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Direct imaging of surface states hidden in the third layer of Si (111)-7 x 7
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The direct visualization of the surface states of dimers in Si (111)-7 x 7 is still challenging
although the DAS model has been proposed 33 years ago. In this letter, based on the partial density
of states of the atoms in the reconstructed layers examined by the first principles calculations,
scanning tunneling spectroscopy images with a p,-wave tip were carried out, which show a skull
pattern at ~0.7eV, and 9 bright short lines at ~1.00eV in each unit cell, exhibiting obviously the
electronic states from the third-layer atoms and dimers. The improved sensitivity (intensity and res-
olution) of scanning tunneling spectroscopy was ascribed to the enhanced tunneling matrix ele-
ments for p,-wave tip compared with s-wave tip. This discovery provides us a platform to explore
the quantum states hidden in the deep of the materials surface. Published by AIP Publishing.

https://doi.org/10.1063/1.5038954

Scaling of silicon (Si)-based semiconductor devices
down to an atomic level has become an inevitable trend due
to the increasing requirement of high density and low energy
consumption in electronic devices. Thus, surface states of
semiconductors become more important, which not only host
the emergence of quantum phenomena,' but also play an
important role in the functionality of shrinking electronic
devices.? Si (111) surface is critical in designing electronic
devices due to its 6- or 3-fold symmetry, which is well
compatible with other semiconductors (e.g., GaN?®), two-
dimensional (2D) materials (e.g., MoS,* and graphenes), and
topological insulators (e.g., Bi;Se,®). Si (111)-7 x 7 surface
with the lowest surface energy’*® and intriguing structure has
aroused general interests.">”® In such a surface, dimers,
among many aggregation structures of Si-based surfaces, are
critical for altering surface symmetry,” forming self-ordered
1D chain structures'® and thus having a strong impact on sur-
face states.” "'

About 60years ago, Schlier and Farnsworth first
reported Si (111)-7 x 7 surface by the employment of low-
energy electron diffraction.'> Later, Rowe and Ibach
observed distinct surface states on this surface by ultraviolet
photoelectron spectroscopy.'? In 1985, the dimer-adatom-
stacking-fault (DAS) model'* for Si (111)-7 x 7 surface was
first proposed, which consists of three reconstructed layers,
including the main features of 12 adatoms (first layer), 6 rest
atoms (second layer), 9 dimers (third layer), and one corner
hole in each unit cell, as well as the stacking fault between
the second and third layer in half unit cell. Each adatom, rest
atom, and corner hole exhibits one dangling bond. Benefiting
from the development of scanning probe technique, the
atomic and electronic structures of adatoms were easily
achieved by scanning tunneling microscopy (STM) due to
the dangling-bond surface states. While for rest atoms, due

). Wang and L. Jin contributed equally to this work.
®Electronic addresses: smeng@iphy.ac.cn and jxzhang@bnu.edu.cn

0003-6951/2018/113(3)/031604/5/$30.00

113, 031604-1

to the exponentially attenuated tunneling current (/,) with the
increasing space between the tip and the topmost atomic
layer," it becomes much more challenging to explore them
by STM only if engineering the tip radius.'® Scanning
tunneling spectroscopy (STS), e.g., the differential conduc-
tance spectra (dI/dV-V), however, can be used to explore the
rest atoms by selectively picking up the dangling bond states
at specific energy levels while suppressing the counterpart of
adatoms. Therefore, STS provides us a potential technique to
explore the deeper electronic information hidden under the
surface. Nevertheless, due to the limited sensitivity (intensity
and resolution) of STS in depth, to date, it is still a big chal-
lenge to direct visualize the dimers hidden in the “third
layer” of Si (111)-7 x 7 surface.

In Bardeen’s pioneering work:'’ @~ % Piip(EF +e)
Psample (EF —eV+ 8) |M(£)|2’ where Prip (Er + ¢ and
Psample (Ep-eV + &) represent the local density of states
(LDOSs) of tip and sample, respectively, and |M(s)|?

