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Dihydride dimer structures on the Si(100):H surface studied by low-temperature scanning

tunneling microscopy
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Surface reconstructions on the hydrogenated Si(100):H surface are observed and investigated by using a
low-temperature (5 K) scanning tunneling microscope (STM). In addition to the well established 2 X 1 and
3 X1 phases, linear structures extending over one to six silicon dimers along the same dimer row are observed.
After a careful analysis of the corresponding STM topographies for both n-type and p-type doped silicon
substrates, we conclude that these structures are dihydride dimers. This assignment is supported by ab initio
density-functional calculations of the local density of states of dihydride structures of one or two dimers long.
Furthermore, the calculation of the free-energy formation of our observed structure shows that their creation is
closely linked with the hydrogenation process. These results demonstrate that the previous assignments of
“split dimer” and “bow-tie” structures to dihydride dimers and dopant pairs, respectively, need to be

reconsidered.
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I. INTRODUCTION

The chemistry of hydrogen on the silicon (100) surface
plays an important role for passivating silicon surfaces in
microelectronic processing.'** In the context of molecular
electronics, hydrogenated silicon surfaces are also used for
atomic-scale patterning of reactive sites>® or conducting
lines.””'? As a result, the atomic structures of hydrogenated
Si(100) surfaces have attracted much attention over the past
few years.!3!5 The adsorption of hydrogen atoms on the
Si(100) surface can lead to different surface reconstructions,
depending on the surface temperature during the hydrogen
adsorption-desorption cycles.'®!” At a surface temperature of
650 K, a monolayer of adsorbed hydrogen produces mainly a
2 X1 reconstruction [Fig. 1(a)]. A higher coverage of 1.33
monolayers can be obtained at a surface temperature of 400
K, corresponding to a 3 X 1 reconstruction [Fig. 1(b)]. At
room temperature (300 K), it is possible to obtain a 1X 1
reconstruction'-2! with a hydrogen coverage of two mono-
layers.

Among these reconstructions, Qin and Norton?? showed
that the phase transition between 2 X 1 and 3 X 1 domains at
400 K can be strongly influenced by H, adsorption, leading
to the formation of small 1 X 1 (dihydride) areas. Other sili-
con hydride structures called “split dimers” have been
observed®® on hydrogenated silicon surface prepared above
600 K. These split-dimer structures have been assigned to
dihydride dimers,? although it is generally considered that
dihydride structures are not stable at 600 K. Recently, Suwa
et al.®* observed different surface structures, called “bow-tie”
structures, on the H-terminated Si(100)-2X 1 surface at 80
K, which they have assigned to dopant pairs segregated from
the bulk material. These one-dimer length bow-tie structures
have been observed to coexist with split-dimer structures.?*

In this paper we investigate thoroughly the various recon-
structions of the hydrogenated Si(100) surface by using a
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low-temperature (5 K) scanning tunneling microscope (LT-
STM) and a room-temperature STM. In addition to the 2
X1 and 3 X 1 phases coexisting with the previously bow-tie
and split-dimer structures, we found structures that extend up
to six silicon dimers along the same dimer row. Some of
these structures having the size of a single silicon dimer are
identical to those observed by Suwa et al.?* After a careful
analysis of the STM topographies and the length distribution
of these structures for both n-type and p-type doped Si(100),
we reassign the bow-tie structures to the formation of dihy-
dride dimers, shown schematically in Fig. 1(c), rather than to
the segregation of dopant pairs. Our assignment is supported
by ab initio density-functional theory (DFT) calculations of
the local density of states (LDOS) of these structures as well
as their free energies of formation. In the light of these re-
sults, the previous assignment of the split dimer to dihydride
dimers fails and alternative assignments are discussed.

_________

(b) Si(100) — 3x1:H

ASOCE

(c) Dihydride dimer

FIG. 1. Cross-sectional view of the different reconstructions ob-
served on the Si(100):H surface. (a) Si(100)-2X1:H. (b)
Si(100)-3 X 1:H. (c) Dihydride dimer (1 X 1). The dash rectangles
indicate the unit cell of the two first reconstructions.
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FIG. 2. 170X170 A% STM topographies of a p-doped Si(100)-2X1:H surface at 5 K for (a) filled states (Vg=—2.5 V and
I=110 pA) and (b) empty states (Vg=1.7 V and /=110 pA). The Bt notation stands for the bow-tie structures, Sp for the split-dimer
structures, and D for unknown defects. The white circle indicates the presence of a subsurface dopant.

