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Formation of clean dimers during gas-source growth of S001)
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Elevated temperature scanning tunneling microscopy measurements have shown that one key phase during
gas-source homoepitaxy of (801) is the formation of clean Si ad-dimers from hydrogenated ad-dimers,
though the mechanism for this formation is unknown. We preséninitio density functional calculations
designed to explore this mechanism. The calculations show that there is a pathway consistent with the experi-
mentally observed reaction rates, which proceeds via a metastable intermediate state, and is effectively irre-
versible. This result fills a vital gap in our understanding of the atomic-scale details of gas-source growth of
Si(00D).
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I. INTRODUCTION part of the pathwayin Fig. 1(b) and a clean ad-dimeithe

Gas-source growth of &01) using hydrogen-based pre- final poind in Fig. 1(c). Once formed, the clean ad-dimers
cursors(such as Sil, silane, and SHg, disilang is of great diffusé® and form a square feature, which is believed to be
scientific and technological interést—in particular, hydro-  the precursor to dimer stringsfollowed by short strings of
gen can act as an effective surfactant, and has been showndiners that later increase to form larger islarfaSApart
reduce roughness and intermixing during growth of Ge/Sfrom the work described above, there have not been other
alloys and pure Ge on ®01).°> Understanding the reactions calculations on the growth of @01) from gas sources.
that occur and the intermediate structures that are formedihere is work on growth from solid sources on hydrogen-
during this growth will enable greater control of surfaces anderminated S0D01),'°~* but interestingly this involves very
interfaces during growth. Scanning tunneling microscopydiffel’ent mechanisms, which are rather closer related to solid
(STM) observations of the growth of ®01) from disilane, — source growth on clean surfaces.
both at room temperature following annédlsand at el- The calculations to be presented are based on density
evated temperature along with careful electronic structure functional theory(DFT) in the generalized-gradient approxi-
calculations*® have mapped out the growth pathway. A key mation (GGA), with a plane-wave basis set and pseudopo-
observation in this pathway is that the islands formed duringentials. We have searched for possible pathways both by
growth areclean while the substrate remains covered with aapplying constraints to specific atontfor instance, con-
certain amount of hydrogeh.The fundamental building straining a hydrogen to lie in a given plarend by using the
block in gas-source growth is the clean ad-dirfar opposed nudged elastic barid*® technique(NEB), which allows ac-
to solid-source growth, where fast-moving ad-atoms areécurate determination of reaction barriers given an initial ap-
key’); yet, the mechanism to form such clean dimers fromproximation to a pathway. One key result is that the dehy-
the hydrogenated dimers that occur naturally during gasdrogenation proceeds via a metastable intermediate state
source growth is unknown. In particular, they are observed tdthis is discussed fully in Sec. lll and illustrated in Fig. 2
form at 450 K while desorption from the monohydride phase The rest of the paper is organized as follows: the next
occurs at 790 K, indicating that their formation must be com-section gives details of the computational techniques used;
pletely different from the desorption of hydrogen from the this is followed by a detailed discussion of the structure of
monohydride phase. In this paper, we present a firstthe metastable state, which plays a key role in the dehydro-
principles investigation of the mechanism for formation of genation. The diffusion pathways are then presented, looking
clean ad-dimers from hydrogenated dimers, with the aim oft the mechanism for both hydrogens, followed by a conclu-
explaining how these form at a comparatively low tempera-SSion section.
ture.

Disilane (which is used in preference to silane as it de-
composes more easjhadsorbs on $001) as SiH; (which
soon breaks down to form Sij or SiH,,* sometimes with The theory”® underlying DFT and its application to
accompanying hydrogen. These Sigtoups start to diffuse  electronic structure calculations have been extensively
at 400-500 K When two groups are on adjacent dimer reviewed® as has the use of pseudopotential and plane-wave
rows, they react to form a hydrogenated ad-difiteat is, an  techniqueg® The calculations in this paper were performed
ad-dimer with both dangling bonds saturated with hydrogenusing the vasp code?! using the standard ultrasoft
illustrated in Fig. 1a)] over the trench between the dimer pseudopotentiaté that form part of the code. The approxi-
rows? This then decomposes to form clean ad-dimers andnation we use for exchange-correlation energy is the GGA
hydrogen on the surface at around 456 Ryia a pathway to  of Perdew and WangPW91).23?*We chose the GGA rather
be investigated in this paper. A hydrogenated ad-dimethan the local density approximatidhDA) rather deliber-
(which is the starting pointis illustrated in Fig. 1a), along  ately. As the barriers that we will be calculating are sensitive
with a partially hydrogenated ad-diméhe result of the first  to bonding and stretched bonds, and the GGA is known to be

