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Hydrogenation of semiconductor surfaces: Si-terminated cubic SiC(100) surfaces

Daniel G. Trabada, Fernando Flores, and José Ortega

Departamento de Fisica Teorica de la Materia Condensada, Universidad Autonoma de Madrid, E-28049 Madrid, Spain

(Received 28 April 2009; revised manuscript received 29 June 2009; published 13 August 2009)

We analyze the hydrogenation of the Si-terminated surfaces 3C-SiC(100)-3 X2 and 3C-SiC(100)-c(4 X 2)
using density-functional-theory techniques. For the Si-rich 3 X2 case, after saturation of the Si dangling bonds,
hydrogen atoms break Si-Si bonds between atoms in the first two layers, replacing them by Si-H bonds, up to
a hydrogen adsorption of eight hydrogen atoms per 3 X 2 unit cell, with the formation of SiH; groups on the
surface. At higher hydrogen adsorptions Si-H bonds replace also Si-Si bonds between second- and third-layer
Si atoms. We find that all the stable structures as a function of the hydrogen chemical potential are insulating
and propose that the observed hydrogen-induced metallization of the Si-rich SiC(100)-3 X 2 surface is related
to the dynamical equilibrium between adsorption and abstraction of hydrogen atoms close to the point where
hydrogen atoms start to break Si-Si bonds. We also find that desorption of SiH, molecules is not energetically
favorable until values of the hydrogen chemical potential above half the energy of the H, molecule. Regarding
the Si-poor c(4 X 2) surface, our results show that the hydrogenated H/SiC(100)-2 X 1 surface corresponds to

a monohydride surface with a Si coverage of one monolayer above the last C layer.
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I. INTRODUCTION

The hydrogenation of semiconductor surfaces is a topic of
great interest,'~'% The interaction of hydrogen with semicon-
ductor surfaces generally induces important structural and
electronic changes. In general, adsorption of hydrogen pro-
duces passivation of the surface; the hydrogen atoms attach
to the semiconductor dangling bonds, forming strong chemi-
cal bonds (chemical passivation) and removing electronic
states from the semiconductor gap (electronic passivation).
In addition to saturating the semiconductor dangling bonds,
hydrogen atoms can also be located below the last semicon-
ductor atomic layer, changing the electrical conductivity of
the surface.

The interaction of hydrogen with semiconductor surfaces
has been intensively investigated,'"'® specially for silicon
surfaces. There are several reasons for this interest. From a
fundamental point of view, the interaction of hydrogen with
silicon surfaces has been used as a model system to study
chemisorption on semiconductor surfaces. Also, the interac-
tion of hydrogen with semiconductor surfaces has been used
to investigate the atomic structure of clean semiconductor
surfaces. From an applied perspective, hydrogenation of
semiconductor surfaces is of central importance in semicon-
ductor technologies.

Silicon Carbide (SiC) is a wideband-gap semiconductor
with interesting properties for high-temperature, high-power,
and high-frequency applications in electronics.>!'"13 SiC
crystals exist in diverse stacking arrangements of the atomic
planes such as hexagonal 6H and 4H and cubic 3C poly-
types. Recently, SiC surfaces have attracted a lot of
attention'*?! due to their remarkable physical properties,
which include a temperature-induced reversible structural
and metal-insulator transition,'# Mott-insulating surfaces,'>16
self-organized one-dimensional Si chains,!” and even a
surprising hydrogen-induced metallization of a semiconduc-
tor surface.'® Of special interest are the (100) surfaces of
cubic SiC with Si termination, 3C-SiC(100)-3 X2 and
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3C-SiC(100)-c(4 % 2).1713 SiC(100)-3 X 2 is the Si-saturated
3C-SiC(100) surface. The atomic structure of this surface
seems to be well established.'>!3?> As shown in Fig. 1(a),
SiC(100)-3 X2 presents three Si layers on top of the last
C layer, with a total Si coverage of two monolayers
(ML), #=2. Regarding the atomic structure of the Si-poor
3C-SiC(100)-c(4 X2) there is some controversy'>!323
whether this surface corresponds to a Si coverage of 6=1
(Ref. 24) or #=1.5.25 At the transition between the Si-rich
SiC(100)-3 X 2 and Si-poor SiC(100)-c(4 X 2) selective ther-
mal removal of Si atoms results in self-organized Si atomic
lines.!7-26

The hydrogenation of the 3C-SiC(100)-3 X 2 surface has
been analyzed experimentally by exposing a clean 3 X2 sur-
face to an atmosphere of H, molecules that includes atomic
hydrogen dissociated by a hot tungsten filament. If the sur-
face is kept at room temperature during hydrogen adsorption,
this results in a passivated H/SiC(100)-3 X 1 surface at ex-
posures of the order of 400-500 L (L=Langmuir).”’ At
higher exposures the 3 X1 order is destroyed and a 1X1
pattern is observed. On the other hand, if atomic exposures
are performed keeping the surface at a temperature of
300 °C, metallization of the surface is observed for H, ex-
posures of ~20 L.'"® This surprising result has prompted
many studies on the hydrogenation of the 3C-SiC(100)-3
X 2 surface!®28-3% but in spite of this effort the origin of this
hydrogen-induced metallization, as well as the atomic struc-
ture of the H/SiC(100)-3 X 1 and H/SiC(100)-1X 1 phases,
remain a mystery.

While the 3C-SiC(100)-3 X 2 surface is inert upon inter-
action with molecular H,, the SiC(100)-c(4 X 2) surface is
highly reactive, with H, dissociation.?®4% In this case, the
surface changes to a 2 X 1 symmetry upon adsorption of hy-
drogen.

This transition is reversible since thermal desorption of
hydrogen restores the original ¢(4X2) reconstruction.*%4!
Similarly, the 3C-SiC(100)-3 X 2 surface is recovered upon
desorption of H at 900—1000 °C from either the Si-rich
H/SiC(100)-3 X 1 or H/SiC(100)-1 X 1 surfaces.?’
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FIG. 1. Atomic models for (a) SiC(100)-3 X 2 clean surface and
[(b) and (c)] the monohydride M(2,0,0) structure with hydrogen
atoms saturating the Si dangling bonds. Open circles denote Si at-
oms, black circles C atoms, and gray circles H atoms. [(a) and (b)]
Side views; (c) top view.

