Stefanovich and A L Shluger 

4. Results of calculations 

4.1. The slab models of the GaP(IO0) suface 

In this study we are interested in the charge and potential distrubutions near the (100)GaF' 
surface rather then global optimization of the surface structure. Therefore in all further 
calculations we adopted the same qualitative model for the GaP(100) surface structure as 
was suggested in recent studies for the GaAs(100) surface (see, for example, [ l l .  17, 181). 
The structures of both As- and Ga-terminated surfaces are usually described in terms of As- 
and Ga surface dimers [ I I ] .  The (100) surface of GaP was modelled by four-layer, eight- 
layer and ten-layer slabs. In all cases the top of the slab was P terminated and the bottom 
was Ga terminated. The Ga surface coverage, 8, was fixed to be 2 4  (there were two Ga 
dimers on the bottom surface). Three P stoichiometries 8 = 24,  3:4, and 4:4 were studied. 
This corresponds to two, three, and four surface P dimers per L U c  respectively and to 72-, 
74-, and 76-atom LUcs in the case of the ten-layer slab. The surface L u c  corresponded to 
the 2 x 4  extension of the smallest surface unit cell (U] = ao(2&, 0) and uz = @(0,4&)). 
This allows us to study the 2 x 4 reconstruction of the P-rich and the 4 x 2 reconstruction 
of the Ga-rich surfaces 1441. Changes in the surface composition were achived by adding 
(adsorbing) P dimers to the surface top layer. 

Only the relaxation of the top layer was taken into account. As was calculated in 
[I71 for the (100) GaAs surface, the relaxation of the lower surface layers provides only 
a small contribution to the surface energy. Two coordinates for each surface dimer were 
independently optimized the bond distance and the vertical displacement of the dimer 
relative to the perfect non-relaxed (100) surface. The geometry optimization of the top 
surface layers was performed for the four- and eight-layer slabs only. The calculated 
atomic coordinates were practically the same in both calculations. The LUC energies of the 
eight-layer slab in the four-layer slab geometries are about 0.04 eV higher than those in 
the independently relaxed eight-layer slab. The atomic structures optimized in the eight- 
layer slab calculations were then used for the electronic structure (charges and potentials) 



(100) GaP surface charges and potentials 

calculations in the ten-layer slab. 
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- r  
I 
I 
I 

C 
Figure 2. Schematic ~ W c t m s  of the surface 2 x 4 unit cells. Positions of the atoms in the 
three top surface layers are shown as viewed from above. Smaller circles cnrrespond to the 
atoms in the third layer. Bonds in the surface dimers (Pz and Gaz) are shown by bold lines. 
The dimer bondlength and is displacement perpendicular 10 the surface plane with respect to 
the bulk position are shown by the number beside each dimer where &e bondlength is shown in 
bald. (a) P-terminated surface. stoichiomeuy 24; 6) P-terminated surface, sloichiometry 3:4: 
(c) P-terminated surface, stoichiometry 44: (d) Ga-terminated surface, stoichiometry 24; (e) 
P-terminated 3:4 surface with adsorbed Ga dimer. 

4.2. Surface geometry and energetics 

The results of the geometry optimization for the eight-layer slab modelling the (100) GaP 
surface are presented in figure 2. The calculated Ga-Ga and P-P distances are much closer 
to the molecular bondlengths than to the interatomic distances in the crystal (3.82 8, in opr 
calculations). In particular, the interatomic distances in the surface P dimers (about 2.1 A) 
are only slightly longer than the calculated bondlength in the Pz molecule, 1.87 A. Thus 
both P-P and Ga-Ga chemical bonds at the surface resemble those in molecular species. 
The structure of the block comprising three P dimers (see figure 2(b)) is very similar to that 
determined theoretically for the GaAs(100) surface [17]. In particular, the central dimer 
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is displaced out of the ideal surface plane whereas two other dimers displace inside the 
surface. Note also an alternating character of the displacements of the P dimers in the z 
direction for the 4:4 surface which is clearly seen in figure 2(c). 

