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Atomic-scale control of hydrogen bonding on a bare Si(100)-2x 1 surface
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The control of the dissociative adsorption of individual hydrogen molecules is performed on the silicon surface
at the atomic scale. It is achieved using the tip of a low-temperature (9 K) scanning tunneling microscope (STM)
exposed to 107% torr of H, and by probing the bare Si(100)-2 x 1 surface at a positive bias. This effect is very
localized and is induced by the tunnel electrons. The statistical study of this process reveals an activation energy
threshold matching the creation of H, ™ at the surface of the STM tip. Our results are supported by ab inito density

functional calculations of a hydrogenated silicon dimer.
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The study of the passivation of the Si(100)-2 x 1 surface
with hydrogen has attracted significant interest because of its
crucial importance in many technological domains including
the fabrication of metal-oxide-semiconductor field-effect tran-
sistor (MOSFET) devices,"? the production of solar cells,?
or for molecular electronics.* A detailed analysis of the
hydrogen adsorption-desorption cycles on this surface has
raised various controversies, in particular, concerning the
adsorption barrier of H, on Si(100).> Today, models describing
the initial stage processes responsible for the dissociative
adsorption/desorption of H, show that the interdimer models
are at the origin of the dissociation of neutral H, on the Si
surface.®!? In this context, the use of the scanning tunneling
microscope (STM) has been of central importance for our
understanding of the hydrogenation reactions on the Si(100)
on the atomic scale.'* In particular, the STM has been
employed to induce local hydrogen atoms desorption from
passivated surfaces via electronically induced processes.'*1©
Yet, the reverse process, i.e., the controlled local adsorption of
molecular hydrogen on the bare Si(100) surface at the atomic
scale has never been reported with such precision.'”

The hydrogenation process presented in this paper can
be essential in various areas of surface science related to
molecular electronics,'®!° hydrogen storage,?® or photonics.’!
This electronically induced effect is observed when the thermal
shields of a low-temperature (9 K) STM is initially filled with
pure molecular hydrogen (H; 5.6 from MESSER) at a pressure
of 1.0 x 107 torr for 2 min. A cold pipe (77 K) placed before
the leak valve prevents other species rather than H, to react
with the silicon surface. The STM tungsten and copper tips
are prepared by chemical etching and are cleaned by electron
bombardment heating to remove their oxide layers.””> The
Si(100) samples [rn-doped (As), p = 0.005 2 cm] are cleaned
by resistive heating periods as previously described.?? The cold
(12 K) sample with a bare Si(100) surface is introduced in the
STM prior to the H, gas exposure and is imaged normally.>?
Then, H, is introduced and STM topographies of the bare
silicon surface can still be observed with a very weak density
of defects [Fig. 1(a)].2* The STM tip is then located at a given
position [the red dot in Fig. 1(a)], and the surface voltage
is switched from the scanning conditions at a negative bias
(Vy, = —1.4V) to a positive bias V; = +1.4V. During this
excitation procedure, the feedback loop of the STM is switched
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off, and the tunnel current is recorded, whereby, the height
of the STM tip is kept constant.”> A typical tunnel current
trace, recorded during the excitation procedure, is reported
in Fig. 1(e): The current /.. flows during the time 7. and
drops suddenly before the end of the trace [red arrow in
Fig. 1(e)]. A second topography of the same area shows a
short dark line centered on the dimer row and located exactly
at the excitation position [Fig. 1(b)]. We show that this dark
feature corresponds to a fully hydrogenated silicon dimer
(HD). Note that the creation of a HD during the excitation
process is at the origin of the current drop detected in the
current trace in Fig. 1(e). The same procedure can be repeated
at various positions to produce similar dark depressions on the
Si surface [Figs. 1(c) and 1(d)]. For each excitation, resulting
in the appearance of a single HD, the charge gexc. = fexc. Lexc. 1S
calculated, and its distribution over a large number of events
presented in Fig. 1(f) allows deducing an average charge (Q).
The exponential decay of this distribution indicates that the
observed processes are independent, i.e., induced by the tunnel
electrons.?® From this distribution, we deduce an average quan-
tum yield (Y = e/ (Q)) required to fabricate the observed HD
on the bare surface. For the chosen experimental conditions
(Vy = +1.4V, I = 110pA), the measured quantum yield
is Y =(2.84+0.7) x 10~°. We emphasize that the measured
voltage threshold to observe this hydrogenation process is
found at V; = 4+1.2'V, whereas, the local hydrogenation does
not occur for negative bias up to —3.0 V.