In this work we analyze the hydrogenation of the
SiC(100)-3 X 2 and SiC(100)-c(4 X 2) surfaces using a com-
bination of density-functional-theory (DFT) techniques.*>*3
For the Si-rich SiC(100)-3 X2 surface, hydrogen atoms first
saturate the semiconductor dangling bonds. In a second step,
Si-Si bonds between Si atoms in the first two layers are re-
placed by Si-H bonds up to an adsorption of eight hydrogen
atoms per 3 X2 unit cell. At higher hydrogen adsorptions,
Si-H bonds also replace Si-Si bonds between Si atoms in
the second and third Si layers. We find that the formation
of SiH; groups in the surface is energetically favorable for
six or more hydrogen atoms in the 3X2 unit cell. The
H/SiC(100)-3 X1 and H/SiC(100)-1X1 phases are ex-
plained as resulting from the structural disorder along the X2
and X3 directions associated with the rupture of the Si-Si
bonds between Si atoms in the first and second layers or the
second and third Si layers, respectively. We find that all the
stable structures as a function of the hydrogen chemical po-
tential are insulating. Our results suggest that the observed
hydrogen-induced metallization is associated with the equi-
librium between adsorption and abstraction of hydrogen,
when the surface is exposed to an atmosphere of atomic hy-
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drogen, close to the point where incoming hydrogen atoms
start to replace Si-Si bonds by Si-H bonds. We also analyze
the desorption of SiH, molecules from the hydrogenated Si-
rich surfaces and find that it is not energetically favorable
until values of the hydrogen chemical potential higher than
half the energy of the H, molecule. In the case of the Si-poor
3C-SiC(100)-c(4 X 2) surface, we find that for both Si cov-
erages 6=1 and 6=1.5 the monohydride surfaces are the
stable structures for all the values of interest for the hydrogen
chemical potential. By comparing with the experimental evi-
dence, we conclude that the hydrogenated Si-poor 2 X 1 sur-
face presents a Si coverage of 6=1.

II. THEORETICAL AND COMPUTATIONAL METHODS

We have studied the interaction of hydrogen with the Si-
rich SiC(100)-3 X2 and Si-poor SiC(100)-c(4 X 2) surfaces
using two complementary DFT techniques. First, we explore
many different atomic configurations, using an efficient
molecular-dynamics DFT code [FIREBALL (Ref. 42)]. The
most interesting relaxed structures are then further consid-
ered using the more accurate (but much more computation-
ally intensive) plane-wave (PW) approach [CASTEP (Ref.
43)]. In this way we have analyzed more than 430 structures,
with different hydrogen coverages using FIREBALL. Out of
these structures, we selected 110 structures that were then
further refined using the PW code.

For the FIREBALL calculations we have used an optimized
sp3 basis of numerical atomiclike orbitals** for SiC and a
double ss™ basis for hydrogen. For the PW calculations we
use ultrasoft pseudopotentials and a PW cutoff energy of 280
eV. In both codes we have used the local-density approxima-
tion (LDA) exchange-correlation functional.* Calculations
were also performed using the generalized gradient approxi-
mation (GGA) functional*® for some key structures. In our
calculations the 3C-SiC(100) surface is modeled by means of
eight SiC layers and H atoms saturating the lowest C layer;
the lowest two SiC layers are fixed at bulk positions. We
have used a 3X2 or a 4X2 surface unit cells, for the
SiC(100)-3 X 2 and SiC(100)-c(4 X 2) surfaces, respectively.
In both cases, the surface Brillouin zone was sampled using
eight special k points. For the Si-rich SiC(100)-3 X2 case,
two additional layers of Si atoms are added on top of the last
full Si ML [see Fig. 1(a)] with two and four Si atoms per
3 X2 unit cell in the first and second layers, respectively.

In order to analyze the relative stability of surface struc-
tures with different number of hydrogen atoms, we use the
grand-canonical potential and calculate the adsorption energy
E, as a function of the hydrogen chemical potential uy
(Refs. 31, 33, and 47)

Ea(,U«H) = E[H/SiC(100)] - Esurr — Nubus (1)

where Ny is the number of hydrogen atoms in the surface
unit cell, E[H/SiC(100)] is the total energy for the hydro-
genated surface under consideration, and Egygyr is the energy
of the corresponding SiC(100)-3 X2 or SiC(100)-4 X 2 clean
surface. Due to the small mass of the hydrogen atoms, the
zero-point energy associated with Si-H vibrations is also in-
cluded in E[H/SiC(100)] by adding 0.21 €V per hydrogen
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atom.*” It is also useful to define an adsorption energy ES,
taking as reference the energy of the H, molecule

Eg = E[H/SiC(100)] - Esygr— %E[Hz], (2)

where E[H,] is the energy of the H, molecule (also including
zero-point energy). In our LDA GGA PW calculations
E[H,]=-30.88(-31.74)+0.27=-30.61(-31.47) eV  (0.27
eV is the zero-point energy for H, molecule*’). A negative
value for E indicates that H adsorption is favored over the
H, gas phase. Equation (2) is a particular case of Eq. (1), that
corresponds to taking the reference value ud= %E[Hz] for the
hydrogen chemical potential. Notice that w; corresponds to
the upper limit of the hydrogen chemical potential for a sur-
face interacting with an atmosphere of H, molecules. Unless
otherwise indicated, the results presented below correspond
to the PW LDA calculations.