The values of the P and Ga dimer desorption energies may be considered as an indicator 
of the surface stability. We found the Pz desorption energies to be 5.7 eV, 6.6 eV, and 6.1 
eV for the 24 ,  3:4, and 4:4 surfaces respectively. These values may be compared with the 
As2 desorption energy from the GaAs(100) surface (3.9 ev) which was estimated from the 
analysis of the experimental data in [45]. The values for P2 desorption energies should be 
higher because the chemical bonding in the GaP crystal is known to be stronger than that 
in the GaAs crystal [39]. However, this effect is overestimated in our method (see table 5). 
The fact that the highest desorption energy was obtained for the 3:4 surface agrees with the 
theoretically predicted high stability of the similar e.g. ‘missing-dimer’ 3 x 4 reconstructed 
GaAs (100) surface [ I  1, 171. We should note, however, that not only 3:4 ‘missing-dimer’ 
[31, 461 but also 2 4  ‘two-missing-dimers’ [32, 471 structures were observed in the STM 
experiments on the GaAs(100) surface. 

We also performed calculations of adsorption of up to four Ga atoms on the P-terminated 
3:4 and 4:4 surfaces. The surface geometry was optimized assuming that pairs of Ga atoms 
form dimers on the surface as discussed in [4]. From these calculations we were able to 
determine the desorption energy of one Ga atom f” the surface. This value varies from 
5.8 eV to 6.4 eV depending on P and Ga stoichiomentry. Taking into account the stronger 
bonding in the GaP crystal than that in the GaAs crystal these values are in good agreement 
with the experimental estimate of the activation energy for Ga atoms desorbing from the 
GaAs(100) surface; 4.6 eV [23]. The highest desorption energy (6.4 eV) corresponds to 
one Ga dimer adsorbed on top of the three P dimer block characteristic of the 3:4 surface 
(see figure ?-(e)). Note that this configuration was also predicted to be stable in the EHC 
model 141. 

4.3. Atomic charges and su$ace potential 

The absolute values of the ionic charges calculated for the ten-layer slabs with three P 
stoichiometries and averaged over each layer are presented in figure 3(a). A similar picture 
is characteristic also for the eight-layer slab: the charges reach their maximum value 1.01- 
1.08e in the middle of the slab (see table 6). These values are close to the bulk charges 
of 1.07e (note that the four-layer slab is not thick enough to reproduce the bulk charges 
in the middle of the slab). Therefore we conclude that the ions in the interior of both the 
eight-layer slab (layers 5-6) and the ten-layer slab (layers 5-8) are similar to those in the 
bulk. The ionic charges differ from those in the bulk in four layers near the (IO0)P surface 
and in two layers near the (100)Ga surface. The decrease of the coordination number of 
the surface ions implies that Ga and P should tend to return to their atomic configurations. 
Indeed, the charges of ions reduce dramatically in the surface regions, as is clearly seen in 
figure 3(a). Due to the surface states the one-electron bandgap of the slab, E:, decreases 
with respect to the bulk value of 4.46 eV. E; = 3.67 eV, 4.28 eV, and 4.41 eV for 0 
= 2:4, 3:4, and 4:4 respectively. Although more extensive calculations including electron 
correlation are needed in order to be able to draw final conclusions, we consider its rather 
high value as an indicator that the surface does not have a metallic character. 

The crystalline potential in the bulk region of the slab approaches its value corresponding 
to the Madelung constant of the 3D zincblende lattice and the bulk ionic charges (see figure 
3(b)). However, the electrostatic potential on the ions in the surface region decreases 
dramatically. This behaviour is consistent with the decrease of ionicity near the surface. It 
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is important that the crystalline potential falls rapidly to practically zero values in vacuum 
regions on both sides of the slab. According to equation (1) this means that the dipole 
moment of the slab is close to zero. 

The calculated values of the Qc.. and Q p  surface charges (per 2 x 1 surface unit cell) 
for the ten-layer slab are presented in table 6. The absolute values of the bulk ionic charges 
q b  are given for comparison in the same table. The division of the slab into the Ga surface, 
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Table 6. Surface charges per 2 x 1 unit cell, and the absolute values of lhe bulk ionic charges 
for three (100) surface sloichiomelries computed in four-. eight-, and ten-layer slab models. 

Total number 
N of layers Region 

4 Ga surface 
P surface 
'Bulk'= 

P surface 
Bulk 

P surface 
Bulk 

8 Ga surface 

IO Ga surface 

Stoichiomem 

Atomic layers 2 4  3 4  4 4  

3 4  
I -2 
2 3  
1-8 
I 4  
5-6 
9-10 
1-4 
5-8 

-0.53 -0.62 -0.67 
0.53 0.62 0.67 
0.42 0.49 0.52 

-1.M -1.05 -1.05 
1.02 1.05 1.07 
1.01 1.06 1.06 

-1.06 -1.06 -1.06 
1.07 1.08 1.08 
1.07 1.08 1.08 

No bulk region exisls in lhe four-layer slab. The charges averaged over thc second and third 
layers iue presented. 