Our experiments have been performed with four different
silicon samples and tips to discard specific tip effects. This
allows us to observe hundreds of different successful events.
In most cases, the observed feature is the HD shown in Fig. 1,
created right below the tip apex location. For the excitation
current varying between 50 and 100 pA, our measurements
show that, in 87% of the cases, the reaction leads to the creation
of a single HD [Figs. 1(a)-1(d)], whereas, in a few cases
(13%), two successive HDs can be created [Figs. 2(a)-2(d)
where the red dot indicates the excitation location of the tip in
each case]. When the excitation current increases to ~200 pA,
the proportion of double HDs reaches 60% of the fabricated
features, leaving the formation of a single HD at 40%. When
two HDs are created, the corresponding current trace shows
two current plateaus [Fig. 2(e)], indicating that the events occur
successively. A statistical study of the process related to the
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FIG. 1. (Color online) (a)—(d) The (3 x 1.5-nm?) STM topogra-
phies (—1.4V, 50 pA) of the bare Si(100) surface. (a) and (b) Before
and after an electronically induced reaction (see red dot location at
Vi =+4+1.4V, 100 pA) and (c) and (d) before and after a second
electronically induced reaction. (e) A typical current trace recorded
during the excitation pulse (b) and (d). (f) Distribution of the measured
electronic charge (Iexc. X fexc) required to induce the surface reaction
observed in (b) and (d).

creation of two consecutive HDs is performed, and the ensuing
average quantum yields are Yyp; = (2.7 +0.9) x 10~ and
Yipe = (2.2 £0.7) x 10~ for the creation of the first and
the second HDs, respectively. These quantum yields are
very similar to the yield needed to create a single HD
(Y = (2.8 £0.7) x 107?), which means that the probability
to electronically induce a HD on the silicon surface does not
change when the excitation current increases and, hence, arises
from a single-electron process.”’” Note that the creation of
double HDs is also very local as it is observed around the
excitation point either on two adjacent silicon dimer rows
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FIG. 2. (Color online) (a)~(d) The (3 x 1.5-nm?) STM topogra-
phies (—1.4V, 50 pA) of the bare Si(100) surface. (a) and (b) Before
and after an electronically induced reaction (at V, = +1.4V, 200
pA) on two successive horizontal dimers and (c) and (d) before and
after an electronically induced reaction (at V; = +1.4V, 200 pA) on
two successive vertical dimers. The red dot indicates where the tip
is placed during the excitation, and the white dashed rectangles are
landmarks that locate the apparition of the HDs. (e) A typical current
trace recorded during the electronically induced reaction in (b) or (d).
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FIG. 3. (Color online) (a) and (b) The (4.6 x 4.6-nm?) STM
topographies of the same area of the bare Si(100)-2 x 1 surface
at — 1.4V, 50 pA and + 1.4V, 200 pA, respectively (scan speed of
~1000 A/s). (c) The (14.6 x 14.6-nm?) STM topography ( —1.4 V,
50 pA) of the bare Si(100) surface centered at the same location as
in (b). (d) An averaged d1/dV spectroscopy acquired on the bare
Si(100) (dark curve) and the reacted area (red curve).

[Figs. 2(a) and 2(b)] or on two adjacent silicon dimers of the
same row [Figs. 2(c) and 2(d)].

To validate the proposition of a local hydrogenation via the
dissociative adsorption of H, molecules,?® we have performed
STM topographies of the same scanning area of a bare
silicon surface initially at a surface voltage (Vy, = —1.4V)
that does not activate the surface reaction [Fig. 3(a)] and,
subsequently, at a positive surface voltage (V; = +1.4V,
I =200pA) to induce the fabrication of the HD’s features
[Fig. 3(b)]. Then, a third STM topography on a larger scale is
performed (V; = —1.4 V) in which a dark square of about the
size of the previous STM topographies appears [Fig. 3(c)].
The comparison of dI/dV measurements performed
on the bare surface and the dark area shows that the
unoccupied m* surface states disappear on the created dark
zone and show a surface gap of ~2 eV [Fig. 3(d)]. These
differences are characteristics of the electronic properties of
silicon-hydrogenated surfaces.?” To control the nature of these
hydrogenated areas, we have shown that it is possible to desorb
a single H atom from them by applying positive voltage pulses
(42.5 V) to the surface as reported previously.!> However,
this process implies evacuating the hydrogen from the STM
chamber prior to applying the pulse.?

