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Abstract
.The intrinsic (111) surface states of Ge;
‘GaAs and ZnSe are studied using the tight-binding
method. The local density of states of atéms.on
different layers are calculated and the various.
types of surface states are discussed. The effects = _
of_relaxafion on'the.sﬁrface states are examined‘ns

for Ge.AA

I. Introductlon
| The tlght binding (TB) method 1s very useful in prov1d1ngs,
a practlcal and relatlvely 51mp1e way of studylng the electro—.
nic surface states of semlconductors By u31ng a small
~number of interaction parameters it is possible to obtain

good results_for‘both bulklvand surface states of_diamond2

-and zincblende type3 compounds. We have prev1ously1 6btained:
the (TB) parameters appropriate for Ge, GaAs and ZnSe and

have dlscussed3 briefly the results of our calculatlons on“-"

the (111) surface states of Ge and GaAs. Similar ealcu1ation33

on the (110) surface of diamond and zincblende semieenductors



rave’also been doneg recently.’ In-thls Daper we w1sh to
describe 1n more detall the (lll) surface states of Ge, .;
GaAs_and ZnSe. Surface reconstruction is not con51dered
in our calculation, however,vthe.effects of‘surface_reiaxae
- tion are studied for Ge. The 1oca1fdeusit§jof,states (LDS)
for surface atoms and atoms close to»the surfacetiayer“are
'calcuiated, The character'and degree of”locaiitation'of
the charge deusity associated with’the:various‘surface5ﬁ
states are alSO'calculated. ->

This paper is organized in.the followinglway.' In
Sectlon II we briefly dlscuss some aspects of the calculatlon :
”and glve the 1nteractlon parameters we have used 'The a
surface states of Ge with and without relaxatlon effects
are studied in Sec. III. The (111) and (111) surfaces of

GaAs and ZnSe are dlscussed in Sectlon IV

ITI. Calcuiation v |

The calculatlon of surface states by theATB method for'
dgroup IV materials has been. dlscussed by H1rabayash15 and'.-
we have extended the method to 21ncblende compounds.f In the,.f
calculatlon of-surface-states we have taken avsystem-consist-

ing of a finite number,N,of‘atomic layers.d_To.distinguish'

 surface states'from‘bulk states without ambiguitybwe'have'
taken N = 16° For GaAs or ZnSe the atomlc layers are
composed only of one type of atom which alternate between

the Ga—typevand As-type atoms.
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The inferaefion perameters for Ge, GaAs and ZhSevWefe
deterﬁinedl’by fitting the bulk‘velence bands.;eFig{'l o
shows the direeted orbifals on fwe adjacent tetrehedra:in -
a diamond'or‘zincblehde crystal with'the'orﬁitel 1 being
v along the (lll)’direction., Denoting’the Hamilfenian matfix
elements between orbitals i‘and j by (i]3) we have'taken

. the follow1ng interactions (in eV) into account for Ge

Y, T (1]1) = 0. | y2 = (1]2) = -2 10
vy = (1]8) = -5.46 , v, = (2[8) = -0.07
Y5 = (2]5) = -0.u5 , Y6 = (2|7) = 0.60 .'_

For GaAs (ZnSe), assuming the orbltals 1-y4 and 5-8 refer to
and _
As(Se) Ga(Zn) respectively, we have used - the follow1ng

parameters (in eV)

-1.36(-2.14) , B 2.25(5.57)

oy = (1]1) = = (8|8) =
@, = (1]2) = -1.55(-2.26) , 'Bz = (7]8) = -2.35(-1.93)
| ag = By = (1|8) =_-g.u(-u.12) : ”
@, = (2[8) = -0.82(-0.51)
B, = (1]8) = -0.05(-0.32)'e_
ag = (2]5) = -0.28(-0.23)
ag = (2|7) = 0.66(0.62)

To simulate the effects of surface relaxatieq for Ge
- we have'assumed that the surface layer moves inward6 by

