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Hydrogen-induced instability on the flat Si(001) surface via steric repulsion
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The exposure of the miscut(®D1) surface to H gives rise to a rich sequence of stable step structures as a
function of the H chemical potential. First-principles calculations of step-formation energies show that the
formation of steps on the (21) reconstructed surface requires energy, but that on thel(lsurface, steps
form exothermically. This explains surface roughness at high H chemical potentials.
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l. INTRODUCTION We find that “steric repulsions'? dictate the relative stabil-
ity of several important step structures. The steric ftfrce
Due to their high chemical activity, surface defegisint  between two Hhereby denoted as (SiH- HSi)] is a short-
or extended alikeoften interact strongly with chemisorbed range repulsive force acting when two H atoms, already
atoms. These interactions are particularly important in nabonded to Si atoms, become too close to each dthéiwe
nodevices because they determine the growth and etching éhd the following. (i) In the (1X1) phase, the step energet-
semiconductor surfaces and the quality of semiconductor dees is controlled by the H- - H steric repulsion, and the for-
vices. Among all semiconductor surfaces(0Bil) is by far ~ mation energy of the fully hydrogenated single ste&ff X
the most studied,because it is the starting point for chip becomes negative with respect to the flat surface, resulting in
fabrication. Among the surface defects, the structure evoluspontaneous roughening of the surfa6e. In the (2x1)
tion of steps on $001) has been a subject of intensive phase, we find that all steps havesitiveformation energies.
researc. Hydrogen is the smallest and simplest chemisor+iii) In the (2x1) phase, the single stefS() has lower
bate and has been routinely used in device procedsind energy than all other steps. When, increases, the edge of
can either be a contaminant or a surfactaRecently, hy- the S, becomes dihydridedS) and the steric interaction

drogen implantation experimefitshowed the appearance of starts to determine the stability of the surface.
internal H-terminated surfaces that ultimately lead to crack-

@ng of the .silicon surfgcg if001) p[apes. Th_is phenomenon Il. METHOD OF CALCULATION
is the basis of a promising new silicon-on-insulator technol-
ogy known as “smart cut.® Formation energies were calculated using the local-

The clean S001) surface exhibits at low temperatures density approximatiof® We used the plane-wave pseudopo-
(T=250 K) the (4x2) reconstructioh whose tilted Si-Si tential total-energy and force meth&tiDetails are given in
dimers reduce the density of unsatisfied surfd¢dan-  Ref. 15. The pseudopotentials were generated from the
gling”) bonds, thus chemically stabilizing the surfadey- method of Troullier and Martin& The exchange correlation
drogen chemisorption changes the surface electronic strués given by the parametrization of Perdew and Zurlgétle
ture by reducing the need for Si-Si dimers via direct cappinguse an energy cutoff of 16 Ry and a theoretical lattice con-
of the dangling bonds. This replaces thex(#) reconstruc- stant ofa,=a\2=5.3891 A. Hydrogenated01) flat sur-
tion by (2x1),” (3% 1),8and at the highest H concentration faces were calculated using 11, 22, and 33 Si atom supercells
by the (1x1) reconstructiof!® While some have forthe (1x1), (2x1), and (3<1) reconstructions, respec-
suspectetithat the (1x 1) phase is made up of disordered tively. Isolated single-steps were calculated on nominal
(3% 1) units, the (X 1) phase has been séasy scanning (001 surfaces. The formation energies of single step pairs
tunneling microscopy measurements in samples exposed &nd double steps were calculated oiili,11 slabs with a
hydrogen plasma. However, the X1) structure is blurred thickness of seven atomic layers. The supercells were re-
by the simultaneous presence of roughrielskre recently, peated periodically in thé001) direction separating the sur-
Raman spectra measurements by Weldehal? on  faces by 4.4 monolayers of vacuum, which is enough to give
H-implanted Si001) showed evidence of the appearance ofresults independent of surface separatfofiwo Si layers on
(001) (1x1) internal surfaces before cracking occurs. the bottom of the supercell were fixed at their bulk positions.
Moreover, ultraclean surface preparation experiments byhe bottom surfaces were passivated with H atoms. In order
Morita and Tokumot&' showed strong evidence of the exis- to avoid systematic errors, the Si bulk chemical potential
tence of the (X 1) phase. However, Morita and Tokumbto  (us) was determined for each supercell family using a cell
also found that small concentration OH ions immediatelygrowth method? This set of parameters reproduces a num-
leads to surface roughness and faceting. Despite progress her of clean surface step energfés.