1. COMPUTATIONAL DETAILS
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FIG. 1. Structures ofa) the starting point, with a hydrogenated ad-dimbj;the end point for the first diffusion event with one hydrogen
on the substrate; an@) the final point with a clean ad-dimer and both hydrogens on the substrate. Note that the asymi@gis/dne to
the buckling of the underlying surfadap then down on the left-hand side, compared to down then up on the right-hand side

rather more accurate in these situatiohdDA generally  (static calculations, constraining the hydrogdhwas using
overbindg, we considered its use to be essential for thisthis method that the metastable stadéscussed in Sec. I
work. was found, and it is unlikely that it would have been found
We use periodic boundary conditions, as is standard fousing the NEB technique without significant effdfor in-
DFT calculations with plane waves, and we therefore used atance, performing simulated annealing on the initial images
periodic slab for the surface, with a vacuum layer betweerof the systemor using a more complicated technique such
the slabs. Our simulations were performed within a unit cellas the dimer methot?. The problem of exploration of phase
two dimers long and two dimer rows wide, with five layers space is an extremely difficult one, which is discussed in
of Si (the bottom of which was terminated in hydrogen andmore detail in Sec. V. The initial exploration was performed
constrained to remain fixed in bulklike positignsThe  with the constrained method because of its simplicity—it is
vacuum gap of 6.9 A is equivalent to five atomic layers of Sieasy to implement and only introduces a single constraint to
and provides sufficient isolation between vertical periodicthe system. The diffusion barriers presented in the paper
images. We used a plane-wave cutoff of 150 eV and a 2wvere all calculated using a variant of the original technique
X 2% 1 Monkhorst-Packk-point mesh. All these parameters that actively seeks the saddle point, the climbing image NEB
were tested and found to converge energy differences to betrethod?® with eight images relaxed in the chain.
ter than 0.01 eV. The system contains an even number of While we have calculated the diffusion barriers, we have
electrons, but has various saddle points that might involvenot calculated attempt frequencies, which have been as-
unpaired electrons, so we checked the effect of performingumed to be 1§ sec'?, typical for diffusion processes on
spin-polarized calculations for these points. The effect wasemiconductor surfacé$:?°The DFT-GGA method is suffi-
found to be negligibléboth for energies and geometriesd  ciently accurate to calculate reaction barriers to within 0.1
so was not used in the calculations. eV and can be used to calculate attempt frequencies; how-
To investigate the diffusion pathways, we used two tech-ever, the increased accuracy gained by calculating the at-
niques. First, we constrained the diffusing hydrogen to lie intempt frequenciegrather than assuming them, as aboige
a particular plane and calculated static energies for differenbutweighed by the cumulative errors in the calculation of
locations of the hydrogen. Second, we used the nudged elabeth these quantiti€ 3 For instance, in previous work on
tic band method®>*®This second method requires the simul- solid-source growth of $001), it was shown that a factor of
taneous relaxation of a number of images of the systenh between the attempt frequencies of competing processes
which can be done in parallel. However, this has the potenwas required to understand the results, but was not accurately
tial to become extremely computationally intensive, which ispredicted by DFT-GGA methatf.We further note that, tech-
why we chose to use the smallest realistic unit geith four  nically, free energies should be calculated, but that provided
dimers in the surfage the entropy change with temperature is sufficiently small this
The initial exploration of the system used the first methodcan be rewritten in terms of an internal energy, with entropic
terms absorbed in the prefactdr.