II1. RESULTS AND DISCUSSION
A. Hydrogenation of the Si-rich SiC(100) surface

In the SiC(100)-3 X 2 surface there are three Si layers on
top of the last C layer, with a total coverage of two Si ML,
see Fig. 1(a). The upper layer consists of asymmetric Si
dimers (1/3 Si ML) that are bonded on top of a second layer
of Si dimers (2/3 ML). The third layer is a full ML of Si
atoms that also contains Si dimers in order to fully passivate
the surface.?>2°

In this work we label the different H/SiC(100)-3 X 2 sur-
face structures as X(I,m,n), where [,m,n are the number of
H atoms bonded to Si atoms in the first, second, and third
layers, respectively; a letter X=M, D, T or B is included to
further discriminate between similar H/SiC(100)-3 X2 sur-
face structures; T indicates that the structure presents one or
more Si atoms bonded to three hydrogen atoms (i.e., a SiH;
group or trihydride Si atom); D is used for structures with
one or more SiH, groups (a Si atom bonded to two hydrogen
atoms or dihydride Si atom), and no SiH; groups; M corre-
sponds to structures with only monohydride Si atoms (SiH);
finally, B is used to indicate that there are H atoms in bridge
positions.

In the SiC(100)-3 X2 surface there are two dangling
bonds per 3 X 2 unit cell, that are located on the Si dimers of
the top layer. On the clean surface the dimer is asymmetric,
the dangling bond of the upper Si atom being fully occupied
while the dangling bond of the lower Si atom is empty, thus
the surface is semiconducting. When hydrogen atoms are
deposited on this surface, they first bond to these dangling
bonds, forming strong Si-H bonds. When all dangling bonds
are saturated, we obtain structure M(2,0,0), see Figs. 1(b)
and 1(c). The calculated adsorption energy for the M(2,0,0)
structure, using Eq. (2), is E2=—1.97 eV, showing the strong
tendency of hydrogen atoms to saturate the semiconductor
dangling bonds. As shown in Fig. 1(b), the Si dimers become
symmetric upon adsorption of hydrogen atoms.

While there is general agreement that the first hydrogen
atoms attach to the Si atoms of the first layer, saturating the
dangling bonds with one hydrogen atom per Si atom (i.e., in
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a monohydride configuration), the interesting question is
how subsequent hydrogen atoms react with this already well-
passivated surface. Now, hydrogen atoms have basically two
possibilities: either break a Si-Si bond or to attach to the
surface in “bridge” positions, without breaking Si-Si bonds
(in this work we have not considered the rupture of Si-C
bonds). In agreement with other calculations®!*3 we find that
energetically is clearly more favorable to break Si-Si bonds
and replace them by Si-H bonds. In the SiC(100)-3 X 2 sur-
face, starting from the M(2,0,0) structure, hydrogen atoms
may replace different Si-Si bonds by Si-H bonds, such as the
first-layer dimer bond, the bond between first- and second-
layer Si atoms, bonds involving third-layer Si atoms, etc. As
can be seen from Table I and Figs. 2 and 4 it is more favor-
able to first break the first-layer dimer bond and/or Si-Si
bonds between first- and second-layer Si atoms; the rupture
of Si-Si bonds involving third-layer Si atoms does not result
in stable structures until a coverage of ten hydrogen atoms
per 3 X 2 unit cell (see Fig. 5). Also, it is clear form Table T
that structures involving an odd number of hydrogen atoms
(per 3 X2 unit cell), are markedly higher in energy as com-
pared to structures with an even number of hydrogen atoms.
Moreover, all the most stable structures (with an even num-
ber of hydrogen atoms) are insulating; saturation of dangling
bonds by hydrogen atoms plus replacement of Si-Si bonds by
pairs of Si-H bonds yield insulating structures.

Figures 2(a)-2(c) shows the most stable structures we
have obtained for the adsorption of four hydrogen atoms per
3 X2 unit cell. The most stable one (in agreement with pre-
vious calculations®'3?) is the D(400) structure, Fig. 2(a), re-
sulting from the rupture of the first-layer dimer bond with the
formation of two SiH, units per 3 X 2 unit cell in the first Si
layer. Close in energy (~0.1 eV) is structure D(310), that
results from the rupture of a bond between first- and second-
layer Si atoms, see Fig. 2(b). In this structure the first-layer
Si-dimer bond is preserved and one SiH, unit is formed in
the first layer. Figure 2(c) shows the best structure with only
monohydride Si atoms M(2,1,1) (this structure is 0.04 eV
lower than a similar M(2,1,1) structure found previously*3).

Figures 2(d)-2(f) show the most stable structures we
have obtained for the adsorption of six hydrogen atoms per
3 X2 unit cell. These three structures involve the breaking of
two Si-Si bonds: two different bonds between first- and
second-layer Si atoms for structures T(4,2,0), Fig. 2(d),
and D(4,2,0), Fig. 2(f), or the first-layer dimer bond plus a
bond between first- and second-layer Si atoms in structure
T(5,1,0), Fig. 2(e). These three structures present very simi-
lar total energies (see Table I), the most stable one being
T(4,2,0). Notice that structures T(4,2,0) and T(5,1,0) already
contain SiHj3 groups. These structures, as well as the most
stable structures we have found for higher coverages Ny
=6 (see Table I and Figs. 3-5) have not been considered in
previous DFT calculations.>'333 For example, our most
stable structures for Ny=6, 8, and 10 [T(4,2,0), T(6,2,0), and
T(4,5,1)] are 0.44, 0.69, and 1.95 eV, respectively, lower in
energy than the most stable structures found previously for
the same number of hydrogen atoms’! [M(2,2,2), D(4,2,2),
and D(2,4,4)], see Table 1.

It is convenient at this point to consider the adsorption
energy E, as a function of the hydrogen chemical potential,
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TABLE 1. Adsorption energy Eg, Eq. (2), for the most stable structures found in our calculations for the
adsorption of 2—14 hydrogen atoms per 3 X 2 unit cell in the Si-rich 3C-SiC(100)-3 X 2 surface. Also shown
are the values of E2 for other structures such as D(3,0,0), B(2,1,2), M(2,2,2), D(3,2,2), D(4,2,2), D(3,4,2), and
D(2,4,4), that have been previously obtained as lowest-energy structures (Refs. 31 and 33). Ny is the number

of hydrogen atoms.