other areas, the cause of surface roughtiésat high con- Surface formation energy is defined as the energy cost per
centration of H on §D01) has remained a challenge for the surface atom required to create the surface with respect to the
past ten years. bulk crystal. The formation energy per unit lengtn

In this paper, we study the consequences of H-surface=a,/\2 of a stepS [\ (S)] is calculated as the energy
interactions as a function of the H chemical potenjig. difference between th&01) surface with stefs and a flat
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Clean u , In agreement with earlier calculations by Northf§pwe
Si (001) ydrogenated Si (001) see from Figs. (8 and b) that upon chemisorption the
(4% 2) reconstruction transforms first to X2L), which con-
tains only(untilted) Si-Si dimers, then to (3 1), which con-
tains both dimers and Siand finally to (1< 1), which has
only SiH,.

(@)

(4x2)

(b)

Tilted dimers

IV. STEPS ON THE DIFFERENT PHASES OF Si(001)

Dimers

Chadf? classified steps according to the orientation of the

Si dimers with respect to the steps: Single steps are called
here S, or S, (previously denoted a$, and Sg) if the
SiH, dimers on the upper terrace are, respectively, perpendicular
or parallel to the step. Similarly, double steps are denoted

Non- D, andD; (previously? denoted aD, and Dg). On the
rebonded clean (4x 2) phase, steps can be rebonded or nonrebdAded
depending on whether the Si atoms at the step edge partici-
pate in dimer formatiorisee below. We will use an asterisk
to denote unrebonded steps. While, in general, the formation
of steps in the clean (42) phase of the #001) surface
requires energy, rebonded steps have the smallest formation
energie<? Figure Xc) shows the steps formation energies of
rebonded steps in the cleanX2) phase as calculated in
Ref. 20.

Dimers

+
SiH,

Surface Energy (arb. units)

(d) Non-

rebonded
Rebonded ¢ O
voE Yo

()

Rebonded

D,=043

A. Steps in the hydrogenated(1X 1) phase

Step Energy (eV/a)

=0 | 5,-0.05 s H-H steric effects have important consequences in the
0 i E—— VT (1X1) phase where H atoms are closely packed into dihy-
; ; ; = drides. Indeed, Northrdp found that a rotation of the dihy-
u=-128 w==070  p=-026 p=-008 u=0 " (rdes from the symmetric positiofsee, e.g., Fig Rin-
Hydrogen Chemical potential creases the distance of neighboring H atoms, thus gaining

_ ) _ _ energy. On the (X1) phase, all stable steps are nonreb-

FIG. 1. Schematic representation of the formation energies oppged. The density of H atoms is the same as the flat surface.
surface reconstructions and steps oif0&l): (a) Clean (4x2) Therefore, step formation energies are independent,of
phase,(b) hydrogenated (21), (3x1), and (I1X1) phases(c)  the yotation plane of the dihydrides can be either parallel or
steps on clean 8101 as reported in Ref_. 20, ard) steps on _the perpendicular to the step directideee Fig. 2, but it is al-
(2x1) and (1x1) .phases' The dotted “n.e carrespondingfoin ways parallel to the direction that the Si dimers would have
the (3><_1) phase is an estlmatg. On mlsc_ut surfaces of the typ(?1ad on the (X 4) phase. Therefore, we will use a notation
(1), single steps must occur i, +$ pairs. On flat surfaces or these steps similar t(S that defin;ad for clearx(@) sur-
with terraces, no such restriction is required and isolated Singl%aces (see Fig 2 @
steps can exist. :