Ill. THE METASTABLE INTERMEDIATE STATE

The lowest-energy diffusion pathway, and the only one
that has an energy barrier that is in line with the temperature
at which the dehydrogenation is observed to occur, proceeds
via a metastable intermediate state. This is an unusual and
rather important structure and will be discussed in detail in
this section. It is illustrated in Fig. 2, and should be con-
trasted with the hydrogenated ad-dimer illustrated in Fig.

FIG. 2. The structure of the metastable state that provides 4@ L i )
low-energy pathway for dehydrogenation. The diffusing hydrogen The atom labeled in Fig. 2 is one of the substrate dimers
is bonded to a substrate dimek)( which has broken one bond to a t0 which the hydrogenate@nd cleanad-dimer is bonded3
second-layer siliconR). The ad-dimerC) is now partly clean and IS @ second-layer atom in the substrate to which the substrate
has formed a bond to the second-layer sili¢Bh left by the sub-  dimer is normally bondegffor instance, in Fig. @]; andC
strate dimer. is the ad-dimer atom itself, which is now cledhaving
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started hydrogenationThe hydrogen is now bonded r - T - L - T
which has broken its bond #, while C has formed a bond C A
to B (not easily seen, owing to the geometry r

In terms of the bonding of the atoms, the atoMm®, and
C are all saturated as they are in Figajt—the bonding has
merely cycled aroundso that theA—B bond is now an
A—H bond and &—C bond, while theC—H bond is now
aC—B bond. It is this saturation that gives the structure its
stability. While some of the bond angles are rather strained
(in particular, the bonds associated wishand C make 60° e \
angles the bond lengths are all close to equilibrium, and o’ N
there are no further broken bonds, leading to an energy dif- ‘ g ?ﬁﬁﬂﬁ:ﬁ; b st
ference of 0.57 eV relative to the starting point, but no more. L o ]
It is interesting to note that there are other structures where "0'50_ : L . L : L : L a2 _5
60° bond angles are found during growth of(8i1), which Total distance travelled by hydrogen (Angstroms)
also exhibit stability that might seem counterintuitfve. ) _ -

In terms of the formation of this structure, as we shall see FIG. 3. A graph showing energy barriers for the diffusion for the
in the next section that there is not a large barrier. The H/st hydrogen off the ad-dimer. The energies are given relative to
never has to move a long distance from eithar C, leading _the starting point, while th& axis gives tk_le distance frqm the_ start-
to relatively strong bonds being present at all times; the"9 po'm.Of th'.a hydrogen. The °pen.c'r0|es S.hOW direct diffusion
Seconcayer ators moves up sighty: and whie the sub- o-10 IO e measiane Tlermede e open
strate dimer atonA and the ad-dimer ator@ do move up

dd ively thev do thi duall hil . is marked with a vertical dotted line at 3.35 A, and whose structure
and down, respectively, they do this gradually while MaiN=is shown in Fig. 2 The lines(long dashes for direct diffusion and

taining their bonding. It is this relatively Sma_” pertL_erat_ior_l dash-dotted for diffusion via the metastable state spline fits to
on the overall structure, and the ease with which it iSye gata and are given as guides to the eye.

reached, that allows the formation of this state and gives it its
importance. dimer with hydrogen and from the greater variational free-
dom that the clean end of the ad-dimer possesses over the
substrate dimers for relaxation.
IV. DIFFUSION PATHWAYS The experimental data that we are comparing against
In this section, we describe the diffusion pathways that we€OMes from two separate experiments: first, where the
have explored with DFT calculations. For simplicity, and be->1(001) surface was exposed to a dose of disilane, annealed
cause it is likely to be physically realistic, we allow the hy- at different temperatures for gﬁffer_aat. times, an?} then ob-
drogens on the ends of the dimer to diffuse off indepenS€rved at room temperature in STM;second, where an
dently, i.e., we consider the diffusion off one end of the €levated-temperature STM experiment was used to observe
ad-dimer while the other hydrogen remains on the ad-dimefn€ results of dosing with disilane in real time at different
Then we allow the remaining hydrogen to diffuse off thetemperature%*.‘"The results of both these types of experiment

now partially hydrogenated ad-dimer onto the substrate. I'® identical:haround h450 K, clean, nonrotated ?}imers are
order to avoid the complications of spin and half-filled formed over the trench between dimer rows. In other words,

