
ELSEvIER Тhiп ýolid Films 281-282 ( 1996) 25Ё259

Diamond ( 111) and ( 100) sudace reconstructions
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АЬstrасt

Fullу сопvеrgеd аЬ initio density functional theory local density аррrохimаfiоп (DFт-LDд) calculations аrе рrеsепtеd for С(111) алd
с( 1 00) surfасеs using soft саrЬоп pseudopotentials and plane waves with а cutoff епеrgу of 42 Ry. Fог the single апd tгiple dangling Ьопd
surfасеs, we study 2Х 1 and (/з х/3)Rз0" гeconstructions with respect to thеir total energies, gеоmеtгiеs and Ьапd structures, in .ontrrrt
with ап еаrliеr аь initio study, we find that the T-bonded chains аге not dimегizеd in the 2 Х t Рапdеу reconstntction. Сhаiп and tгimеr
reconstructions of the triple dangling bond face result in а сопsidегаЬIе lоwегiпg of the total епегgу, The ground State of the ( 100) face is
govemed Ьу sуmmеtгiс dimеrs resulting in а 2 Х 1 гесопstлuсtiоп.
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L. Iпtгоdчсtiоп

Due to its ехtrеmе properties, diamond has Ьесоmе а very
inteгesting material fоr various applications in the last decade,

Мчсh of this interest is drаwп to the low-index planes of
diamond because of theil importance in thin film gTowth Ьу
chemical чарочr deposition (CVD), Fоr both homoepitaxial
and heteroepitaxial growth, as weII as fог the fabrication of
diamond-silicon оI diamond-meИl interfaces, ап accurate
understanding of the low-index faces of diamond is vital,
However, despite long-standing activities in this field, the

atomic and electronic stIчсtчrеs of С( 1 1 1 ) and С( 100) sчr-
faces аrе not соmрlеtеlу understood, Iп the case of
С( 111)2 Х 1, deиils such as the dimerization оr bucНing of
the energetically favouTed T-bonded chains remain to Ье clar-
ified [1,2]. Моrеочеr, the гоlе of the triple dangling bond
(TDB) (glide plane) cleavage face vs. that of the single
dangling bond (SDB) (shuffle plane) cleavage face is still
чпсlеаr [3]. The experimentally observed sчгfасе state gap

[ 4 ] сап Ье theoretically reproduced only Ьу taНng significant
chain dimerization into account [5], Ноwечеr, such dimегi
zation leads to ап епеrgу loss related to sчЬsчrfасе strains

[6]. Recent scanning tunnelling miсrоsсору (STM) meas-
urеmепts [7] provide sоmе evidence fог а (/ЗХ/З)R30"
surface reconstruction оп the ( 1 1 1) faces of polycrystalline
films gTown Ьу CVD.
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The dimег rесопstгчсtiоп of the сlеап С ( 100) 2 Х 1 sчrfасе
is now well established [8-10]. Ноwечег, the possibility of
higher rесопstгчсtiопs, as in the silicon саýе, is ап ореп ргоЬ-
lem, аý аrе details of фе Ьапd stгчсtчrе resulting fгоm the
dimer rесопstrчсtiоп.

In this рареr, we рrоsепt first principles total епеrgу cal-
culations to dеtеrmiпе the atomic stгчсtчге апd electTonic

рrореrtiеs of С(111) апd C(l00) sчгfасеs with different
rесопstгчсtiопs.