P surface, and bulk regions is the same as in section 2. The corresponding divisions for 
the four- and eight-layer slab are defined in table 6. Note that for this particular division of 
the slab into the surface and bulk areas the lowest total energy obtained in our calculations 
corresponds to a non-zero surface charge and zero dipole moment of the slab. 

The values of the surface charges presented in table 6 depend, however, on the choice of 
the bulk region. Suppose, for instance, that instead of the division adopted for the previous 
discussion (division 1 in figure 1) we chose the surface and bulk regions as follows (division 
2 in figure 1): P surface layers 1-3; bulk layers 4-7; Ga surface layers 8-10, In this case 
the surface charges would become Q6 z Qp - 2 q b  and QG, N QG, + 2qb.  The charge 
of the bulk is still zero, but as one can see, these two partitions of the slab correspond to 
different dipole moments of the bulk region. 

To have a completely unambiguous definition of the surface charge, we suggest that the 
slab is divided in such a way that the dipole moment of the bulk region is equal to zero. 
It is easy to prove that such partition is always possible if the slab is thick enough and the 
charge distribution in the inner part of the slab is z periodic. Such a definition (see also 
[48]) seems preferable since surface charges in this case are closely related to the dipole 
moment of the slab 

D +dAC9 -Q&d = Qgd (2) 
and to the surface potentials (see equation (1)) which are (in principle) experimentally 

measurable quantities. As is clear from this equation, the surface charge defined in such 
a way should be zero in order to prevent an infinite increase of the dipole moment of the 
slab. In the slab model shown in figure 1 the bulk region bearing zero dipole moment (and 
zero charge) may be defined, for instance, as consisting of whole layers 5-7 and half of the 
ions in layers 4 and 8. According to this definition of the bulk, the P surface should consist 
of 1-3 layers and halflayer 4 and the Ga surface is formed from layers 9-10 and half of the 
layer 8. It can be seen readily that if one calculates the surface charges according to this 
definition, namely 

!$ QP - 4 b  X !&.+qb (3) 
they appear to be very close to zero. As can be seen in table 6 the accuracy of this result 
increases as the slab thickness increases. 
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5. Discussion and conclusions 

The qualitative conclusions which can be drawn from our calculations regarding surface 
charge, ionicity and dipole moment are summarized in table 1 and compared with the main 
assumptions of other models which were discussed in section 2. First, we should note that 
despite the fact that the total surface charge and the dipole moment of the slab were found to 
be the same for the three P surface stoichiometries studied, the electronic density distribution 
in several subsurface layers depends on the surface composition. This is in contrast with the 
assumptions of the model theories discussed in section 2. For both (1 IO) and (100) surfaces 
the electrostatic potential and ionic charges on surface atoms are determined to be less than 
those in the bulk crystal. Moreover, the charges of individual surface ions vary in a rather 
broad interval (for instance, from -0.07e to -0.23e for the P,atoms in the ten-layer slab) 
depending on the atomic positions and surface stoichiometry. 

The reduced surface ionicity obtained in our calculations (note that the charges on 
surface ions are smaller than those predicted by the EHC model), implies a mixed P-Ga 
character of the filled and empty surface bands and partial occupancies of both P and Ga 
dangling bonds. However, similarly to the main statement of the EHC and Harrison models, 
the filled (empty) surface bands have predominantly P (Ga) character. Note that due to 
the mixed character of the surface bands, the partial occupancy of the dangling bonds does 
not necessarily imply a metallic character of the surface electronic structure. However, 
more accurate calculations of the band-to-band transitions are needed in order to address 
this point. The most stable surface structures (see figure 2(b) and 2(e)) obtained in our 
calculations agree with those predicted in the EHC model. 

As was demonstrated in previous studies the EHC rule can be used as a useful tool 
for qualitative analysis of stability of different possible surface structures. The results of 
the present work have demonstrated that the charge density distribution near polar surfaces 
predicted by the EHC model should be corrected taking into account additional factors. 
In particular, our calculations predict zero dipole moment of the slab, independent of the 
surface structure and stoichiometry. The condition D = 0 seems to be an important criterion 
of the surface stability. A similar conclusion can be drawn from the NML model (see table 
1). However, since the charges of the surface ions are flexible in our model this criterion 
does not impose such severe restrictions on the surface stoichiometry, composition, and 
structure as are suggested in the NML model [2]. We stress that structure and stability of 
polar surfaces are determined by a balance of stoichiometric factors and electron density 
redistribution which should both be taken into account in a self-consistent manner. 
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