P Since in the saturated ¢41) phase the energetics of the

) ) flat surface is dominated by H steric effects, one might sus-
(001 surface having the same project@®1) area. Because pect the same for the formation energiestafps Figure a)

the concentration of H is different in each phase, and becausg,ows a schematic structure of 8\ +S pair on miscut
steps can introduce a local change of the H density Witr*{OOD surfaces. On the upper terraceq’f, the rotation of
respect to the flat surface, both the surface and step formgse dihydrides is in a plane parallel to the steps. Thus, al-
tion energies are functions of the H chemical potentigl  though the step could affect the elastic energy of the rotation,
In Fig. 1, the highest value qfy (taken here as zeyds that  the S* does not modify the steric energy of the dihydrides.
at which H extracts Wi_thout energyl cost Si atoms from therpe stepS* at the upper terracEsee Fig. 2a), row a] is
surface, forming the SiHmolecules’ qualitatively different fromSf . The dihydrides at rowx

gain energy, because the dihydrides rotate toward empty

space so the SiH - HSi repulsion is eliminated. Also, the

Il FLAT SURFACE dihydrides at rowss andy lower their energies by benefiting

Figure 1 shows schematically calculated surface formalom the free rotation of the dihydrides at raw
tion energies of clean 01 [Fig. @] and hydrogenated [N order to determine separately the energiesSpfand
Si(001) [Fig. 1(b)], as well as the step formation energies of Si We calculated the structure shown in FigbR which we
clearf?>2>20sj(001) [Fig. 1(c)] and hydrogenated @01)  will call Sf+ S} . It corresponds to a terrace of widtta4
surfaceqdFig. 1(d)]. terminated by twdS! steps on the flat surface. We use the
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Tp— reduces the steric energy. This effect is not present at the
lowering SI + S structure[see Fig. 2a)]. Accordingly, the formation
j - Energy energy of thdésolated $ might be one-tenth of an eV higher

AN /Y "\.”V’ lowering than the one estimated here frafi+S* .
fo/ %8 Figure Zc) shows theD’ step with a dihydride configu-

Fy y '3""& “j’ ration similar toS} [see rowa in Figs. Zc) and 2a)]. In
contrast toS} , we find that\ (D7)>0. Since the upper
terraces ofD} and S| have similar structures, one might
p— S o — wonder why the energy cpst_s of the steps are so dif_ferent.
lowering|  f¥7= ' ke lowering The reasons are the following) The estimated ,,,{ D7) is
) T Wi = close to twicek o Sf). (ii) The structure used to calculate

] @TeaY s ‘ D* does not involve the partition of the dimer rotation
angles seen i} + S} . (ii) On theD7 step, all the dihy-
drides rotate in the same direction, while on 8fet St and

" + ST structures, the rotation direction alternates. Such al-
Z ?‘V ? o t%e‘rnation is knowf? to reduce the long-range elastic energy
""""" ; A of stepped surfaces.
.;;".v o\‘e".o:‘,f ; lowering q ) . .
PRV Fl'gulre 2d) shows the structure dT)”. , Which appears to

N y be similar toSﬁ‘ . However, there are important differences.
v B d At the step edge oIDﬁk , there is a row of monohydrides that
o prersrey  Waee 4 is absent aSIT . These H atoms are not too far away from the
H atoms at the next dihydride rowat 2.43 A and 3.13 A,
respectively as compared with the H-H distance on the flat

(@)

(©)

A Y ICantingdoes not surface (2.12 A) D is thus an example of partial reduc-
ower energy

tion of the steric interactionn (DT)<A\ (Dﬁ‘) because
some steric repulsion remains D[, but A (Dj)

<\ (S{‘*)=0.8 eV where all steric repulsion remains. Note
in Fig. 1(c) that the order of the corresponding energies is
different in the case of the clean X&) phase when steric
interactions are absent.