0.3 A and we have changed the 1nteratom1c 1nteractlon para-

meters at the surface accordlng to7
. -

where ng,is the matrix elements given above and AR is the



change in the nearest-neighbor distance. This approximation_

2 " We have used B = 10 b/a

- works well in. the case of Si.
where a is the cublc lattice constant, The 1ntra—atomlc
~interaction parameter Y, was also changed (as in Ref 8)
to account for the change in the s-p character of the orbltalsir
resulting from relaxatlon,5\ . | |
| ~ We have calculated the local den51ty of states N (E)
of atoms on dlfferentvlayers for Ge, GaAs_ahd ZnSe,>~To do
this thebexpression | | e |
'NR(E) = I I 6(E—En(}5)).|<wk,n[¢i>|2

i k, : ~ "
was used where.wk;n 1s‘the total wavefﬁnctionicorresponding_'
to the hth eigenvalue,'and the sum i'is over;the'crbitals_f
cf the atoms on a particular layer. All the densities:of“
states curves discussed in the next sectlon have been

normalized to the bulk (or crystalllne) dens1ty of states

to fac111tate comparlson between them.

IIT. . Results:_ A
- A. Ge: Uﬂrelaxed Surfacelt L o
In Fig. 2 we show the total dehsity of’states cf 16
layers together with the LDS of the surface'layer°' Figures
3 and 4 show the'LDsrof a layer just below the surface
(denotec by (Ge)z) and the LDS of atoms four layers below -

the surface (Ge) The total density of states of 16 layers

(Flg° 2) is very similar to the bulk (or crystalllne) den51ty f“_tye

of states shown in Fig. 4, except for structure,arlslng from
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1 the two surfaces. In particular the structqresfsliaﬁd Tif
:v.are associated With localized surface states and can be
seen to become weaker as we go away from the surface.’ The
is seen o olt - '
peak denoted SlAln energy loss spectroscopy% has an 1ntegrated
weight equal to one electron»per surface atom. It has a
'ﬁidth of about 1 eV and lies 0.4 eV aborefthe'top of the
bulk valence bands E,. Over 70%'of the Charge density
associated with this peak is localized.ih fhe first two
layers at the surface: 52% at the surface‘layer and ZO% '
~on the iayer below. ‘ThevFermi energy EF iies aboﬁt:Q,G eV
" above E inside the S, peak. Thevenergy'E 'in‘Fig' 1 gives
_the energy at which the integrated LDS of surface atoms
equals the number of surface atoms (so that the surface is
neutral)* it is less than 0.1 eV away from EF in the unrelaaed
 surface conflguratlon. » |
| The contribution to the Sl peak coﬁes mainly‘from the
dangllng bond states and also from the back bondlng statesv
of the atoms on the layer below the surface. As seen 1n.i' B
Flgs. 2=4 these states become »progre351vely weakerias we_"
go away'from'the surface and virtually disappears within four
to.five'layers below‘the'surface. | _. Hf
The T, peak in Fig. 2 corresponds to back-bonding__'
surface states. Only certainvwavevectors:in fhe'region
- near the point K (corner of the hexagoﬁal Brillouin zone)' .—
contribute to thiSfpeak. 'Af K-the charge deoSity'associafed

with T, has a concentration of 80% on the surface_layer.-v



The average contribution over the_Brillouin'aone-ls”homever.;
~much smaller and the integrated weight'of'the Structure is
equlvalent to 0.25 electrons per surface atom.--;”“j"d' -

The structures Rl and R, (Fig. 2) are resonant states_‘t-
- also associated with back-bonding states.' The wavefunctlons:ffl
assoc1ated w1th these states have a charge den51ty of about
0.15 electrons per atom at the surface layer.x The Dl »
structure (F;Lga 2) is not assoc1ated w1th any surface states’
but apparently results from the use of a flnlte number of
layers; the states 1nvolved have a small dlsper81on throughout -
the Brillouin zone. ‘ S h . ‘__ 3 " .