bands, we maintain both hydrogens in the unit cell at a"f[he monohydride_dimers Ios_e their hydrogen_to the substrate
times|[the first hydrogen to diffuse off stays on the substrate!" & matter of minutes at this temperatufer instance, an
illustrated in Fig. 1b)]. The three stable points of the process@n€al to 470 K for 2 min led to the dehydrogerllatlonig)f all
(fully hydrogenated ad-dimer, partially hydrogenated ad-ad-dimer$). Assuming an attempt frequency of ‘f@ec
dimer with a hydrogen on the substrate, and clean ad-dimetnd @ successful dehydrogenation ratgofHz, we obtain a
with both hydrogens on the substratee illustrated in Fig. _barrler of 1.28 eV. Thls.c.hanges by about Q.03 eV if the. rate
1. The atomic positions during the diffusion pathways ardS doubled or halved, giving us a good estimate of the likely
presented below in an aggregated fofdue to space con- réaction barrier.
straintg: only the position of atoms that move significantly
are shown. All of the atomic structures at each step in all the
diffusion pathways are available elsewhéte. There are two diffusion paths considered for the first hy-
The energies of the three stable points decrease as thieogen diffusing off the ad-dimer: a direct diffusion path,
hydrogen moves off the ad-dimer, which seems surprising and diffusion via the metastable state is considered in Sec. llI
first. However, this can be understood in terms of two ef-and shown in Fig. 2. We will discuss these separately, start-
fects: first, termination of the clean ends of the substraténg with the direct diffusion, and then contrast their results.
dimers; and second; bonding of the ad-dimer. Thus in Fig. The diffusion barrier for direct diffusion is shown in Fig.
1(c) two of the substrate dangling bonds are saturated an8, with open circles and long dashes. The barrier is 1.93 eV,
the ad-dimer is clean, with the two effects adding. The largavhich is extremely high; the reason for this can be seen from
stability of Fig. 1(b) over Fig. Xa) is a little harder to under- the atomic positions, which are illustrated in Fig. 4. At the
stand, but arises both from the termination of one substratsaddle point, the ad-dimer bond is extended greétiym
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FIG. 4. The path of the first hydrogen in the direct diffusion path  FIG. 5. The path of the first hydrogen from the ad-dimer to the
from above(top) and the sidgbottom). All the hydrogen positions metastable state shown in views from abdiep) and the side
are shown, along with the initial and final positions of the atoms to(bottom). All the hydrogen positions are shown, along with the
which the hydrogen bondgwith the final position shown in a initial and final positions of the atoms to which the hydrogen bonds
lighter shadg The final position of the ad-dimer cannot be seen in(with the final position shown in a lighter shad&he side view is
the top image since it is directly below the initial position. Bonds shown rotated by 180° relative to the view from above as the image
(or lack of bondsare produced by the imaging software and shouldis clearer. The final position of the ad-dimer cannot be seen in the
not be taken as definite indications. top image since it is directly below the initial position. Bonids

lack of bond$ are produced by the imaging software, and should

2.51 A at the start to 2.82 Awhile the bond from the hy- Ot be taken as definite indications.

drogen to the ad-dimer is more extendéom 1.51 A at the

start to 1.85 A. Inspecting the charge density, it is clear that®Nergy change happens: the energy actually falls by about
the ad-dimer remains bondéthough weakly and that the H 0.6 eV during the second and third parts of the rearrange-

has made a weak bond to the substrate difnich is 2.32  MeNt. o
A away) as well as maintaining a slightly weakened bond to The pathway from the metastable state to the end position

the ad-dimer. It is this lengthening and weakening of bondéShOWn in Fig. §is much simpler, involving only the move-
at the saddle point that cause the high barrier, Assuminment of the hydrogen from one end of the substrate dimer to

Arthenius behavior and an attempt frequency 0¥ 1z, we the other, while the substrate dim@reforms its bond to the
. ; o dl tonB. At th ddl int, i
find a hopping rate of~10 °sec’! at 450 K, which is Secont ayer a0 e saddle point, the hydrogen is

. 1.72 A from the substrate atom and 2.05 A from the end
many orders of magnitude below the observed rate. tom.