To further highlight that the observed HD’s features are
local hydrogenated silicon dimers [Figs. 4(a) and 4(b)], we
have simulated STM images of the Si(100) surface with
one HD [Figs. 4(c) and 4(d)], both for occupied (V; =
—1.0V) and unoccupied (V; = +1.0V) states, respectively.
The calculations are performed using the Tersoff-Hamman
approximation and the plane-wave Vienna ab initio simulation
package (VASP) code,*” which implements periodic boundary
conditions, generalized gradient approximation for the ex-
change and correlation,’' and the projector augmented-wave
method of pseudopotentials.*? To ease the comparison with
the experiment, the symmetric (2 x 1) surface reconstruction
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FIG. 4. (Color online) (a) and (b) The (2.3 x 1.3-nm?) exper-
imental STM topographies of the occupied (—1.4-V, 50-pA) and
unoccupied (+ 1.0-V, 50-pA) states of the bare Si(100) surface,
respectively, with one hydrogenated dimer located by a red rectangle.
(c) and (d) Calculated LDOS of the bare Si(100) surface with one
hydrogenated dimer for the occupied (—1.0-V) and unoccupied
(+ 1.0-V) states, respectively.

was modeled, although the c(4 x 2) phase is known to be the
ground-state structure of the bare silicon surface’*-3 [the cal-
culation of the c¢(4 x 2) phase is detailed in the Supplemental
Material].?> As observed in Fig. 4, the local density of states
(LDOS) shows a depression at the hydrogenated site for the
occupied states, which clearly reproduces the observed HD
[Figs. 4(a) and 4(c)]. Similarly, excellent agreement with the
experiment is also observed for the unoccupied states images
as seen in Figs. 4(b) and 4(d) confirming that the fabricated
HDs are fully hydrogenated silicon dimers.

Our experimental results show that the hydrogenation
occurs only on silicon dimers via an intradimer hydrogenation
process involving the dissociation of H, molecules whose
origin must be precisely investigated. During the gas intro-
duction in the thermal shields of the microscope, the cold
STM (~9 K) is exposed to Hp (1.0 x 107 torr for 120 s). At
these conditions, H, molecules are, a priori, rapidly condensed
on each part of the STM.3® However, we find that the STM
topographies of the silicon surface are similar before and after
the introduction of molecular hydrogen, indicating that the
silicon surface is not covered with multiple layers of molecular
hydrogen,?”-* in particular, in the region of the STM junction
where weakly adsorbed H, molecules on Si(100) can easily
be brushed off by the STM tip. This is consistent with the fact
that, at 9 K, H, molecules stick differently on the tungsten tip
compared to the silicon surface on which weakly adsorbed
H, can easily diffuse.***! Indeed, H, molecules initially
dissociate on crystalline tungsten at 9 K with a saturating
coverage of ~0.8 monolayer forming patches of H-passivated
tungsten on the surface.*>* The additional adsorbed H,
molecules will physisorb on the passivated areas of the W
tip to form structured adlayers of molecular H, similar to
what is observed on noble-metal surfaces.***> Hence, the trend
of these observations indicates that, in our experiments, the
tungsten tip is covered with molecular hydrogen that acts as a
source of H, for the hydrogenation reaction, whereas the few
H, molecules that diffuse on the silicon surface can hardly
participate in the observed local hydrogenation due to their
higher mobility.
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This implies that, in order to induce the local hydrogenation
process, Hy molecules desorb from the STM tip and then
re-adsorb on the silicon surface. The desorption energy of
the H, molecules from an amorphous tungsten tip is rather
difficult to estimate precisely, but it was reported to be lower
than ~100 meV.*%447 Once the H, molecule has left the STM
tip, the dissociative intradimer adsorption of H, on Si(100) re-
quires overcoming an energy barrier of ~0.6 eV. >3 The initial
transfer of this amount of energy to the H, molecule would
imply strong inelastic multielectron processes, which are in
contradiction with our experimental observations showing that
the local hydrogenation is a one-electron process. Additionally,
the energy threshold observed experimentally to produce the
local hydrogenation of the silicon dimer with W tips is much
higher (~1.2 eV) than the energy required to desorb H, from
the STM tip and re-adsorbs it on the surface.