The . Flgs. 2-4 show that the LDS of atoms on the surface ;i~fﬁ
layer and on layers near the surface are remarkably 51m11ar |

to the total dens1ty of states (of 16 layers) or to the bulk

dens1ty of states (except, of course; for the presence of g;ﬂffi

surface structure)° Most of the small stepnllke structures'fsjrﬁi
evident in these Figs. result from the use of a flnlte number
of planes in the calculatlons and they gradually dlsappear i
as more planes are usedc  We have smoothed out the step»llkebfj?“
structures and the noise in the dens1t1es of states by u51ng}:‘
Gaussian functions 0.15 eV wide at half—max1mum.lfﬂ-- ' Sy
The structures we have obtained for~the (lll)}surface rf:pr
of Ge are very’similar to those for a (llb) surfaceu except
for the T, peak which is absent for the (110) surface._*v
The existence of the Tl structure is however very sen51tlvet; :_
to the value of the structure factor descrihlng-thevrelativeggd;i

"positions of the atoms on the surface.
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vB;3 Ge: Relaéed Surface
g Thé‘effect of surface felaxafion on_the:LDSvof'thé étdms

on the_surface:layer is shown in Fig; 5. _As'can be'seen. |
relaxatidh resuits in the.appearancé ofrnéw'surface states
denoted by S, and 83 and'a weakening of fhe Sl and Tlisfates;
' Theré is a broadening of abOufzofg;eV in the top yaience
bands for states near the.surface, . : |
| | . The energy ES.
which corresponds tb the neutrality level for“the Surface 
layef is 2.0 eV bélow EFo. This shift in Eg (relative'to_
the unrelaxed cése) wouldbresultiin an'excess:éhargebdéhsity .
"of 0.07 electrons pér surface atom but‘this is unlikely Sinqe.
‘band behding_néar_the surface wou1dvcause a rédistributidn':
of thevgurface charge. _ | - _

Thevintegrated'weight of the Sl peak in'thé fotél denéiﬁy[i i
of-étates (Fig..5) is still equivalent to 6ne“electron per .
.surface atom. ‘But the chargé density aséociatgd with_this |
. peakbis‘not strongly cohdeﬁtrated on the surface layéf'bﬁf
~extends over the first four layers at the surface.

 The S, and 8, surface states result from surface

2
relaxation and correspond to back-bonding orbitals of the

first two atomic layers. At the K point of the zone the

charge associated with the S, structure is completely .

2
localized on the first two layers. The localization is
however much smaller (about 10%) for most of the other

points in the zone. The Ss‘structure has'a weight of 0.35



electrons per surface atom over an energynrangebcfrabout
3 eV. The,Tl structure is strongly damped by relaxatlon
and this may explaln why 1t has not been observed experi-
mentally. A comparison of Flgs. 2-5 shows that relaxatlon
effects are very 1mportant ln the descrlptlon of surface
states. Although we have treated surface'relaxat;on only
approximately here.the results‘give an lndication of'the.
type of changes that occur as a result of relaxatlon
C. GaAs and ZnSe ' |

The (111) surface is.nct a cleavage blane for?zincblende
_crystals, however it has recently become ﬁcssible to prepare_f}jv
such surfaces by Ar® bombardment and annealing nnder ultra |

- energy loss’
10-12 1°Fll andAexperlments

high vacuum conditions ‘and photoemission

~ have heen‘done on GaAs and GaP Samplesn The (lll) surfaces

are polar, i.e., the layers alternate between Ga—type and

As-type atoms. o o o
In Plgures 6-10 we show the results of our calculatlonsvi:

on a_system consisting of.ls layers.‘ The notatlon used in

. these figures is as follows. TheIVarlous layers are

. numbered consecutiyely so that [Ga] refers to the galllum

and (As) to the arsenic surface layers respectlvely° Layers ;

._near the Ga surface are denoted by brackets and those near

the As surface by parenthes1so' Thus [As] refers to the

Varsenic'layer just below the Ga surface layer and;(Ga)2 “to

the gallium layer next to the As surface layer - A similarb"”‘

procedure is also used for 1dent1fy1ng the Zn and Se layers in

ZnSe,
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Lei: us now examine the detailed structure ih fhé derisities' )
of states. A comparisbn of Figs; 6 and 9 shows the.structures. :
in GaAs and ZnSe to be very similar. The only differences =
between the two are in the width of the surfacé‘péaks_and"
the’degree of charge localization in,each'péak;-lWe will E
#discuss>thesé in detail lafer-in thié.papér.' for.the momentv_
_we'will give a general description of thegsurface states
and concentrate on GaAs. | 1 . |