The diffusion barrier into and out of the metastable stateé The parrier of 1.24 eV from the starting point to the meta-
is also shown in Fig. 3 with open squares and a dot-dashegaple state fits extremely well with the observed temperature
line. The barrier from the start to the metastable state is 1.24enavior: at 450 K with an attempt frequency of36ec 2,
eV, while the barrier from the metastable state to the end |& would Correspond to a hoppmg rate of 0.044 Hz, or one

0.56 eV (and the reverse path, from the metastable state thop every 23 sec. But this is onlgito the metastable state,
the start is 0.66 eV and there aréwo low-energy paths out of that. The hopping
The pathway from the starting position to the metastableate from the metastable state to the end state~i
state(shown in Fig. 5 involves considerable rearrangement: x 16° Hz, while from the metastable state to the start state is
First, the hydrogen inserts into the bond between the ad-2x10° Hz, so that only 10% of metastable states would
dimer (labeledC in Fig. 2) and the substrate diméabeledA  return to the starting point. We also expect that the equilib-
in Fig. 2); at the saddle point, the hydrogen is 1.65 A fromrium populations of the start and end states would differ,
the ad-dimer and 1.94 A from the substrate difemmpared  since the end state is 0.53 eV lower than the tartghly, at
to an equilibrium distance of 1.51)Awhile the distance 450 K, we would expect a relative population abouf 10
between the ad-dimer and the substrate dimer is 3.10 Aimes higher in the lower stateThere is also the question of
(compared to 2.48 A at the starBecond, after the hydrogen whether the hydrogen could return, via the metastable state,
has transferred to the substrate dimer, the ad-dimer bonds fom the end to the start. The barrier from the end pbaatk
a second layeratom in the substratdabeledB in Fig. 2).  to the metastable state is 1.66 eV, making it extremely un-
Third, the substrate dimer bonds back to the ad-dimer antikely that the hydrogen would return to the metastable state
breaks its bond to the second layer atom in the substrate. THand even if it did, it would be 10 times more likely to drop
first part of this rearrangement is the area where most of thback to the end state than to return to the start st@learly,
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FIG. 7. A graph showing energy barriers for the diffusion of the
second hydrogen off the ad-dimewith the first hydrogen already

FIG. 6. The path of the first hydrogen from the metastable staté)n. the Sl.JbStraje The energies are given relative to _the stgrtlng
. L . point, while thex axis gives the distance from the starting point of

to the substrate dimer shown in views from ab@ep) and the side the hydrogen. The open circles show direct diffusiproceedin

(bottom. All the hydrogen positions are shown, along with the ydrogen. P 0 9

S ) > . without the metastable intermediate sjafehe open squares show
initial and final positions of the atoms to which the hydrogen bonds, e . L
(with the final position shown in a lighter shad@he side view is the diffusion via the metastable stat@hose position is marked

P g with a vertical dotted line at 3.41 A, and whose structure is shown

shown rotated by 180° relative to the view from above as the image Fig. 2. The lines(long dashes for direct diffusion and dash-

is clearer. Bondor lack of bonds are pro_dgce_d k_)y the 'MadiNg " yotted form for diffusion via the metastable stadee spline fits to
software, and should not be taken as definite indications. . .
the data and are given as guides to the eye.

it is the low barrier from the starting state to the metastableWhile the distance between ad-dimer atoms is 4.48 A. Be-

state that allows the first part of the dehydrogenation of the . .
ad-dimer to proceed, and the energy difference between t foen ié?&?ﬁgﬂgéﬁ;gﬁgﬁ;n transfers to the substrate, and

start and end points, as well as the high barrier out of the en The bond in the clean or partially clean ad-dimer is not as

state, that makes the reaction effectively irreversible. strong as the other bonds to the substrate, which explains
why the energy cost for breaking it is relatively small, and
why this pathway is followed in contrast to the pathway for

Once the first hydrogen has diffused off the ad-dimer, we
retain it on the substrate, as shown in Fig¢)1This is com-
putationally convenientas it maintains a filled set of bands
but also physically reasonable: hydrogen does not begin dif-
fusing along the dimer rows on ®01) at an appreciable rate
until about 550 K with a barrier of 1.68 V.