Drip+Psample .
o< exp(—2dy /3 (PGt 4 & — ) describes the trans-

mission factor, which is related to wave functions of the tip
apex and sample surface. While in Tersoff-Hamann approxi-
mation,”’18 due to an s-wave tip was assumed, the LDOSs

of the tip and the transmission factor (|M(¢)|?) are considered
to be voltage independent. Hence, the dI/dV is proportional
to the LDOSs of the sample at the tip position:
j—{, O Psampie (T0, Ep),15 where 71y describes the distance
between the center of the point-like tip and the topmost sur-
face, and E indicates the Fermi energy of the sample. Later,
Chen developed the derivative rule'® based on Bardeen’s
theory, where M(¢) is proportional to the linear combination
of spatial derivatives of single-electron wave functions of the
sample surface, which indicates an enhanced transmission
factor of 1+¢?/k> and [1+ (3¢%/2k2))* for p.- and
d.-wave tip compared with s-wave tip.” In addition,
Ohnishi and Tsukada, also theoretically illustrated that the

Published by AIP Publishing.
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tunneling current is primarily generated by the d.» dangling-
bond tip state if there forms W, or W5 clusters at the tip
apex.21 Experimentally, numerous molecular orbitals'>**%
were observed by altering the wave functions of tip apex by
chemical decoration, which improved the sensitivity of the
STS.' Therefore, it will provide us a potential platform to
explore the electronic structures of buried layers by STS
technique with p- or d-wave tip state by tip-apex decoration.

In this work, the partial density of states (PDOSs) of the
atoms in the Si (111)-7 x 7 surface were first examined by
first principles calculations. The results show that the PDOSs
of the third-layer atoms and dimers predominate at the
energy level of ~0.7 and ~1.0eV, respectively, while that of
the adatoms and rest atoms suppressed. Based on these
results, STS images with a p.-wave tip were carried out,
which show a skull pattern at ~0.7¢eV, and 9 bright short
lines at ~1.0eV in each unit cell, exhibiting obviously the
electronic states from third-layer atoms and dimers. These
unprecedented surface states arising from the buried layers at
certain bias voltages bringing precise commensuration with
DAS model after thirty years. Our observations first demon-
strate experimentally the LDOSs from the third-layer atoms
of Si (111)-7 x 7 surface using high-oriented p.-wave tip,
which is highly matched with the surface wave functions of
the sample. This work further provides us a technique to
explore the deep information of other model systems such as
MX, topological insulators or superconductors with sand-
wich structures.

Our STM/STS experiments were performed at 78 K.
The detailed experimental and calculated conditions can be
seen in the supplementary material. Figure 1(a) displays the
DAS model of the 2 x 2 supercell of Si (111)-7 x 7 surface,
which consists of three layers indicated by gray, blue and
green transparent shadows, respectively. The blue, pink,
Dimer  gegt atom

(a) Corner hole atom Center adatom

Corner adatom
A unit cell of 7X7

reconstruction
|

Center adatom

Rest atom Corner adatom

Bulk atom

Unfaulted half unit cell] Faulted half unit cell
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FIG. 1. 3D schematic of the DAS model for Si (111)-7 x 7 surface. (a) Top-
view schematics of the 2 x 2 supercell of the DAS model. Gray, blue and
green shadow represent first, second and third lattice planes. Solid dots rep-
resent Si atoms. One (7 x 7) unit cell has been outlined by blue rhombus.
Around the perimeter and separating the two halves are 9 dimers (yellow
ellipses) lying two layers below the top surface. The pink balls denote 6 rest
atoms and the reconstruction is terminated by 12 adatoms (blue balls). The
gray balls indicate the bulk Si atoms. (b) and (c) The corresponding top- and
side-view structure of one unit cell, respectively, labeled with lateral and
vertical distance between the featured atoms.
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black spheres describe the atomic arrangement of the top
three layers from top to bottom, respectively and the gray
spheres indicate the bulk atoms. One (7 x 7) unit cell has
been outlined by blue rhombus. To give a distinct descrip-
tion, the key features including adatoms and rest atoms were
indicated by the largest spheres, which exhibit one dangling
bond within each atom.'* Furthermore, the key feature of
dimers is highlighted by yellow ellipses. A high-resolution
STM image (V = 42 V, I, = 0.3 nA) of the reconstructed top
surface can be seen in Fig. S1.'® The corresponding top- and
side-view structure of one unit cell can be seen in Figs. 1(b)
and 1(c) labeled with lateral and vertical distances between
the featured atoms, respectively. Noting that the vertical dis-
tance (d) between dimers and adatoms is approximately
2.1 10%,8 thus conventionally, the tunneling barrier for dimers
is sharply increased, causing an undetectable tunneling cur-
rent as / oc e 2 in simplicity, where k = \/2m¢/ 7n.2°

