Surface Science 632 (2015) L13-L17

journal homepage: www.elsevier.com/locate/susc

Surface Science

=

Contents lists available at ScienceDirect

Surface Science

Surface Science Letters

Si(100)-2 x 1-H dimer rows contrast inversion in low-temperature

scanning tunneling microscope images

@ CrossMark

T.L. Yap €, H. Kawai ?, 0.A. Neucheva ?, AT.S. Wee ", C. Troadec ?, M. Saeys *%*, C. Joachim *f

@ Institute of Materials Research and Engineering (IMRE), Agency for Science, Technology and Research (A*STAR), 3 Research Link, 117602 Singapore, Singapore
b Department of Physics, National University Singapore, 2 Science Drive 3, 117542 Singapore, Singapore

¢ GLOBALFOUNDRIES Singapore Pte Ltd, 60 Woodlands Industrial Park D Street 2, 738406 Singapore, Singapore

4 Laboratory for Chemical Technology, Ghent University, Technologiepark 914, 9052 Ghent, Belgium

€ GNS & MANA Satellite, CEMES-CNRS, 29 Rue J. Marvig, 31055 Toulouse Cedex, France

f International Center for Materials Nanoarchitectonics (WPI-MANA), National Institute for Materials Science (NIMS), 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan

ARTICLE INFO ABSTRACT
Am'Cl_e history: Detailed low temperature scanning tunneling microscope images of the Si(100)-2 x 1-H surface show a remark-
Received 24 July 2014 able contrast inversion between filled- and empty-state images where the hydrogen dimer rows appear bright

Accepted 27 October 2014
Available online 30 October 2014

Keywords:

LT-STM

Quantum transport
Si(100)-2 x 1-H
Contrast inversion
Atomic scale devices

for filled-state images and dark for empty-state images. This contrast inversion originates from the change in
the dominant surface states and their coupling to the tip apex and the bulk silicon channels as a function of
the bias voltage: dimer Si- Si bonding states dominate the filled-state images and valley states associated with
Si—Si anti-bonding states dominate the empty-state images. Care is required when constructing and interpreting
the atomic structure of dangling-bond structures on the Si(100)-2 x 1-H surface.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The hydrogen-passivated Si(100)-2 x 1 surface is an important plat-
form for the construction of atomic scale circuits [1,2] and molecule-
based devices [3] since Si(100):H is a robust surface [4] with a low de-
fect density [5] and a relatively large surface band gap of 2.1 eV [6].
The Si(100):H surface has therefore been studied extensively by low
temperature ultrahigh vacuum scanning tunneling microscopy (LT-
STM) [7-9]. Surface hydrogen atoms of the Si- Si dimer rows can be
desorbed with atomic precision by pulsing the STM tip bias voltage to
create surface dangling bonds. The surface dangling bonds introduce
well-defined states in the Si(100):H surface band gap and have been
proposed as building blocks for single atom transistors [2], quantum
dots [10], quantum wells [11],and logic gates [12-14]. The atom-
by-atom construction of dangling bond devices requires the precise
location of the surface hydrogen atoms. As demonstrated in this letter,
the STM contrast of the Si(100):H surface depends on the imaging
conditions (bias voltage and tip structure) and does not always match
the atomic scale structure of the Si(100):H surface. At positive bias
voltage, the inter-dimer valleys appear brighter than the topologically
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higher dimer rows. This contrast inversion leads to an apparent half
row shift of the surface atomic scale structure and highlights that the
determination of the atomic scale structure of atomic wires and circuits
constructed on the Si(100)-2 x 1-H surface using STM images needs to
be done with care.

Contrast in STM images results from the electronic coupling
between the tip apex and substrate bulk states through the surface
states and depends on the number of bulk electronic channels as a
function of the bias voltage. Therefore, it does not always represent
the surface atomic scale structure or the surface local density of states
(LDOS). A careful examination of published Si(100)-2 x 1-H STM
images shows contrast inversion in some cases, especially when filled-
and empty-state images are compared using dangling bond dimers [6]
or reconstruction boundaries [15] as reference points. Depending on
the bias voltage [16] and the tip apex to surface distance [17], STM
images of the MoS, [18] and Mo,S5 [19] surface show either the surface
S lattice or the sub-surface Mo lattice, or both. An apparent contrast
inversion of the dimer rows between filled-state and empty-state
images has also been observed on the clean Si(100) surface [20,21].
Also for filled- state images of the clean Si(100) surface, a bias depen-
dent change in the apparent structure of the image was reported [22].
Tip-induced band bending (TIBB) is potentially an important effect
in STM studies of semiconductor surfaces and depends strongly on the
doping level, the tip-sample distance, as well as the tip structure
[23-25].
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2. Experimental and computational methods

