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Electronic properties of the n-doped hydrogenated silicon (100) surface and dehydrogenated
structures at 5 K
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We present a comparative study of the electronic properties of the clean Si(100) and the hydrogenated
Si(100):H surfaces performed with a low-temperature (5 K) scanning tunneling microscope. Various surface
structures such as single silicon dangling bonds and bare silicon dimers created by local desorption of hydro-
gen atoms from the Si(100):H surface are also investigated. The experimental scanning tunneling spectroscopy
(STS) curves acquired locally on each of these structures are compared with STS measurements performed on
the Si(100) and Si(100):H surfaces. First principle density-functional theory calculations of the projected local
density of states, taking into account the influence of the dopant atoms (As), enable to assign the observed STS

spectra.

DOI: 10.1103/PhysRevB.80.245434

I. INTRODUCTION

The development of molecular electronics requires spe-
cific substrates on which, at the same time, molecules can
keep their intrinsic properties and good electronic contacts
can be realized. For this purpose, the Si(100):H surface ap-
pears as a good candidate because of its ability to electroni-
cally decouple adsorbed molecules from the silicon
substrate.!> Moreover, this surface can be considered as a
flexible medium as it can be structured—at will—by locally
desorbing hydrogen atoms and thus creating lines,>* spirals,
or more complex patterns® of silicon dangling bonds. How-
ever, despite being investigated at room temperature,’ the
electronic properties of the various observed structures on
the Si(100):H surface such as single silicon dangling bonds
or bare silicon dimers are still badly understood. The role of
these dehydrogenated features to create, for example, con-
tacts with single molecules is crucial and motivates the in-
vestigation of their local electronic properties.

The scanning tunneling spectroscopy (STS) is a powerful
technique to locally investigate the electronic structure and
properties of metallic or semiconductor surfaces. For the
clean Si(100) surface, previous work, both experimental and
theoretical, underlines the influence of the temperature as
well as the surface reconstruction on the surface electronic
structure.'%!3 The type of doping (n or p) and the nature of
dopant atoms (P or As for the n type and B for the p type)
also play an important role as revealed in the work of Dubois
et al."3 One of the main differences between the n type and
the p type (i.e., the energy of the Fermi-level location) es-
sentially results in an energy shift of the surface states of the
clean Si(100) surface.'* Although, the electronic properties
of various dehydrogenated species (single silicon dangling
bonds, bare silicon dimers, or lines of silicon dangling
bonds) observed on the Si(100):H surface have also been the
subject of a number of investigations at room
temperature,>3>1516 there are only few studies which con-
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sider the influence of the type of dopant on these local
features.'>!” Yet, the influence of the type of dopant on the
Si(100):H surface reconstruction is rarely taken into account
experimentally especially at low temperature.'® From a
theoretical point of view, the introduction of a dopant
atom in the computation cell is specifically justified since
studies of this passivated surface at low temperature require
using samples with very high dopant concentrations
(~10% cm™). To our knowledge, the electronic structure of
the Si(100):H surface and of dehydrogenated features has
never been studied at low temperature and for high concen-
tration of dopants.

Here, we present the first low-temperature (5 K) STS
study of (i) the clean Si(100) surface, (ii) the hydrogenated
Si(100):H surface, (iii) a single silicon dangling bond, and
(iv) a bare silicon dimer on the Si(100):H surface. The low-
temperature STS has the advantage of using low tunnel cur-
rent (<100 pA) combined with stable measurements free
from thermal broadening and vibronic coupling effects. In
order to fully understand the STS spectra, in particular, the
possible charging of the surface states, we have performed
the calculations of the projected density of states (PDOS) of
the Si(100):H surface and single silicon dangling bond by
taking into account the type of dopant present in the silicon
substrate (n type, As doped).

II. EXPERIMENT AND CALCULATION

Experiments are performed using a low-temperature (5 K)
scanning tunneling microscope (LT-STM) (Createc) under
ultrahigh-vacuum (UHV) conditions. The Si(100) samples
are As doped (n type), with a resistivity of 5 m{) cm. After
preparing the clean Si(100)-2 X 1 surfaces under UHV (base
pressure 5 X 107! Torr),' the sample is kept at 650 K and
the hydrogenation is performed as previously reported.?’?!
After hydrogenation, the sample is cooled down and trans-
ferred to the STM chamber where all the experiments are
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performed at 5 K. This procedure allows having a majority
of 2X 1 reconstruction areas.’! The I(V) and dI(V)/dV
curves are acquired using an external lock-in amplifier
(Standford Instruments). The measurements are performed
with a voltage modulation of 36 mV at a frequency of 863
Hz and with a constant tip height (we repeated the measure-
ments for various tip heights). Since we work at low tem-
perature, the registered curves are repeatable with a very low
noise level. Thus, the acquired STS curves do not need to be
averaged and the curves presented in this paper are represen-
tative of the various collected ones.

