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In tliis paper we describe a syst.eiiiatic study of tlie at,omic a.nd electronic propert,ies of ZnS, 
ZnSe arid ZnTe (110) surfaces. We analyze tlie treiicls for tlie equilibrium atomic structures, 
photoelectric tliresliolds aiid surfa.ce baiicl struct.ure wliere t,he latter t.wo properties have 
receiitly beeii object of e>rperiinei-it,al angular-resolved pliotoemission studies. T 1 é  report cal- 
culatioiis whicli are based on tjhe deiisit,y-f~inctioiia.1 t.lieory, tlie local- densit,y approximation 
for t,lie exchange-correlatioii fuiict,ion and the self-consisteiit ab-initio pseudopotentials. The 
surface's layers were rela.xec1 accorcling to the  forces on atoms, using an "optiinized steepest 
descent" metliod togetlier with a Car-Parrinello approacli. 

I. Introdu:tion tlie 111-V a.nd 11-VI surface has heen establislied: at  the 

surface the anion moves away from the bulk towards a 
Compar,:cl to 111-V semiconductor surfaces, t,he 

pyramidal geometry (the avernge bond angle at  the  an- 
knowledge cd tlie electronic structure of 11-VI seniicoti- 

ion is around 95'1, wliereas the cation moves into tlie 
cluctors is s( a.rce. In fact,, few experiment-s usiiig angle- 

bulk t,oivarcls a planar geoinet.ry (bond angles close to 
resolved pl~otoelectron spectroscopy liave l~eeii  doi-i&] 

120')[~~"].  Tlie relative displa.cemeiit of tlie cation and 
aiid a niajoi obstacle is tlie problem of ideiitifying tlie 

tlie anion witliin the outermost layer defines a rotation 
siirface-cleri1red spectral feat,ures. Iii pa.rticula.r, pho- 

toeiilission f:om haiicl edges iiiay iii maiiy cases bc dif- 

ficult to distinguisli from siirface-sf,a.t,e eniissioii. A 

more recent study of ZnSe (110) a.iid ZnTe (110)[~1 lias 

revealed sewral  features iii tlie pliotoelectron spectra. 

which were associatecl witli tlie surface s t a k s  a.nd siir- 

face resonances different from t,liat of Itef. [I]. I t  is 

noted, however, tha t  tlie energy posit,ion of the surface 

stat,es, particularly of tlie stat,e lying irear tlie forbid- 

den gap edgr,  is sensitive t,o tlie positioii of tlie sur- 

fa.ce a to i r~s[~>"] .  011 t,he ot,lier lia.iitl, low-eiiergy electron 

diffraction (LEFD) is t.lie teclinique iuost frequeiitly 

angle w wliich is generally believed to play an  uilique 

role in cliaracteriziiig this reconst,ruction pattern. 

Iii tliis pa.per we report results of ah-initio, self- 

consistent pseudopot,eiitial calculations based on the 

deiisity-fuiict,ional t h e ~ r ~ [ ~ $ ~ ]  applying the local-density 

al~proxin-ia.tioii[ü~9]. M'e st,ucly the ZnS(110), ZnSe(ll0) 

and ZiiTe(ll0) surfaces a.nd analyze the trends for the 

ecluilibriuin atornic struct.ures, photoelectric thresholds, 

aiid siirfa.ce ba.iid strnctures. 

11. Metliod aiid atomic geometry 

used to cstal)lisli tlie atoinic structure of seiriicoiitluc- 
W'e present results of first-principie, self-consistent 

tor surfaces, alt,liough isoc11roma.t spectroscopy, ion- 
density-f~inct,ionaJ t h e ~ r ~ [ " ~ ]  calculations for electronic 

scattering and surface-extended x-ray-adsorl~t~ion fine 
st,ruct,uro! t,otal energy and force. Electron-ion interac- 

structure (SE XAFS) t ech iques  are also oft,en a.pplied. 
tion Iras treated by using norm-conserving pseudopo- 

From tliese results a coii~nioni reconst,ruct,ion palterii of 
tent>iaIs in tlie I<leiiimaii-Bylailder f~rm[" '?~ ' ]  and the 

'Present adc!ress: Fiinc1ar;ão de Ensino Superior de São João 
de1 Rei; DCNAT, Caixa Post,al 110: São João Dcl Rei. MG.  Brasil elect,ronic excha,iige-correlat,ioi~ funcional was related 



100 .I. L.  -4. -4 ~ P S .  I<. Wat ari arid A. C. Fèrraz 

~vithiii I.hc local-tleiisity approxiinntioii I>', iisiiig t.li(: algorit.liin['"] 

Cepcrley-.llcler scheii~c[".'!l. 