Ny Structure ES (eV) Ny Structure Eg (eV)
2 M(2,0,0) -1.97 7 D(4,3,0) -1.70
7 D(3,2,2) -0.74
3 B(2,0,1) -1.50
3 B(2,1,0) -1.28 T(6,2,0) -2.54
3 M(2,1,0) -1.26 T(5,3,0) -2.30
3 D(3,0,0) -0.89 D(4,2,2) -1.85
4 D(4,0,0) 212 9 T(5,4,0) ~1.82
4 D(3,1,0) 201 9 D(3.4,2) ~0.04
4 M(2,1,1) 177
4 B(2,0,2) ~0.71 10 T(4,5,1) 262
10 D(4.4,2) -2.54
D(4,1,0) -1.34 10 D(2,4,4) -0.67
B(2,1,2) -1.30
12 T(6,4,2) -2.50
6 T(4,2,0) 231 12 T(5,5,2) -2.39
6 T(5,1,0) -2.27
6 D(4,2,0) -2.26 14 T(5,6,3) -2.66
6 M(2,2,2) ~1.87

Eq. (1), for the most stable structures found in our work, see
Fig. 3. In this figure the origin of the hydrogen chemical
potential is taken at Mgl:%E[Hz], i.e., we plot E,(Auy),
where Aupg=puy— M%.

The plot of the adsorption energy as function of the hy-
drogen chemical potential reveals the stable structures when
changing from hydrogen poor conditions to hydrogen rich
conditions. For the lower values of the hydrogen chemical
potential the most stable structure is the M(2,0,0), as ex-
pected and in agreement with previous findings.3'*3 In our
calculations the M(2,0,0) structure is the most stable in the
range —0.99 <Apuuy<-0.095 eV (for Auy<-0.99 eV the
clean surface is more stable). As uyy increases, we find that
the following stable structure is not D(4,0,0) (Refs. 31 and
33) but the T(6,2,0) structure, that contains eight hydrogen
atoms in the 3 X 2 unit cell. The transition between M(2,0,0)
and T(6,2,0) occurs at Auy=-0.095 eV. The T(6,2,0) struc-
ture is the most stable in the range —0.095<Auy<
—0.04 eV; then, for a narrow range of chemical potential,
-0.04<Aup<-0.01 eV, the most stable is a structure with
ten hydrogen atoms, T(4,5,1). This structure involves break-
ing and rebonding of Si-Si bonds, see below. Finally, for
Apy>-0.01 eV the most stable is the T(5,6,3) structure that
contains 14 hydrogen atoms in the unit cell. Notice that all
these transitions occur within a hydrogen chemical potential
range of ~0.1 eV, below u%j= %E[Hz] As mentioned above,
,u% corresponds to the upper limit of the hydrogen chemical
potential for a surface interacting with an atmosphere of H,
molecules. The inset of Fig. 3 shows the GGA result for the

M(2,0,0), D(4,0,0), and T(6,2,0) structures close to their
crossing points.

The T(6,2,0) structure is shown in Fig. 4(a). In this struc-
ture all the Si atoms of the first layer are bonded to three
hydrogen atoms, forming SiH; units. There are two SiHj
units in the 3 X2 unit cell; each of these SiH; groups is
bonded to one Si atom of the second layer and the other two
Si atoms of the second layer are saturated by a single hydro-
gen atom. The Si atoms of the second layer form two other
bonds with third-layer Si atoms and a dimer bond with an-
other second-layer Si atom.

Figure 4(b) shows the second most stable structure we
have found for eight hydrogen atoms, T(5,3,0). In this struc-
ture a Si,Hs group is bonded to a second-layer Si atom and
the three other Si atoms of the second layer are saturated
with one hydrogen atom. Notice that this structure presents
eight different degenerate structures since there are four pos-
sible adsorption sites in the 3 X2 unit cell for the Si,Hj
group and two different arrangements for the Si dimers of the
second layer. Similarly, the T(6,2,0) structure also presents
several degenerate structures associated with the different ar-
rangements of the SiH; and SiH groups and the dimer bonds
of the second layer. There is also a second group of quaside-
generate T(6,2,0) structures with total energy only 0.01 eV
higher than the structure shown in Fig. 4(a); in these T(6,2,0)
structures the SiH; groups are on the same row along the X3
direction. Notice that all this degeneracy may easily induce
structural disorder along the X2 direction. This disorder
along the X2 direction is related to the rupture of Si-Si
bonds between first- and second-layer Si atoms. The struc-
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(f) D(4,2,0)

FIG. 2. Most stable atomic models for the adsorption of four
[(a)-(c)] and six [(d)—(f)] hydrogen atoms in a SiC(100)-3 X 2 sur-
face, see Table 1.

tures shown in Fig. 4 could be a starting point for desorption
of SiH, or Si,Hg molecules from the surface since they
present SiH; or Si,Hs groups bonded to the surface by a
single Si-Si bond. This will be discussed below.

Figure 5 show the most stable structures of Fig. 3, except-
ing the monohydride M(2,0,0) shown in Fig. 1. Figure 5(a)
is the T(6,2,0), also shown in Fig. 4(a) discussed above.
Figure 5(b) shows structure T(4,5,1), which in our calcula-
tions is the most stable structure in the range —0.04 <Apuy
<-0.01 eV. In this structure one Si atom of the first layer
has broken its two original bonds with second-layer Si at-
oms, and has formed a new bond with a different second-
layer Si atom. At this hydrogen coverage hydrogen atoms
begin also to break Si-Si bonds between second- and third-
layer Si atoms. Figure 5(c) shows a structure with 14 hydro-
gen atoms, T(5,6,3), which is the most stable in Fig. 3 for
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.77 T(5,6,3)
400 0070 -0.068 -0.065 (€V)
-0.20 -0.15 -0.10 -0.05 0.00 (ev) 0.5

FIG. 3. Adsorption energy E,, Eq. (1), as a function of the
hydrogen chemical potential wyy for the most stable H/SiC(100)-3
X2 structures found in our work. wy is measured with respect to
,ugzéE[Hz], ie., Apy=py—u;. The inset shows the GGA results
close to the crossing point between M(2,0,0) and T(6,2,0)
structures.

Ap>-0.01 eV. This structure presents two Si,Hs groups
per 3 X2 unit cell and also would present structural disorder
along the X2 direction due to existence of several degenerate
structures, similar to the T(6,2,0) case discussed above [a
similar structural disorder may be found in structures of the
type of T(4,5,1), Fig. 5(b)]. Moreover, the rupture of Si-Si
bonds between second- and third-layer Si atoms in Figs. 5(b)
and 5(c) facilitates the appearance of structural disorder also
along the X3 direction, for example, in Fig. 5(c) the Si
dimers in the third layer can appear at both sides of the Si,Hs
group, with the corresponding rearrangement of the Si-H
bonds in the third layer.