2. Method

Очr calculations аrе based on the density functional theory
(DFГ) and the 1оса1 density аррrохimаtiоп (LDA) i11],
The single-particle wavefunctions ще expanded into рIапе
waves. Тhе electron-ion interaction is tгеаtеd Ьу поrm-соп-
serving, аЬ initio, fully sершаЬlе pseudopotentials. After
softening the carbon pseudopotential [ 12], the епеrgу cutoff
сап Ье гсstriсtеd to 42 Ry. Fоr Ьчlk diamond, this ргосеdчrе
gives rise to а lattice constant of 3.534 А, being 0.9% smаllеr
than the experimental value (3.567 А). ТЬе ехрегimепtаl
values of the bulk modulus (4.42 МЬаr) and the ТО(Г)
рhопоп frequency (250.7 THz) аrе well rергоduсеd at 4.56
МЬаr and 245,1 THz respectively. НOwечеr, the DFT-LDA
value fог the indirect gap of4.09 еV uпdегеstimаtеs the ехрег-
imental чаlче (5.5 eV) Ьу аЬочt 257о. We use the rереаtеd
slab method to simulate the suTfaces. The 2 Х 1 and
(/З Х /3)R30o rесопstrчсtiопs аrе гергеsепtеdЬу symmetic
slabs of 1 2 оr 10 atomic layers of саrЬоп апd а vacuum rеgiоп
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equivalont iп thickness. Hydrogen tегmiпаtеd slabs аrе used

to calculate 2 Х 2 rесопstrчсtiопs. Тhе k space integration is

replaced Ьу а summation over fочr (one) special points iп

the irrеdчсiЬlе раrt of the two-dimensional suгfасе BTillouin

zone (SBZ) fог the rесtапgulаr (hexagonal) case. Iп оrdеr

to dеtегmiпе the equilibrium positions, the atoms of the two

innermost suьstгаtе layers аге kept frozen, whеrеаs all оthеr

atoms аrе allowed to rеlах until the total епеrgу and the forces

оп the atoms аrе minimized, Simultaneously, the single-par-

ticle wavefunctions are brought to self-consistency within а

СаrJаrriпеltо-likе minimization scheme of the total епеrgу

functional t 11]. The rесопstrчсtiоп епеrgу В."" is derived

with respect to the ideal bulk tегmiпаtеd surface. The surface

епеrgу E u, is the sum of half the епеrgу реr 1 Х 1 цпit cell

which is needed to cleave the ideal crystal and the гесопstrцс-

tion епегgу.

3. Results

The as-polished С( 1 1 1 ) surface has Ьgеп found to undergo

а transition frоm а 1Х 1 to а2Х2lоw-епеrgу еlесШоп dif-

fTaction (LEED) pattern on annealing [13,14]. Usually the

resulting sffucture is interpreted as а ýчрегроsitiоп of three

twisted 2 Х i domains of ýDB cleavage faces which exhibit

а T-bonded chain strчсtчrе [1]. We сопfirm this rеsчlt. In

agreement with оthеr calculations [ 1 ,2,15 ] , we find the low-

est епеrgу fоr the chain model (Fig. i (а) ). The епеrgу gain

of 1.4 еY реr 1 Х i unit cell is mчсh lаrgеr than that fог the

other strчсtчrеs (cf. Table 1), e,g, the rеIахеd suгfасе оr

Chadi T-bonded mоlесчlе mоdеl (Fig. 1(Ь) ), In оur саIсч-

(е)

Fig. l, pelspctive views of рrоmiпепt епеrgу miпimчm structmeý on the

diamond sчrfасе: (а) Pandey T-bonded chain model and (Ь) Chadi т,
bonded molecule model оп the C(11l) single dangling bond sчгfасе; (с)

the single-chain model and (d) the holtow (Н) site tгimеr model оп the

C(t11) triple dалgliпg bond sчгfасе; (е) the sуmmеtгiс dimег model оп

the с( 1 00) sчгfасе. СагЬоп atoms in the чррегmоst sчгfасе lауеr аrе shaded.