To analyze and elucidate the bias voltage and tip dependent
contrast inversion of the Si(100)-2 x 1-H surface, STM images of a
hydrogen-passivated Si(100) surface were recorded at liquid
helium temperature (4 K) using a ultrahigh vacuum low tempera-
ture STM (Omicron Nanotechnology GmbH) with a base pressure
of 2 x 107 1% mbar [26]. Si(100) samples were obtained from Sb-
doped n-type wafers and B-doped p-type wafers both with a resistivity
<0.1 Q cm. The Si(100):H surface was prepared by annealing at 600 °C
for 12 h and several cycles of flashing to 1200 °C for 10 s. After this, the
substrate temperature was reduced to 375 °C and atomic hydrogen
was dosed upto 13.4L (1L = 1x 10~° Torr s) at a H, partial pressure
of 2 x 10™8 mbar. The H, gas (>99.95% purity) was introduced via a
leak valve and cracked by passing over a tungsten filament at 35 mA,
about 15 cm above the sample.

STM images were computed using the surface Green-function
matching (SGFM) method [27] with an extended Hiickel molecular
orbital (EHMO) Hamiltonian [28] tuned to match HSEO6 density
functional theory band structures [29]. The STM junction was modeled
as a semi-infinite W(111) slab, a Si-terminated STM tip, a five-layer
Si(100):H surface, and the semi-infinite Si(100) bulk, as illustrated
in Fig. 3a.

3. Results and discussion

Fig. 1a-d shows STM images of n-type Si(100):H with a setpoint
current of 20 pA and for a large range of bias voltages. The corresponding
line-scan profiles perpendicular to the dimer rows are shown in Fig. 1e.
The filled-state image (Fig. 1d) shows the 2 x 1 dimer rows with a
maximum at the center of the Si dimer rows and a minimum at the
inter-row valleys (Fig. 1d, e), matching the surface structure. The
filled-state images are relatively insensitive to the change in bias
voltage. A more interesting variation of the contrast with the bias
voltage is observed for the empty-state images. At a low positive
bias voltage (4 1.0 V, Fig. 1c), the contrast is similar to the filled-state
contrast and matches the surface geometry, except for the presence of
a shallow local minimum instead of a maximum at the center of the
dimer rows. When the bias voltage is increased, the local minimum
at the inter-row valleys becomes shallower and at +1.3 V a fully
symmetric 1 x 1 structure with equally spaced peaks is observed
(Fig. 1b, e). For a bias voltage above + 1.3 V, the 2 x 1 pattern re-
emerges, however, the minimum is now at the center of the dimer
rows and maximum is found at the center of inter-dimer valleys, a com-
plete inversion of the contrast (Fig. 1a). The contrast inversion is more
clearly shown in Fig. 2, recorded for p-type Si(100):H, where the bias
was switched suddenly between — 1.6 V and + 1.6 V while scanning.
The reversibility of the contrast inversion demonstrates that piezo
creep or thermal drift does not cause the contrast inversion. Experi-
ments performed with p-type Si(100):H demonstrate that the inversion
is independent of the doping (see Supplementary Data, Section 1 for
details).

The dl/dV spectra for both the n- and the p-type Si(100):H surface
do not show signature peaks for surface dangling bond or defect states
(see Supplementary Data, Section 2 for details), in agreement with pre-
vious spectra [6,30], suggesting that such states do not contribute to the
contrast inversion. The effect of tip apex to sample distance on the
image was explored as well. The contrast inversion in the empty-state
images was also observed for a bias voltage of + 1.8 V and setpoint
currents between 400 and 500 pA, showing that the contrast inversion
is observed for a small range of tip-sample distances (see Supplementary
Data, Section 3 for details). Since the contrast inversion was observed for
arange of tip-sample distances and both for n- and p-type samples, TIBB
is unlikely a dominant factor in the observed effect.

To understand the origin of the observed contrast inversion, con-
stant current images and T(E) electronic transmission spectra through
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Fig. 1. (a)-(d) STM images of the n-type Si(100)-2 x 1-H surface for different bias voltages
(20 pA current, 1.54 nm x 1.54 nm scan area). (e) Corrugation profiles perpendicular to
dimer rows for the images in (a)-(d) from top to bottom. The minima and maxima in
the corrugation are indicated to illustrate the contrast inversion.

the tunnel junction were computed for the STM junction shown in
Fig. 3a. The calculated T(E) spectra are shown for two tip apex positions:
at the center of the Si dimer rows (Fig. 3b, on dimer, dotted red curve)
and at the center of the inter-dimer valleys (Fig. 3b, between dimers,
blue curve). In the valence band region (filled states) and at the center
of the dimers, T(E) is always higher than T(E) at the center of the valley,
resulting in images which are bright above the dimer rows and darker
above the valleys (Fig. 4e), in agreement with the experimental images.
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Fig. 2. STM image of p-type Si(100)-2 x 1-H. The bias voltage was suddenly switched from
— 1.6V (filledstate) to + 1.6 V (empty state) while scanning (20 pA current, 4 nm x 4 nm
scan area).
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