Thus, our experimental data rather indicate that an elec-
tron attachment on the H, molecule triggers the observed
hydrogenation process similarly to what has been reported for
molecular H, desorption on metal surfaces.*®** Therefore, the
measured electronic quantum yield represents the probability
per electron to create Hy™ on the tungsten tip. The energy
barrier U required to create H, ™ from molecular H; in the gas
phase is ~2 eV.°>Y On a metallic surface, this value is reduced
(Ucorr) due to the presence of the image charge potential of
the anion.”' Considering the anion as a point charge, the
image charge potential for a H, ™ anion located at z; above the
surface i Viper = —q2 /4 (z1 — z0), where zj is the effective
position of the metal surface.’! For physisorbed molecules, an
average value of z; ~ 4to 5 A% leads to an estimate of Vi, in
the range of ~0.9 — 1.1eV. Thus, the energy barrier Uy to
create H, ™ on the tungsten tip is in the range of ~0.9—1.1¢eV,
matching well our measured threshold required to induce the
local hydrogenation of a silicon dimer (~1.2 V).?? This result
strongly indicates that the ensuing local hydrogenation process
is, indeed, related to the initial creation of a H,™ anion on the
STM tip. To further validate this model, we have performed
similar experiments with copper tips that offer a slightly higher
image charge potential than tungsten due to its higher electron
density (Ep ~ 7 eV).* Our measurements show a threshold
energy to induce local hydrogenation with Cu tips at ~1.0eV.
This difference in threshold energy compared to the one
measured with the tungsten tips (1.2 eV) fits with the image
charge potential model?? and clearly demonstrates that our
proposed mechanism correctly describes the observed local
hydrogenation process in which H, molecules are initially
desorbed in their anionic form from the STM tip.

When H, ™ is formed on the STM tip, it is rapidly attracted
by the positively charged silicon surface (V; =+1.4V)
initiating desorption of the H,™ molecule from the STM tip
and, subsequently, its transport towards the silicon surface
by the electrostatic field applied in the STM junction. The
time of flight of the H,™ anion in an electrostatic field of
1.4 V over a distance of 1 nm before impacting on the silicon
surface can be estimated to be ~300 ps. This relatively short
time warrants the H, ™ anion to rapidly interact with a silicon
dimer prior to its dissociation or neutralization because its
lifetime exceeds microseconds.’?> The charging process of a
H; molecule from the STM tip combined with the attraction
of the produced H,™ anion towards the surface completely
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explains our experimental findings and, in particular, the strong
localization of the hydrogenation process. It also clarifies
why this local hydrogenation reaction cannot be observed for
negative biases at which the creation of H,™ anions on the
STM tip might also be possible. This is mainly due to the
repulsion of the created H, ™ anions away from the negatively
charged silicon surface at V; < 0 combined with an increased
probability for the H, ™ anions to lose their extra electrons in the
positively charged tungsten tip. We wish to emphasize that the
probable presence of silicon microtips at the apex of the STM
tip will not change the above-described local hydrogenation
process drastically as they will lead to the formation of metallic
silicide structures with similar properties.’*>*

Conversely, for previous studies establishing a predom-
inantly interdimer model with neutral H, to explain the
hydrogenation, our observations show that the intradimer pro-
cess is clearly privileged with the H, ™ anion.> The intradimer
process might also be favored by the reduced dissociation
energy of H,~ (1.5 eV) compared to the neutral H, (4.5 eV).>°
Additionally, the silicon surface is known to present a c(4 x 2)
reconstruction at 9 K where tilted dimers have small dipole
moments.*® This suggests that, when H, ™ interacts with the Si
surface, the anion may slightly orientate itself along the dimer,
prior to its dissociation, to favor the intradimer hydrogenation
mechanism.

In conclusion, we show that it is possible to create single
hydrogenated dimers on the bare Si(100) surface. This can
be performed when the shield of a low temperature STM
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is beforehand exposed to molecular hydrogen. The local
hydrogenation process of the silicon surface occurs when a
positive surface bias pulse is applied to the surface. A statistical
analysis of these pulses shows that the tunnel electrons activate
the local hydrogenation via a one-electron process at an
energy threshold of 1.2 eV and 1.0 eV for W and Cu tips,
respectively. The ensuing electronic process is shown to be
responsible of the formation of H,™ anions via an electron
attachment to the H, molecules adsorbed on the STM tip
that triggers H, desorption from its surface followed by a
subsequent local re-adsorption on the silicon dimer beneath
the STM tip apex. The theoretical calculations of a single
hydrogenated dimer on the Si(100) surface using the density
functional theory show similar features to those observed in
STM topographies and hence support our conclusion about the
hydrogenation process based on the intradimer dissociative
adsorption of H; on Si(100). Finally, the atomic scale control
of this hydrogenation process has been used to fabricate
large hydrogenated areas, demonstrating its potential impact
in nanotechnology including, for instance, chemical reactions
with H,™ anions. Looking to the future, this process might
be extended to the use of molecules other than H, and may
be exploited to induce chemical reactions on nanodevices,
such as the graphene sheets via, for example, Diels-Alder-type
reactions.”’-
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