ТаЫе i
Reconsffuction energy (Д,*) and sчгlасе fоrmаtiоп energy ре1 l Х 1 unit

cell (&*) fог stable апd mеtаýиЬlе епеrgу minimum ýtrчсtчrеs

Reconstruction Eru
(еV)

4u.
(еV)

c(11l)1 х 1 sDB

с(111)2х 1 sDB

с(111)1х 1юв
c(111)2Xl TDB
с(111) (/з х/3)-
Rз0" TDB

с( 100)2 х 1

Bulk tеrmiпаtеd
Relaxed bulk tetminated
Chadi T-bonded mоlеочlе
Рапdеу T-bonded chain

вчlk tегmiпаtеd
Seiwatz single chains

H_site trimеr

Bulk tегmiпаtеd

Symmetric dimег

0.00
_ 0.5?
* 0.73

- 1.40

0.00
* 1.9з

- |;lз

0.00

- 1.61

lations, а graphitic-like sчrfасе rесопstrчсtiоп rесепtlу dis-

cussed as а metastable state [ 16] оп the ( 111) face is found

to give опlу а saddle point оп the total епеrgу sчrfасе. The
geometrical details of the resulting T-bonded chains ше con-

sistent with other аЬ initio calculations [1,2,15], This also

holds for the average chain bond lепgth of 1,43 А. In аgrее-

mепt with the results of Vanderbilt and Louie [ 1 ] , очr chains

геmаiп undimerized and uпЬчсНеd considering the ассчrасу

related to the numerical conditions fоr vanishing Hellmann-
Fеупmап forces. Dimerization of the chains always tends to

lead to ап iпсrеаsе in the total епеrgу. НOwечеr, we end up

with а smal1 dimerization of about 17о if no point grочр

sуmmеtrу is assumed fог the sчгfасе, Ьчt the k space sum-

mation in the atomic fоrсе calculation is rеstriсtеd to the

iTTeducible рагt of the BZ.
Fig. 2 (а) shows the surface еlесtrопiс strцсtчге of the opti-

mized T-bonded chain geometry. The dominating features in

the gap аrе the mаiпlу occupied (S2) and unoccupied (S1)

surface bands derived ftom the т bonding оr antibonding

combinations ofthe р orbitals along the chain апd реrрепdiс-
чlаr to the sчrfасе. The almost one-dimensional сhагасtег of
the chains is clearly seen frоm the пеаrlу flat and degenerate

bands along J-K which сrоss the Fегmi level and conse-

quently сачýе а metallic сhаrасtеr of the surface ,within the

DFT-LDA арргоасh. The rеmаiпiпg uрwаrds dispersion and

the splitting of 0.1 еV at К аrе dче to а weak interchain

interaction, Оthеr bands in the gap ше associated with bulk

states due to the lengthened backbonds. The occupied surface

state (52) becomes rеsопапt at half the distance Г-J, lying 1

еV below the valence band mахimчm (VBM) of the рrо-
jected bulk Ьапd strчсtчrе and shows ап uрwагds dispersion

towards J. This is in геаsопаЬlе аgrееmепt with angle-

resolved photoemission spectroscopy (ARPES) data [17].
The splitting of 51 and S, and the position of the unoccupied

state at Г (4.8 eV) ше in good agreement with the findings

of previous аЬ initio work [ 1,2] апd the two-photon photo-

emission (PES) measurements of Kubiak апd Kolasinski

[ 18]. Ноwечеr, the latter аgrееmепt mау Ье somewhat for-

tuitous because of the gепеrа1 underestimation of опе-еlес-

trоп excitation епеrgiеs iп DFT-LDA calculations, Кrеss et
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гJKJ, I-
Fig. 2. Sчгfасе bands and pюjected bulk band strчсrurе (shaded) fоr sечеrа]

diamond sчгfасеs. Experimental data frоm photoemission ( PES) аге shown
for соmрагisоп: t, [17]i Л, t18]. (а) С(111)2Х1 SDB, Ршdеу т-
bonded chain strчсtчrе; (Ь) С( 1 1 1 )2 Х l TDB, Seiwatz single-chain struc-
tчrе; (с) C(l1i)(/3X/3)R30" TDB, H-site tгimегiс stTucture; (d)

С( 100)2Х 1, symmetric dimef stfuсtчrе.

al, [8] calculated ап upwaIds shift of the unoccupied states

and а conduction band miпimчm (СВМ) of the projected

bulk band stгчсtчrе of mоrе than 1 еV at Г applying а quasi
particle (GW) formalism. They showed that the dеgепеrасу
of the bands along J-K would Ье Iifted if the chains wеrе
dimerized, The degeneracy of йо two surface states along J-
К disagrees with the surface епегgу gap seemingly observed
within electron епеrgу loss spectroscopy (EELS) t19].