In order to explore the possible way to resolve the effect
of dimers on the electronic properties of the Si (111)-7 x 7
surface, the projected density of states (PDOSs) of different
types of atoms in the top three layers were calculated by the
density function theory (DFT), as shown in Fig. 2(a). The
black shadow and hollow parts enclosed by the curves
describe the corresponding occupied and empty states of the
top three-layer atoms [see the atomic models in Figs.
2(b)-2(d)], respectively. The yellow line indicates the E; of
Si (111)-7 x 7 surface. The PDOSs curves for the adatoms
and rest atoms show strong peaks at ~+40.3eV and
~—0.5¢eV [blue and pink arrows in Fig. 2(a)], respectively,
which can be further demonstrated by the higher electron con-
ductance (black arrows) in the DFT calculations [Fig. 2(e)]
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FIG. 2. First principles calculations and STSs for the DOSs localized around
atoms in the reconstructed layers. (a) Calculated DOSs projected in specific
atoms of the reconstructed surface. The yellow line indicates the Ex. (b)—(d)
Atomic models of the corresponding first, second and third layers, highlight-
ing the features of the center and corner adatoms (b), rest atoms (c), and
dimers (d), respectively. (e) First principles calculations and (f) STSs evi-
dence of DOSs localized around adatoms and rest atoms.
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and also the experimental STS spectra [Fig. 2(f)]. Our experi-
mental observation in Fig. 2(f) is also consistent with the pre-
vious reports.”” Nevertheless, the relative intensity of PDOSs
for the third-layer atoms at these specific energy levels are
extreme small and thus undetectable.

Taking advantages of the functionalized tip on the
spatial and energy resolutions, we deliberately modified the
metal (Pt-Ir) tip with silicon atoms. Based on the above dis-
cussion, it is reasonable to vary the wave function of the tip
by the modification of tip apex. For example, Si cluster dec-
oration alters the tip state from s-wave to p-wave,”® as illus-
trated by the color transparent shadows in the schematics of
Figs. 3(a) and 3(b) . The detailed process can be found in
the previous reports29 and Fig. S2. Figures 3(c) and 3(d)
show the STM images with Pt-Ir tip and Si-decorated tip at
the bias voltage of —1.5 V, respectively. From the line scan-
ning across the long-diagonal direction in the unit cell, the
rest atoms in the layer beneath the top surface can be
clearly illustrated by employing functionalized tip [green
curve in Fig. 3(e)] compared with the bare metal tip [blue
curve in Fig. 3(e)]. Figure 3(f) describes the corresponding
atomic model of adatoms and rest atoms. Figures 3(g) and
3(h) show the STS images obtained at the bias voltage of
—0.7 V, which corresponds to the characteristic bias voltage
for the rest atoms according to the DFT calculations [Fig.
2(e)] and our dI/dV curves [Fig. 2(f)]. The intensity of the
local differential conductance increases when the function-
alized tip [green curve in Fig. 3(i)] was employed compared
with the bare metal tip [blue curve in Fig. 3(i)]. Figure 3(j)
displays the atomic model of the second layer of Si (111)
7 x 7 surface. All these observations demonstrated that the
modification of the tip apex with Si cluster will effectively
enhance the sensitivity of the STS, which is consistent with

Appl. Phys. Lett. 113, 031604 (2018)

Chen’s derivative rule, where an enhanced corrugation
amplitude factor of 2.7 for p, tip state compared with s tip
state.”® The corresponding comparison of the corrugation
amplitude of different tip and sample states can be seen in
the supplementary material.