(d)

FIG. 2. Schematic representation of step structures on the (1 .
x1) dihydrided phase of 801): (8 Si*+SF pair, (b) S* B. Stability of the (1X1) phase
+85* terrace,(c) D5*, and(d) D . The following steps on the The energetics of steps has important consequences on the
(2X1) monohydride phase can be obtained by forming dimers attructure of th001) surface in the (X 1) phase. Because
the doted lines{a) rebondedSx+ S, pair, (b) rebondedS;+S; ) (S¥) is negative, the flat (X 1) phase is thermodynami-
terrace,(c) rebondedDy , and(d) nonrebondedy" . cally unstable against the formation of st&js[i.e., terraces

like the one shown in Fig. (®) will form spontaneously

formation energy of Sf+Sf to estimate A (S)= Becausex (S}) is independent ofty, this instability holds
—0.27 eVA. The reasons for a negative formation energy/r the entir%,uH range where the (X 1) phase was assumed
of S} are twofold: (i) Steric energy reductions at the step in the past” Although the formation of trihydrides might

. . ' cost low energy for very highy,° our results imply that
edge: One may write thi step ener)gyas_)\ste,,CJr)\Pare._At the H-rich surface is rough on the atomic scale due to dihy-
the upper terrace of thg] step, the steric repulsion is ap-

.t drides, which are the building blocks of the steps. However,

; . Since the formation of the terraces and steps requires a mas-
caseX (S )%Mfre(a\ )~*0.8 eVv. On the other hand, the g e yearrangement of the Si atoms, the metastablel(l
difference N (S{)—A\(S[)~1.0 eVla reflects approxi- sirycture might still exist regionally, as observed in the ex-
mately —Nseid ST) [since the steric repulsion is absent atperiments of Bolandand Morita and Tokumotd! As the
the ST edge, row a in Fig. 2@] This —\geidSI)  surface instability develops, the surface may evolve via a
~1.0 eV/a translates into 1.0 eV/at at the step, which canhydrogenated vacancy mechantérfrom a stepped surface
be compared to the energy gdih18 eV/a} due to the rota- into a faceted surface in order to minimize the steric interac-
tion of dihydrides on flat surfac&s(which is apartial steric  tions further. The(111) facets have larger H-H separation
energy gain minus the elastic cost of the rotatiathen the  than the(001) steps and have been seen experimentafly.
full steric energy is removed from ti8&¥ step, its formation  Clearly, the experiments of Morita and Tokumoto show that
energy becomes negativei) Note in Fig. Zb) that at the the (1X 1) phase is unstable and suggest that OH ions cata-
center of the terrace, the rotation of the dihydrides is partetyze the movement of Si atoms allowing the formation of
into two regions. This division creates extra space that als6111) facets.
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C. Steps in hydrogenated(2X1) phase N (§+S,)<\ (D)) in the former, but the order reverses
in the latter. On the (& 1) phase, single-step pairs are more
stable than double steps even farl,1) surfaces with mis-
cut angles as large as 7.3°. This is not the case in clean (4
X 2) surfaceg?2320

(i) Nonrebonded steps. The formation energies of the

A rebondedS; step can be constructed using Figa)2 if
the Si atoms at rowy form dimers with the Si atoms at row
6. A nonrebonded steﬁ’( can be constructed instead if the
Si atoms at rowy form dimers with the next Si at rov8.
When a dimer forms, two dihydrides are converted into . .
monohydrides and an Hmolecule is released. On the ter- npnrebonded steps in the X2) phase are also shown in
race, far from the step edge, the above two possibilities diffeF'g' 1d). Nonrebonded steps have more H than the rebonded
only by a translation along th@.10 direction of the dimers Oones. Therefqre, t_here_ arezi:hanges n Fhe slopes of the for-
with no energy cost. But the nonrebonded sﬁphas one mation energies in Fig. 1. The conditionk (§+5,)

— ok ; o_ _ ; _
extra H pera with respect to the rebonded st&p. More- t:}\d(?j‘ +S)) detsrm(;nzam— __0'70 ev, at \gh'Ch. thehref
over, in the rebonded case, the Si atom at the [gt@p & in onded to nonrebonded transition occurs. Despite the fact

Fig. 2a)] is backbonded to a third Si atom in the upperthat hydrogenation of single dangling bonds becomes exo-

. thermic atuy=—1.28 eV, and that, in addition, the struc-
terrace. Thus, rebonded steps cost more elastic energy than_ . : . : .
23 ure is noticeably relaxed in the nonrebonded configuration,
nonrebonded stepé:>®However, nonrebonded steps have to

_ . . . _ . “the rebonded step remains stable uputg=—0.70. This
pay the price of steric repulsion between neighboring-SiH gy o ra) transition “delay” can only be accounted for by
- -HSi groups at the step edge.