However, other solutions of this puzzle аrе possible. When
the single-quasiparticle equations аrе ýolved directly, а sчг-
face state gap at J and К is conceivable also within the undi
mеrizеd T-bonded chain model. Оп the оthеr hand, mоrе
соmрlех rесопstrчсtiопs саппоt Ье ехсlчdеd completely.

In the case of silicon, reconstructions based оп TDB (glide
рlапе) cleavage have been shown to match sечФгаl ехреri
mепИl data [3], although this cleavage should Ье чпfачочr-
able frоm the energetic point of view, Моrеочег, Zheng and
Smith [20] suggested that hydгogen plays ап important rоlе
in the diamond cleavagepгocess, so that the TDB sчгfасе сап

ргOчidе the energetically fачочгаЬIе conflguration, Ехрег!
ments have shown that hуdrоgеп is always ргеsепt оп bulk
diamond and CVD lауеrs [13], Нчапg et al. [21] suggest
that dislocations at glide planes could Ье а паtчгаl explanation
fог TDB cleavage, Consequently, in addition to the SDB
surface, we discuss Tesults fоr the TDB sчrfасе. Recent STM
results [7] have shown that (/3Х/3)RЗ0" stгчсtчrеý mау
coexist with oonventional 2 Х 1 stгuсtuгеs, Apart fгоm ada-
tom models, rесопstrчсtiопs in (/3 Х /3) R30' чпit cells аrе
difficult to imagine at the SDB sчгfасе, Ноwечег, оп the TDB
surface, such гесопsffчсtiопs сап 0ссчг quite паtчrаllу.

Тhе (/3 X/3)R30" rесопstrчсtiоп is thought to consistof
trimегiс structures that аrе centred at а hollow (Н) site posi-
tion on the TDB sчrfасе [7]. This ýЕчсtчrо is shown in
Fig. 1(d), The atoms fогmiпg the tгimеr аrе bonded with опе
bond to а сагЬоп atom in the top substratc lауег, The оthеr
bonds paгticipate in stIong trimег bonding, The епегgу gain
оп relaxation is 1.73 еV. The equilibrium bond Iength of the
two shorter bonds is 1.39 А, The angle between these bonds
is 67". The electronic band strчсtчrе is shown in Fig. 2(с).