Mi: iise t.lic rcpca.1 cd-slab i i~it , l io(l[~" !to siiriiilat c- t Iic 

sciriiconcliict.or siiifacc. Tlic syst.cn1 is pcriotlic para.llcl 

to tlie surfa.ce aiitl wc iiitrocliict: aii art.ificia1 pcirioclic- 

ity perpeiiclic~ilar to 1.11c siirfieti, cl~,fiiiiiig :i laigc, t.lircc,- 

cliniensioiia.1 unit cell. 0 i i r  slah coiit.íiiiis ciglit ( 1  10) 

Iaycrs of 11-VI coinpounils pliis a vaciiuiii wgioii of sis 

iiit.er-layxs dista.iic<:s. 

. Ilic: latticr: coiistmts ar(: fixecl a t  tlir hiillí theoret,- 

ical ec.luilihriiim valuch xncl are g iwn for t he t hree sys- 

t.ctms iil Tal,l(: 1. ?'li(+ tlictoreticai 1at.t.ic.e constants are 

ahout 7% sinaller t.lian thr, c~xjwriiiieiital oiies foi ZiiS 

antl ZiiSc, aiitl al,oiit ,454 for %i~Te.  Tliese tliscrepances 

arci to Iw attr i l~ut~txl  to tlie iiiissiiig coiitrihiitiori of t,lie 

Zii  :h1 st:itc3s whicli a.rt: consiclr:recl as frozeri core st.ates 

antl tli[is hi<lclcn iii tlie ~)se~~itlopotent.iaIs. Sirice oiir 

sitioiis for tlie hurfacc calciilatioii> tlic tlirrc oiiter- (1 10) hiirfacrs n7c g c i ~ r r a t ~ t l  a pseiitlopotrntial of a ziiic 

illost, layers 011 /~ot,li sitl<:s o[ t.lic slcil, lrcw rtilascicl t.0 at.0111 11y rcgarding it,s :Id orbitals as core orhitals aiid 

ergy aiitl forccs iisiiig an "oj)t.iiiiizctl stecpt:st tlcscc~iit" iatioii .?"p?! wliicli is a l~ lc  t,o rt:proclrict: t he experirneiit al 

Scliciiia.tically t . 1 ~  rrlaxatioii is sliown iii Fig. 1, 

wliicli also dvfincs t l i t ,  striictirral praint:t<w i n  'Tabli: I 

antl TI. Slic rrlaxecl siiiFtces are on a siicli n7ay that tlie 

group I1 siirfaco at,oin riioves i~itvaitl and the groilp VI 

I I ~ \ Y Y  out,ward. TIie (Iriving iiirchaiiisi,i for tliis atori-iic 

rt3a.rra.rigeniciit. is siimilar to 111-L' (110) s~irfaccs!'~]: 

iiiitlcr tlie coorcliiiat.ioii cciiiclit ioris of tlie siirface, t.he 

g ru~ ip  I1 al.oiii prcfc.~,~ a riioríx plariai.: sp"like bontl- 

iiig situat.ioii witli its t.hrc:c> groiip 1.1 nciglil)ors aiid t.lie 

group VI atorii prt'fcm a p1)ondirtg with its three groiip 

1 I iicig11I)or~. 

Oirr resu1t.s for tIie structiiral parari:t:ters arid 

t,lic, resrilts of lon-t'iic5igy rlcctron tliffiactiori (LEED) 

a.iiiilysis['"] are sliown iii Tahle I. S h e  11-VI (110) sur- 

faces rc?laxiit ioii witli t lic sui.fa,ce catioris rnoviilg iiiward 

aiitl t.11~. srirface aiiioiis ooc.itward has re\waled the LEED 

rcwilts aiitl was r t ~ p r o d ~ ~ c e d  by oiir ca.lciilat,ions. Tlie 

iiiost accurately striict iiral paraiiieter tletcririirird by - I aceirient I,l.;ED i~it,c.nsit.y a.rialysis is t,liti rt,lative d i :~  l 

A, , ,  aittl oils calciilat c d  va l i i~s  for t.hat pararricter are 



Figrire 1: At,oiiiic geoiiirtrg for 11-\'I scr~iicoi~dricior (1 10) siirfaces. (a )  Top vieív of tlic surface itiiit cell. (11) Side view of 
t.11~ first, t,lirec, layers of tlie (110) surfacr. 0pc11 circlcs ar? aiiioiis aiitl hat,clrcd ciiclrs are catioris. (10 is tlie tlteorrtical biilk 
lattice coiistant antl do, = &clo/.4. 