According to the above discussions regarding to the
higher sensitivity of the decorated tip, we now try to dis-
tinct the PDOSs of multiple kinds of atoms of the recon-
structed three-layer, especially the third-layer dimers, by
exploring the STS images at higher energy levels (~1¢eV).
As shown in Figs. 4(a) and 4(b), a skull pattern was
observed in STS image at the bias voltage of 1.09 V. The
white and blue triangles of the STS image in Fig. 4(b) rep-
resent unfaulted and faulted half unit cell, respectively,
indicating the stronger intensity of LDOS for the former
counterpart. Compared with Figs. 3(d) and 3(h), this result
implies that the electronic state of Si (111)-7 x 7 surface at
the bias voltage of 1.09V arises from the reconstructed
structures in addition to adatoms and rest atoms. This con-
clusion can be further verified by the DFT calculations
[Fig. 2(a)]. The relative strength of LDOS near 1.1eV for
center and corner adatoms, second-layer atoms without
dangling bond, third-layer upper atoms and dimers at the
unfaulted half unit cell are 0.16, 0.11, 0.11, 0.14, and 0.15,
respectively. Therefore, the brightness of STS image at the
site of center is stronger than that at the site of corner, form-
ing triangle consisted of three short edges. Besides, the
intensity of LDOSs at this energy level for the third-layer
upper atoms and dimer is large, indicating that STS image
at the bias voltage should contain information of these
atoms. In fact, these STS images [Figs. 4(a) and 4(b)] are
very similar to the simulation results from Paz and Soler
with a bias voltage of about +1.0 V.*°
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FIG. 4. STS evidence for dimers in DAS model. (a) STS image with a skull pattern at the bias voltage of 1.09 V. (b) The corresponding amplified image of the
area labeled by the blue box in (a). White and blue triangles represent unfaulted and faulted half unit cell, respectively. (c) STS image at the bias voltage of
1.0 V. The inset image indicates the simulated STS curve for dimer structure by DFT. (d) The corresponding amplified image of the area labeled by the blue
box in (c). The pair of black dots in (d) represent dimers. () and (f) STS images obtained by Pt-Ir (e) and Si-decorated tip (f) with 1.0 V voltage. (g) Line pro-

files of the STS images along the long diagonal of the unit cell in (e) and (f).

In order to explore dimers, we analyze the PDOSs [Fig.
2(a)] in details. The relative intensity of LDOS of dimers
predominates at the energy level about 0.7 eV [green line in
Fig. 2(a)], which indicates that the tunneling current around
this voltage is mainly contributed from dimers. This deduc-
tion is further confirmed by the STS curve [Fig. 4(c)] simu-
lated by DFT calculations for the dimer atoms, which shows
a weak peak around 1.0eV.*' The two calculated results con-
sistently suggest an opportunity to observe the dimers by
STS image at the bias voltage of ~1.0 V. By employment of
the p.-wave tip, STS image of Si (111)-7 x 7 surface at 1.0V
bias voltage was carried out as shown in Fig. 4(c). Figure
4(d) is the corresponding magnified image of the area labeled
by the blue rectangle in Fig. 4(c). The bright yellow short
lines between two hollow dots hint that its information is
originated from the tunneling between dimer atoms and Si-
decorated tip. As expected, there appear 9 bright short lines
in each unit cell, which is consistent with the dimers in the
DAS model, as indicated by the pairs of black dots in Fig.
4(d). To further confirm the essential role of p, tip state for
the visualization of the surface states of third-layer dimers,
the comparison of STS images at the bias voltage of 1.0V
with Pt-Ir tip and Si-decorated tip was also carried out as
shown in Figs. 4(e)—4(g). The strong contrast of STS inten-
sity at the position of dimers [Fig. 4(g)] strongly support the
above conclusion, which is well consistent with the previous
theoretical work.>° Moreover, one can see that the STS
image shows bright pentagons at the three corner of the
unfaulted side, as shown in Fig. 4(d). This result is originated
from that the LDOS of the unfaulted-half unit cell without
dangling bond near the 1.0eV is higher than that in the
faulted-half unit cell, as illustrated in Fig. 2(a).

In summary, we demonstrate that the surface states from
the third-layer of Si (111)-7 x 7 surface were unprecedent-
edly uncovered by STS images using Si-decorated tip, which
exhibits highly oriented p, tip state. Apparently, the tip not
only determines the lateral resolution of the corrugations, but
also the ability to perform reliable spatially resolved

spectroscopy. The Si-modified STM tip with highly direc-
tional orbitals compared with that of bare metal tips, may
account for the ultra-high resolution image. Hence, the sig-
nificance of this study goes beyond just the Si (111)-7 x 7
case, but also provides opportunities to explore the deep
information of other model systems such as MX, topological
insulators or superconductors with sandwich structures.

See supplementary material for STM/STS measure-
ments, first principle calculations, tip decoration process and
the corrugation amplitude for different tip and sample states.
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