The performed calculations which take the type of dopant
into account have been carried out using the first-principles
density-functional theory method implemented in the VASP
code.?>?* The geometric optimizations and the electronic
properties calculations were performed using the projector
augmented wave approach? and the Perdew-Wang (PW91)
formulation of the generalized gradient approximations for
the exchange and correlation terms.?® The Si(100) surface is
modeled by a periodically repeated (6 X 6) slab containing
four Si layers saturated by hydrogen atoms at the bottom.
The vacuum region thickness exceeds 15 A. For the compu-
tation made on the Si(100):H surface, the top surface is re-
covered by a monohydride phase. In the case of the single
dangling bond, one hydrogen atom is removed from the top
surface. To simulate the n-doped surface, one substituted As
atom is introduced in the third silicon atom layer. Thus, the
total number of atoms in the slab is 252 for the fully hydro-
genated surface and 251 for the surface with a single dan-
gling bond. The whole system, apart from the H bottom
layer, is allowed to relax until the forces on each ion are
lower than 0.01 eV/A. Due to the large size of the em-
ployed supercell Brillouin zone, integrations are performed
using a single I' point approximation.

III. RESULTS AND DISCUSSION
A. Scanning tunneling spectroscopy

For semiconductors, the surface reconstruction strongly
modifies the bulk electronic properties. In the case of the
Si(100)-2 X 1, the surface reconstruction leads to the forma-
tion of silicon dimers and the creation of specific surface
states linked to the presence of o and ¢*, and 7 and ="
orbitals.”” The adsorption of a monolayer of hydrogen atoms
on the Si(100) surface induces the breaking of the double
Si—Si dimer bond (7 and 7" orbitals) and the creation of
Si—H bonds (o and ¢* orbitals), thus keeping the 2 X1
reconstruction [Fig. 1(a)]. Consequently, the STS curves of
the clean Si(100) surface and the hydrogenated Si(100):H
surface as well as the dehydrogenated surface structures
[Figs. 1(b) and 1(c)] might contain specific signatures of
these different orbitals.

Figure 2 presents the STS curves {I(V), dI(V)/dV, and
[dI(V)/dV]/(I/V)} acquired on the clean Si(100) surface
[dark blue curves of Figs. 2(a), 2(c), and 2(e)] and on the
hydrogenated Si(100):H surface [black curves of Figs. 2(b),
2(d), and 2(f)]. Note that the STM tip is placed in the middle
of the silicon dimer for STS acquisition on the clean Si(100)
and the fully hydrogenated surfaces. To identify the various
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FIG. 1. (a) Cross-sectional view of the Si(100):H-2 X 1 surface
and the dehydrogenated structures: (b) a single silicon dangling
bond and (c) a bare silicon dimer. The silicon atoms are in gray and
the hydrogen atoms in white. The nomenclature of the ¢ and o
Si—Si bonds is specified in (c).

bands that are observed in the curves measured over the
Si(100) surface, we compare our curves to the ones that were
obtained at room temperature!®!" and at 77 K.'>!3 According
to these studies, for a n-type substrate, the energy of the
Si=Si dimer 7 band lies between —0.6 and —1.3 eV below
the Fermi level while the energy of the o band is observed
between —1.4 and —2.0 eV.!! For the unoccupied states, the
energy of the Si=Si dimer 7" band lies between +0.2 and
+1.1 eV above the Fermi level and the energy of the o band
between +1.4 and +1.9 eV. Note that for these bands some
slight energy shifts can be observed due to the buckling of
the Si dimer [i.e., ¢(4 X 2) and p(2X2)] and to the presence
of step edges near the location of the STS curves
acquisition."! We emphasize here that on the clean Si(100)
surface, the ensuing o and ¢ bands are located on the
Si—Si dimer!! and on the Si—Si back bonds (BB) of the
dimer. Indeed, as reported in Refs. 12 and 13, the Si—Si
dimer back bonds formed between the silicon atoms of the
first and the second layers play a significant role in the STS
curves measured with a band usually observed around
+1 eV above the Fermi level for the n-type substrate.