We discuss now the experimental evidence in comparison
with our theoretical results. As mentioned above, the hydro-
genated 3C-SiC(100)-3 X 2 surface has been prepared by ex-
posing a clean 3 X2 surface to atomic hydrogen dissociated
by a hot tungsten filament. This results in an atmosphere of
H, molecules with a ~5% of atomic H.*? If the surface is
at room temperature during hydrogen adsorption,”” a 3 X 1

FIG. 4. Most stable atomic models for the adsorption of eight
hydrogen atoms in a SiC(100)-3 X 2 surface
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() T(5,6,3)

FIG. 5. Most stable atomic models for the adsorption of 8, 10,
and 14 hydrogen atoms in a SiC(100)-3 X 2 surface. These are the
stable structures as the hydrogen chemical potential is increased,
after the monohydride M(2,0,0) surface shown in Figs. 1(b) and
1(c).

low-energy electron diffraction (LEED) pattern is observed
for exposures of the order of 400-500 L (L=Langmuir).
Photoemission experiments for this H/SiC(100)-3 X 1 sur-
face show a hydrogen-induced surface resonance at
~4.6-4.9 eV below the valence-band maximum (VBM).?’
At higher hydrogen exposures the 3 X1 order is destroyed
and a 1 X 1 pattern is observed. On the other hand, if hydro-
gen exposures are performed at a temperature of
300 °C,'82%32 metallization of the surface is observed for H,
exposures of ~20 L.'8

Based on our calculations, the appearance of a 3 X 1 sym-
metry can be explained as due to the formation of the
T(6,2,0) surface, Fig. 4(a). This is the first stable structure
that appears after saturation of the Si dangling bonds of the
first layer (Fig. 3); as mentioned above, the different degen-
erate and quasidegenerate structures for this T(6,2,0) surface
easily induce structural disorder in the “X2” direction, yield-
ing the observed 3 X 1 LEED pattern. The calculated density
of states (DOS) for this surface also supports this interpreta-
tion. As shown in Fig. 6, the DOS for this surface presents a
strong hydrogen-induced resonance ~5 eV below the VBM,
in good agreement with experiment.?’ At higher hydrogen
exposures, our results suggest that structures such as the
T(4,5,1) and T(5,6,3) should appear. In this type of structures
the rupture of Si-Si bonds between second- and third-layer Si
atoms results in structural disorder along the X3 direction,
yielding the observed 1 X 1 LEED pattern. Thus, we find that
in the SiC(100)-3 X2 surface structural disorder along the
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=== M(2,0,0)
—T(6,2,0)

Density of states (arbitrary units)

Energy (eV)

FIG. 6. Density of states for the M(2,0,0) and T(6,2,0) structures
in the hydrogen atoms and three upper Si layers, calculated with the
FIREBALL code.

X2 direction is due to the rupture of Si-Si bonds between
first- and second-layer Si atoms while structural disorder
along the X3 direction is related to the rupture of Si-Si
bonds between second- and third-layer Si atoms.

B. Hydrogen-induced metallization of SiC(100)-3X2

We discuss now the observed metallization. Initially, the
metallization of the SiC(100)-3 X 2 upon interaction with hy-
drogen was explained in terms of a structural model with
four hydrogen atoms per 3 X2 unit cell, two saturating the
dangling bonds of the first-layer dimer and the other two
bonded to third-layer Si atoms, breaking the third-layer
dimer bond, and leaving two Si dangling bonds in the third
layer'® [i.e., a M(2,0,2) model in our notation]. This struc-
tural model was inspired by infrared absorption spectroscopy
(IRAS) experiments for the metallized surface that show two
bands at 2118 and 2140 cm™! (these bands are only observed
in the p-polarized experiments, as corresponds to a metallic
surface). The first one was assigned to Si-H bonds at the Si
first layer while the second was assigned to Si-H bonds with
the Si atom directly bonded to a C atom (i.e., third-layer Si
atoms). This proposal was followed by several DFT
calculations®3-3° that showed that this structure is not stable;
instead, an alternative model was proposed in which the H
atoms on the third layer occupy bridge positions on top of
the third-layer Si dimer,>*’ [i.e., a B(2,0,2) model in our
notation]; some of these calculations, however, already noted
that for this coverage the D(4,0,0) model was clearly more
stable than the B(2,0,2) (Refs. 33 and 34) (see also Table I).
Recently, an alternative explanation has been proposed based
in DFT calculations of ~50 surface structures with 2—14
hydrogen atoms per 3 X2 unit cell.>' In these calculations,
the structure D(4,0,0) is the most stable structure for a range
of hydrogen chemical potential between the M(2,0,0) struc-
ture up to hydrogen concentrations where etching starts. The
metallic behavior of the surface is explained in terms of
band-bending effects before and after hydrogenation due to
surface dangling bonds and the spontaneous polarization of
SiC, respectively.?!
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FIG. 7. Adsorption energy E,, Eq. (1), as a function of the
hydrogen chemical potential Auy close to the transition between
the M(2,0,0) and T(6,2,0) structures. Notice the different energy
scales as compared with Fig. 3.