As with the first hydrogen, the second hydrogen can dif-
fuse either directly or via a metastable state, which is exactly
equivalent to the metastable state for the first hydrogen
(shown in Fig. 2 and therefore not illustrated here. As be-
fore, we will discuss these results separately, starting with
the direct diffusion.

The diffusion barrier for direct diffusion is shown in Fig.

7, plotted with open circles and dashes. The shape is much
broader than that for the first hydrogen’s direct path, with a
lower barrier of 1.59 eV. The reason for this can be seen in
part in the atomic positions, which are shown in Fig. 8. This
is slightly more confusing than previous plots, as the posi-
tions both of the hydrogen and the ad-dimer atom to which it
is bonded have been plotted. As the hydrogen moves across giG. 8. The path of the second hydrogen in the direct diffusion
towards the substrate diméthe end point the bond be-  path shown in views from abovop) and the sidgbottom. All the
tween the silicon atoms in the ad-dimer breaks, with thenydrogen positions are shown, as are the positions of the atoms to
atom that the hydrogen is bonded to following the hydrogenyhich the hydrogen bonds. Bongsr lack of bonds are produced

as it diffuses. At the saddle point, the hydrogen is 1.67 Apy the imaging software and should not be taken as definite indica-
from the ad-dimer and 2.03 A from the substrate dimerions.

B. The second hydrogen
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the first hydrogen. Even with the reduced barrier, the hopfirst hydrogen and 1.14 eV for the second hydrggare in

ping rate at 450 K will be~4x 108 sec’?, which is still  excellent agreement with temperatures at which these fea-
far too low to be consistent with the experimental observatures are observed in experiment. A detailed knowledge of
tions. the mechanisms of growth will enable closer control of the

The diffusion barrier into and out of the metastable stategrowth process, as well as other applications. The develop-
is also shown in Fig. 7, plotted with open squares and dotment ofab initio kinetic Monte Carlo application®;?®where
dashed lines. The barrier from the start to the metastablthe barriers are derived from DFT or other calculations, is
state is 1.14 eV, while the barrier from the metastable state tbecoming common, and there is now nearly enough informa-
the end is 0.58 eMand the reverse path, from the meta-tion to develop such a model for gas-source growth of
stable state to the start is also 0.58) eVhe atomic positions  Si(00J). It also allows the development of new experimental
are almost identical to those for the first diffusi@hown in  growth approaches such as atomic layer epitaxy through
Figs. 5 and $and are not showfthough these figures, and saturation with monohydride dimef3.
many other pieces of supplementary information such as ani- We have used the climbing image nudged elastic band
mations of the processes can be found elseviflere method to find the diffusion barriers, and have found it to be

The barrier of 1.14 eV is 0.1 eV lower than the barrier for extremely effective, particularly for the direct diffusion,
the first hydrogen, suggesting that once the first hydrogemwhich was difficult to model simply by picking a single con-
has diffused off the ad-dimer, the second will follow slightly straint. However, the problem of exploring phase space is
more quickly; it is still in excellent agreement with observedstill a difficult one, as the existence of the metastable state
experimental behavior. The barriers from the metastable statgvhich was discovered through application of a single con-
to the start and end states are now identical, meaning thatrainy shows. Indeed, although two pathways for dehydro-
50% of metastable states will return to the starting stategenation have been presented, there is no way of knowing if
However, the end state is 0.48 eV lower in energy than théhese are the only mechanisms, though the close correspon-
start, so thatas before with the first hydrogemve would  dence between the experimental and theoretical barriers sug-
expect the population in thermal equilibrium at 450 K to begests that the pathway via the metastable state would make a
about 16 times higher in the end state than the start statelarge contribution to the dehydrogenation process. There are
The barrier from the end state back to the metastable state igschniques for exploring energy surfaces, such as the dimer
1.63 eV, which again makes the reaction effectively irreversmethod® and variants on hyperdynamié®but there is still a
ible. Of course, the clean ad-dimer can also diffuse awayarge amount of work to be done in this field.
along the trench between dimer rows, with a barrier of 1.15
eV® which would make the reforming of the hydrogenated ACKNOWLEDGMENTS
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