Considering the above arguments, for the positive volt-
ages, the broadband spreading from +0.2 to +1 eV in the
STS curve acquired on the Si(100) at 5 K [dark blue curves
of Figs. 2(c) and 2(e)] can be assigned to the 7* bands of the
silicon dimers. Since this latter band is not observed in the
STS curve of the Si(100):H surface [Figs. 2(d) and 2(f)], the
unoccupied 7" character, inherent to the 2 X 1 reconstruc-
tion, is confirmed. In the same way, for negative surface
voltages, the signature of the 7 band can be observed in the
STS curve of the Si(100) surface [see the band between —0.6
and —1.1 eV in the curves in Figs. 2(c) and 2(e)] while it is
missing in the STS curve of the Si:H surface [Figs. 2(d) and
2(f)]. These attributions for the clean Si(100)-2 X 1 surface
are in agreement with the previous reports in the
literature. '3

Contrary to the case of the 7 and 7" bands, there are
similar STS bands that can be observed in both Si(100) and
Si(100):H spectra. These bands are centered at ~—1.4 eV in
the occupied states and spread from +1.2 to +2 eV in the
unoccupied states. According to Refs. 12 and 13, these bands
cannot be mainly ascribed to the single Si—Si dimer bond
but rather to the Si—Si back bonds of the Si dimer. This
assignment is confirmed when STS measurements [Fig. 2(f)]
are performed on a dihydride silicon atom of the 3 X1 re-

2454342



ELECTRONIC PROPERTIES OF THE n-DOPED...

(a) 10x10 " |

bare dimer Si

j \

ont

Current (&)

-10x10"

-2 -1 n 1 2

Surface voltage (V)

lg)
A
-
o

o o
o 0
T

dI/dV (arb. units)

o
b
T

o
(=1

(e)

(@AY £ (U

Surface voltage (V)

PHYSICAL REVIEW B 80, 245434 (2009)

(b)
Lo danomlo bond
<
§ on L
o]
=
)
-10x10 "+
=2 -ll l)l 1. 2
Surface voltage (V)

Y

£ i é
2 | SBG
= | : /
A b/
\ ]
1 [l
.2 -1 0 1 2
Surface voltage (V)

®

@Udvy 1 )

1
1
\
-2 -1 0 1 2

Surface voltage (V)

FIG. 2. (Color online) (a) Comparison of the I(V) curves of the clean Si(100) (dark blue curve) and single bare silicon dimer (gray curve),
and (b) comparison of the I(V) curves of the hydrogenated Si(100):H (black curve) and single silicon dangling bond (light blue curve). (c)
and (d) are same as (a) and (b), respectively, but for the dI(V)/dV curves. (e) and (f) same as (a) and (b), respectively, but normalized
(dI(V)/dV)/(I/V) curves. In (f) the normalized STS curve recorded on a dihydride Si atom is added (green curve). Energy zones for the o,

m, ", and o bands are indicated as well as the SBG.

construction or of the bow-tie structures.”! Indeed, on these
dihydrogenated structures, the single Si—Si dimer bonds
(o and o" bands) do not exist anymore. Thus, the fact that
the STS spectra acquired on these dihydride structures show
very similar STS bands suggests that they are mainly due to
o and o™ orbitals from the Si—Si back bonds instead of the
Si—Si dimers.!'""13

Single silicon dangling bonds [Fig. 1(b)] and bare silicon
dimers [Fig. 1(c)] can be formed on the Si(100):H-2X 1
surface by using the STM tip as a local electron source to

desorb single H atoms.?® The corresponding STS curves are
presented in Fig. 2.