II. EXPERIMENTS

Experiments are performed using a LT-STM (Createc) un-
der ultrahigh-vacuum (UHV) conditions. Si(100) samples are
As doped (n type), with a resistivity of 5 m{) cm, and B
doped (p type), with a resistivity of 6 m{) cm. After prepar-
ing clean Si(100)-2X 1 surfaces under UHV (base pressure
1.107'% Torr),> hydrogenation of the clean Si(100) surface
is performed, as previously reported,'®?® with the sample
kept at 650 K. After hydrogenation, the sample is cooled
down and transferred to the STM chamber.

III. RESULTS AND DISCUSSION

Figure 2 shows STM topographies of the Si(100):H sur-
face for both negative [Fig. 2(a)] and positive [Fig. 2(b)]
sample biases. As expected from the experimental param-
eters used for the hydrogenation,'®2® the main reconstruction
of the Si(100):H surface is the 2 X 1 reconstruction (see Fig.
2 and Table I). However, the 2 X 1 phase coexists with small
areas of 3 X 1 reconstruction. As seen in Fig. 2, the rows of
3 X 1 unit cells (rectangles) always appear in pairs. This is in
agreement with the phase transition between the 2X 1 and

TABLE I. Proportion of each type of dimer reconstruction ob-
served on the Si(100):H surface.

Sample 2X1 3X1 bow-tie other

n type 66.80.5% 23.0*+0.5% 53*02% 49*0.2%
(As doped)

p type 79.8+03% 93*02% 39*02% 7.0*x0.2%
(B doped)

the 3 X 1 reconstruction, which is known to involve the ad-
sorption of H, molecules, each producing a pair of 3 X 1 unit
cells.?? Other structures can be observed in Fig. 2: bow-tie
structures (Bt) that can extend up to six dimers. One can see
that Bt structures that are made of a single dimer are com-
pletely similar to the structures observed by Suwa et al.?* at
80 K in both empty and filled state STM topographies. A
split dimer (Sp) is also observed in Fig. 2 with a character-
istic empty state STM topography; the dark center part of the
Sp dimer observed at negative sample bias [Fig. 2(a)] ap-
pears as a bright protrusion when the Sp dimer is observed at
positive sample bias [Fig. 2(b)]. This Sp dimer STM topog-
raphy is identical to what has been observed at room
temperature>?7-28 and at 80 K.>* Other features of Fig. 2,
such as defects (D) or subsurface dopant induced features®
(white circle), are not considered in this study.

A careful look at the Bt structures (circles in Fig. 3) when
observed at negative sample bias [Fig. 3(a)] shows structures
that are hardly distinguishable from the 2 X 1 reconstruction,
except for a blurred contour of the corresponding 2 X 1 unit
cells. This blurred contour surrounding the 3X1 and Bt
structures at negative sample bias STM topographies is also
very similar to what has been observed by Suwa et al.?* at 80
K and is routinely observed at 5 K. However, at positive
sample bias [Fig. 3(b)], one can easily see these structures
whose lengths extend up to six silicon dimers along a dimer
row. This observation points out that the Bt structures are
often mixed with the 3 X 1 reconstruction as seen in the cen-
ter of Fig. 3(b). Furthermore, the 3 X 1 reconstruction and the
Bt structures have very similar STM topographies especially
at negative sample bias. The Sp structure observed in Fig. 2
is different from the 3 X 1 and the Bt structures since it does
not show this blurred contour [Fig. 2(b)].
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FIG. 3. STM topographies of the p-type Si(100):H surface (83
x 83 A?) (a) sample bias Vg=—2.5 V and tunnel current /
=110 pA, and (b) sample bias Vg=1.7 V and tunnel current /
=110 pA. Rectangles and circles show, respectively, the 3 X 1 and
the dihydride dimer reconstructions.

As it will be discussed below, we assign the Bt structures
to dihydride dimers rather than to the segregation of dopant
pairs as suggested in Ref. 24. Understanding the previous
assignments referring to dihydride dimers that have been
previously proposed in the literature is a puzzling problem.
Therefore a brief chronological summary is necessary. First,
hydride dimers assigned as “antiphase boundaries composed
of adjacent dihydride units” were observed at room tempera-
ture on the Si(100):H-3X 1 surface prepared at 400 K.*!
Their unoccupied state STM topographies can be described
as long features extending over more than ten silicon dimers.
Second, small rows of dihydride dimers were also observed
at room temperature as a result of the phase transition be-
tween the 2X 1 and 3 X1 reconstructions.””> However the
low resolution unoccupied state STM topographies of this
work does not allow a clear comparison to Bt or Sp struc-
tures. These authors refer to the work of Boland?! to describe
their structures. Finally, isolated structures, called split
dimers (Sp),?>?7-?8 have been assigned to dihydride dimers
since almost 15 years ago, albeit without any real proof of it.
Although this assignment was based on a vague resemblance
with the 3 X 1 unit cells STM topographies, only filled state
STM topographies were considered.”> Based on our observa-