T a l ~ l e  I - Struct.ura1 paraiiiet.ers fix t,lic, suriace re1:ixatioii as  defineíl i11 F'ig. 1. For cach c:oiilpoiiiitl tl-ie first lirie 
corrcspontls to t.lie LLED an;ilysis["l. 

r! Ii A1 1 A1 V 4% 1 (11% L &3 1 dlz,V cù 

(-3) ( A )  ( - A )  (13) < A  1 ( A )  ( 0 )  

ZnS 5.410 0 59 4.19 0 00 i .53 1 9 1  3.15 26 .O 

I 
( 0 )  (%: ) ( 0 )  ( 0 )  ( 0 )  

G aP 27.8 10.6 92.3 114.1 122.0 0.442 
Ca.As 28.6 11.4 90.8 112.1 122.3 0.255 
1 n P  29.2 1 1 .:3 91.4 113.7 122.4 0.582 

IIIXS 30.7 12.0 ~ 0 . 1  112.5 123.3 0.23; 
ZnS 23.1) $..5 95.6 119.~4 11 7.9 1.809 1 ZiiSr 25.4 $1. .3 94.2 120.6 116.0 1.225 
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In Table I1 we display tlie hond angles obt.ained in 
Table 111. Photothresholds of 11-VI semiconductor 

our present calcula.tion for tlie 11-VI (110) surfaces t,o- compounds in units of eV. 

gether wit.11 the angles obta.inccl for t.he 111-V (1 10) siir- 

faces in reference[17]. The angle n is bigger in 11-VI 

compouiids t11a.n in 111-V conipoui~ls.  On tlie olher 6.40 6.11 5.46 

hand the angle n is closer to 90' as oiie goes froni 

phosphorus compound to  aisenic coiiipound i11 111-V 

pulsion between t,he clieinical bontls, oiie bas t,o bake al,gle of zinc-blelld (110) siirfaces s ~ o u l d  depend on 
inlo a.ccoiint the ionic cliaracter of t.liesc borids, wllicli ; o l l iC i ty [~ ,~ l ] .  ~ ~ ~ ~ ~ ~ ~ ~ t l ~  tlle LEED analysis are not 

increases from 111-V to 11-VI compouiids. The Pliilipps sellsible ellougl, to ionicity of the systems since they 
ionicities~"] for GaP, GaAs! InP! IiiAs, ZiiS, ZiiSe and give about the same v 1 280 for zinc-blend 

ZnTe a.re 0.374, 0.310, 0.421, 0.357, 0.023, 0.676 ancl (1 10) surfaces. 

0.576, respectively. For tlie iiiorc ionic zinc-blende seini- 

concluctors, the attractive C o ~ ~ l o i i ~ l ~  forces bet,wcen the  

out,warcl relaxecl surface anions aiid fhc inward r(:laxcd 

surface cat,ions slioulcl reduce t.he relaxation camecl by 111. Band structiires 

covalent forccs. Iri Table I1 w compare tlie trends of 

the angle a ancl t,he Coulomb energy Ze2/ tao ,  ivhere 

ao is the t,heoretical lat,tice constant,, 71 is t.lie longitu- 

dinal effeclive cliarge, e is tlie electron's cl-iarge a.nd t 

is the dielectric c ~ n s t a i i t [ ~ ~ : ~ ~ ] .  Tlie ionicity is approx- 

irnately proportiona.1 to z [ ~ ~ ] .  As shown in Tahle 11, 

for compouncls with a. common catioii tlie anglc n cle- 

creases, getting closer t.o 90' , when blic Couloiiib energy 

decreases. Moreover tliis fact is reflectecl in the trencl 

of tlie calculated tilt a.ngle G ,  mliicli increases when the  

Coulomb energy decreases. It is worth notiiig tha t  t he  

calculatecl relative displacement, iii % of t,he tslieo- 

retical lattice consta,iit no is sinaller for higher Coulomb 

eiiergies. 

Tlie photoelectric threshold is the minimum energy 

required to  remove one electron from tlie valence band, 

so it is tlie energy difference between the vaccuum level 

and the valeiice-band maximum. We follow the  proce- 

dure of Ref. [24] t o  calculate tliis eneigy by combiniiig 

bulk and surface calculation. In the hulk calculation 

tlie top of the valence band is deterrnincd relative to  

tlie brilk potcntial and i11 the surface calculation the 

vaccuum level is cletermined relativc t o  the bulk poten- 

tiaI. Our results for the photoelectric threshold relative 

to tlie 11-VI compounds are shown in Table 111. Again 

tlie ionicity maltes the rule and tlie pliototkeshold is 

decrescad with increasing ionicity in agreement with 

Xl~hough smaller than tlie relaxat,ion of the 111-V the experimental trend. The  difference between the ex- 

(110) surfaces due t,o the  competition bet,ween cova- perimental value and tlie calculated value is a measure 

lent and ionic forces, tlie relaxation of &\/'I (110) sur- of how imch  tlie eigenvalues on the density-functional 

faces is driven by tlie mme mechanism: the group VI tlieory with 1oca.l-density approximation deviates from 

atom t-encls t,o a p-honding with its tliree groiip II ncigh- the t,rue quasipa.rticle excitations, and it is due partly 

bors, iorining a. pyrainiclal g e ~ i n e t r ~ [ ~ ~ l .  011 t,lie other to  tlie neglect of tlie d orbitals in Zn as valence states. 