The dI(V)/dV and the normalized spectra [gray curves in
Figs. 2(c) and 2(e)] acquired at 5 K on the bare dimer present
three distinct narrow bands: one at —1.5 eV in the occupied
states and two at +0.8 and +1.3 eV in the unoccupied states.
These bands are assigned to the o, 7*, and ¢ bands, respec-
tively. The main difference between the spectra of the clean
Si(100) surface and the bare silicon dimer on the Si(100):H
surface is the absence of the v band in the latter case. In fact,
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FIG. 3. (Color online) STM topographies (3.8X2.0 nm?) on
the Si:H surface of a bare silicon dimer (a) in the occupied states
(Vg==1.7 V and I=110 pA) and (b) in the unoccupied states (Vg
=1.8 V and I=110 pA), and of a single silicon dangling bond (c)
in the occupied states (Vg=—1.7 V and /=70 pA) and (d) in the
unoccupied states (Vg=1.7 V and /=70 pA). The red dots indicate
the location of the tip during the recording of the STS curves.

the 7 band can be seen on the clean Si(100) surface because
of a strong delocalization along the silicon dimer rows which
enables electron transport across the surface even though the
r band has an energy located within the bulk band gap.®* In
the case of the bare silicon dimer on the Si(100):H surface,
the 7 orbital cannot be seen with the STM since the current
cannot flow trough this localized 7 orbital.

The STS spectra acquired on a single silicon dangling
bond formed on the Si(100):H surface are shown in Figs.
2(b), 2(d), and 2(f). As compared to the STS spectrum of the
hydrogenated Si(100):H surface, the main difference is the
energy shift of the o band toward higher energies for the
single silicon dangling bond. This is most probably due to
the upward band bending produced by the negative charging
of the silicon dangling bond (see Sec. III C).

B. STM topographies

STM topographies of a single silicon dangling bond [Fig.
1(b)] and a bare silicon dimer [Fig. 1(c)] created on the
Si(100):H-2 X 1 surface are presented in Fig. 3. In the unoc-
cupied states, the bare dimer is seen as two bright lobes
separated by a darker line [Fig. 3(b)]. Similar features can be
observed at room temperature® and 120 K (Ref. 9) with the
same apparent symmetry. Such symmetrical feature suggests
that either the corresponding bare dimer is not buckled [Fig.
1(c)] or is switching randomly between two stable buckled
positions during the STM topography (i.e., the mean position
of the dimer is observed). Since our experiments are per-
formed at low temperature (5 K) and with low perturbing
scanning parameters (e.g., +1.7 eV and 110 pA), the second
hypothesis can be reasonably ruled out.!® Acquired at
+1.7 eV, the unoccupied state STM topography of the bare
dimer feature [Fig. 3(b)] must correspond to tunnel current
flowing through a mixture of 7 orbital of the double Si—Si
dimer bond and ¢o* orbital of the Si—Si back bonds of the
same dimer. This assignment agrees with previous work per-
formed at room temperature and 120 K.>!! The bright pro-
trusion observed in the occupied state STM topography of
the bare silicon dimer [Fig. 3(a)] should merely result from
tunnel current flowing through the o band of the Si—Si
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dimer back bonds!!-13

Ve=—1.7 V.

In the STM topography of Fig. 3(c), the single dangling
bond appears, for negative surface voltages, as a bright pro-
trusion off center with respect to the dimer row (here on the
right side of the dimer row). For positive surface voltages
[Fig. 3(d)], the STM topography of the single dangling bond
shows a smaller gray protrusion surrounded by a dark halo
similarly to what has been observed at room temperature.'>!’
This characteristic unoccupied STM topography is explained
by the fact that, on n-type substrates, the single dangling
bond acquires an extra electron (see Sec. III C), thus induc-
ing a positive charge screening in its surrounding [the dark
halo observed in Fig. 3(d)]. In other words, the dangling
bond created after the desorption of a single H atom corre-
sponds to one of the Si hybridized sp> orbitals which, in the
neutral state, contains a single electron. However, on
strongly doped n-type substrates, a bulk electron can be sta-
bilized in this sp® orbital leading to a localized negatively
charged state.!>!”

when STM topography is performed at

C. Calculations

To support our experimental results, we performed the
calculation of the density of states on a large silicon slab
(1.2 nm?) allowing us to take into account the presence and

© Si-H Si-Si  dangling
bonds bonds bond

PDOS over a dimer

00 H
—— hydrogenated dimer

—— dimer wath a dangling bond )
-4 -2 0 2
E-Ef (eV)