In our calculations we find that all the most stable struc-
tures as a function of the hydrogen chemical potential
[M(2,0,0), T(6,2,0), T(4,5,1), and T(5,6,3)] are insulating,
and therefore the observed metallization cannot be explained
in terms of stable structures at 7=0 K. This result suggests
that this hydrogen-induced metallization should be related to
dynamical effects. In particular, when the SiC(100)-3 X2
surface is interacting with an atmosphere of atomic hydrogen
at a temperature of 7=300 C, there is a high probability*
that an incoming hydrogen atom reacts with an already ad-
sorbed hydrogen atom to form a H, molecule that desorbs
from the surface, leaving behind a Si dangling bond. The
dynamical equilibrium between this abstraction of H atoms
and the adsorption of H atoms determines the structure of the
surface at the different experimental conditions. For ex-
ample, this abstraction of H atoms is the reason why H atoms
do not saturate all the Si dangling bonds at the Si(100)-2
X 1 phase at T=400 °C.®

The experimental evidence suggests that the observed
metallization occurs close to the transition between the
M(2,0,0) and T(6,2,0) structures. For example, the IRAS
spectrum for the metallic surface'® shows a prominent peak
associated with H atoms adsorbed on the top dimers and an
extra small peak at 2140 cm~'. Figure 7 shows an expanded
image of Fig. 3 close to the transition between the M(2,0,0)
and T(6,2,0) structures; in this figure we have included also
other structures from Table I not shown in Fig. 3 for clarity.
In order to transit from the M(2,0,0) to the T(6,2,0) structure,
six extra hydrogen atoms per 3 X2 unit cell must be ad-
sorbed in the surface. Incoming hydrogen atoms have to start
breaking Si-Si bonds: two hydrogen atoms are required to
saturate the two Si dangling bonds that result from the rup-
ture of a Si-Si bond. As shown in Fig. 7, close to the transi-
tion point between the M(2,0,0) and T(6,2,0) structures there
are four competing lowest-energy structures whose adsorp-
tion energies E, differ by only ~0.05 eV per 3 X2 unit cell,
the number of hydrogen atoms in these structures oscillating
between 2 and 8 per 3 X2 unit cell. Thus, a possible expla-
nation for the observed metallization is that at 7=300 °C the
surface, in the presence of an atmosphere of atomic hydro-
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gen, is locally fluctuating between these structures by means
of the dynamical adsorption/desorption of hydrogen and
rupture/formation of Si-Si bonds. These processes involve
the dynamical formation of Si dangling bonds, explaining the
observed metallization. As more hydrogen atoms are ad-
sorbed on the surface and the transit to the T(6,2,0) structure
is completed the surface becomes again insulating, in agree-
ment with experiment.*’ In this case, the 2140 cm™' peak
observed in IRAS (Ref. 18) would be explained as resulting
from the Si-H bonds present in SiH; groups, for example, in
the Si(100) surface, peaks observed in IRAS in the range
2130 cm™'-2150 cm™' are associated with trihydride SiHj
units.’*3! The isotopic effect observed in the deuterium-
induced metallization of SiC(100)-3 X2 (Ref. 30) can also
be explained in this scenario as resulting from the lower
mobility of the deuterium atoms as compared to hydrogen
atoms, and, e.g., the lower rate of desorbing D, (instead of
H,) molecules from the surface at the same temperature.

C. Desorption of SiH, molecules from the Si-rich SiC(100)
surface

We briefly examine here the desorption of SiH, and Si,Hg
molecules from the hydrogenated SiC(100)-3 X2 surface.
Notice in Figs. 4 and 5 already the presence of SiH; and
Si,Hs groups that are bonded to the surface by one Si-Si
bond. This suggest that further hydrogen atoms could replace
this Si-Si bonds by two Si-H bonds, resulting in the desorp-
tion of SiH, and Si,Hg molecules from the surface. In order
to gain some insight into this process we examine here the
energetics of it as a function of the hydrogen chemical po-
tential. For this purpose, we have analyzed diverse hydro-
genated SiC(100)-3 X 2 surface structures in which a number
Np of SiH, molecules are removed from the surface and
calculate the following energy:

ED = E[H/SIC] + NDE[SIH4] - ESURF[3 X 2] - NH/.LH,
3)

where E[H/SiC] is the energy of the remaining hydrogen-
ated surface, E[SiH,] is the energy of a SiH, molecule (in-
cluding zero-point energy of the Si-H bonds*’), E[3 X 2] is
the energy of the clean SiC(100)-3 X 2 surface, and Ny is the
number of hydrogen atoms on the surface and on the SiH,
molecules. We have considered Np, values from 1 to 6. The
most sable cases we have found for each value of Nj are
shown in Figs. 8(a)-8(f). Structures Figs. 8(a)-8(c) present
SiH; and SiH groups and structures (d)—(f) contain SiH, and
SiH groups. In the case of structure 8(f), the first two Si
layers have been completely removed and thus it corre-
sponds to a Si coverage #=1, with both monohydride and
dihydride Si atoms, forming a 3 X 1 reconstruction similar to
the Si(100)-3 X 1 surface.*’ Also shown in this figure are the
monohydride surface for #=1 [Figs. 8(g) and 8(h)] and the
monohydride and dihydride surfaces for Si coverage 6=1.5
(Refs. 25 and 52) [Figs. 8(i) and 8(j)]. These last three struc-
tures have been calculated in a 4 X 2 surface unit cell.

The relative stability of these structures is explored in Fig.
9, where we plot Ej, Eq. (3), as a function of the hydrogen
chemical potential; in this figure we have used as reference
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FIG. 8. [(a)—(f)] The most stable hydrogenated SiC(100)-3 X 2
surfaces for one to six SiH, molecules desorbed from the surface.
[(g) and (h)] #=1 monohydride H/SiC(100)-2 X 1 surface; (h) top
view. (i) monohydride and (j) dihydride structures for a Si coverage
of #=1.5. Figures 8(i) and 8(j) are rotated 90° as compared to Figs.
8(a)-8(g).

the SiC(100)-3 X2 surface hydrogenated with 14 hydrogen
atoms, structure T(5,6,3), which is the most stable structure
in Fig. 3 for Auy>-0.01 eV; the energies corresponding to
structures (g)—(j) that have been calculated in a 4 X2 unit

3.00
ev)
2.00

-2.00 T(6,2,0)

f
-4.00 N
010 -005 000 005 010 015 020 025 (eV)

FIG. 9. Energy Ep, see Eq. (3), as a function of the hydrogen
chemical potential for the hydrogenated SiC(100) surfaces shown in
Fig. 8.
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cell are rescaled to correspond to a 3 X2 unit cell. This figure
shows that desorption of SiH, molecules is not energetically
favored until positive values of Auy, i.e., puy> ,u,%. This re-
sult is in agreement with the experimental observation that a
good quality 3C-SiC(100)-3 X2 clean surface is recovered
from both the 3 X 1 and 1 X 1 hydrogenated surfaces by hy-
drogen desorption at 900—1000 °C.?’