Brazilian Joumal  of Physics, vol. 24, no. 1 ,  Marcli: 1994 103 

Figure 2: Ei~ergy dispersioii of siirface s taks  oii t,lie ZnS 
(1 10) surface 

Figure 3: Energy dispersion of surface st.ates oii t.lie ZiiSe 
(1 10) siirface. 

Figure 4: Enerl;y dispersion of surface states on tlie ZnTe 
(1 10) siirface. 

Tlie calculated (110) surface band structures of ZnS, 

ter r x A? X' r of the surface Brillouin zone. The  

lia.tcliec1 regi011 iiidicates the projected bulk band struc- 

ture and the solid lines represent the bound surface 

states. The  cation and anion derived surface states are 

lahelled as Ci a,nd Ai, respectively. 

Slie cominom features to  ali surface electronic states 

are as follows: 

a)  The sta.te A2 lies in the antisymmetric gap and 

its positioii and dispersion do not change much between 

the compounds. I t  is derived froin the s orbital of the 

top layer a.nions lying around -10.0 and -11.0 eV. 

11) There are surface states Ag (p,-like) and Cz (s- 

like) lying in the  central region of tlie bulk valence 

bands (stomach gap) and localized on anion atoms in 

t,he second layer and on Zn atoms in the first layer. AS 

tlie &te A L ,  these states do not change between the 

compounds. 

c) There are surface states in the fundamental gap 

between the valence band and the conduction band aris- 

ing from botli tlie empty cation-derived dailgling bond 

C3 and the occupied anioil-derived dangling bond As 

states. C3 is derived from a mixture of s and p, or- 

bitals of the top layer cations (Zn) and lies quite close 

t,o its lower edge near t,he conduction band minimum 

around x il/l X' points of the surface Brillouin Zone. 

As is derived froin the p, orbital of the top layer an- 

ions and lies flat a t  about 0.5 eV down tlie bulk valence 

band ma.xiinum around x M X' points of the surface 

Brillouin Zone. 

d) Increa.sing the ionicity (from ZnS to  ZnTe) the 

state C3 is shifted to the  bulk minimum conduction 

band, becoming a gap free of C3 state. 

Our results are qualitatively in agreement with 

few other theoretical findings of previous slab (110) 

11-VI surface calculations. These earlier calculations 

used ernpirical tight-binding[26~271 or pseudopotentials 

method~[~'I .  The niain difference between our calcula- 

tions and the previous ones is related to  the  AS state. 

ZnSe and ZnTe are shown in Figs. 2-4 along tlie perime- While on that  calculations the state lies flat and in the 
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Figure 5: Electroiiic charge density cont~our plot,s foi As aiid C:. siirface states at the iniddle I; point between ív and X' .  
Open ciicles indicate t,he d o n s  a.nd t.lie solid ciicles indicak the cations. Units are b o l ~ r - ~ .  

gap along a11 the surface Brillouin Zoiie, i11 our results 

As lics i11 the gap only betiveen x ,I? X' pointz and is 

closer to  the top of valeiice bniid. 'Iliat deeper -4, sta.t.e 

agree very well wit,li t,he rcccnt a.nglc-resolvecl plioto- 

electron spectroscopy s t . ~ c l ~ [ ~ ]  1,ut witli different feature 

from t,ha.t of E,biria. et  al.['] oii oldei angle-icsolvecl spec- 

t ra ,  where i15 lies almost fiat in t,he ga.p along a11 tlie 

surface Brillouin Zone. $ 

I11 Fig. 5 we display the anion and cst,ion tlangliilg- 

bond sta.tes (-45 and C3) t,lirough charge density plots 

for the 11-VI st,udied cor-iipou~ids. TIie is ali occupied 

bond hand whereas the C3 is an  11110cc~pied bond band. 

AI1 the anion states loolí like p states a t  the surface 

atoins reducing tlieir clensity ma.xirua.rrom ZnS to ZnTe 

where there is some sp3-hyhricl component a.t tlie anion 

iil the tliird layer. The catioil daiigling-bond st,ates are 

more extended, reflecting a st,rong niixing of s aiid p 

orbitals! incrmsing the mixiiig from ZnS to ZnTe, and 

tlieir clensity maxiiiia a.re sina.IIer compa.rec1 to tlie aiiion 

dangling-hond states. 
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