PHYSICAL REVIEW B 78, 165302 (2008)

FIG. 4. 140X 140 A% STM empty state topography of a n-type
Si(100)-2 X 1:H surface acquired at room temperature (Vg=+2 V
and /=200 pA).

tion and model, we believe that these Sp structures have been
incorrectly assigned to dihydride dimers.

One of the main arguments in favor of assigning the Bt
structures to dihydride dimers is the observed mixture of
bow-tie and 3 X 1 structures. This is seen in the central part
of Fig. 3(b) (see arrow) where the structure continuously
evolves from the bow-tie structure (below the arrow) to the
3 X 1 structure (above the arrow). Furthermore, the dark part
of the 3 X1 structure, which is known to be a dihydride
silicon atom, has exactly the same appearance in the STM
topography as each half of the bow-tie structure. This is not
the case for Sp dimers since their empty state STM topogra-
phy [Fig. 2(b)] shows a bright feature centered on its dimer.
Moreover, the Bt structures, whatever their length, have
other similar features with the 3 X 1 reconstruction areas. For
example, the monohydride dimers at each end appear
brighter in the unoccupied state STM topography [Fig. 3(b)].
These observations favor our proposed reassignment of di-
hydride dimer structures [Fig. 1(c)] to the Bt structures.

We emphasize that Sp dimers have been observed at room
temperature,”>>728 at 80 K,>* and in the present work at 5 K.
To verify whether the Bt structures observed at 80 (Ref. 24)
and 5 K (present work) can be observed at 300 K, we have
performed a hydrogenation of the same type of silicon sub-
strate at 650 K and recorded the surface topography with a
room-temperature STM. The result shown in Fig. 4 reveals
that both Bt and Sp structures can be observed together with
3 X1 reconstruction areas. Therefore, the substrate tempera-
ture cannot account for specific observations of the dihydride
structures, and the formation of long Bt structures is ob-
served at both room temperature and 5 K.

To further confirm that Bt structures are dihydride dimers,
we have performed a local desorption of the hydrogen atoms
of a Bt structure observed at 5 K. To perform this manipula-
tion, the STM tip is positioned on top of the Bt structure
(blue circle in Fig. 5), then we applied a surface voltage
pulse at Vg=+2.5 V during 2 s. When reimaging the same
area [Fig. 5(b)], a bright feature formed by two parallel lobes
is observed at the position of the Bt structure. This feature is
similar to the one produced by the same surface voltage
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FIG. 5. STM topographies of a p-type Si(100)-2 X 1:H surface
acquired at 5 K. (a) 53X29 A2, empty states, (Vg=+1.7 V and /
=250 pA). (b) Same as (a) after a surface voltage pulse (on the blue
circle) at Vg=+2.5 V during 2 s. The dotted line indicates the
position of the dehydrogenated dimers. The dotted square indicates
the position of the two dimers Bt structure.

pulse beside the Bt structure on a nearby monohydride dimer
and is characteristic of the empty state STM topography of a
single dehydrogenated dimer.3° The dotted line drawn in Fig.
5 crossing both dehydrogenated dimers indicates at which
position inside the Bt structure the desorption has occurred.
This result confirms the hydrogenated nature of Bt structures
and further proves that they cannot be assigned as dopant
pair segregation.?* Indeed, if a two-dimer-long Bt structure
was made of hydrogenated phosphorous dimers similar to
what is described by Suwa et al., a single dehydrogenated
phosphorous dimer would not be identical to the dehydroge-
nated silicon dimer observed in Fig. 5(b). This is because the
formed phosphorous dimer would have no dangling bond.