Figure 6a shows the LDS of the gallium surface layer
([Ga] ), the LDS of the arsenic layer below 1t ([As] ), together
- with the total density of.states for 16 layers. The;LDS of
thg As.surface'layer, (As)i and thé gallium layer next to
'it,'(Ga)2vare'shown in Fig. 6b. The structurevAo.¢orpesponds’}
to theffirstléonddction bandrin the zincblende phase (éee f‘;

also Fig. 8). The peaks A .,A,+ are however associated

12°° .
with the various surface stafes. The peaks Al.corrésponds R
to a mikture of dangling bond Ga'states_together with
back-bonding As states. The peak A2 hoWever is almost .
fotaily an As dangling bond state. It is intéfesting‘to

ﬁote that nearly all the contribution to the_Al (A2) peak
éomes from atoms near the Ga (As) surface laYer.' There is, 8
for example, practically no contribution to the A (As— :
dangling bond state) from As atoms near the Ga surface layer;
only As atoms near the As éurfaceicontribute td this peak..

- The A3 structure corresponds to Ga surface states which

overlap with the bulkvvalence bands. These surface states
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are associated with Ga back-bonding orbitals. Gallium atoms

on bothfthe Ga-rich and As-rich sides contribute tofthe A3

peak. The localization of the charge density at the surface

layer is less for this state than for the'Ai*and'Aé peaks. _;.

- Our calculatlon also shows As surface states overlapplng BN
with bulk bands at -3 eV, near the- reglon that corresponds
_to the len edge for the zincblende case.. (The zero of f7'
energy in Figs. 6 10 has been chosen at the top of the bulk
valence'bands. - This also happens to be (see Flg. 8) the
energy for the top As (Se) surface states. ) The A structure
-corresponds to As back-bonding states and the major contrl- :
butlon to it comes from the As surface layer.v There is no

contrlbutlon to A, arising from As or Ga atoms near the Galt"

y
'rlch surface

We will now examlne the charactervand degree of locall-
zation of the varlous peaks in GaAs and ZnSe.f The Al ‘
structure in GaAs (ZnSe) has an 1ntegrated welght of one -

electron per Ga (Zn) surface atom and the Ferml energy lles

in the mlddle of this peak. The Ga’ (Zn) dangllng orbltals

contrlbute 0.32 (0.55) electrons to the whole peak whlle the'”

~ As (Se) back- bondlng states next to the surface layer contrl-',ﬁv

y bute 0 47 (0.33) electrons About 80% of charge den51ty

associated with A, is therefore seen to be locallzed w1th1n »h;

1l
the first two surface layers w1th a stronger locallzatlon in.

- the case of the more ionic ZnSe.

The integrated weight of the A, structure.iSEOne electron’

per As (Se) surface atom. The As (Se) dangling bond-orbitals;~j:

Y
R
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' contribute 0.71'(0 82) electrons to this structure._ The

‘Ga (Zn) atoms next to the surface layer make no contributlon

to this peak but other As (Se) layers near the surface make_'

smaller contrlbutlons to A2 as can»be seen from‘Figs. 6-10.
In the A, structure surface states-begih'near the edge

of the band and extend over an energy range of about 1 eV.

1 The”localiiation at the surface of the states’associated |

. with'Ag are on the average smaller thah:those for A, and AZQ

The A, peak is very interesting in that.Gav(Zn)’and As'(Se)

o atoms near both the Ga (Zn) rich and As (Se) rich surfaces

contribute to it as can be seen from Figs. 6 and 9. =

The major contribution in GaAs is from Ga back-bonding

orbitals located at the Ga surface layer or on'Ga atoms on

‘the layer below the As surface The contrlbutlon of As S

back-~bonding orbitals on both the Ga and As side of the -b

surface is about half as large as that coming from the Ga:

orbitals. In ZnSe the Zn and Se atoms contrihute-almost

- equally to the A structure.