Ап еаrliеr mоdsl which consideгs rесопstruсtiоп оп the
TDB surface is the Seiwatz single-chain ýtruсtше
(Fig, 1 (с) ), This rесопstrчсtiоп takes place in а 2 Х 1 unit
се11, It is сhшасtегizеd Ьу the fогmаtiоп of isolated zig-zag
chains wiф а bonding of the chain atoms similar to the Рапdеу
chain model. Ноwечеr, the т bonding оп the sчrfасе is not
as stlong as in the Pandey chain model. Consequently, the
Ьопd length in the chain is, at 1.45 А, slightly lаrgег. This is
due to the fact that, in the Seiwatz model, the р olbitals аrе
mоrе inclined to each other and far frоm чегtiсаl with геsресt
to the surface погmаl, Dimегizаtiоп of the chain has not been
found. Zheng and Smith [20] fочпd, iп ргiпсiрlе, the same
structure, Ьчt а Ьчсkliп g эf 0,27 А, which is five times lагgеr
than очr result. The reconstruction епеrgу is, at t.92 еV, very
high, exceeding the value fоr the Pandey chain model Ьу 0,52
еV. The similmity to the reconstruction епеrgу of the trimегiс
structure ( 1.73 еV) suggests that both sЕчсtчIеs mау coexist
оп the С(111) TDB sчrfасе. Тhеге have been оЬsегчаtiопs
of both unit cells оп the ( 1 1 1 ) surface; hоwечег, it is rаthег
difficult fоr STM mеаsчгеmепts t0 distinguish сlеагlу
Ьеtwееп the Seiwatz structuгe and the Pandey chain strчсtчге
since both арреаr in а 2 Х 1 unit cell [7] , The electronic band
strчсtчrе of the Seiwatz model is in рооr agгeementwith PES
data (сf. Fig.2(b)). The wеаkег т bonding results in а
паrrоwеr splitting of the bands.
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Fоr the determination of the energy miпimцm structure fоr
the С(100) sчгfасе, we started with different geometries:
sуmmеtriс and аsупmеtгiс 2 Х 1 dimеr rесопstrчсtiопs as
well as а 2 Х 2 sчrfасе reconstruction consisting oftwo орро-
sitely bucНed dimеrs. AI1 these starting сопfigчгаtiопs rеlах
to the same 2 Х 1 rесопstrцсtеd sчrfасе which is characterized
Ьу symmetric dimегs (Fig. 1(е) ). This finding is in confrast
with the аЬ initio DF'г-LDА rеsчlts fоr the Si(100)2X1
sчrfасе. Two possible rеаsопs may Ье mentioned. Firstly, in
the case оfсагЬоп atoms, there is а tendency to fоrm double
bonds ечеп at the sчrfасе. The епеrgу gain due to the fоr-
mation of а strong, completely сочаlепt С:С dошЬIе bond is
lаrgеr than that of а wеаkеr partially ionic bond. Secondly,
as аIrеаdу indicated for the С(111) surface, e,g. fоr the
almost чпdimегizеd and чпЬчсНеd Pandey T-bonded chains,
asymmefric sftuctures аrе чпfачочгаЬlе in the diamond case,
since they аrо accompanied Ьу sчЬsчrfасе sfrains which give
гisе to а rеmагkаЬlе епегgу loss due to the strопgеr сшЬоп
bonding. Очr rеsчlts аrе iп agTeement with оthеr аЬ initio
calculations [8-10,15], This holds especially fоr the dimеr
bond length of 1.Зб А.

The electronic sffuсtцrе of the symmetrically dimerized
С(100)2Х 1 sчгfасе resulting frоm the optimized geometry
is рrеsепtеd in Fig. 2(d), The strong сг and т bonds of the
dimers give rise to bands with prominent sчгfасе state сhаr-
асtег. Within the fundamental gap, the bands геlаtеd to the
bonding (т) and antibonding (т*) combinations of the р
оrЬitаls раrаllеl to the surface погmаI аrе dominant. This is
somewhat in contrast with the Si case, where the сhагасtеr of
tho states fогmiпg the two bands is defined mоrе Ьу dangling
Ьопds at the Iоwеr and uрреr atoms in the buckled dimеr,
The dispersion of the trVo bands is weak, thus indicating the
isolation of the dimers. The occupied т band is rеsопапt with
the bulk чаlепсе bands, whereas the т* band is located пеаr
а midgap position. Taking quasiparticle effects into account,
the sчrfасе gap is opened Ьу about 2 еY [8], whereas the
opening of the bulk indirect gap is smаllег at 1.6 еV.

4. Сопсlusiопs

We have реrfоrmеd DFT-LDA calculations of vmious
atomic configurations fог atoms оп the С( 11i) and С(100)
surfaces. We found that sуmmеtгiс T-bonded chains and
dimers wеге the energetically most favourable structural еlе-
ments, Ёоwечеr, in the ( 1 1 1 ) case, other rесопstгчсtiопs also
give rise to local minima in the Воrп-Оррепhеimеr total

energy sчrfасе. This holds especially fог the TDB (111)
surfасе, the fогmаtiоп епеrgу of which is mчсh lаrgоr Than
that fоr the SDB face. Ноwечеr, the епеrgу gains due to
rесопstrцоtiопs аге also higher. Consequently, we predictthe
арреаrапсе of such С( 1 1 1) surfaces as long as they do поt
result from direct cleavage.
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