Table I presents the proportion of each type of reconstruc-
tion (2 X 1, 3 X 1, and Bt) on the Si(100):H surface for n-type
(As-doped) and p-type (B-doped) samples at 5 K. Surpris-
ingly, Sp dimers are very rarely observed (<1%) on the
surface and always are on a single dimer compared to the
other structures. Within experimental uncertainties, both
types of samples show almost similar proportions of bow-tie
structures. It is therefore very unlikely that these structures
are due to the surface segregation of dopant atoms since the
surface segregation of boron dopant atoms is energetically
unfavorable. 242931

To support our assignment of Bt structures to dihydride
dimers [Fig. 1(c)], we have simulated STM images of these
dihydride dimer structures using the Tersoff-Hamman
approximation.’> We used the plane-wave VASP code,’*3
which implements periodic boundary conditions, generalized
gradient approximation (GGA) density functional,® and the
method of ultrasoft pseudopotentials.’® The chosen simulated
cell in each case depends on the bow-tie structure size and is
sufficiently big to avoid interactions between periodically re-
peated images. For a Bt structure of N dimers, the cell size is
3(N+1). Thus, only a single k=0 point was used in relax-
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FIG. 6. Experimental topographies [(b), (d), (g), and (i)] and
calculated LDOS [(c), (e), (h), and (j)] for one [(a)-(e)] and two-
dimer [(f)-(j)] dihydride structures. The upper three atomic layers
of the corresponding relaxed structures are shown in (a) and (f). [(b)
and (g)] STM topographies of the n-type surface at Vg=—1.7 V and
I1=69 pA. [(c) and (h)] Calculated LDOS at negative bias
(1078 states/eV, integration performed from Fermi level to 1.2 eV).
[(d) and (i)] STM topographies (n-type surface) at Vg=1.7 V and
I1=69 pA. [(e) and (j)] Calculated LDOS at positive bias
(107 states/eV, integration performed from Fermi level to 1 eV).

ation calculations. Atomic positions were relaxed until the
forces on atoms were less than 0.01 eV/A. Among the dif-
ferent geometries tried, the most stable has symmetric Si-H
bonds [Figs. 6(a) and 6(f)]. In Fig. 6 the experimental STM
topographies of Bt structures are compared with the calcu-
lated LDOS (using several k points) for dihydride dimer
structures composed of a single and two dimers, respectively.
At both negative and positive sample biases, the simulations
are in reasonable agreement with the experimental STM to-
pographies. The blurred features of the Bt structures ob-
served in filled state topographies are particularly well repro-
duced for both the one-dimer [Fig. 6(c)] and two-dimer [Fig.
6(h)] structures. For the one-dimer structures, the simulated
dihydride dimer and the two neighbor monohydride dimers
that end the Bt structure along the same dimer row appear
brighter than the other monohydride dimers [see Figs. 6(d),
6(e), and 2(a)]. None of the one-dimer Sp structures are ob-
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TABLE II. Measured and calculated (within the random model)
probabilities of the three possible configurations around a bow-tie
dimer. 1 symbolizes a bow-tie dimer and 0 a monohydride dimer,
while p is the proportion of bow-tie dimers on the surface.

Sample Case Measured Model Calculated
n type 010 37.4+32% (1-p)? 89.7%
011 or
(p=0.053) 110 477%x34%  2p(1-p) 10.0%
111 149+2.4% p? 0.3%
p type 010 479+27% (1-p)? 92.1%
011 or
(p=0.040) 110 408*x2.7%  2p(1-p) 7.7%
111 113%1.7% p? 0.2%

served experimentally perturbing the surrounding monohy-
dride dimers in the same way although they appear as bright
features as well [see Fig. 2(b)]. For the two-dimer Bt struc-
ture, the bright features that end the Bt structures are also
depicted [see the dotted lines in Figs. 6(i) and 6(j)] as well as
the dark central part of the two-dimer Bt structure [see ar-
rows in Figs. 6(i) and 6(j)] whose position is characteristi-
cally located in between the adjacent monohydride silicon
dimers [see Figs. 2(b) and 3(b)].

To understand how the bow-tie structures are formed, we
calculate the probabilities of finding various configurations
of dimers around a chosen dihydride dimer, assuming a com-
pletely random distribution of dihydride dimers in the dimer
row. Each Bt dimer is considered as an “occupied” site de-
noted by 1, while the monohydride dimers are considered as
“unoccupied” sites denoted by 0. Since there are two nearest
neighbors along a dimer row, three cases are possible: (i)
both neighbor sites of the given dihydride dimer are unoccu-
pied (configuration 010), (i) only one site is occupied (con-
ﬁgura%ons 110 and 011), and (iii) both sites are occupied
(111).°