X the steric SiH - - HSi interaction, which penalizes the shorter
We considered here also other steps on the 12 phase. 1 gistances at the nonrebonded steps. This structural tran-
For example, the Si atorg at the upper terrace @87 of  sjtion was also reported by Jeong and Oshiyama but the de-
(1x1) [see Fig. 2a)] can “choose” to form a dimer either |ay was not discussed. We did not find, howeweegative
with the atome at the step edgéorming S, ) or with atom  formation energies for the nonrebonded steps in the 1P
v leaving dihydrides at ther row (forming and hydroge- phase. We used a 16-Ry cutoff for the plane-wave expansion
nated ste[8). Again, in this case the structure of the terracewhile Ref. 24 used 8 Ry.
is not modified, but the H concentration and bonding struc- For high uy, near the transition between X21) and (3
ture are different at the step. X1)(up=—0.27) we find thatx (S )=N(ST). At this
point dihydrides can be incorporated at the edge ofShe
step(see rowa in Fig. 2). A complete row of dihydrides first
D. Energetics of the rebonded and nonrebonded steps forms at the upper edge of tI&f step where the dihydrides
in the (2X1) phase are perpendicular to the step edge facing empty space. How-

In general, rebonded or nonrebonded is decided by thgVer. atDf or Sf', steric repulsion hinders such a change

balance between the chemical energy of the Si-H bonds, thefore the (3<1)* to (1x1) transition occurs. On the (3
SiH- - - HSi steric repulsion, and the strain energy due to 1) PhaseA (S;) depends on the chemical potential as

stretched bonds. This balance changes with Jeong and —3 An- Assuming thaik (S}) is similar on the (1)

Oshiyam&* recently calculated steps in hydrogenated (zand (3x1) surfaces at the phase transition, one might argue
x 1) phase. They found a crossing in the formation energiedat the (3<1) phase would be stable against roughness for
between rebonded and nonrebonded steps as a function 9 A+ But the—l/?; wmw dependence of (S)) raises the
the chemical potential. In addition, they report that the nonP0sSibility that\ (S/) becomes negative before the (3
rebonded* as well as th&' steps have negative formation * 1) to (1x1) transition occurs.
energies at chemical potentials below thex(R) to (3X1)
phase transition. Jeong and Oshiy&fnealculations imply
that the nonrebondeD| as well as theS" steps will form
spontaneouslyn the high chemical potential side of the (2 we find that hydrogenation drastically changes the topol-
X1) phase. It is interesting to double check Jeong anagy of steps of flat and miscut ®01) surfaces as compared
Oshiyamé’a4 calculations because the local structures of theo clean surfaces. An important effect is that, in thex(il)
Dj as well as theS| steps are the same in theX3) and  phase, the H-H steric interaction destabilizes the flat surface
(2X1) surfaces. Accordingly, the results of Jeong andagainst the formation of steps that leads to surface rough-
Oshiyama* cast doubts on the stability of the flat X3.) ness. This effect is caused by the steric repulsion of the H
surface against step formation. atoms at the surface. However, theX(1) surface is meta-

(i) Rebonded steps. Similar to the X£) case, in the (2 stable because the formation of steps and facets requires the
X 1) phase, the smallest step formation energy correspondaovement of a large number of silicon atoms. Our quantita-
to the isolatedS, . This is because the dimers at the lowertive results explain the experimental instability of the (1
terrace are parallel to th®, step[Fig. 2(a)]. Therefore, one X 1) phase and the observation of facets and roughness. We
does not have to pay the price of elastic energy forverify in the (2x1) phase the crossings between the forma-
rebonding?® whereas theDy, S, and D, steps have tion energies of rebonded and not rebonded steps as a func-
stretched bonds due to rebonding. An important differenceion of the H chemical potentials reported earlier by Jeong
between the (X1) and (4x2) reconstructions is that and Oshiyam&* However, in contradiction with Jeong and

V. SUMMARY
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