D. Hydrogenation of the Si-poor SiC(100) surface

In Fig. 9 the lowest-energy structures for increasing val-
ues of uyy are the structures shown in Figs. 8(g) and 8(f). In
these two structures the Si coverage above the last C layer is
0=1; Fig. 8(f) presents a 3 X 1 symmetry and Fig. 8(g) a 2
X 1. An analysis of the adsorption energy E, as a function of
the hydrogen chemical potential (similar to that shown in
Fig. 3) for the #=1 SiC(100) surface shows that the mono-
hydride 2 X 1 surface, Fig. 8(g) is the most stable for a wide
range of hydrogen chemical potentials, from Apuy=
—1.23 eV upto Auy=+0.21 eV. In this surface the Si atoms
of the upper layer form strong dimer bonds, with a Si-Si
distance of d=2.36 A, and hydrogen atoms saturate the re-
maining dangling bonds (one per Si atom on the surface).
Below Auy=-1.37 eV the clean =1 SiC(100) surface is
the most stable while the range —1.37<Auy<-1.23 eV
corresponds to lower hydrogen coverages (i.e., one to seven
hydrogen atoms in a 4 X2 unit cell, see Table II), with hy-
drogen atoms attached to Si dangling bonds. Above Auy=
+0.21 eV the 3 X1 reconstruction, Fig. 8(f) is the most
stable case.

We have also considered the hydrogenation of the 3C-
SiC(100) surface with Si coverage 6=1.5. Figure 8(i) shows
the monohydride case and Fig. 8(j) the dihydride surface;
these 6=1.5 surfaces present ¢(4X2) and 2X 1 symmetry,
respectively. Our calculations yield adsorption energies, E2
=—4.9 eV and -3.4 eV per 4 X2 unit cell, for the monohy-
dride and dihydride #=1.5 surfaces, respectively. The mono-
hydride c¢(4 X 2) surface is the stable §=1.5 structure in the
hydrogen chemical potential range —1.22<Auy<
+0.38 eV; below Auy=-1.22 eV the clean #=1.5 surface is
the stable structure while the dihydride 2 X 1 surface would
be the stable #=1.5 structure for uy>+0.38 eV, i.e., above
the upper limit for uy [notice that the 3C-SiC(100)c(4 X 2)
surface can be hydrogenated in an atmosphere of H, mol-
ecules, without the presence of atomic hydrogen*’].

Two main structural models have been discussed regard-
ing the 3C-SiC(100)c(4 X 2) atomic structure, with two dif-
ferent Si coverages € above the last C layer. In the alterna-
tively up and down (AUDD) model,”* the surface is
terminated by a Si monolayer (6=1), the Si atoms forming
alternatively up and down symmetric dimers while the miss-
ing row antisymmetric dimer (MRAD) model?® consists of
asymmetric Si dimers on top of a full Si ML (6=1.5). Al-
though the experimental evidence seems to favor the AUDD
model over the MRAD,'2 DFT calculations show the AUDD
structure is not stable without artificially introducing a sig-
nificant strain in the calculations.'32>53-34 Also, DFT calcu-
lations of the formation energy of these surfaces concluded
that the MRAD structure has a lower formation energy than
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TABLE II. Adsorption energies Eg, Eq. (2), for one to eight hydrogen atoms per 4 X 2 unit cell adsorbed
on the Si-poor =1 3C-SiC(100) surface (Ref. 23). The different structures are indicated by the position of
the hydrogen atoms as shown in Fig. 8(h). Ny is the number of hydrogen atoms per 4 X 2 unit cell.

Ny Structure Eg (eV) Ny Structure Eg (eV)
1 (1) -1.37 3 (1,5,4) -4.09
2 (1,2) -2.40 3 (1,5,6) -3.71
2 (1,3) -2.47 3 (1,5,7) =3.77
2 (1,4) -2.72 4 (1,4,5,8) -5.45
2 (1,5) -2.74 5 (1,3,4,5,8) -6.51
2 (1,6) -2.49 6 (1,2,3,4,5,8) -7.85
2 (1,7) -2.51 6 (1,2,4,5,6,8) -7.62
2 (1,8) -2.69 6 (1,3,4,5,6,8) -7.58
3 (1,5,2) -3.71 7 (1,2,3,4,5,6,8) -8.97
3 (1,5,3) =3.77 8 (1,2,3,4,5,6,7,3) -10.36

the AUDD for all allowed values of the Si chemical
potential.'> Recently, the atomic structures of 3C-SiC(100)
for these two Si coverages have been analyzed using DFT
molecular-dynamics and PW methods, obtaining new lower-
energy structures.”? In the case of the #=1 surface, the
lowest-energy structures, without introducing strain in the
calculations, are a 4 X 1 and 4 X 2 reconstructions.?> These
surfaces are 60 meV per 1 X 1 unit cell lower in energy than
the ideal 1 X 1 surface; for comparison, the 2 X 1 reconstruc-
tion is only a few meV lower in energy than the
1 X 1,25533556 and the AUDD is slightly above the 2 X 1.13 In
the case of #=1.5 a atomic structure with 4 X2 symmetry
was found to present a total energy slightly below the c(4
X 2)-MRAD structure.??

The hydrogenation of the 3C-SiC(100)-c(4X2) surface
has been studied experimentally.*?>4%#! Upon hydrogenation,
the surface symmetry changes to 2 X 1; desorption of hydro-
gen at elevated temperatures restores the original ¢(4 X 2)
surface.**#! Photoemission experiments shows a hydrogen-
induced resonance at ~2.4 eV below the VBM.*! These ex-
perimental results can be easily explained assuming a Si cov-
erage of #=1; in this case hydrogenation results in the
monohydride 6=1 surface shown in Fig. 8(g). This structure
presents a 2 X 1 translational symmetry and our results show
it is the stable hydrogenated #=1 structure for a wide range
of hydrogen chemical potentials, up to Auy=+0.21 eV.
Moreover, previous calculations>? have shown that this struc-
ture presents a prominent hydrogen-induced peak in the DOS
at ~2.6 eV below the VBM, in good agreement with the
hydrogen-induced resonance observed in photoemission
experiments.41 On the other hand, an explanation of the 2
X1 symmetry in terms of a Si coverage of 6=1.5 would
imply the formation of the dihydride #=1.5 surface shown in
Fig. 8(j), breaking the Si dimers of the top layer. Our calcu-
lations show that this structure is not stable (with respect to
monohydride #=1.5 surface) until very high values of the
hydrogen chemical potential, Auy>+0.38 eV. Also, this
structure does not explain®? the hydrogen-induced resonance
observed in photoemission experiments.