The comparison between experimental distribution of the
Bt structure and calculated probabilities for the three cases
(Table II) clearly shows that the distribution of the Bt dimers
is not purely random: the measured distribution of two Bt
dimers side by side (011, 110, and 111) is more than 50% for
both n- and p-type surfaces, whereas the random model pre-
dicts only 10%. This means that there is some interaction
between the Bt dimers during the formation of longer struc-
tures, suggesting that, during the surface hydrogenation, a Bt
structure is able to stimulate the dissociative adsorption of an
H, molecule on one of the adjacent monohydride dimers or
the clustering with other dihydride dimers migrating across
the surface. If the observed Bt structures were to be assigned
to the surface segregation of pairs of dopant atoms, it would
be necessary to assume attractive interactions between dop-
ant pairs, which are very unlikely to occur. The preferential
formation of dihydride dimers close to existing ones is con-
firmed by our ab initio DFT calculations of their free ener-
gies of formation corresponding to the chain of reactions:

S+4H2—>D1+3H2—>D2+2H2—>"'—>D4, (1)

where D, is the structure containing n adjacent dihydride
dimers along the same dimer row and S stands for the surface
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FIG. 7. Calculated relative free energies of four dihydride dimer
systems Dy, ...,D, corresponding to the chain reaction (1) of the
H, molecule attachment (see text). Note that the barriers have not
been calculated.

containing only monohydride dimers. The free energy of
each system is obtained by adding the zero-phonon energy to
the total DFT energy of the relaxed system. The phonon
frequencies are obtained numerically using the TETR code™®
by calculating changes in forces due to small atomic dis-
placements. Figure 7 shows the calculated relative free ener-
gies for D, systems containing up to four dihydride dimers
(n=1-4) corresponding to the reactions (1). The energy
change due to the formation of the first dihydride dimer on a
surface containing only monohydride dimers (about 0.45 eV)
differs significantly from the energy differences (around 0.1
eV) corresponding to the formation of every consecutive di-
hydride dimer. Adding a H, molecule to the existing D; sys-
tem to form two consecutive dihydride dimers (D,) lowers
the surface energy by 0.12 eV; adding the third and the
fourth H, molecules to form D5 and D, systems lowers the
system energy by 0.13 and 0.1 eV, respectively. This result
demonstrates that the clustering of dihydride dimers along
the same dimer row is found to be energetically favorable;
thus the formation of elongated dihydride systems is not at
all random. This suggest that the formation of dihydride
dimers, observed as Bt structures along the same row, may
contribute to the growth of 3 X1 structure in competition
with other suggested mechanisms.??

Both Sp and Bt structures are observed at room tempera-
ture, at 80 K and at 5 K. As Sp and Bt structures have
markedly different STM topographies, the assignment of Bt
structures to dihydride dimers clearly prevents assigning of
Sp dimers to the same dihydride dimer structures. Many
other structures may account for the observation of Sp struc-
tures. It is beyond the scope of this paper to depict in details
the Sp structure. However, we may formulate some sugges-
tions. One possibility could be a partial hydrogenation of a
silicon dimer such as a Si,Hj; structure where one H atom
bridges two Si atoms. Nevertheless, it is hardly possible that
such a structure is stable, especially during preparations of
the surface at 650 K. Another structure that can be envisaged
is a Si,H,O dimer where, this time, the oxygen atom bridges
two Si atoms. This structure might be more stable than the
first one and can be favored by the residual water present in
the vacuum chamber during the hydrogenation process. Be-
sides, the STM topographies of siloxane dimers have strong
similarities with the observed Sp structure.-4!
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IV. CONCLUSION

In conclusion, low-temperature STM topographies of the
hydrogenated Si(100) surface show, in addition to the 2 X 1
and 3 X1 reconstructions, bow-tie structures whose length
(n) can extend from one to six silicon dimers. Similar struc-
tures with n=1 have been previously assigned to the segre-
gation of dopant pairs.>* The present results do not support
this assignment. High resolution STM topographies recorded
at both negative and positive sample biases show similarities
between the bow-tie structures and the dihydride part of the
3 X1 structures, as well as the continuous topographic evo-
lution between the bow-tie and 3 X 1 structures. This leads us
to assign the bow-tie structures to dihydride dimers. This is
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further confirmed by comparing n-type (As-doped) and
p-type (B-doped) silicon samples, as well as experimental
STM topographies with calculated densities of states. Fi-
nally, the experimentally observed clustering of the bow-tie
structures is well explained by the free-energy calculation of
the formation of dihydride dimer rows. Therefore, it appears
that the split dimers should not be ascribed to dihydride
dimers.
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