FIG. 4. (Color online) (a) Calculation slab for the fully hydro-
genated surface and (b) the same surface with a single silicon dan-
gling bond. Zooms are realized on the silicon dimer considered to
project the densities of states. (c) PDOSs on a hydrogenated silicon
dimer (black curve), which is composed of two silicon atoms and
two hydrogen atoms [black rectangle in (a)] and a silicon dimer
with a single dangling bond (light blue curve), which is composed
of two silicon atoms and a sole hydrogen atom [light blue rectangle
in (b)]. BB corresponds to the Si—Si dimer back bonds.
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the nature of the dopant atom. As previously explained (Sec.
I0), this is realized by replacing a single Si atom of the slab
by an arsenic atom [see Figs. 4(a) and 4(b)]. Thus, the relax-
ation of the slab gives us additional information on the ge-
ometry of the silicon dimers. Indeed, for a fully hydrogen-
ated surface [Fig. 4(a)] the Si dimers are found to be
symmetrical, similar to previous reports.’* However, for the
case of a silicon dimer with a single silicon dangling bond
[Fig. 4(b)], the Si dimer is shown to be tilted at an angle of
7.5° with respect to the surface plane. Indeed, the presence
of As dopant atom in the slab induces a charge transfer from
the As atom to the silicon dangling bond. In this case, the
silicon atom with the charged dangling bond is higher than
the Si atom bonded with the H atom. It is interesting to
compare this specific dimer geometry with the fully hydro-
genated silicon dimer and the individual bare silicon dimer
which are both symmetrical.” Indeed, the fact that the silicon
atoms of the bare dimer are at the same height, identical to
the fully hydrogenated dimer, suggests that the bare silicon
dimer is neutral. This is also supported by the absence of a
dark halo surrounding the two bright features observed in
Fig. 3(b).

For the relaxed structures presented in Figs. 4(a) and 4(b),
we calculated the PDOS on a single silicon dimer which is
either completely hydrogenated [black curve in Fig. 4(c)] or
with a single silicon dangling bond [light blue curve in Fig.
4(c)]. In this figure, we can see that the presence of the
silicon dangling bond (light blue curve) reveals a specific
band centered —0.5 eV below the Fermi level. In addition,
compared to the fully hydrogenated dimer, there is a clear
energy shift, toward higher energies, of the PDOS bands of
the Si—Si BB whose energy lies between —0.5 and —1.9 eV
below the Fermi level. This is in good agreement with the
experimental STS spectra [Figs. 2(d) and 2(f)] on which the
surface band gap (SBG) measured over the silicon dangling
bond is slightly reduced in the negative voltage part com-
pared to the Si:H surface. As explained in Sec. III A, this
energy shift might originate from the upward band bending
due to the negatively charged silicon dangling bond.

We note that the occupied dangling-bond state calculated
at —0.5 eV below the Fermi level cannot be seen in the STS
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spectra of Figs. 2(b), 2(d), and 2(f) while a localized bright
feature can be observed on the STM topography of Fig. 3(c).
This suggests that the energy shift of the back-bond peaks is
favorable to create hybridization with the tail of the
dangling-bond band. Thus, when STM topographies are ac-
quired at a surface voltage V¢<—1.7 V [Fig. 3(a)] the tunnel
electrons, which are mainly flowing through the occupied
states of the o orbitals of the Si—Si back bonds can probe
the localized dangling-bond feature because of this coupling.
The fact that the dangling bond peak centered at —0.5 eV
below the Fermi level cannot be seen in the experimental
STS spectra is specific to low temperature. Indeed, previous
studies performed at room temperature show STS curves re-
corded over the dangling bond with two peaks close to the
Fermi level: one in the occupied and one in the unoccupied
states.>3! This difference suggest that, at room temperature,
the dangling-bond state is coupled, through vibronic modes,
to other conducting surface states.3>33

IV. CONCLUSION

This paper reports the first low-temperature (5 K) scan-
ning tunneling spectroscopy of the clean Si(100) and hydro-
genated Si(100):H surfaces as well as single silicon dangling
bond and bare silicon dimer created on the Si(100):H sur-
face. We also report the first corresponding density of state
calculations of the hydrogenated Si(100):H surface and
single silicon dangling bond taking into account the doping
of the silicon substrate.

Comparison between experimental STS and calculated
DOS enables to assign the various observed electronic struc-
tures. In particular, the observed Si—Si o bands are as-
signed to the Si—Si back bonds rather than to single Si—Si
dimer bond. Single bare silicon dimers are found to be sym-
metric, in agreement with their neutral character. On the con-
trary, single silicon dangling bonds are found to be asymmet-
ric and negatively charged with a unity charge transferred
from the silicon substrate. However, the corresponding sili-
con dangling-bond state cannot be directly observed in STS
measurements due to the electronic decoupling from the con-
ductive surface channels at low temperature.
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