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gPlus atomic force microscopy of the Si(100) surface: Buckled, split-off,

and added dimers
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The School of Physics and Astronomy, The University of Nottingham, Nottingham NG7 2RD,
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(Received 15 May 2009; accepted 10 July 2009; published online 14 August 2009)

Dimer configurations at the Si(100) surface have been studied with noncontact atomic force
microscopy in the gPlus mode at 77 K, using both large (10 nm peak to peak) and small (0.5 nm
peak to peak) oscillation amplitudes. In addition to the p(2X1), p(2X2), and c(4X2)
reconstructions of the pristine surface, a variety of defect types including ad-dimers, vacancies, and
split-off dimers have been imaged. Our data appear at odds with the currently accepted structural
model for split-off dimers. At low oscillation amplitudes the degree of apparent dimer buckling can
be “tuned” by varying the frequency shift set point. © 2009 American Institute of Physics.

[DOL: 10.1063/1.3197595]

The Si(100) surface is a fascinating example of the rich
physics that can arise from a relatively simple system.
Although it is has been understood for quite some time that
the basic building block of each of the clean surface phases
is the silicon dimer,"™ the origin and dynamics of the p(2
X2) and ¢(4 X 2) reconstructions have been the subject of a
remarkable amount of debate.” At the center of this debate
has been the issue of dimer buckling and the associated en-
ergy barrier associated with flipping between two buckled
states.

The small energy barrier (~100 meV)*® associated
with dimer flipping means that “noninvasive” imaging of the
ground state of the Si(100) surface presents a particular chal-
lenge for scanning probe microscopy. The probe can have a
very strong influence on the Si(100) surface structure and,
indeed, the surface phase observed depends on the strength
of the tip-sample interaction.*”*!° It is therefore natural to
investigate the surface with the most sensitive scanning
probe method available, namely qPlus noncontact atomic
force microscopy (NC-AFM)."" In this configuration a quartz
tuning fork is used instead of a silicon cantilever and the
greatly increased stiffness allows subnanometer to subang-
strom oscillation amplitudes to be used. To that end we
present here results from an investigation of the Si(100) sur-
face using the qPlus technique. (Previous NC-AFM imaging
of the Si(100)-(2X 1) surface using low oscillation ampli-
tudes involved off-resonance excitation and STM-based
feedback'?).

We used heavily boron-doped (I m{) cm) Si(100) for
all of the qPlus experiments described here. The Si(100)
samples (310 mm?) were first degassed at 600 °C for
three to four hours in UHV before being flash annealed to
approximately 1200 °C (for 10-30 s) while the pressure was
kept below 5% 107'% mbar, rapidly cooled to 900 °C, and
then slowly cooled (~3 °C/s) to room temperature. The
sample was then transferred to a commercial low tempera-
ture (LT) scanning tunneling microscopy (STM)-qPlus AFM
instrument (Omicron Nanotechnology GmbH) cooled to 77
K. We used gPlus sensors (Omicron) comprising an etched
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W tip glued to a tine of the quartz tuning fork. The sensors
were transferred to the LT STM-AFM with no prior cleaning
treatment (such as e-beam annealing or ion sputtering). In-
stead, we relied on bias voltage pulsing during STM scan-
ning to obtain atomic resolution. Typically, we found it took
on average four to six hours of scanning and pulsing (up to
+10 V pulses were applied) to obtain high quality atomic
resolution STM images with qPlus tips. It is therefore pos-
sible that the tips we use for qPlus imaging are silicon, rather
than tungsten, terminated.