Finally, we have also analyzed the initial adsorption of
hydrogen atoms on the §=1 SiC(100) surface,?® by consid-

ering the adsorption of one to eight hydrogen atoms per 4
X2 unit cell [the case of eight hydrogen atoms corresponds
to the 2 X 1 case of Fig. 8(g)]. Table II shows the adsorption
energies Eg, Eq. (2), we have obtained for the different cases,
and Fig. 8(h) shows the different adsorption sites (1-8) for
the hydrogen atoms in the 4 X2 unit cell. We find that ini-
tially (e.g., Ny=2,3) the lowest energy corresponds to hy-
drogen atoms adsorbed in neighboring Si dimers, with the
adsorption of two hydrogen atoms in the same dimer being
the least favorable case. The lowest adsorption energy Eg for
each value of Ny decreases almost linearly with the number
of hydrogen atoms up to the saturation of all the Si dangling
bonds for Ny=8. In particular, from Ny=1 to 4 it changes by
~—1.37 eV per hydrogen atom adsorbed on the surface. For
the Ny=28 case, i.e., the monohydride 2 X 1 surface, Fig.
8(g), the adsorption energy E° per H atom, EY/Ny, is
—1.295 eV; this value can be compared with the monohy-
dride #=1.5 [Fig. 8(i)] and #=2 [Fig. 1(b)] cases: in these
three cases hydrogen atoms saturate the dangling bonds of Si
dimers on the surface. We obtain E/Ny=-1.225 eV (8
=1.5) and E/Ny=-0.985 eV (#=2), i.e., the bond energy
of the hydrogen atoms on the Si dimers is reduced as the Si
coverage increases.

IV. CONCLUSIONS

In conclusion, we have analyzed the hydrogenation
of the Si-terminated surfaces, 3C-SiC(100)-3X2 and
3C-SiC(100)-c(4 X 2) using a combination of DFT tech-
niques. For the Si-rich 3C-SiC(100)-3 X 2 case, the hydrogen
atoms initially attach to the semiconductor dangling bonds in
the first Si layer. After dangling-bond saturation, hydrogen
atoms break Si-Si bonds between Si atoms of the first and
second layer, replacing them by Si-H bonds, up to a hydro-
gen adsorption of eight hydrogen atoms per 3 X2 unit cell.
This results in the stable structure T(6,2,0) of Figs. 4(a) and
5(a). In this structure the Si atoms of the first layer are
bonded to three hydrogen atoms, forming SiH; groups; also,
the structural disorder of this structure along the X2 direc-
tion, which is associated with the rupture of Si-Si bonds
between Si atoms of the first and second layers, explains the

075307-9



TRABADA, FLORES, AND ORTEGA

observed 3X1 phase.?’” At higher hydrogen adsorptions
structures of the type of T(4,5,1) and T(5,6,3), Figs. 5(b) and
5(c) appear. In these structures, the rupture of Si-Si bonds
between second- and third-layer Si atoms results in structural
disorder along the X3 direction, yielding the observed 1
X 1 phase.?’ The analysis of the adsorption energy as a func-
tion of the hydrogen chemical potential, Eq. (1), shows that
the stable structures from hydrogen-poor to hydrogen-rich
conditions appear in the following order: clean 3 X2
surface —M(2,0,0) —T(6,2,0) —T(4,5,1) —T(5,6,3),

see Figs. 1 and 5. All these structures are semiconducting/
insulating. After our exhaustive consideration of possible ad-
sorption geometries, we conclude that the observed metalli-
zation cannot be explained by exploring static structures. For
the values of the hydrogen chemical potential where the tran-
sition between the M(2,0,0) and T(6,2,0) structures takes
place, i.e., when hydrogen atoms start to replace Si-Si bonds
by Si-H bonds, we find that the four lowest-energy structures
present values of the adsorption energy E, that differ by only
~0.05 eV per 3 X2 unit cell. The number of hydrogen at-
oms in these structures oscillates between two and eight per
3 X2 unit cell. The observed hydrogen-induced metallization
is explained as being due to a dynamical equilibrium be-
tween adsorption and abstraction of hydrogen atoms, close to
the transition between the M(2,0,0) and T(6,2,0) structures,
when the surface is exposed to an atmosphere of atomic hy-
drogen at a temperature of ~300 °C. We also find in our
calculations that desorption of SiH, molecules from this sur-
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face is not energetically favorable until values of the hydro-
gen chemical potential gy > %E[Hz].

Regarding the hydrogenation of the Si-poor
3C-SiC(100)-c(4 X 2) surface, we have considered the two
proposed Si coverages 6 for this surface, namely, #=1 and
6=1.5. Experimentally, hydrogenation of this surface yields
a 2X1 symmetry. For 6#=1 the monohydride
H/SiC(100)-2 X 1 surface of Figs. 8(g) and 8(h) is the most
stable hydrogenated surface for a wide range of hydrogen
chemical potentials —1.23<(,LLH—%E[H2]) <+0.21 eV, up
to values of uy above % the energy of the H, molecule. For
0=1.5, a 2X 1 surface can be obtained for the dihydride
case, see Fig. 8(j). Our calculations show that this structure is
only stable [as compared with the #=1.5 monohydride case
of Fig. 8(i), that presents a c(4X?2) symmetry] for (uy
—%E[Hz]) >+0.38 eV. By comparing with the experimental
evidence we conclude that the hydrogenated Si-poor
H/SiC(100)-2 X 1 surface corresponds to a coverage of one
Si monolayer above the last C layer, =1.
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