3 . -

The As (Se) baok -bonding orbitals on both the As (Se)
surface and on atoms next to the Ga (Zn) surface_layer also
'give_rise to surface states which are very Siﬁilar to A3.
These states occur at -3 (-2) eV in GaAS'(ZnSe) for wave-:.
vectors near K. |

The A, states are very strongly localizedvoﬁ the As.
(Se) surface atoms;' FigureIS shows the‘Aq struoturevto'have'

a very small overlap-With the bulk states. Theiintegrated’
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~weight of Ay is equivalent to 1 electron per As (Se)vsurfaée
atom. The As (Se) back-bonding surfa¢e orbitals contribute
about 0.36 (0.78) electrons and the Ga back-bonding orbitals

next to the As surface atoms contribute 0.11 (0.10) electrons.



References
#* Supported in part by the Nationél Sciencé Foundation
Grant GH 35688, and the .U. S. Atomic Energy Commission.
1. D. J. Chadi and M. L. Cohen (to bevpublished).
2. K. C. Pandey and J. C. Phillips, Phys¢ Rev. Letters 22,
o 1saz W), - |
i 3. D. J.'Chadi'and.Mc.L; Céhen, Sdlid State Comm. (in préss).
4. J. D. Joannopoulos and M. L. Cohen (to be published).
5. X. Hirabayashi, J. Phys. Soc. Japan 27, 1475 (1969).
6. For Si the surface layer has been estimated tonove
“inward by 0.33 A: " J. A. Appelbaum and_D; R. Hamann,
| Phys. Rev. Letters gl,IIOG (19735. b_ |
7. This fdrm has been found to.work well for Si (see
~ Ref. 2). | | | |
8;‘ K. C. Pandej and J,‘C. Pﬁiliips, Solid State Comm; 1y,
439 (1974). | o
9. J. E. Rowe and H. Ibach, Phys. Rev. Letters 31, 102
(1973); 32, 421 (1974). | | o | |
10. W. Ranke and K. Jacobi, Solid State Comm. 13, 705 (1973).
11. K. Jacobi and W. Ranke, Prcc. of the 12th Int. Conf.
| on the Physics'of»Semiconductors, Stuttgart (197u) (to
be published). .

12. R. Ludeke and L. Esaki (to be published).



-1l-

Figure Cabtionsv‘
Figure 1. Directed orbitals on.two adjacent tetrahedra in
a diamond or zincblende semiconductor. Thel(lll) plane is
normal to the bonds 1,8. The possible_interactions _

" between these orbitals are discussed in Sec. II.

Figure 2. Total density of states_(solid'line)iof Gehfor a

- system consisting of 16 layers.f The local density of -
states (dashed line) of surface'atoms has been normalized
to the total denSity of states for a better comparison

between the two. v _ _ v
Figure‘3. Local density of states (LDS) of Ge. atoms on the

- layer below the surface. ‘Surface states are 1abelled in Fig. 2. -

Figure u.v Local den51ty of states of Ge atoms four layers

below the surface (solid line) and the bulk (or crystalline)

) denSity of states (dashed line)

Figure 5. Total density of states (solid line).of‘Ge_for
- a system-consisting'of 16 1ayers and for a relaxed |
surface. The local density of states of'surface atoms

1s also shown

Figure 6. Total den51ty of states (solid llne) of GaAs for
a system of sixteen layers (a) and (b)e The local
densities of states (LDS) of Ga‘surface'atoms denoted
by [Ga]l and the LDéiof the As layer [As]2 next to the
[Gal, are also shown ‘in (a). The corresponding LDS for

the As_surface are shown in (b).
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Figure 7. The LDS of Ga atoms [Ga]s on a plane fOur layers'
_belbw the [Ge]l surface (solid line) and the LDS of
[As]s'etomsefive layers below the surfaee (dashed line5
are shown in (a). The corresponding features for atoms
' below the As surface are shown in (b) N
Figure 8. The total density of states of GaAs for a system
'consisting of 16 layers (solid line) as compared to the bulk
crystalline density of states calculated using the same
curve refers

_ interaction parameters. The dotted zlncblendeAto the bulk.

Figure 9. The LDS of [Zn] (As), surfacevatoms and the

1° -
'LDS of [Se]2 andl(Zn)2 atoms next to the surface layers.
See also caption for Fig. 6.

~ Figure 10. See caption for Fig. 7.
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- Figure 1
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United

~ States Atomic Energy Commission, nor any of their employees, nor

any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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