The resonant frequency and quality factor of the sensor
with the W tip attached—as measured by impulse excitation
of the tuning fork with subsequent Fourier transformation of
the response—were between 20 and 25 kHz and 5000-
15 000, respectively, (at 77 K). The tuning fork was me-
chanically oscillated and scanned in constant frequency shift
mode. Damping and tunnel current signals were recorded
simultaneously with the topography. Measurements of the
frequency shift, df, versus tip bias, V, were used to deter-
mine the effective contact potential. This was generally in
the 100 to 800 meV range, although in a small number of
cases the minimum of the |df| versus V curve was at 0 V. The
tuning fork oscillation amplitude was calibrated using both a
measurement of the onset of the tunnel current signal as the
sensor driving signal was increased and via the constant nor-
malized frequency shift method introduced by Giessibl."
Both methods gave identical results within experimental
erTor.

Figure 1(a) is a qPlus image of the Si(100) surface taken
at large oscillation amplitude (10 nm peak to peak) with a df
setpoint of —4.9 Hz and an applied sample bias of +0.1 V.
A p(2X1) arrangement of symmetric surface dimers is ob-
served. Although the p(2X2) and c(4 X 2) phases were oc-
casionally observed using large amplitudes (data not shown
here), in general, the data were of poor quality and over-
whelmingly we found that, for large (approximately few na-
nometers) amplitude probe oscillations, successful atomic
resolution imaging showed p(2X 1) symmetry. As was also
found in recent high amplitude NC-AFM studies of the
Si(100)-(2 X 1) surface using silicon cantilevers,"? the sepa-
ration of the maxima comprising each dimer feature in Fig.
1(a) is 2.9 A (=0.2 A). Figure 1(a) also shows images of two
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FIG. 1. (Color online) (a) NC-AFM image taken using a qPlus sensor
(5.42x3.75 nm?) of the Si(100) surface taken at 77 K with an oscillation
amplitude of 10 nm peak to peak, df=-4.9 Hz, and Vpp.=+0.1 V. In
addition to the p(2 X 1) surface reconstruction, two surface defects are ob-
served: a boron-induced ad-dimer (labeled B) and a 1+2-DV vacancy clus-
ter; (b) Line profile through the ad-dimer defect; (c) Line-profile through
1+2-DV defect cluster and comparison with currently accepted structural
model (Ref. 17). R represents the position of the recessed dimer observed in
our images.

of the primary types of defect which occur at the Si(100)
surface: A boron-induced ad-dimer (labeled B) and 1+2
dimer vacancy (1+2-DV) defect clusters.

Line profiles through the boron-induced and 1+2-DV
defects are shown in Figs. 1(b) and 1(c) respectively. Focus-
ing on the boron-induced structure first, we note that there is
a strong qualitative similarity between our quus AFM im-
ages of this defect and the STM data of Liu et al.™* taken at
relatively high (>+2.0 V) bias voltages. Our qPlus data are,
overall, in much better agreement with the silicon ad-dimer
model put forward by Liu et al. than with previously pro-
posed structures."”

In Fig. 1(c), we compare a line profile through a qPlus
image of a 14+2-DV cluster to the currently accepted struc-
tural model for thls type of defect, proposed by Wang, Arias,
and Joannopoulos "The 1+2-DV defect has been studied in
some detail using STM by a number of groups 1nclud1n%,
most recently and most comprehensively, Schofield et al. s
Although our qPlus AFM data are in broad agreement with
the primary structural features of the 1+2-DV defect, there is
a clear discrepancy with regard to the rebonding of atoms
expected at the position marked “R” in Fig. 1(c). At position
R, instead of an absence of intensity due to the rebonding
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FIG. 2. (Color online) (a) Tunnel current image acquired in parallel with the
qPlus NC-AFM image shown in Fig. 1(a). The tunnel current scale ranges
from 0 to 2.8 pA. (b) Overlay of Fig. 1(a) and (a).

(and lack of dangling bonds) associated with the vacancy, we
observe a dimerlike surface feature at an apparent height of
approximately 0.5 A below the dimers of the surrounding
(2X 1) reconstructed area. Prior to the proposal of Wang
et al. of the rebonded 1+2-DV structure, Thara et al." put
forward an interstitial dimer model involving a dimer which
is recessed into the surface. Although the ab initio calcula-
tions of Wang et al. ruled out the interstitial dimer model, we
note that a recessed dimer of this type is compatible with the
R feature we observe.

An important advantage of the qPlus technique, as com-
pared to conventional NC-AFM, is the relative ease with
which tunnel current images can be acquired in parallel with
the frequency shift data. Given that a voltage of +0.1 V was
applied during the acquisition of Fig. 1(a), the tunnel current
signal acquired in parallel [Fig. 2(a)] is sensitive to near-
Fermi level empty states. While the lack of tunnel current
associated with the boron-induced ad-dimer is not at all un-
expected on the basis of the experimental and simulated
STM data of Liu et al.,14 the observation of current maxima
located above the 1+2 DV feature is surprising. In Fig. 2(b),
we have overlaid the tunnel current image on the gPlus to-
pography to illustrate that the tunnel current maxima are lo-
cated directly above the split-off dimer feature.

Hamers and Kohler” and Ukraintsev et al.*' found that
only so-called C-type defects were associated with a high
density of states at the Fermi level and that, for single and
double vacancies, there was little or no state density at volt-
ages less than 200 meV. What is intriguing about the image
in Fig. 2(a) [and the overlay in Fig. 2(b)] is that while one of
the 1+2 DV defects is associated with a very distinct tunnel
current “signature,” a neighboring split-off dimer, in appar-
ently the same bonding geometry, exhibits no such strong
maximum in the tunnel current image. One possibility is that
the difference in the electronic character of the defect clus-
ters is due to subsurface boron (or another impurity). In ad-
dition, Brown ef al?? have highlighted the impoitance of
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FIG. 3. (Color online) (a) gPlus AFM image of the Si(100) surface taken at
77 K with a peak to peak oscillation amplitude of 0.7 nm, a sample bias of
+0.3 V, and df=-10.9 Hz; (b)-(e) Effect of changing the setpoint df on the
resolution of the lower atom of each buckled dimer; df=-26.1 Hz, —27 Hz,
—28 Hz, and —30 Hz for images (b)-(e), respectively. [For (b)-(e) the
oscillation amplitude and sample bias are 0.5 nm peak to peak and +0.8 V,
respectively].

band-bending effects in the imaging of defects on
Si(100)-(2 X 1). It is clear that a systematic gPlus AFM-STM
study of defects at the Si(100) surface, combined with den-
sity functional theory (DFT) calculations (including the role
of the tip-sample interaction), is required and, indeed, an
investigation of this type is underway in our laboratory.

With lower, subnanometer, sensor oscillation amplitudes,
¢(4%2) and p(2X2) reconstructions are routinely observed
[Fig. 3(a)]. An important aspect of Fig. 3(a), however, is that
the “visibility” of the lower atom of each of the buckled
dimers in the ¢(4X2) and p(2X2) phases varies strongly
across the image. In Figs. 3(b)-3(e) we show the influence of
changing the df setpoint (from —26 to —30 Hz) on the gPlus
image. It is clear that although there is a gradual improve-
ment in the resolution of the lower atom of each buckled
dimer with a concomitant “evolution” of the apparent surface
reconstruction toward a more symmetric [p(2 X 1)] structure,
there is a great deal of residual asymmetry in Fig. 3(e). This
residual asymmetry was predicted in DFT calculations’ and
arises from the dynamics of the tip-sample interaction at 77
K. A key goal of future work is to determine, using df versus
z spectroscopy at 4 K, the force required to flip the dimer
configuration between two buckled states.

In conclusion, we have imaged a variety of dimer con-
figurations at the Si(100) surface using the qPlus NC-AFM
technique. Our qPlus data are in good agreement with the
model very recently put forward by Liu et al."* for the
B-induced ad-dimer defect but are at odds with the currently
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accepted model of the 1+2-DV cluster. We show that the
apparent degree of dimer buckling depends sensitively on the
setpoint df value.
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